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Background: Gastric cancer peritoneal metastasis (GCPM) is a lethal condition. Current diagnostic
methods for GCPM, such as imaging and serum tumor markers, lack specificity and sensitivity. Research
suggests that utilizing gene signatures to predict GCPM shows significant predictive ability. Nonetheless,
the predictability of GCPM using ferroptosis-related genes (FRGs) remains unknown. We aim to construct a
nomogram based on FRGs for early diagnosis of GCPM.

Methods: RNA sequencing and clinical data of patients with gastric cancer (GC) were downloaded from
Gene Expression Omnibus (GEO) databases. GCPM was diagnosed through imaging, biopsy and cytology.
A GCPM prediction model was developed based on six distinctively expressed FRGs, and the efficiency of
the model was assessed through receiver operating characteristic (ROC) curves in both experimental and
validation cohorts. Subsequently, 115 clinical samples were examined by immunohistochemistry (IHC) to
validate the prediction model’s accuracy.

Results: Our analysis included 282 patients, among whom 54 had GCPM while 228 did not. Patients were
randomly distributed into experimental and validation groups at a 3:2 ratio. Least absolute shrinkage and
selection operator (LASSO) regression identified the coefficients of six FRGs, with a risk score calculated
for every patient. Univariate and multivariate logistic analyses revealed that both risk score and pathological
stage were significantly associated with GCPM. The area under the curve (AUC) values for the training and
validating sets implied good predictability for GCPM (0.827 and 0.767, respectively). Combining the risk
score with the tumor node metastasis (TINM) stage substantially improved predictability (AUCs were 0.916
and 0.848 respectively). Lastly, a nomogram incorporating the risk score and TNM stage was constructed,
which shows good clinical utility through decision curve analysis (DCA). The THC results from 115 clinical
samples were consistent with these findings.

Conclusions: A nomogram model based on FRGs and clinicopathological features was constructed,
demonstrating impressive predictive value for GCPM. This enables timely and personalized therapeutic

interventions, thereby benefiting gastric cancer patients.
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Introduction

Gastric cancer (GC) is one of the most common
gastrointestinal malignancies, ranking fifth in global
cancer incidence and fourth in cancer-related mortality (1).
Gastric cancer peritoneal metastasis (GCPM) refers to the
spread of GC cells from the primary site to the peritoneum
through various routes, including blood, lymph, or direct
peritoneal growth. More than half of the patients with
advanced GC develop peritoneal metastasis (PM) (2). Once
PM is detected, the median overall survival (OS) is only
4-9 months (3). Approximately 60% of GC deaths are
caused by GCPM (4). Occult peritoneal metastasis (OPM)
refers to cases in which preoperative examinations, such
as imaging, fail to detect PM, but postoperative pathology
confirms its presence (2).

Chemotherapy is the standard treatment for patients
with GCPM; however, the overall curative effect and
prognosis after chemotherapy remain poor (5). Recent
studies have demonstrated that systemic therapy or
combination therapy of anti-angiogenesis therapy,
immunotherapy and chemotherapy improves OS rates
in patients with GC and PM (6-9). Recent randomized
trials have demonstrated that cytoreductive surgery (CRS)
combined with systemic immunotherapy, chemotherapy,
and hyperthermic intraperitoneal chemotherapy (HIPEC)
improves OS in patients with GCPM (10,11). Therefore,
an accurate evaluation of the presence of PM is crucial for
selecting an appropriate treatment method for patients with
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GC. Computed tomography (CT) is the most commonly
used preoperative examination for diagnosing PM.
However, occult peritoneal metastatic lesions are usually
not visible on CT images. Although CT has high specificity,
it lacks sensitivity for detecting PM (12). GCPM presents
no specific symptoms in its early stages. Although imaging
techniques such as CT, magnetic resonance imaging (MRI),
and positron emission tomography (PET)-CT, along with
blood tests including carcinoembryonic antigen (CEA),
alpha fetoprotein (AFP), cancer antigen 125 (CA125),
CA199, and CA72-4, improve the diagnostic rate, effective
diagnosis remains a significant challenge. Laparoscopic
and cytological examination of peritoneal lavage fluid is
considered the gold standard for detecting OPM. However,
these examinations are invasive and may be difficult for
patients to accept. Therefore, there is an urgent need to
develop new early diagnostic methods for GCPM.

