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Abstract

Ferroptosis is an iron-dependent nonapoptotic form of cell death that links iron, lipid, and glutathione
levels to a variety of disease-related activities. However, the characteristics of ferroptosis in cervical
carcinoma (CC) are poorly understood. We acquired raw data on CC cohorts from The Cancer
Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) database. Key genes were identified
using differential gene expression analysis and intersected for further immune infiltration, transcription
regulation, gene set variation analysis (GSVA), gene set enrichment analysis (GSEA), and drug sensitivity
analysis. We also used immunohistochemical (IHC) staining to confirm the expression of important genes
in cervical cancer tissue and their prognostic relevance. Finally, gene silencing and cell coculture
experiments were used to verify the biological functional mechanism and its role in the tumor
microenvironment (TME). Through bioinformatics analysis, we discovered that GCH1 and H1.2 are key
ferroptosis-related molecules in cervical cancer. GCHI and H1.2 could act as useful prognostic markers
in cervical cancer, and in addition to their connection with the tumor microenvironment, the possible
transcriptional regulatory network, hallmark pathways and chemotherapy sensitivity were also clarified.
IHC of the tissue microarray (TMA) and immunofluorescence spatial distance evaluation revealed that
GCH1 was more highly expressed in cervical cancer tissue than in paracarcinoma tissue. For patients with
cervical cancer, higher GCHI expression corresponded to a lower M2 cell proportion and a higher
M1/M2 ratio as well as a greater GCH1-M2 distance. Silencing GCH1 in SiHa cells blocked the cell cycle,
promoted apoptosis, and inhibited the migration and invasion abilities of the cells, possibly through the
inhibition of the phosphorylated PI3K/AKT/mTOR pathway. Coculture of the cells with macrophages
revealed that the silencing of GCHI led to decreased expression of tumor necrosis factor (TNF), a
biomarker of MI macrophages. In this study, we performed a thorough investigation of
ferroptosis-related genes and identified the functional complexity of GCHI1 during tumorigenesis in
cervical cancer.
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1. Introduction

Cervical cancer is the most acute and frequently =~ accordance with the latest cancer research data given
diagnosed gynecologic malignancy in women. In by the World Health Organization, there were
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approximately 600,000 new cases and 340,000 deaths
from cervical cancer in 2022 [1]. In China, cervical
cancer remains the most common gynecological
malignancy, with the number of new cervical cancer
cases in 2022 increasing by more than 40,000
compared with that in 2020 [2]. Cervical cancer can be
treated with surgery, radiation, and chemotherapy;
however, 15-20% of patients in the early stage and
70% of patients with locally advanced cervical cancer
relapse after treatment [3]. The therapeutic options for
these patients are limited, and their prognosis is
inadequate, with a 5-year survival probability of
approximately 17% [4]. As a result, novel therapeutic
options for patients with late-stage, recurring, or
metastatic cervical cancer are urgently needed.

Ferroptosis, a form of programmed cell death
driven by iron-dependent lipid peroxidation, has been
reported to be a target for tumorigenesis and drug
resistance in various tumors [5-7]. Its primary
morphological features include shrinking of the
mitochondria, accompanied by a decrease in the
mitochondrial ridge and an increase in the density of
the mitochondrial membrane. Ferroptosis manifests
biochemically as glutathione peptide (GSH)
exhaustion, reduced glutathione peroxidase 4 (GPX4)
activity, elevated lipid peroxidation products, and
reactive oxygen species buildup [8-10]. Although
ferroptosis participates in the process of progression
from precancerous lesions to cervical cancer [11], the
specific functions of ferroptosis-related targets and
their roles in the TME have not yet been elucidated
[12].

In this study, we collectively identified the
ferroptosis-related molecules in cervical cancer and
revealed their potential connection with survival
outcomes, the TME, the transcriptional regulatory
network, hallmark pathways and chemotherapy
treatment. Furthermore, we investigated the functions
of the key genes as well as their roles in cervical
cancer progression in cell experiments.

2. Materials and Methods
2.1 Data download

As the world’s largest cancer genetic information
database to date, TCGA (https://portal.gdc.cancer.
gov/) provides gene expression, miRNA expression,
copy number variation, DNA methylation, SNP
expression, and related data. The processed mRNA
expression profiles of cervical carcinoma tissues were
obtained from the TCGA dataset containing both
normal tissues and cervical cancer tissues, and the
samples were divided into a normal group (n = 3) and
a cancer group (n = 306). The classification of this
dataset has been widely applied in other studies
[13-17]. The fragments per kilobase of transcript per

million mapped reads (FPKM)_unstrand data of the
TCGA-CESC dataset were used for further analysis.
Furthermore, the GSE63514, GSE7410 and GSE7803
parallel matrix files were obtained from the NCBI
GEO database. These datasets were employed as
independent validation cohorts to assess the
expression profiles of key genes. Specifically, the
GSE63514 dataset consists of 28 cervical cancer
samples and 24 normal samples, the GSE7410 dataset
includes 35 cervical cancer samples and 5 normal
samples, and the GSE7803 dataset comprises 21
cervical cancer samples and 10 normal samples.
Moreover, a gene set of 698 ferroptosis-associated
genes was acquired from GeneCards (https://www.
genecards.org/).

