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Abstract

Background The intricate interplay between stemness markers and cell death pathways significantly influences the patho-
physiology of cervical cancer. SOX2, a pivotal regulator of stem cell pluripotency, has recently been implicated in the
modulation of ferroptosis, a specialized form of iron-dependent cell death, in cancer dynamics. This study delineates the
role of SOX2 in the ferroptotic landscape of cervical carcinoma.

Objective To delineate the association between SOX2 expression and ferroptosis in cervical cancer and develop a robust,
SOX2-centric model for predicting prognosis and enhancing personalized treatment.

Methods A multidimensional approach integrating advanced bioinformatics, comprehensive molecular profiling, and state-
of-the-art machine learning algorithms was employed to assess SOX2 expression patterns and their correlation with fer-
roptosis marker expression patterns in cervical cancer tissues. A prognostic model incorporating the expression levels of
SOX2 and ferroptosis indicators was meticulously constructed.

Results This investigation revealed a profound and intricate correlation between SOX2 expression and ferroptotic processes
in cervical cancer, substantiated by robust molecular evidence. The developed predictive model based on SOX2 expression
exhibited superior prognostic accuracy and may guide therapeutic decision-making.

Conclusion This study underscores the critical role of SOX2 in orchestrating the ferroptosis pathway in cervical cancer and
presents a novel prognostic framework. The SOX2-centric predictive model represents a significant advancement in prognosis
evaluation, offering a gateway to personalized treatment for gynaecologic cancers.
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Introduction advancements in screening and prevention, the incidence

and mortality of cervical cancer remain concerning, under-

Cervical cancer is a significant global health burden and is
the fourth most common cancer among women worldwide
(Sung et al. 2021; Cohen et al. 2019). It arises from the
transformation of cervical squamous or glandular epithe-
lial cells and is primarily attributed to persistent high-risk
human papillomavirus (HPV) infections (Frevert and Taran
2022; Bogani et al. 2024; Golia D’Augg et al. 2024). Despite
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scoring the urgent need for a comprehensive understanding
of its molecular pathogenesis and the identification of novel
therapeutic targets.

SRY-related HMG-Box 2 (SOX2) is a critical transcrip-
tion factor that plays essential roles in stem cell maintenance,
embryonic development, and tissue homeostasis (Yamanaka
2008; Takahashi and Yamanaka 2006). It belongs to the
SRY-related HMG-box (SOX) family of transcription fac-
tors, and family members are characterized by a conserved
high mobility group (HMG) domain. SOX2 has been impli-
cated in various physiological and pathological processes,
including cancer development and progression. Emerging
evidence indicates that SOX2 is frequently dysregulated
in different cancer types, contributing to tumour initiation,
maintenance, and metastasis (Cho and Jung 2023).
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Tumour stemness, a defining characteristic of cancer
stem cells (CSCs), is associated with tumour initiation,
therapeutic resistance, and disease relapse (Garcia-Ortega
et al. 2023). SOX2 has emerged as a key regulator of tumour
stemness, functioning as a master regulator of CSCs in vari-
ous cancers (Zhang et al. 2023a; Afify et al. 2023; Martell
et al. 2023; Guo et al. 2023). In cervical cancer, CSCs con-
stitute a subpopulation of tumour cells with self-renewal
capacity, clonogenic potential, and the ability to drive
tumour growth (Cho and Jung 2023). Understanding the role
of SOX2 in cervical cancer stemness is of paramount impor-
tance in deciphering the mechanisms underlying tumorigen-
esis and identifying potential therapeutic targets to combat
CSC-driven tumour progression.

Iron, an essential element for cellular homeostasis, is
involved in a plethora of cellular processes, including DNA
replication, cell cycle regulation, and energy production
(Wang et al. 2023). However, iron dysregulation can lead to
the accumulation of excess intracellular iron, which gener-
ates reactive oxygen species (ROS) and triggers a nonapop-
totic form of cell death termed ferroptosis (Stockwell 2022;
Liang et al. 2019; Chen et al. 2021). Recently, accumulating
evidence has suggested that iron metabolism and ferroptosis
regulation play critical roles in tumour biology. Interestingly,
SOX2 is associated with iron metabolism in neural stem
cells (Chang et al. 2023), but its involvement in regulat-
ing iron homeostasis in cancers, including cervical cancer,
remains largely unexplored.

This study aimed to investigate the functional role of
SOX2 in cervical cancer, with a particular focus on its
impact on tumour stemness and its potential regulation of
ferroptosis processes. We explored the expression patterns
of SOX2 in cervical cancer tissues and correlated its levels
with those of CSC markers, clinicopathological parameters,
and patient outcomes. Additionally, we analysed the associa-
tions between SOX2 expression and iron metabolism-related
genes in cervical cancer cells, shedding light on the potential
regulatory role of SOX2 in ferroptosis pathways.

A comprehensive understanding of the involvement of
SOX2 in cervical cancer biology may provide novel insights
into the mechanisms of tumorigenesis and therapeutic resist-
ance. Furthermore, our study may reveal new avenues for
targeted therapeutic interventions aimed at eradicating CSCs
and modulating ferroptosis pathways to improve cervical
cancer treatment outcomes.