Numerous studies have developed prediction models
to forecast GCPM using various data sources, including
imaging data, clinical characteristics, metabolomics,
microRNA (miRNA), and long noncoding RNA (IncRNA).
Dong combined CT scans with Lauren typing to construct
a prediction model for GCPM, achieving an area under
the curve (AUC) of 0.958 (2). Yang proposed a clinical
nomogram by integrating clinical risk factors and radiomics
features, achieving an AUC of 0.839 (13). Moreover,
several studies have used ferroptosis-related genes (FRGs)
to predict disease progression and prognosis. Xiong
developed a risk model based on 10 ferroptosis regulators
and markers and demonstrated a strong prognostic value
for patients with ovarian cancer (14). Chen established
a molecular signature based on 11 FRGs, which proved
effective in assessing colorectal cancer prognosis (15). Our
study highlights the elevated expression of cysteine protease
inhibitor SN (Cystatin SN, CST1), which protects GC
cells from ferroptosis, thereby promoting their progression
and metastasis (16). Lin identified that the upregulation
of hypoxia-inducible factor 1 alpha (HIF-Ia) can shield
GC cells from ferroptosis induced by the HIF-1a/PMAN/
ELAVLI1 pathway, suggesting it may be a potential driver of
PM (17). In summary, this evidence emphasizes the need for
innovative diagnostic and prognostic approaches focused on
molecular and genetic markers associated with ferroptosis.
Early intervention strategies can significantly improve
survival outcomes in patients with GCPM.

Ferroptosis was first described by Dixon in 2012 (18).
Ferroptosis is an iron-dependent form of regulated
cell death that is caused by lipid peroxidation. This
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process triggers immunosuppressive responses related
to inflammation in the tumor microenvironment,
thereby promoting tumor cell proliferation (19). Unlike
apoptosis, necrosis, and autophagy, ferroptosis has unique
genetic, morphological, and biochemical functions.
The initial mechanism that triggers ferroptosis is the
depletion of cysteine, which leads to the intracellular
depletion of glutathione (GSH) (20). The activity of
glutathione peroxidase 4 decreases, resulting in cellular
lipid peroxidation and metabolic dysfunction. This leads
to an increase in reactive oxygen species (ROS) levels,
which in turn triggers ferroptosis. Previous studies have
demonstrated that free iron concentration is higher in GC
cells than in normal cells, and the survival of tumor cells is
highly dependent on an abnormally activated antioxidant
system (21-23). Further studies have demonstrated that
the activation of ferroptosis can lead to GC cell death
(24,25). Moreover, our findings indicate that the inhibition
of ferroptosis accelerates GC metastasis (16). Many FRGs
are closely related to the occurrence and development of
GCPM and may affect the prognosis of patients with GC.
Despite the strong correlation between ferroptosis and
GCPM, there is currently no early diagnostic model for
GCPM based on FRGs.

In this study, we analyzed the expression and predictive
value of FRGs in predicting the occurrence of PM in
patients with GC. Consequently, a six-FRG-based signature
was constructed. Univariate and multivariate logistic
analyses revealed that both FRGs-based signature and
tumor node metastasis (ITINM) pathological stage were
significantly associated with GCPM. Receiver operating
characteristic (ROC) curves were plotted to evaluate the
predictive performance. The AUC values for the gene
signature was 0.827 and 0.767 for the training and validation
sets, respectively. For the TNM pathological stage, the
AUC values were 0.785 and 0.716 in the training and
validation sets, respectively. When the gene signature was
combined with the TNM pathological stage, the predictive
accuracy improved significantly, with AUC values of 0.916
and 0.848 in the training and validation sets, respectively.
The model exhibited excellent predictive accuracy. To
facilitate clinical application, a nomogram was constructed
based on the 6-gene signature and TNM pathological stage
to predict GCPM risk. Decision curve analysis (DCA)
curves indicated that the nomogram was both reliable and
accurate, potentially aiding clinicians in the early diagnosis
of GCPM and planning personalized treatment strategies
for patients with GC, thereby benefiting GC patients.