2.2 Ferroptosis Gene Set Quantification and
Survival Analysis in Cervical Cancer

The expression scores of ferroptosis-associated
genes in cervical cancer samples obtained from the
TCGA were quantified using single-sample gene set
enrichment analysis (ssGSEA). Following this
quantification, the samples were stratified into high-
and low-expression groups based on the median gene
set score. To evaluate the prognostic significance of
the ferroptosis-associated genes, a log-rank test was
used to compare the survival outcomes between these
defined groups. The association between ferroptosis
gene expression and overall survival in patients with
cervical cancer was further illustrated through
Kaplan-Meier (KM) survival plots. Cox regression
with time-dependent covariates was also performed.

2.3 Analysis of differential gene expression

The R limma package was utilized to examine
the gathered information regarding the molecular
mechanism of cervical carcinoma, investigate the
variations in molecular expression between cancer
and normal samples, and identify genes that were
differentially expressed and met the requirements of
|logFC| > 0.585 and P value < 0.05. Additionally,
heatmaps and volcano plots for genes with
differential expression were created.

2.4 Functional classification of genes with
variable expression

With the purpose of gathering information about
the biological roles and signaling pathways associated
with the genesis and progression of cervical
carcinoma, Metascape (www.Metascape.org) was
employed to annotate and visualize the genes that
were  differentially  expressed using Kyoto
Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) analyses. Statistical significance
was indicated by a min overlap >3 and p < 0.01.
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2.5 Random survival forest algorithm

A random survival forest algorithm for
screening distinctive genes was established using the
software program randomForestSRC, and prognosis-
relevant genes were evaluated based on their level of
relevance (nrep=1000 indicates 1000 Monte Carlo
repetitions). The LASSO algorithm automatically
achieves feature sparsity through L1 regularization,
effectively screening biomarkers that contribute most
to classification. The implementation specifically
utilized the "glmnet" R package, selecting the optimal

(lambda) via 10-fold

cross-validation, where this parameter was
determined by minimizing the cross-validation error
(deviance). Features with nonzero coefficients were
ultimately retained as biomarkers with diagnostic
value. Ultimately, the distinctive genes were
identified as those with relative relevance values
greater than 0.2.

regularization parameter A

2.6 Analysis of immune cell infiltration

A popular technique for assessing different types
of immune cells in microenvironments is
CIBERSORT. Using support vector regression, it
simplifies the immunocyte subtype expression
matrices. Twenty-two different human hematopoietic
cell phenotypes, including T cells, B cells, plasma
cells, and myeloid fractions, can be identified using
547 biomarkers available in CIBERSORT. The patient
data in this study were analyzed using the
CIBERSORT algorithm, which was also utilized for
Spearman correlation analysis between the level of
gene expression and immune cell content and to
estimate the relative proportions of 22 hematopoietic
cell morphologies.

2.7 Transcription regulation of key genes

Cistrome DB is a reasonably extensive database
that includes transcription factor, histone
modification, and chromatin accessibility samples
from 30,451 humans and 26,013 mice, making it useful
for investigating ChIP-seq and DNase-seq data. In this
study, the regulatory functions of transcription factors
in the expression of important genes were
investigated using Cistrome DB. The transcription
start point was set to 10 kb, and the genome reference
file was set to hg38. Cytoscape was used to visualize
the data.

2.8 GSVA

GSVA is an wunsupervised, nonparametric
technique for estimating transcriptome gene set
enrichment. By thoroughly scoring the gene sets of
interest and evaluating the biological activities of the

samples, GSVA translates changes at the gene level
into modifications at the pathway level. To quantify
potential changes in the biological activities of various
samples, gene sets from the Molecular Signatures
Database were obtained for this study. Each gene set
was then assessed using a thorough evaluation by the
GSVA algorithm.

2.9 GSEA

The study’s patient population was split into two
groups based on the expression levels (low and high
expression) of important genes. GSEA was used to
further examine the differences in signaling pathways
between the two groups. The MsigDB database
provided annotated gene sets that were utilized as
background gene sets for differential expression
analysis of subtype pathways. The gene sets that were
found to be significantly enriched (i.e., with an
adjusted p value of less than 0.05) were ranked based
on the sum of their individual scores. The study of
disease subtypes and other studies with substantial
biological importance frequently makes use of GSEA.