Methods
Tumor stemness assay

We obtained RNA-sequencing expression data and clini-
cal information for a cohort of 253 patients diagnosed with
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cervical cancer from the TCGA dataset, accessible through
the portal at https://portal.gdc.com. Employing the OCLR
algorithm, we computed the mRNAsi index as formulated by
Malta et al. This index is grounded in the mRNA expression
profiles, encompassing a total of 11,774 unique genes. Fol-
lowing the same analytical approach, we employed Spear-
man correlation on the RNA expression data. By subtracting
the lowest value and subsequently dividing the outcome by
the maximum value, we normalized the resulting dryness
index within the [0, 1] range (Lian et al. 2019; Malta et al.
2018).

Human protein atlas (HPA) database

In this study, an investigation into the expression of SOX2
and its prognostic relevance in cervical squamous cell carci-
noma and adenocarcinoma was conducted using the Human
Protein Atlas (HPA) database. The HPA database is a valu-
able resource for exploring protein expression patterns and
their associations with clinical outcomes (Kaminker and
Timoshenko 2021).

SOX2 expression data: expression data for in cervical
squamous cell carcinoma and adenocarcinoma tissues were
retrieved from the HPA database. This included informa-
tion on SOX2 expression levels, subcellular localization, and
staining intensities.

Prognostic information: prognostic data related to cer-
vical squamous cell carcinoma and adenocarcinoma, such
as overall survival (OS) outcomes, were obtained from the
HPA database.

The retrieved SOX2 expression data were analyzed to
assess the differential expression of SOX2 in cervical squa-
mous cell carcinoma and adenocarcinoma tissues compared
to normal tissues. This analysis aimed to determine whether
SOX?2 expression exhibits significant alterations in these
cancer types (Basha et al. 2018).

Prognosis analysis

We retrieved RNA-sequencing expression data as well as
the relevant clinical data for individuals diagnosed with
cervical cancer from the TCGA dataset, accessible via the
URL (https://portal.gdc.com). The comparison of survival
disparities among these cohorts was conducted utilizing the
log-rank test. Moreover, to assess the prognostic efficacy of
SOX2 mRNA, we employed the timeROC analysis (version
0.4) to measure and compare its predictive precision (Zhang
et al. 2020; Lin et al. 2020).

Data on SOX2 gene expression and patient survival were
retrieved from established databases (mention specific data-
bases like PanCanSurvPlot (https://smuonco.shinyapps.io/
PanCanSurvPlot/) and Kaplan—Meier plotter (https://kmplot.
com/analysis/) relevant to CSCC). The datasets included
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information on patient demographics, clinical character-
istics, treatment modalities, and follow-up outcomes (Lin
et al.2022).

Survival analysis was conducted to determine the rela-
tionship between SOX?2 expression levels and the survival
outcomes of CSCC patients. The following metrics were
evaluated: Overall Survival (OS), Progression-Free Survival
(PFS), Disease-Specific Survival (DSS), Disease-Free Sur-
vival (DFS). Describe the statistical methods used to analyze
the data. This might include Kaplan—Meier survival curves,
log-rank tests for comparing survival distributions, and Cox
proportional hazards regression to adjust for potential con-
founders and assess the independent effect of SOX2 expres-
sion on survival outcomes (Zhang et al. 2021).

Pan cancers analysis

We utilized the “exploration” module of the Tumor Immune
Estimation Resource (TIMER, version 2.0) available at
http://timer.cistrome.org/ to visually present the contrasting
gene expression patterns of SOX2 across distinct tumor tis-
sues and their respective normal counterparts (Han et al.
2023).

Differential genes expression and KEGG/GO analysis

We acquired RNA-sequencing expression profiles and corre-
sponding clinical data for a cohort of 253 patients diagnosed
with cervical cancer from the TCGA dataset, accessible via
https://portal.gdc.com. Employing the limma package within
the R software, we conducted an in-depth analysis of dif-
ferentially expressed mRNAs. Our criteria for differential
expression were set as “Adjusted P <0.05 and Log2(Fold
Change) > 1.5 or Log2(Fold Change) < — 1.5 (Han et al.
2023).”

To delve into the functional implications of potential tar-
gets, we conducted a comprehensive functional enrichment
analysis. Gene Ontology (GO) emerged as a widely-utilized
resource for annotating genes based on molecular function
(MF), biological pathways (BP), and cellular components
(CC). Furthermore, we harnessed the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Enrichment Analysis, a valu-
able tool for comprehending gene functions and pertinent
high-level genome functional insights (Yu et al. 2012).

For a more profound comprehension of mRNA's involve-
ment in carcinogenesis, we harnessed the ClusterProfiler
package (version: 3.18.0) within the R environment. This
enabled us to dissect the GO functions of potential targets
and to enrich the KEGG pathways. To illustrate our find-
ings effectively, we employed the ggplot2 package in R to
craft box plots, while heatmap visualization was facilitated
using the pheatmap package within the R software (Yu et al.
2012).