© AME Publishing Company.
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Additionally, we performed immunohistochemistry (IHC)
on 115 clinical samples to verify the expression of the six
FRGs. In conclusion, we have successfully constructed
an early diagnostic model for GCPM based on FRGs.
We present this article in accordance with the TRIPOD
reporting checklist (available at https://jgo.amegroups.com/
article/view/10.21037/jgo-24-670/rc).

Methods
Data source

The study process is illustrated in Figure 1. The messenger
RNA (mRNA) transcriptome data and corresponding
clinical data from 300 GC samples, both with and without
PM, were obtained from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo),
specifically from the GSE62254 dataset (procured n=300
primary independent GC specimens at the time of total
or subtotal gastrectomy at Samsung Medical Centre,
Seoul, Korea, from 2004-2007). No subjects received
neoadjuvant chemotherapy or chemoradiation therapy.
Cases were selected on the basis of the following criteria:
histologically confirmed adenocarcinoma of the stomach;
surgical resection of primary GC; age >18 years; and
complete pathological, surgical, treatment, and follow-up
data. Two expert gastrointestinal pathologists (Kyoung-
Mee Kim, MDj; In-Gu Do, MD) reviewed hematoxylin and
eosin (H&E)-stained slides to select cases with estimated
carcinoma content of at least 60%. They clinically annotated
the tumors but de-linked them from personally identifiable
information. This cohort has a median follow-up time of
86.4 months (range, 53.1-106.6 months). The post-operative
surveillance program for recurrence is to follow up every
6 months until 5 years from the date of surgery. They used
OS as the primary endpoint. OS is defined as the time from
surgery to the date of death or to the last follow-up date.
They defined the date of relapse as the date of documented
recurrences by imaging, biopsy and cytology. They used
the date of last follow up for cases with no recurrence at the
time of the last follow up. They retrospectively reviewed
the pattern of recurrence, all CT imaging and medical
records). After excluding 18 cases with incomplete data,
54 of the remaining 282 samples had PM, whereas 228 did
not. The samples were randomly divided into experimental
(n=168) and validation (n=114) groups in a 3:2 ratio for
further analysis. The FRGs were obtained from the FerrDB
(http://www.zhounan.org/ferrdb). Primary GC tissues and
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Figure 1 Flowchart showing the process of constructing the FRGs based signature to predict the possibility of peritoneal metastasis in

gastric cancer. DEGs, differently expressed genes; FRGs, ferroptosis-related genes; OS, overall survival; LASSO, least absolute shrinkage

and selection operator.

corresponding clinical data were collected from 115 patients
with and without GCPM who underwent gastric resection
for GC without neoadjuvant therapy at the First Affiliated
Hospital of Soochow University between 2010 and 2020.
All the patients underwent surgical treatment at the First
Affiliated Hospital of Soochow University and there were
none previous chemotherapies, radiotherapies, or other
treatments before surgery on these patients. The diagnosis
of GCPM is based on pathological findings.

Identification of FRGs

We utilized the “limma” package to screen for differentially
expressed genes (DEGs) in the GSE62254 dataset related
to GCPM. The threshold for identifying DEGs was set at
[log,FCI >1 and P<0.05. Overlapping genes between the
DEGs from the GSE62254 dataset and FRGs were selected.

© AME Publishing Company.