2.10 Drug sensitivity analysis

The pRRophetic package in R was used to
estimate the chemotherapeutic sensitivity of each
tumor sample based on the largest pharma-
cogenomics database, Genomics of Drug Sensitivity in
Cancer (GDSC) (https://www.cancerrxgene.org/).
Regression analysis was used to determine the 1C50
value of each particular chemotherapeutic treatment.
To confirm the correctness of the regression and
predictions, ten cross-validation tests were carried out
using the GDSC training datasets. All parameters,
including the removal of batch effects, were set at
their default values, and the expression levels of the
same gene were averaged.

2.11 IHC staining

In this investigation, TMA technology was
employed. The research followed the principles
instituted by the Declaration of Helsinki. Tissues from
122 patients with cervical cancer were included in the
TMA. Among them, 40 individuals donated tissues
that were both malignant and paracancerous, whereas
the remaining 82 patients donated only cervical
cancer tissue. Four-micron-thick slices were cut from
each TMA receiver block for TMA. Afterward, the
slides were treated with antibodies against H1.2
(1:2000, Abcam, Cambridge, UK, AB4086) and GCH1
(1:1200, Proteintech, Wuhan, China, 28501-1-AP).
Staining was performed with Panoramic MIDI (3D
HISTECH) scanning equipment. Immunohisto-
chemical staining was evaluated wusing the
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histochemistry score (H-Score). The comprehensive
assessment methods were previously described [18].

2.12 Immunofluorescence spatial distance
analysis and the M-IF staining protocol

For mlF, an Opal 5-color kit (TSAPLus,
Servicebio) was utilized. Paraffin-embedded sections
were rehydrated after being dewaxed. Each slide was
first extracted at 125 °C for three minutes. The mixture
was then allowed to cool naturally before being
placed in PBS (pH 7.4) and shaken three times for five
minutes each on a decolorizing shaker. The mixture
was then incubated for ten minutes in H>O,. The
membranes were subjected to multiple washes and
blocking buffer treatments. For thirty minutes, the
main antibody—used as a T lymphocyte cell
marker—CD8  (ab237709, Abcam, 1:5000—was
incubated with the samples at room temperature.
Following washing, the slides were incubated with a
secondary antibody conjugated with HRP for 10
minutes at room temperature. Subsequently, primary
stainings for GCH1 (1:200, 28501-1-AP, Proteintech),
CD11c (45581T, CST, 1:3000, used as an M1
macrophage marker), and CD163 (ab182422, Abcam,
1:5000, used as an M2 macrophage marker) were
performed in the same manner. A 1:500 dilution of the
anti-goat (GB23204, Servicebio) secondary antibody
was used. A MIDI (3D HISTECH) scanning device
was also used to analyze the spatial distance of
immunofluorescence.

2.13 Cell lines

The human cervical cancer cell lines HeLa, SiHa,
CaSki and C33A were purchased from Shanghai
Zhong Qiao Xin Zhou Biotechnology Co., Ltd. Cell
lines were validated through STR profiling. The cell
lines were cultured at 37 °C with 5% carbon dioxide.
The Hela cell line was grown in DMEM (Gibco,
Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (FBS) (Life Technologies, Carlsbad,
CA). The SiHa and CaSki cell lines were grown in
RPMI 1640 medium supplemented with 10% FBS (Life
Technologies, Carlsbad, CA). The C33A cell line was
subsequently grown in MEM supplemented with 10%
FBS (Life Technologies, Carlsbad, CA).

2.14 siRNA transfection

siRNAs targeting GCH1 or scramble sequences
were synthesized by GenePharma Co., Ltd.
(Shanghai, China). siRNAs were transfected into cells
with Lipofectamine 2000 (Invitrogen, Thermo Fisher
Scientific, USA). The sequences of the siRNAs used in
our study are listed in Supplementary Table S1.

2.15 RNA extraction and quantitative real-
time PCR

The total RNA of the cells was extracted with a
SPARKeasy RNA Rapid Extraction Kit (Sparkjade,
AC0205-B), and the concentration of each RNA
sample was tested. The RNA was reverse transcribed
into cDNA with a reverse transcription kit. Then,
quantitative real-time PCR was performed for 40
cycles to amplify the target gene fragment, which was
detected with a SYBR Green gPCR kit (Toyobo,
Osaka, Japan). All the experiments were conducted at
least three times. Relative gene expression levels were
analyzed by the 2-22Ct method. The PCR sequences
are listed in Supplementary Table S1.