Iron death assay

We procured RNA-sequencing expression profiles along
with corresponding clinical data for a cohort of 253 individ-
uals afflicted with cervical cancer. These valuable datasets
were retrieved from the TCGA dataset, accessible via the
URL https://portal.gdc.com. In order to explore the context
of ferroptosis, we referred to the work by Ze-Xian Liu et al.
titled “Systematic analysis of the aberrances and functional
implications of ferroptosis in cancer,” to identify genes asso-
ciated with ferroptosis.

Venn analysis and KEGG/GO enrichment

Venn diagram analysis: we executed Venn analysis to
pinpoint shared genes between the sets of differentially
expressed genes and iron death-related proteins (Yu et al.
2012).

Pathway and functional enrichment: the next step encom-
passed conducting an enrichment analysis on the intersecting
gene pool. This was done to unearth KEGG pathways and
GO terms that are intertwined with both SOX2 and iron
death. To carry out this analysis, we utilized Metascape,
a comprehensive resource accessible at (Wei et al. 2022).

Immune checkpoint analysis

We obtained RNA-sequencing expression data and the rel-
evant clinical information for cases of cervical cancer from
the TCGA dataset, accessible through the link https://portal.
gdc.com. To ensure the robustness of immune score evalu-
ations, we employed a tool called immuneeconv. This R
software package amalgamates six cutting-edge algorithms,
namely TIMER, xCell, MCP-counter, CIBERSORT, EPIC,
and quanTTIseq. Each of these algorithms has undergone rig-
orous benchmarking and possesses distinctive strengths (Yi
et al. 2020; Ravi et al. 2018).

Relation analysis

We obtained RNA-sequencing expression profiles along
with relevant clinical data for cervical cancer cases from the
TCGA dataset, accessible at https://portal.gdc.com. Employ-
ing the R software GSVA package, we conducted an analy-
sis using the ‘ssgsea’ method as the chosen parameter. To
examine the relationship between genes and pathway scores,
we further evaluated the Spearman correlation (Hanzelmann
et al. 2013; Wei et al. 2020).

Gene set enrichment analysis (GSEA)

GSEA was conducted on CSCC gene expression data
retrieved from The Cancer Genome Atlas (TCGA). Data
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preprocessing included normalization and cleaning. Dif-
ferential expression analysis segregated samples into dis-
tinct groups, utilizing tools like DESeq?2 or edgeR. GSEA,
executed via GSEA software, involved gene sets from
MSigDB or custom CSCC-specific sets, with parameters
meticulously defined. Analysis outcomes included Normal-
ized Enrichment Score (NES), False Discovery Rate (FDR),
and P-values, identifying significant gene sets (FDR <0.25,
P-value < 0.05). Biological implications of these sets were
examined, with potential validation through independent
datasets or experimental methods, offering insights into
CSCC's molecular underpinnings (Kar et al. 2017).

Sensitivity in drug

We forecasted the anticipated chemotherapeutic response for
each individual sample utilizing data from the most expan-
sive accessible pharmacogenomics repository, the Genomics
of Drug Sensitivity in Cancer (GDSC), accessible at https://
www.cancerrxgene.org/. This prediction procedure was exe-
cuted via the R package “pRRophetic”. By employing ridge
regression, we approximated the half-maximal inhibitory
concentration (IC50) for the samples. All parameters were
maintained at their default settings (Jiang et al. 2021).

To counteract potential batch effects, we integrated the
application of the "combat" technique, while for the various
tissue types, we accounted for their influences. Furthermore,
in handling duplicate gene expression records, we summa-
rized them using the mean value (Geeleher et al. 2014).

Prognostic analysis of ferrozois-associated genes

We obtained RNA-sequencing expression profiles and cor-
responding clinical data for cervical cancer patients from
the TCGA dataset (https://portal.gdc.com). The data was
processed by converting count data to TPM (Transcripts
Per Million) and normalizing it using log2(TPM + 1). We
retained samples with associated clinical information, result-
ing in cervical cancer samples for subsequent analysis.

To assess survival differences among groups, we used
the Log-rank test. The predictive accuracy of ferrozois-
associated genes and risk score was evaluated using time
ROC analysis (v 0.4).

For feature selection, we employed the Least Absolute
Shrinkage and Selection Operator (LASSO) regression algo-
rithm with tenfold cross-validation, utilizing the R package
glmnet (Hanzelmann et al. 2013).

We constructed a prognostic model using Multivariate
Cox Regression analysis with the R package survival. The
model was optimized using a multi-factor Cox regression
followed by stepwise iteration.

Kaplan—Meier curves, P-values, and hazard ratios
(HR) with 95% confidence intervals were generated using
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Log-rank tests and univariate Cox proportional hazards
regression (Wei et al. 2020).