Construction of an FRG signature

Univariate Cox regression analysis was used to identify the
survival-related FRGs. The coefficients of these survival-
related FRGs were then analyzed using least absolute
shrinkage and selection operator (LASSO) regularized
linear Cox regression. The risk score for each patient was
calculated using the following formula: risk score = h0(t) *
exp(B1X1 + B2X2 + ... + BnXn). Therefore, an FRG-based
signature was obtained. This formula was used to derive the
FRG-based signature. Patients were categorized into high-
and low-risk groups based on the median risk score cutoft.

Correlation analysis between the FRGs signature and
clinical characteristics

Clinical information, including age, gender, TNM stage,
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Lauren classification, and survival information, was collected
from the GC data in the GSE62254 dataset. Univariate and
multivariate logistic regression analyses revealed that both
risk score and TNM stage were significantly associated
with PM. A nomogram combining the six-FRG signature
and the TNM stage was constructed to predict the risk of
GCPM. ROC and Kaplan-Meier (KM) curves were plotted
to evaluate the prediction accuracy and prognostic value in
both the training and validation sets. DCA curves were used
to assess the clinical effectiveness of the model.

Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses were performed
using The Database for Annotation, Visualization and
Integrated Discovery (DAVID) database (https://david.
nciferf.gov) with standard settings. GO terms and KEGG
pathways were ranked by P [or -log,(P)] using a cutoff of
<0.05. Metascape (https://metascape.org/gp/index.html#/
main/stepl) was used for complementary annotation.

IHC validation of FRG expression in clinical samples

The expression levels of the six FRGs were validated in
clinical samples by IHC. Primary GC samples and clinical
information were collected from 115 patients with and
without GCPM who underwent gastric resection without
neoadjuvant therapy at the First Affiliated Hospital of
Soochow University between 2010 and 2020. Samples
were either stored at —80 °C or fixed in 10% formalin
and embedded in paraffin for IHC. Five-micron-thick
paraffin-embedded sections were used for IHC staining.
The THC sections were scanned with NanoZoomer
S60 (Hamamatsu Photonics) and analyzed using Image]
software. The final expression score was determined based
on the median value: scores below the median indicated
low expression, whereas scores above the median indicated
high expression.

Written informed consent was obtained from all patients.
This study was conducted in accordance with the principles
of the Declaration of Helsinki (as revised in 2013) and
approved by the Ethics Committee of the First Affiliated
Hospital of Soochow University (approval No. 2020381).

Statistical analyses

The Chi-squared and Fisher’s exact tests were used to

© AME Publishing Company.
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compare differences between the training and validation
sets, as well as between patients with GC with and without
PM. Univariate Cox regression, univariate logistic
regression, multivariate logistic regression, and LASSO
logistic regression analyses were performed using R.
DCA was performed to evaluate the clinical utility of the
predictive models. KM survival curves were generated to
illustrate the relationship between the risk score and OS,
and significance was tested using the log-rank test. ROC
curves were plotted to assess the prognostic accuracy.
AUC was used to define predictive ability, with AUC >0.7
considered acceptably predictive. T-tests were used for
statistical analyses in IHC. All statistical tests were two-
sided, with a P<0.05 was considered statistically significant.
Statistical analyses were conducted using the Statistical
Package for Social Sciences (SPSS) software (version 28.0.0;
SPSS Inc., Chicago, IL, USA) or R (version 4.2.2).