2.16 Total protein extraction and Western
blot (WB)

Total protein was extracted from the cells with
RIPA lysis buffer (Beyotime) supplemented with 1%
PMSF, and the protein concentration was assessed
with a BCA kit provided by Thermo Scientific. The
protein samples were separated by SDS-PAGE, with a
total of 30 pg per well. The proteins were
subsequently  transferred onto polyvinylidene
fluoride (PVDF) membranes (Merck, ISEQ00010) by
electrophoresis, and the membranes were subjected to
blocking with 5% nonfat milk solution at room
temperature for a period of 2 h. The membranes were
then subjected to overnight incubation at 4 °C with
the primary antibody, which was appropriately
diluted. Afterward, the membranes were rinsed with
TBST and then incubated with suitable HRP-
conjugated secondary antibodies for 1.5 h at room
temperature. The band signals were detected using
Immobilon  Western = Chemiluminescent = HRP
Substrate (Merck) and then quantified using Image]
software. P-Actin was utilized as the endogenous
control. Each experiment was repeated at least three
times. The primary antibodies used were as follows:
anti-p-PI3K  (1:1000, Cell Signaling Technology,
#4228T), anti-p-AKT  (1:1000, Cell Signaling
Technology, #4060S), anti-p-mTOR (1:1000, Cell
Signaling Technology, #2971S), anti-GCH1 (1:3000,
Proteintech, 28501-1-AP), and anti-p-actin (1:80000,
ABclonal, #AC026).

2.17 Cell migration and invasion assays

The migratory capacity of the cells was assessed
in a Transwell assay. A total of 6 x 10* cells
resuspended in 200 pL of serum-free medium were
seeded into the upper chambers of culture inserts
(Corning, 3422). A total volume of 600 pL of culture
medium containing 20% FBS was subsequently added
to the lower chambers. After 24-48 h of incubation at
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37 °C, the cells on the lower surface of the Transwell
were fixed in methanol for 15 min. Following fixation,
these cells were stained with 0.1% crystal violet for
20 min. Subsequently, images of the cells were
captured using a microscope. The process of
evaluating invasion was similar to that for evaluating
migration, but the quantity of cells seeded during
invasion was as high as 12 x 10% Additionally, a
mixture consisting of a 60 pL mixture of Matrigel (BD
Biosciences) and medium was added to the
membrane. The duration of invasion was extended to
36 h.

2.18 CCK-8

A Cell Counting Kit-8 (CCK-8) assay kit
(Zhongshan Golden Bridge, Beijing, China) was used
to evaluate cell viability. Briefly, 10 pl of Cell
Counting Kit solution was added to each well of the
culture medium and incubated for 2 h. The
absorbance was determined at a wavelength of
450 nm.

2.19 Flow cytometry

For the cell cycle assay, cells were harvested for
transmembrane processing to facilitate propidium
iodide (BD, 550825) labeling. The samples were
detected with a CytoFLEX flow cytometry instrument
manufactured by Beckman Coulter. The data were
evaluated using the ModFit LT program. For the
apoptosis assay, we used an Annexin V-FITC/PI
Apoptosis Kit (Elabscience) to label apoptotic cells.
The results were analyzed using CytExpert software.

2.20 Cell Cocultures

THP-1 cells (acute monocytic leukemia) were
cultured in RPMI 1640 medium (Gibco, Thermo
Fisher Scientific, Waltham, MA) supplemented with
10% FBS (Life Technologies, Carlsbad, CA) and 1%
penicillin—streptomycin  (100x) (Solarbio, Beijing,
China) at 37 °C with 5% CO, THP-1-derived
macrophages were collected after treatment with
phorbol ester (PMA, Sigma—Aldrich, St. Louis, MO)
(50 ng/ml) for 48 h. Then, we collected conditioned
medium (CM) from GCHI-knockdown SiHa cell
cultures as well as the scramble group and cultured
them with MO THP-1 cells. Following a 48-h period of
coculture, the macrophages were collected to measure
the mRNA expression levels of M1/M2 markers.

2.21 Analytical statistics

In our bioinformatics sections (2.1-2.10), the
statistical analysis was performed using the R
programming language (4.0). In the experimental
section, GraphPad Prism version 8.0 (GraphPad
Software Inc., San Diego, CA, USA) was used for

statistical analysis. The data are expressed as the
means with standard deviations (SDs), and statistical
comparisons were performed using a Student’s t test
or a chi-square test. P < 0.05 was considered to
indicate a statistically significant result.