Construction of a predictive model

We retrieved RNA-sequencing expression profiles along-
side corresponding clinical data for cervical cancers from
the TCGA dataset, available at https://portal.gdc.com. Our
analysis comprised univariate and multivariate Cox regres-
sion procedures, aimed at pinpointing the pertinent factors
for constructing a reliable nomogram. To visually present
the significance of each variable, encompassing P values,
hazard ratios (HR), and 95% confidence intervals (CI), we
employed the 'forestplot' R package.

Subsequently, leveraging the outcomes of the multivariate
Cox proportional hazards analysis, we crafted a predictive
nomogram. This nomogram served as a graphical tool that
synthesized the various factors, which can be employed to
gauge the risk of X-year overall recurrence for an individ-
ual patient. The ‘rms’ R package facilitated the integration
of these risk factors into the nomogram, with each factor
assigned points corresponding to its impact (Liu et al. 2020;
Jeong et al. 2020).

Prognostic model evaluation

Tumor data and clinical details for cervical squamous cell
carcinoma were retrieved from the TCGA database (https://
portal.gdc.com), specifically focusing on datasets in STAR
format. Following acquisition, TPM-formatted data were
extracted and underwent a normalization process using the
transformation log2(TPM + 1). Only those samples with
comprehensive RNAseq and clinical data were selected for
further investigative steps. The refined set of cervical squa-
mous cell carcinoma samples was utilized in downstream
analyses. The performance of various prognostic models
was evaluated by examining their Decision Curve Analysis
(DCA) curves, utilizing the ggDCA package within the R
software framework (Yang 2022).

All the above analysis methods and R package were
implemented by R foundation for statistical computing
(2020) version 4.0.3.

Results
Expression of the sox2 gene across diverse cancers

We initiated our investigation by examining the expression
profile of the SOX2 gene across a spectrum of cancer types.
An analysis of extensive datasets on cancer gene expres-
sion revealed significant upregulation of the SOX2 gene in
squamous carcinoma tissues compared with their respective
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normal tissues (P <0.001), such as cervical cancer (CESC),
bile duct cancer (CHOL), and liver cancer (LIHC) tissues,
as shown in Fig. 1A. In contrast, in adenocarcinoma, the
expression of genes encoding SOX2 was notably downregu-
lated (P <0.01) in cancers such as stomach cancer (STAD),
rectal cancer (READ), and prostate cancer (PRAD). These

opposite SOX2 gene expression patterns suggest potential
diverse roles in various cancers that may be linked to tumour
type and progression. Our investigation extended to head and
neck squamous cell carcinoma (HNSC), for which we made
intriguing discoveries. In the initial analysis, the expression
of the SOX2 gene in HNSC tumour tissues was not notably

Fig. 1 SOX2 primarily acts

in cervical squamous cells. A
Demonstrates the expression of
SOX2 across various types of
solid tumors, indicating high
expression in several tumors.
B Depicts the distribution of
SOX2 in cervical tissue, as
revealed by the HPA database,
primarily expressed in squa-
mous epithelial cells. C Shows
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different from that in normal tissues. However, a marked dif-
ference was observed when we focused on the HPV status of
HNSC patients. Among the HPV-positive HNSC samples,
we observed a significant increase in SOX2 gene expression
compared with that in their HPV-negative counterparts. This
observation is consistent with our prior findings, reinforcing
the notion that the SOX2 gene is highly expressed in squa-
mous cell carcinoma.

To gain insight into the interplay between the SOX2 gene
and the subtypes of cervical cancer, we compared its expres-
sion patterns in squamous cell carcinoma and adenocarci-
noma, as shown in Fig. 1B. The results revealed significant
upregulation of the SOX2 gene in cervical squamous cell
carcinoma, while its expression remained relatively low
in cervical adenocarcinoma. These findings reinforce the
notion that the SOX2 gene might be intricately linked to the
development and distinct characteristics of different cancer
subtypes.

SOX2 is highly expressed in cervical squamous cell car-
cinoma. SOX2 expression is associated with the prognosis
of cervical cancer.

In the TCGA dataset, we analysed the prognosis of cer-
vical squamous cell carcinoma for patients grouped on the
basis of high and low expression levels of SOX2. We found
that the prognosis of the high-expression group was better
than that of the low-expression group, as shown in Fig. 2A
and B. Further investigation using the HPA dataset revealed
a correlation between SOX2 expression and the prognosis
of patients with cervical cancer. Patients with median to
high SOX2 expression had a better prognosis than did those
with low SOX2 expression, as depicted in Fig. 2C. Addi-
tionally, Fig. 2E shows that after the optimal cut-off value
was determined, the difference became more pronounced.
Considering that SOX2 is an important marker for tumour
stemness, Fig. 2D indicates a higher stemness score in the
high-expression group. Furthermore, the upregulation of
SOX2 in cervical squamous cell carcinoma is evident from
the HPA database, as shown in Fig. 2F.

In multiple databases, SOX?2 has been found to be cor-
related with various prognostic indicators in cervical squa-
mous cell carcinoma.

Our focus is on the PanCanSurvPlot database and the
Kaplan—Meier plotter database. In these databases, cervical
cancer samples can be grouped on the basis of median and
CUTOFF values, and their clinical prognostic indicators can
be evaluated.