Results
Screening of FRGs associated with GCPM

mRNA transcriptomic data, along with the corresponding
clinicopathological and survival information, were obtained
for 300 GC tumor tissues from the GSE62254 cohort. The
principal component analysis (PCA) plot is displayed in
Figure 24, and normalization of the mRNA transcriptomic
data is presented in Figure 2B. After excluding 18 cases with
incomplete data, 54 of the remaining 282 samples had PM,
whereas 228 did not. These samples were randomly divided
into training (n=168) and validation (n=114) groups in a 3:2
ratio. Non-significant differences were found between the
two groups in terms of sex, age, pathological stage, Lauren
classification, and lymph node metastasis (7zble I). A total
of 390 DEGs (11ogFCI >1, P<0.05) associated with GCPM
were identified. These DEGs intersected with 934 known
FRGs from the Ferroptosis Database (FerrDB), resulting
in ten differentially expressed FRGs associated with PM
in GC (Figure 2C). Finally, LASSO regression confirmed
that six FRGs were significantly associated with GCPM,
and their coefficients were used to calculate the risk score
for GCPM (Figure 2D-2F), which was based on eight
prognostic FRGs identified by univariate and multivariate
Cox regression analyses (Figure 3). The six FRGs are
cysteine dioxygenase 1 (CDOI), aurora kinase A (4URKA),
ribonucleotide reductase subunit M2 (RRM?2), caveolin-1
(CAV1), discoidin domain receptor 2 (DDR2), and very-
low-density lipoprotein receptor (VLDLR).
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Figure 2 Construction of a FRGs signature. (A) PCA of the transcriptome profiles of two groups. (B) GSE62254 datasets after
standardization. (C) The Venn plot shows the differently expressed FRGs associated with GCPM. (D) The volcano plot shows the
differently expressed genes between PM and NPM. (E) LASSO regression of 10 FRGs genes. (F) Cross validation of parameter selection

in LASSO regression. PCA, principal component analysis; FRGs, ferroptosis-related genes; GCPM, gastric cancer peritoneal metastasis;

PM, peritoneal metastasis; NPM, no peritoneal metastasis; LASSO, least absolute shrinkage and selection operator; DE-FRGs, differently

expressed ferroptosis-related genes.

Construction and validation of a prediction model based on
six FRGs for predicting peritoneal metastasis in GC

Heatmaps of both the training and validation groups
indicated that high expression levels of CDOI, CAV1,
DDR2, and VLDLR were associated with an increased risk
of GCPM, whereas high expression levels of AURKA and
RRM?2 were associated with a decreased risk of GCPM
(Figure 44,4B). The risk score for each patient was
calculated using the coefficients derived from the LASSO

© AME Publishing Company.

regression model with the following formula: risk score =
(0.01774626 x expression value of CDOI) - (0.35365977
x expression value of AURKA) — (0.36934131 x expression
value of RRM?2) + (0.33121864 x expression value of CAV'T)
+(0.06607238 x expression value of DDR2) + (0.26560915 x
expression value of VLDLR). The patients were categorized
into high- and low-risk groups based on the median risk
score. KM survival curves demonstrated that OS was
significantly shorter for the high-risk group compared to
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the low-risk group, both in the training (P=0.01, Figure 4C)

and validation (P=0.002, Figure 4D) sets. Similarly, disease-
free survival analyses depicted significant differences

Table 1 Clinical features of public databases gastric cancer patients

Characteristics Tre(ari]r;i?g ss)et Te(zt;r:? :)et P

Sex >0.99
F 57 (33.9) 39 (34.2)
M 111 (66.1) 75 (65.8)

Age (years) >0.99
<65 98 (58.3) 66 (57.9)
>65 70 (41.7) 48 (42.1)

Lauren’s classification 0.33
Diffuse & mixed 81 (48.2) 62 (54.4)
Intestinal 87 (51.8) 52 (45.6)

Lymph node metastasis >0.99
Negative 20 (11.9) 14 (12.3)
Positive 148 (88.1) 100 (87.7)

pStage 0.14
I &Il 75 (44.6) 40 (35.1)
&IV 93 (55.4) 74 (64.9)

Data are presented as n (%). F, female; M, male; pStage,
pathological stage.

Sun et al. Predicting GCPM by nomogram

between the high-risk and low-risk groups in both the
training (P=0.03, Figure 4E) and validation sets (P=0.005,
Figure 4F).