3. Results

3.1 Pathway enrichment and differentially
expressed gene intersection

The processed mRNA expression data of 309
patients with cervical cancer were obtained from
TCGA. Among these samples, 306 were tumorous,
and 3 were normal. Fig. 1A presents a flow diagram
summarizing the experimental design and
bioinformatics analyses described in this article. The
differentially expressed genes of the two groups were
computed using the limma program. A total of 5759
genes, including 2473 upregulated and 3286
downregulated genes, satisfied |logFC| > 0.585 and a
P value < 0.05 (Fig. 1B, C). Following the mapping of
the differentially expressed genes into
ferroptosis-related gene sets, 199 intersecting genes
(of which 113 were upregulated and 86 were
downregulated) were obtained (Fig. 1E). Next, the
protein pairs of these 199 differentially expressed
ferroptosis-related genes were obtained from the
STRING online database and visualized using
Cytoscape (Fig. 1F). Pathway analysis of these 199
differentially expressed ferroptosis-related genes
revealed that the differentially expressed genes were
enriched primarily in pathways related to ferroptosis,
the regulation of DNA metabolic processes, the
regulation of lipid metabolic processes, the regulation
of cellular catabolic processes, and central carbon
metabolism in cancer (Supplementary Fig. 1A and B).

3.2 Identification of important
ferroptosis-related genes

To identify the major differentially expressed
ferroptosis-related genes, a random survival forest
analysis of these 199 genes was performed, and genes
whose relative relevance levels were greater than 0.2
were chosen as the final markers. Figure 2A depicts
the order of importance of the ten genes. Furthermore,
LASSO regression was used to screen for
characteristic genes, and 25 genes, which were
subsequently identified as important genes, were
selected as cervical carcinoma-specific genes (Fig. 2B).
Five genes intersected between the random survival
forest analysis results and the LASSO regression
results (Fig. 2C). The genes SQLE, APOC1, H1.2,
GCH1, and EEF1A1 were determined to be associated
with cervical cancer. Furthermore, survival analysis of
these five genes revealed that GCH1, H1.2, and SQLE
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expression predicted substantial variations in survival ~— and H1.2 was also significant (Supplementary Fig.2).
(Fig. 2D-F). The GEO GSE63514 dataset of patients As a result, GCH1 and H1.2 were selected as
with cervical cancer was downloaded to validate  important genes for further study (Fig. 2G). The
these three genes. The expression profiles of GCH1  differential expression of the key genes GCH1 and
and H1.2 in the GSE63514 dataset were compatible = H1-2 between cervical cancer tissues and normal
with those in the TCGA dataset (p < 0.05). Cox  cervical tissues was further substantiated using the
regression with time-dependent covariates of GCH1  GSE7410 and GSE7803 datasets (Fig. 2H-I).
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Figure 1. Workflow and expression of differentially expressed ferroptosis-related genes in cervical cancer. (A) Schematic diagram of the study workflow. (B) Volcano plot of
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in the tumor and normal groups.

3.3 Links between important genes and the
TME

The TME is composed of fibroblasts, immune
cells, extracellular matrices, numerous growth
hormones, inflammatory agents, and unique physical
and chemical features that influence disease
diagnosis, survival rates, and clinical therapy
sensitivity. The links between important genes in
tumor datasets and immune infiltration were
investigated to determine how key genes influence
the development of cervical cancer. Figure 3A and
Supplementary Table S2 shows the immune cell
composition of the patients. Many significant
correlations were discovered between immune

infiltration levels (Fig. 3B). Compared with the normal
group, the cancer group presented considerably
greater numbers of follicular helper T cells, MO
macrophages, and M1 macrophages (Fig. 3C). Further
investigation into the links between essential genes
and immune cells revealed that the two critical genes
(H1.2 and GCH1) were strongly associated with
immune cells. H1.2, in particular, was positively
correlated with follicular helper T cells and CD8+ T
cells but negatively correlated with resting memory
CD4+ T cells and monocytes (Fig. 3D). GCH1 was
positively correlated with M1 macrophages and CD8+
T cells but negatively correlated with activated mast
cells and MO macrophages (Fig. 3E). Supplementary
Figure 3 displays the findings of the correlation study
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between the two major genes, macrophages, and
immunological checkpoints. These findings indicate
that the two main genes were strongly associated with

immunocyte infiltration levels and played important
roles in the tumor immune microenvironment.
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3.4 Transcriptional regulatory network of the
two key genes

The transcriptional regulatory network of the
two important genes, H1.2 and GCHI1, was
investigated. First, CistromeDB was utilized to predict
the transcription factors for the two essential genes.
GCH1 and H1.2 each had an estimated 94
transcription factors. The transcription factors were
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then displayed using Cytoscape, which revealed a
comprehensive transcriptional regulatory network of
essential genes for cervical cancer (Supplementary
Fig. 4A). Additionally, the Microcode database was
used to backward-predict the two important genes,
resulting in the acquisition of 35 miRNAs and 37
mMRNA-miRNA pairs. These data were viewed in
Cytoscape (see Supplementary Fig. 4B).
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IL-17 signaling pathway

3.5 Potential GCHI1 and H1.2 signaling
pathways affecting tumor progression

Next, the critical genes’ signaling pathways, as
well as the putative molecular processes by which
GCH1 and H1.2 promote tumor growth, were
investigated. The GSVA results revealed that highly

expressed GCH1 was enriched in the
COMPLEMENT, HEME_METABOLISM, and
INTERFERON_GAMMA_RESPONSE signaling

pathways (Fig. 4A). H1.2 was highly expressed in the
CHOLESTEROL_HOMEOSTASIS, = DNA_REPAIR,
and MTORC1_SIGNALING signaling pathways (Fig.
4B).