As shown in Fig. 3A, in the PanCanSurvPlot database,
the overall survival (OS) of cervical cancer patients was
correlated with SOX2 expression levels, and high SOX2
expression was associated with a better prognosis. Similarly,
Kaplan—Meier plotter database analysis also supported the
conclusion that higher SOX2 expression is associated with
better OS (Fig. 3B). Furthermore, as shown in Fig. 3C, in the
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GSE44001 dataset, better disease-free survival (DFS) was
observed in patients with high SOX2 expression.

Stratification of sox2 gene expression
and differential gene analysis

We further investigated the differentially expressed genes
and their KEGG and GO analysis results in cervical can-
cer patients with high and low SOX2 expression. As shown
in Fig. 4A and B, we constructed ial gene expression pro-
files and further analysed the KEGG and GO pathways, as
depicted in Fig. 4C and D. In the KEGG analysis results, in
addition to the WNT and HIPPO pathways, pathways related
to ferroptosis were also enriched in the upregulated genes,
while the main pathways enriched in downregulated genes
were immune pathways and the TNF pathway.

Moreover, the GO enrichment analysis of upregulated
genes focused primarily on embryonic differentiation and
tissue differentiation, whereas downregulated genes were
enriched in extracellular matrix-related information.

Exploration of the association between sox2 gene
expression and ferroptosis

We further analysed the expression of genes related to fer-
roptosis in patients with high and low SOX2 expression,
as shown in Fig. SA. Various genes related to ferroptosis,
such as TFRC and ALOX15, exhibited significant differen-
tial expression and were positively correlated with SOX2
expression. Furthermore, we intersected the upregulated
genes from TCGA with ferroptosis-related genes to obtain
a set of differentially expressed genes related to ferroptosis,
as depicted in Fig. 5B.

Figure 5C and D further demonstrate through Metascape
analysis that the KEGG and GO pathways related to ferrop-
tosis and NRF2 were significantly enriched. Additionally,
the GSEA results shown in Fig. 5E reveal a positive cor-
relation between pathways related to ferroptosis and NRF2
and SOX2 expression, which is consistent with our previous
findings.

Exploration of the relationship of the sox2 gene
with immune features and checkpoint analysis

In our investigation, we expanded our exploration to encom-
pass the immune features related to SOX2 gene expression
in cervical squamous cell carcinoma, as shown in Fig. 6.
Recognizing the crucial role of the immune system in
tumour progression, we sought to reveal novel avenues for
therapeutic interventions.

To understand the potential immunomodulatory role of
the SOX2 gene, we performed immune scoring on the basis
of its expression levels. This analysis aimed to elucidate
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Fig.2 Elevated levels of SOX2 expression in cervical cancer, with
high SOX2 expression indicating a better prognostic outcome. A
Significant variability in SOX2 expression across different cervical
cancer samples. B Prognostic differences in cervical squamous cell
carcinoma with varying levels of SOX2 expression, where the high-
expression group has a better prognosis. C A substantial prognostic
disparity in cervical cancer patients with different levels of SOX2
expression, again favoring the high-expression group. D Tumor

stemness assays reveal that the high SOX2 expression group exhib-
its greater tumor stemness compared to the low-expression group and
normal tissue. E After adjusting the appropriate CUT OFF value, the
relationship between SOX2 expression levels and prognosis becomes
clearer. F According to the HPA database, SOX2 expression in cervi-
cal cancer tissues (Figs. 2, 3, 4) is significantly higher than in normal
tissue (Fig. 1). *P<0.05. **P<0.01. ***P <0.001. ****P <0.0001
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Fig.3 Assessment of variations in SOX2 expression levels to evalu-
ate the relationship between SOX2 expression and clinical prog-
nosis. A Prognostic analysis of cervical cancer samples based on
SOX2 median expression levels and optimal threshold levels reveals
that SOX2 expression is associated with Overall Survival (OS) and
Disease-Specific Survival (DSS) in cervical cancer patients, with
higher SOX2 expression indicating better outcomes. B Data from the

whether SOX2 gene expression is correlated with immune
activation or suppression within the tumour microenviron-
ment. Our findings could reveal its contribution to immune
evasion mechanisms or immune surveillance enhancement.

Furthermore, we investigated the potential relationships
between SOX2 gene expression and immune checkpoint
genes. Immune checkpoints play pivotal roles in regulating
immune responses against cancer cells. Examining the cor-
relation between the SOX2 gene and these checkpoints might

@ Springer

KMplotter database indicate a correlation between SOX2 and Overall
Survival (OS) in patients with squamous cell carcinoma, with higher
SOX2 expression suggesting a more favorable prognosis. C Findings
from the GSE dataset reveal a relationship between SOX2 and Dis-
ease-Free Survival (DFS) in cervical cancer, with patients exhibiting
higher SOX2 expression having a better DFS. *P <0.05. **P <0.01.
*#*P <0.001. #***P <0.0001

uncover additional layers of its involvement in shaping the
tumour-immune interaction landscape. However, our findings
suggest a limited association between the SOX2 gene and
immune-related aspects.
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Fig.4 Different SOX2 expression pattern and enrichment analysis in
cervical squamous carcinoma in TCGA. A The volcano results show
different gene expression in high and low SOX2 expression in TCGA.
B The heatmap analysis. C KEGG pathway analysis of Upregulated

genes. GOanalysis of upregulated genes. D KEGG pathway analy-
sis of downregulated genes. GO analysis of downregulated genes.
*P<0.05. **P<0.01. ***P <0.001. ****P <(0.0001