Enbancing prediction accuracy by combining the gene
signature with clinical characteristics

Univariate and multivariate logistic analyses revealed
that both risk score and TNM pathological stage were
significantly associated with GCPM. ROC curves were
plotted for both the training and validation sets to evaluate
the predictive performance of the gene signature and the
TNM pathological stage. AUC for the gene signature
was 0.827 and 0.767 for the training and validation sets,
respectively. For the TNM pathological stage, the AUC
values were 0.785 and 0.716 in the training and validation
sets, respectively. When the gene prediction model was
combined with the TNM pathological stage, the predictive
accuracy improved significantly, with AUC values of 0.916
and 0.848 in the training and validation sets, respectively
(Figure 4G,4H). The forest plots for univariate and
multivariate logistic regression analyses are presented at
Figures 5,6. To facilitate clinical application, a nomogram
was constructed based on the 6-gene signature and TNM
pathological stage to predict GCPM risk (Figure 74). DCA
curves indicated that the nomogram was both reliable and
accurate (Figure 7B,7C), potentially aiding clinicians in
the early diagnosis of GCPM and planning personalized

Variable  HR (95% Cl) P
CDO1 1.32 (1.17-1.49) —a— <0.001
AURKA 0.8 (0.68-0.95) —a— 0.01
RRM2  0.73 (0.62-0.85) —a— <0.001
CAV1 1.47 (1.24-1.74) —r <0.001
DDR2 1.32 (1.17-1.5) —a— <0.001
FABP4  1.19 (1.08-1.32) - 0.001
VIDLR  1.31(1.17-1.48) —a— <0.001
RGS4 1.24 (1.11-1.4) —a— <0.001
IL33 1.07 (0.96-1.18) —o—i 0.21
LCN2 0.93 (0.85-1.01) - 0.09

T T
1 2

Figure 3 Univariate Cox analysis of the 10 FRGs with OS. HR, hazard ratio; CI, confidence interval; FRGs, ferroptosis-related genes; OS,

overall survival.

© AME Publishing Company.
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Figure 4 Validation of the 6 FRGs-based signature in the training set and the validating set. (A,B) The heatmap of the 6 FRGs expression
profiles. (C,D) KM analysis for OS of GC patients based on the risk stratification. (E,F) KM analysis for DFS of GC patients based on the
risk stratification. (G,H) ROC analysis for the risk of PM including the risk score, TNM stage and combination of the two. PM, peritoneal

metastasis; NPM, no peritoneal metastasis; OS, overall survival; DFS, disease-free survival; ROC, receiver operating characteristic curve;

FRGs, ferroptosis-related genes; AUC, areas under the curve; TNM, tumor node metastasis; KM, Kaplan-Meier; GC, gastric cancer.

© AME Publishing Company.
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Variable HR (95% Cl) P
Age 0.48 (0.21-1.12) H1— 0.09
P stage 7.65 (2.54-22.98) <0.001
Lauren 5.1 (2.06-12.61) L <0.001
Lymphnode metastasis 2.29 (0.5-10.41) L 0.28
Sex 0.7 (0.32-1.54) HE— 0.37
Risk score 3.84 (2.21-6.68) | = | <0.001
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Figure 5 Univariate logistics analysis of the 6 FRGs-based signature with peritoneal metastasis. HR, hazard ratio; CI, confidence interval;

pStage, pathological stage; FRGs, ferroptosis-related genes.

Variable HR (95% Cl) P
P stage 7.52 (2-28.2) 0.003
Risk score 3.53 (1.89-6.57) | I <0.001

0 1

Figure 6 Multivariate logistics analysis of the 6 FRGs-based signature with peritoneal metastasis. HR, hazard ratio; CI, confidence interval;

pStage, pathological stage; FRGs, ferroptosis-related genes.

treatment strategies for patients with GC.

Pathway enrichment analysis

Functional enrichment analysis was performed using
DAVID and Metascape tools, revealing several significant
insights. GO analysis identified that the top 100 related
genes were primarily enriched in biological processes
such as mitotic nuclear division and extracellular matrix
organization. In cellular components, these genes
were mainly associated with condensed chromosomes,

© AME Publishing Company.

centromeric regions, and collagen-containing extracellular
matrix. Molecular functions analysis depicted that the
genes were generally enriched in integrin binding and actin
binding (Figure 8A4).