3.6 GSEA of GCHI1 and H1.2

GCH1 expression increased the activity levels of
the chemokine, JAK/STAT, and T-cell receptor
signaling pathways (Fig. 5A), whereas H1.2
expression increased the activity levels of the IL-17,
NF-xB, and NOD-like receptor signaling pathways
(Fig. 5B).

3.7 Possible sensitive chemotherapeutic
medicines for GCHI1 and H1.2 by the GDSC

Surgery combined with chemotherapy has been
shown to be effective in curing early cervical cancer.
In this study, the chemotherapy sensitivity of each
cervical cancer sample was evaluated using the
pRRophetic package in R based on drug sensitivity
data from the GDSC, and patient sensitivities to
common treatments and connections with GCH1 and
H1.2 expression were investigated further. GCHI1
expression was associated with patient sensitivity to
A.770041, GSK269962A, KU.55933, BAY.61.3606, and
CHIR.99021 (Supplementary Fig. 5A), and HI1.2

expression was associated with patient sensitivity to
A.770041, BMS.754807, BAY.61.3606, and CHIR.99021
(Supplementary Fig. 5B).

3.8 Relationships of carcinoma-related genes
with GCHI and HI1.2

GeneCards (https:/ /www.genecards.org/)
provided information on the cervical carcinoma-
related genes. The expression profiles of the two
important genes and the top 20 cervical
carcinoma-related genes with the greatest relevance
scores were compared between the groups. The
normal and cancer groups presented significantly
different expression levels of BRCA1, BRCA2, BRIP1,
CDH1, CDKN2A, CHEK2, ERBB2, MSH2, PALB2,
PTEN, and TP53 (Supplementary Fig. 6A). We
subsequently performed a correlation analysis
between the key genes and cervical carcinoma-related
genes and discovered substantial associations
between the expression levels of the two key genes
and the expression of several cervical carcinoma-
related genes. GCH1 had a substantial positive
correlation with PALB2 (r = 0.31), whereas H1.2 had a
significant negative correlation with APC (r = -0.21)
(Supplementary Fig. 6B).

3.9 Verification of GCHI1 and H1.2 expression
by IHC

The expression profiles of GCH1 and H1.2 were
confirmed in the TMA using IHC. The samples were
sorted into two groups based on staining intensity
and H-scores for GCH1 and H1.2 (Fig. 6A). GCH1 was
expressed in both the cytoplasm and the nucleus,
whereas H1.2 was expressed in only the nucleus (Fig.
6A). GCH1 expression was much higher in cervical
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cancer tissue than in paracarcinoma tissue (P < 0.05).
There was no significant change in H1.2 expression
between cervical cancer and paracarcinoma tissues
(Fig. 6B). Survival analysis revealed a significant
correlation between GCH1 expression and overall
survival time (P < 0.05). Interestingly, the stronger the
expression of GCHI in cancer tissue was, the better
the prognosis of these patients with cervical cancer
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(Fig. 6C). GCH1 expression levels were correlated
with the cervical cancer FIGO clinical stage (P < 0.05)
but not with age, human papilloma virus (HPV)
infection, lymph node metastasis, histological grade,
or cancer recurrence (Table 1). However, H1.2
expression levels did not correspond with either of
these clinicopathological variables (Supplementary
Table 3).
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Table 1. Association between GCHI expression and

clinicopathological factors.

Feature Patients GCH1 12 p value
Low 34 High 88

Age

<45 52 15 37 0.04306 0.8356

>45 70 19 51

HPV

Positive 95 26 69 0.003216 0.9548

Negative 15 4 11

Lymph node metastasis

Present 25 11 14 2.107 0.1456

Absent 97 23 74

Histological grade

1 20 4 16 4297 0.1166

1I 13 7 6

11T 89 23 66

FIGO stage

1 68 11 57 10.51 0.01047

1I 28 12 16

1T 24 10 14

v 2 1 1

Recurrence

Present 39 15 24 3.200 0.0736

Absent 83 19 64

3.10 Immunofluorescence spatial distance
analysis of GCHI1

We performed immunofluorescence spatial
distance analysis to determine the quantity and
location of three immunological targets in cervical
cancer tissue. We further split the histopathological
sections into two groups based on GCH1 expression
and evaluated the differences in immune infiltration
(Fig. 7A, B and Supplementary Fig. 7).