@ Springer



509 Page 10 of 20

Journal of Cancer Research and Clinical Oncology

(2024) 150:509

Fig.5 Correlation between
SOX2 expression levels and
ferroptosis. A Key ferroptosis
genes exhibit correlation with
SOX2 expression. B Identifica-
tion of 45 intersecting genes
between upregulated differential
genes and genes related to fer-
roptosis. C Conducting Gene
Ontology (GO) analysis on the
intersecting genes. D Perform-
ing Kyoto Encyclopedia of
Genes and Genomes (KEGG)
analysis on the intersecting
genes, with the main findings
involving ferroptosis and the
NRF2 pathway. E Gene Set
Enrichment Analysis (GSEA)
results suggest a correlation
between SOX2 expression and
both ferroptosis and the NRF2
signaling pathway. *P <0.05.
**P <0.01. ***P <0.001.
*##4P < (0.0001
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Fig.6 Correlation between
SOX2 expression levels

and immune cell infiltra-

tion. Assessment of the
relationship between SOX2
and immune cells using the
XCELL scoring method. The
analysis reveals that, in various
immune cells, the group with
low SOX2 expression has a
higher abundance of immune
cells. ¥*P <0.05. **P <0.01.
*##*P <0.001. ****P < 0.0001
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Exploration of the correlation of the sox2 gene
with pathways linked to cancer

In our final endeavours, we comprehensively investigated the
correlation between the SOX2 gene and the enrichment lev-
els of pathways associated with cancer. This analysis aimed
to reveal potential connections between SOX2 gene expres-
sion and key signalling pathways implicated in tumorigen-
esis. Our diligent exploration yielded intriguing results. We
identified several pathways whose enrichment levels were
significantly correlated with the expression of the SOX2
gene. These findings provide compelling evidence that the
role of the SOX2 gene extends beyond its direct association
with angiogenesis, the tumour inflammation signature, EMT
and apoptosis, which are pathways relevant to tumorigenesis,
as shown in Fig. 7.

Sensitivity of drugs according to sox2 expression

Furthermore, our study included drug sensitivity testing
to explore the potential impact of SOX2 gene expression
on treatment response. The analysis yielded a compelling
observation: the group with higher SOX2 gene expression
presented increased sensitivity to certain treatments, as
shown in Fig. 71. The heightened sensitivity of the high-
SOX2 gene expression group in drug sensitivity testing has
significant implications for therapeutic strategies. These
findings suggest that targeting the gene SOX2 or its associ-
ated pathways may lead to improved treatment outcomes for
patients with elevated gene SOX?2 expression in the context
of these specific treatments.

Construction and validation of a risk model based
on to ferroptosis-associated genes in cervical
squamous cell cancer patients

We constructed prognostic models using differentially
expressed genes, as shown in Fig. 8A. We utilized the
TCGA dataset and identified upregulated genes related to
ferroptosis through LASSO Cox regression modelling to
establish a prognostic model. We evaluated the prognostic
model using the ROC curve and AUC value. As shown in
Fig. 8B, we employed both the TCGA and GSE datasets
to identify upregulated genes and constructed a prognostic
model via LASSO Cox regression modelling, assessing its
performance with the AUC curve. Similarly, as shown in
Fig. 8C, we established a prognostic model using downregu-
lated genes common to both the TCGA and GSE datasets
through LASSO Cox regression modelling and evaluated
its performance using the AUC value. As shown in Fig. 8D,
we constructed a prognostic model using upregulated genes
related to ferroptosis in the GSE dataset through LASSO
Cox regression modelling and evaluated its performance

@ Springer

via the area under the curve (AUC). Additionally, as shown
in Fig. 8E, we employed the STEP model to establish a
prognostic model for the dataset constructed in Fig. 8D and
evaluated its performance using the AUC value.

Further evaluation of the models for the 1-year, 3-year,
and 5-year data in Fig. 8F-H revealed that the model shown
in Fig. 8E had the best performance.

Construction and evaluation of a prognostic model
based on the common differentially expressed
genes between the TCGA and GSE datasets

To construct a prognostic model centred on SOX2, we lever-
aged our existing dataset of differentially expressed genes.
This dataset included genes that were commonly upregulated
and downregulated in both the TCGA and GSE datasets, as
well as the intersection of upregulated genes in the TCGA
dataset with ferroptosis-associated genes and the intersection
of upregulated genes in the GSE dataset with ferroptosis-
associated genes. Prognostic models based on these gene
sets were initially established via the least absolute shrink-
age and selection operator (LASSO) regression method. To
refine these models and mitigate overfitting, we applied a
stepwise selection procedure (STEP) to optimize and con-
struct more efficient prognostic models, as shown in Fig. 9A.

Our analysis revealed that the prognostic accuracy of the
intersecting ferroptosis-associated genes far surpassed that
of the other gene sets. Moreover, decision curve analysis
(DCA) of the prognostic models indicated that the predic-
tive value of the intersecting genes between differentially
expressed genes in the GSE dataset and ferroptosis-related
genes was the highest. This finding underscores the poten-
tial of these intersecting genes as robust biomarkers for the
prognostic assessment of cervical squamous cell carcinoma,
particularly in relation to the SOX2 and ferroptosis pathways
shown in Fig. 9B-D.

Analysis of the relevant genes in the final prognostic
model

We evaluated the final prognostic model through univariate
and multivariate Cox analyses of gene expression, with P
values, hazard ratios (HRs), and confidence intervals pre-
sented in Fig. I0A—C. Nomograms predicting the 1-year,
3-year, and 5-year overall survival of cervical squamous
patients were constructed, as depicted in Fig. 10D. The diag-
onal dashed line represents the ideal nomogram, whereas the
blue, red, and orange lines represent the observed 1-year,
3-year, and 5-year survival data. We observed that the prog-
nostic model achieved an AUC of 0.8, indicating its reli-
ability and robustness.
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Fig.7 The relationship between SOX2 and various tumor biology
aspects and drug sensitivity results. A Angiogenesis is negatively cor-
related with SOX2 expression, indicating a possible inhibitory role
of SOX2 in new blood vessel formation. B Apoptosis shows a nega-
tive correlation with SOX2 expression, suggesting that higher SOX2
levels may inhibit programmed cell death in tumors. C DNA repair
is positively correlated with SOX2 expression, indicating a poten-
tial facilitative role of SOX2 in DNA repair mechanisms. D Tumor
inflammatory characteristics are negatively correlated with SOX2
expression, suggesting that SOX2 may play a role in reducing inflam-
matory responses within tumors. E Tumor proliferation traits are
positively correlated with SOX2 expression, indicating that SOX2

Sox2 expression in cervical cancer patients
with different HPV infection statuses

To investigate the relationship between SOX?2 expression
and HPV infection in cervical cancer, we analyzed multiple

may promote tumor cell growth and replication. F. G2M checkpoint
is positively correlated with SOX2 expression, suggesting a role for
SOX2 in cell cycle regulation. G EMT (Epithelial-Mesenchymal
Transition) markers show a potential negative correlation with SOX2
expression, indicating that SOX2 might be involved in the regulation
of EMT processes. H DNA repair shows a negative correlation with
SOX2 expression in a context different from part c, possibly suggest-
ing complexity or context-dependent roles of SOX2 in DNA repair
mechanisms. I Patients with high SOX2 expression in cervical cancer
show higher sensitivity to platinum-based drugs, indicating a poten-
tial predictive role of SOX2 expression for chemotherapy response.
*P <0.05. ¥**P<0.01. ***P <0.001. ****P <0.0001

GSE datasets. Our analysis revealed that SOX2 expression
was significantly higher in HPV-positive patients compared
to HPV-negative patients (Fig. 11A). This suggests that HPV
infection is associated with an upregulation of SOX2 expres-
sion in cervical cancer.
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Further analysis was performed to assess whether SOX2
expression varies among different types of high-risk HPV
infections. HPV-positive patients were categorized into
three subgroups: those infected with HPV16, HPV 18, and
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other high-risk HPV types. Interestingly, no statistically
significant differences in SOX2 expression were observed
between these subgroups (Fig. 11B). These findings indi-
cate that while HPV infection is associated with increased
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«Fig. 8 Construction of various prognostic models and evaluation of
their predictive performance. A Construction of a prognostic model
based on upregulated genes and ferroptosis intersecting genes in the
TCGA dataset. B Creation of a prognostic model using the upregu-
lated genes common to both GSE and TCGA datasets. C Develop-
ment of a prognostic model based on upregulated genes and fer-
roptosis intersecting genes in the GSE dataset. D Construction of a
prognostic model using the downregulated genes common to both
GSE and TCGA datasets. E Further analysis and simplification of
model a to construct a streamlined prognostic model. F—-H. Evalua-
tion of l-year, 3-year, and S5-year prognostic model performance,
where modell corresponds to model a, model2 to model e, model3
to model b, model4 to model d, and model5 to model c. *P<0.05.
*#P<0.01. #*¥P <0.001. ****P <0.0001

SOX2 expression, the specific type of high-risk HPV does
not appear to significantly influence SOX2 expression in
cervical cancer patients.

Discussion

The identification of distinct SOX2 gene expression pat-
terns based on HPV status in HNSC highlights the potential
interplay between viral factors and the tumour microenvi-
ronment (Leemans et al. 2018; The Cancer Genome Atlass
Network 2015). Further investigations into the mechanistic
link between HPV infection, SOX2 gene expression, and
tumour progression could provide valuable insights into the
aetiology of HPV-related squamous cell carcinoma (Sal-
nikov et al. 2022).