In the Low GCH1 group, there were 11,862 cells,
whereas in the High GCH1 group, there were 13,346
cells (P =0.45) (Fig. 7C). In the Low GCH1 group, the
proportion of CD11c+ M1 macrophages was 8.33%,
whereas in the High GCHI1 group, it was 5.24%
(P=0.32). In the Low GCHI1 group, the percentage of
CD163+ M2 macrophages was 26.79%, whereas in the
High GCHI1 group, it was 0.63% (P =0.0002). The
fraction of CD8+ T lymphocytes was 3.56% in the Low
GCH1 group and 1.87% in the High GCH1 group
(Low GCH1 versus High GCH1, P =0.21) (Fig. 7D-G).
The average distance between GCH1-CD163 in tumor
cells and immune cells significantly differed between
the Low GCH1 and High GCH1 groups (19.24 pm vs.
159.80 pm, P= 0.0015) (Fig. 7H-]J). The difference
between the two groups was statistically significant,
indicating that higher GCHI1 expression was
associated with lower CD163 expression and may
protect against M2 macrophage infiltration, which can
be used to explain why the higher the expression of
GCHL1 in the cancer tissue is, the better the prognosis

in these patients with cervical cancer.

3.11 Relationships between GCHI and the
biological behavior of cervical cancer

GCH]1 expression was detected in cervical cancer
cell lines using WB, and GCH1 was more highly
expressed in SiHa and CaSki cells (Fig. 8A). The
knockdown of GCH1 using siRNA was effective in
both the SiHa and CaSki cell lines, with more
pronounced effects observed in SiHa Si-GCH1-555
cells (Fig. 8B). Compared with the control, GCH1
knockdown induced significant G1 phase cell cycle
arrest (p < 0.001) (Fig. 8C-D) and promoted apoptosis
(p < 0.05) (Fig. 8E-F). Silencing GCH1 significantly
inhibited both cell migration and invasion (p < 0.0001)
(Fig. 8G-H) and reduced cell viability (Fig. 8I).
Mechanistically, GCH1 silencing downregulated the
PI3K/AKT/mTOR signaling pathway at the protein
level (Fig. 8]). Collectively, these results demonstrate
that GCH1 is associated with more aggressive
phenotypes in cervical cancer, suggesting its
oncogenic role in cervical cancer.

3.12 Effects of GCHI in cancer cells on
macrophage polarization.

To study whether GCH1 in cervical cancer cells
affects macrophage polarization, we collected
conditioned medium (CM) from GCH1-knockdown
SiHa cell cultures and cultured MO cells with the CM.
The MO cells were subsequently analyzed. The
utilization of CM from SiHa-si-GCHI cells led to the
downregulation of M1-marker genes, including IL-6
and TNF-a, whereas the expression levels of genes
associated with an M2-like phenotype (i.e., IL-10 and
TGF-f1) did not differ between MO cells cultured with
SiHa-si-NC CM and those cultured with SiHa-si-
GCH1 CM (Fig. 9A-B), demonstrating that GCH1 in
cervical cancer cells promoted M1 polarization in
macrophages.

4. Discussion

Ferroptosis is often inhibited due to the
increased antioxidant capacity in cancer cells and
therefore has great potential for cancer treatment [5, 7,
19, 20]. and further mechanistic studies have
suggested that ferroptosis is regulated by numerous
tumor-relevant genes and signaling networks [21]. As
a result, numerous factors influence whether a
malignancy is more sensitive or resistant to
ferroptosis induction, including its distinct genetic
background and the surrounding immunological
microenvironment [10]. In cervical cancer, basic
research results have suggested that the early
expression of the viral proteins E1, E2, E6, and E7
from HPV types 16 and 18 is closely related to the
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generation of reactive oxygen species (ROS) and the
concentration of reduced glutathione (GSH) [22]; thus,
we speculate that ferroptosis plays important roles in
the occurrence and development of cervical cancer,
and it is necessary to explore their relationships as
well as key ferroptosis-related genes for treatment.
The Kaplan-Meier plot of ferroptosis-related gene
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scores from the TCGA database also provided clear
evidence of the prognostic significance of
ferroptosis-related gene sets in cervical cancer.
Through the subsequent bioinformatics analysis, we
discovered two effective ferroptosis-related molecules

that have not yet been reported in cervical cancer:
GCH1 and H1.2.
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GCH]1, also known as GTP cyclohydrolase-1, is
the rate-limiting enzyme in tetrahydrobiopterin
biosynthesis and is a significant antioxidant against
ferroptosis [21]. In humans, GCH1 is reported to be
important for many diseases, including pain
sensitivity, DOPA-responsive dystonia, hypertension,
and Parkinson’s disease [23-26]. The role of GCH1 in
cancer is highly controversial: GCH1 promotes the
progression of gastric cancer, glioblastoma and
triple-negative  breast cancer by influencing
proliferation and metastasis as well as the TME
[27-29]. In contrast, the silencing of GCH1 promotes
hepatocellular carcinoma growth by inhibiting
ASK1/p38 signaling [30], and its role in cervical
cancer remains to be elucidated.