In summary, our findings in the context of CESC further
corroborate the association of the SOX2 gene with squa-
mous cell carcinoma, emphasizing the multifaceted nature
of its role in cancer development and its potential relevance
as a therapeutic target.

Further analysis revealed an association between SOX?2
gene expression and tumour differentiation. Strikingly, the
high-expression group exhibited a substantial prevalence
of squamous cell carcinoma, constituting the majority of
tumours within this category. Conversely, the low-expression
group had a significantly higher proportion of patients with
adenocarcinoma, implying a close link between SOX?2 gene
expression and tumour differentiation. Our findings suggest
that the SOX2 gene has diverse expression patterns across
multiple cancer types, with potential implications for tumour
differentiation and specific cancer subtypes. Notably, its ele-
vated expression in cervical squamous cell carcinoma may
contribute to its pathogenesis (Cho et al. 2022; Sedlic et al.
2020). These discoveries provide crucial leads for unravel-
ling the functional mechanisms of the SOX2 gene in cancer.

The observed prognostic discrepancy might be attrib-
uted to various factors, including the intricate cross-talk
between the SOX2 gene and other molecular pathways,
as well as the unique immune landscape within cervical

squamous cell carcinoma. Tumour heterogeneity and the
differential contribution of the SOX2 gene to distinct cel-
lular processes might also play pivotal roles in shaping the
prognostic landscape.

The unexpected association between gene SOX?2 expres-
sion and improved prognosis in cervical squamous cell
carcinoma necessitates a comprehensive reevaluation of its
functional role in this context. Further investigation into the
underlying mechanisms governing the complex interplay
between the SOX2 gene, tumour stemness, and prognosis
will be crucial for advancing our comprehension of cervical
squamous cell carcinoma biology and refining therapeutic
strategies.

The results from our pathway and functional enrichment
analyses underscore the complex interplay between gene
SOX2 expression and the intricate biological processes
within cervical squamous cell carcinoma. The enrichment of
immune-related pathways and processes suggests a potential
role for the gene SOX?2 in modulating the immune microen-
vironment and tumour progression (Cao et al. 2023).

The novel connection between SOX2 gene expression and
ferroptosis further expands the potential avenues for thera-
peutic intervention (Nie et al. 2023). Understanding how the
SOX2 gene influences ferroptosis susceptibility in cervical
squamous cell carcinoma cells may reveal novel strategies
to sensitize tumours to ferroptosis-inducing therapies (Di
Fiore et al. 2022).

Our comprehensive study not only reveals the enigmatic
role of the SOX2 gene in cervical squamous cell carcinoma
but also illuminates its potential involvement in ferroptosis
regulation. The intricate interplay between the SOX2 gene,
differential gene expression, and ferroptosis-related genes
emphasizes the complexity of cancer biology. This knowl-
edge may guide the development of targeted therapies aimed
at exploiting these pathways for improved clinical outcomes.

The revealed correlations between the SOX2 gene and
diverse cancer-related pathways open new avenues for future
investigations. Exploring how the SOX?2 gene interplays
with these pathways and dissecting its precise molecular
mechanisms could pave the way for novel therapeutic strat-
egies targeting the broader network of factors implicated in
tumorigenesis.

While these findings provide promising insights, they also
raise several intriguing questions. The mechanisms under-
lying the relationship between SOX2 gene expression and
treatment sensitivity warrant further investigation. Addition-
ally, translating these discoveries into clinical applications
could revolutionize treatment paradigms and improve patient
outcomes.

The observed differences in drug sensitivity aligned with
gene SOX2 expression levels emphasize the potential utility
of precision medicine approaches (Yuan et al. 2023). Tai-
loring treatments on the basis of a patient's genetic profile,
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Fig.9 Construction and evaluation of a new prognostic model based
on the common genes between TCGA intersecting with ferroptosis-
related genes and GSE intersecting with ferroptosis-related genes. A
Construction of a new prognostic model based on the common genes
intersecting with ferroptosis-related genes from both the TCGA and
GSE datasets. B Comparison of the 1-year prognostic performance of
the new model with the prognostic model based on GSE intersecting

including gene SOX2 expression, could increase treatment
efficacy and minimize adverse effects.

The construction of this predictive model has promising
clinical implications. By amalgamating genetic and clini-
cal variables, the model offers a comprehensive perspective

@ Springer
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with ferroptosis-related genes. C Comparison of the 3-year prognos-
tic performance of the new model with the prognostic model based
on GSE intersecting with ferroptosis-related genes. D Comparison of
the 5-year prognostic performance of the new model with the prog-
nostic model based on GSE intersecting with ferroptosis-related
genes. ¥*P <0.05. ¥**P <0.01. ***P <0.001. ****P <0.0001

on patient prognosis. The ability to predict outcomes via
genetic signatures alongside clinical parameters is a power-
ful step towards personalized medicine (Zeng et al. 2023).
Our research revealed a clear correlation between the
expression of SOX2 and the prognosis of cervical cancer.
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