Our research revealed an interesting
phenomenon: the expression of GCHI1 in cervical
cancer is greater than that in normal tissues, but the
lower the expression in cervical cancer is, the better
the prognosis. GCH1 knockdown impaired growth,
migration and invasion and promoted apoptosis in
cervical cancer cells, possibly through the inhibition of
the phosphorylated PI3K/AKT/mTOR signaling
pathway. This famous cancer-promoting signaling
pathway in cervical cancer [31-33] was enriched in the
GSVA analysis of GCH1. This could explain the
elevated expression of GCHI, an oncogene, in cervical
cancer tissues compared with normal tissues. In the
TME of cervical cancer, GCH1 was positively linked
with M1 macrophages and CD8+ T cells. These
immune cells have significant anticancer activity and
can release proinflammatory cytokines such as IL-6,
IL-12, and IFN-y [34-36]. Furthermore, an examination

of the interaction between GCH1 and the
immunological checkpoint revealed that GCH1 was
strongly negatively linked with CD276, which was
previously identified as a carcinogenic molecule in
cervical cancer in our studies [18, 37]. Additionally,
immunofluorescence  spatial distance analysis
revealed that reduced GCH1 expression could lead to
increased CD163+ M2 macrophage infiltration.
CD163+ M2 macrophages can aid in the
immunological escape of tumor cells and increase
tumor growth. The results of the cell coculture
experiments also indicated that GCH1 knockdown in
SiHa cells prevented the Ml-like polarization of
THP-1 cells after coculture. Moreover, increased
expression of GCH1 enhances the immunogenicity of
cancer cells; herein, knockdown of GCHI1 leads to the
disruption of immune-related anticancer responses.
This could explain the better prognosis for patients
with high expression of GCH1 in cervical cancer.
These results revealed the dual effects of GCHI in
promoting cervical cancer cells and its anticancer
effect on the immune microenvironment.

H1.2 is a member of the H1 linker histone family
and is essential for the stability of higher-order
structures in chromatin and nucleosomes. Numerous
studies have shown that H1.2 plays important roles in
a variety of disorders, including cancer, autoimmune
diseases, and viral infections [38]. It may enhance
hepatocarcinogenesis in humans by influencing signal
transducer and activator of transcription 3 (STAT3)
signaling [39]. Another study of B-cell lymphomas
revealed that the H1 family, including H1.2, is a true
tumor suppressor and that H1 mutations cause

https://lwww.medsci.org



Int. J. Med. Sci. 2026, Vol. 23

458

malignant transformation predominantly through
three-dimensional genomic reorganization [40]. In a
cervical cancer investigation, immune infiltration and
a necroptosis-related gene signature were reported to
predict prognosis using bioinformatics analysis,
although without verification [41]. H1.2 expression
was significantly higher in cervical cancer tissues than
in normal tissues in the database at the mRNA level,
but its expression in the TMA is still a matter of
debate, as there were no significant results at the
protein level, possibly because of the different
techniques used to quantify H1.2 expression. We
believe that H1.2 plays important roles in cervical
cancer carcinogenesis because H1.2 directs the
genome-wide  chromatin  association of the
retinoblastoma tumor suppressor protein (pRb) and
facilitates its function [42]. Furthermore, H1.2 has the
potential to inhibit the transcription of the p16 tumor
suppressor gene [43]. pRb and pl6 are important
tumor suppressor genes in cervical cancer [44-46], but
more laboratory evidence is needed to support this
theory.

Although ferroptosis is distinct from other forms
of programmed cell death, such as apoptosis,
autophagy, necroptosis, and pyroptosis, these
pathways can interconvert and form a complex
network under different stress conditions [12, 47, 48].
Thus, it is speculated that GCH1 and H1.2 may not be
limited to ferroptosis but could also play roles in other
forms of programmed cell death, necessitating further
experimental research to clarify their interaction and
its mechanismes.

In conclusion, we conducted a systematic
examination of the ferroptosis genomic expression
profile in cervical cancer and discovered two
significant ferroptosis-related biomarkers. Moreover,
we identified the complexity of the function of GCH1
in cervical cancer. However, more laboratory work is
needed to explore their roles and mechanisms in
tumorigenesis and the TME, including in wvivo
experiments, to verify their efficacy as therapeutic
targets.

5. Limitations of the study

First, in vivo animal experiments were not
conducted, and GCH1 blockade combined with
immunotherapy may be an effective treatment
approach for cervical cancer. Second, the molecular
mechanisms related to the polarization of
macrophages to the M1 phenotype after cell coculture
still need to be further explored.
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