KEGG pathway analysis revealed that these genes
were significantly enriched in several pathways, including
epithelial cell signaling in Helicobacter pylori infection, cell
adhesion molecules, cell cycle, extracellular matrix (ECM)-
receptor interaction, p53 signaling pathway, and interleukin
17 (IL-17) signaling pathway (Figure 8§B). Additionally,
Metascape analysis indicated significant enrichment in
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Figure 7 Nomogram to predict the risk of GCPM. (A) Nomogram to predict the risk of GCPM. (B) DCA of the nomogram in training

set. (C) DCA of the nomogram in validation set. pStage, pathological stage; PM, peritoneal metastasis; GCPM, gastric cancer peritoneal

metastasis; DCA, decision curve analysis.

processes such as cellular anatomical entity morphogenesis,
cell growth and cell-substrate regulation, cell-cell adhesion,
positive regulation of epithelial cell proliferation, and
regulation of actin filament-based processes (Figure 8C,8D).
These findings suggest that the identified pathways are
closely associated with PM of GC.

IHC validated the expression levels of six FRGs in clinical
samples

"To validate the expression levels of the six identified FRGs
(CDO1, CAV1, DDR2, VLDLR, AURKA, and RRM2),
IHC analysis was performed on 115 clinical samples from
patients with GC. This cohort included 22 patients with
PM and 93 patients without PM. The clinical characteristics
of patients are presented in Zable 2. Our analysis revealed
that CDOI, CAV1, DDR2, and VLDLR were overexpressed
in patients with PM compared to those without PM, while
AURKA and RRM?2 were overexpressed in patients without

© AME Publishing Company.

PM compared to those with GCPM (Figure 9A4-9F).
These IHC results align with the bioinformatics analysis
previously discussed, thereby reinforcing the credibility of
bioinformatic predictions.

Discussion

More than half of GC-related deaths are attributed to
GCPM (5). GCPM presents no specific symptoms in its
early stages. Although imaging techniques such as CT,
MRI, and PET-CT, along with blood tests including CEA,
AFP, CA125, CA199, and CA72-4, improve the diagnostic
rate, effective diagnosis remains a significant challenge.
In many cases, PM in patients with advanced GC is
identified only during or shortly after radical surgery. Even
after patients undergo radical resection, the disease often
progresses, resulting in a poor prognosis. The prognosis
of patients with GC and PM can be significantly improved
through neoadjuvant therapy, systemic chemotherapy,
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Figure 8 Pathway enrichment analysis of the related DEGs. (A) Dotplot of GO enrichment analysis. (B) Dotplot of KEGG enrichment
analysis. (C,D) Pathways enriched by Metascape. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; ECM,
extracellular matrix; IL, interleukin; BP, biological process; CC, cellular component; MF, molecular function; DEGs, differently

expressed genes.

immunochemotherapy, CRS, and HIPEC. Screening high- can enhance OPM detection, leading to better treatment
risk cases of PM through preoperative examinations and outcomes. There is an urgent need for a high-performance
developing tracer methods for intraoperative diagnosis method for early diagnosis of GCPM to facilitate the
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Table 2 Clinical features of clinical gastric cancer patients

Overall (n=115)

Characteristics

Sex
F 34 (29.6)
M 81 (70.4)

Age (years)
<65 52 (45.2)
>65 63 (54.8)

Peritoneal metastases

Negative 93 (80.9)

Positive 22 (19.1)
pStage

| 4 (3.5)

Il 37 (32.2)

1] 25 (21.7)

[\ 49 (42.6)

Data are presented as n (%). F, female; M, male; pStage,
pathological stage.

development of appropriate treatment plans and timely
intervention.

Numerous studies have developed prediction models
to forecast GCPM using various data sources, including
imaging data, clinical characteristics, metabolomics, miRINA,
and IncRNA. Dong combined CT scans with Lauren typing
to construct a prediction model for GCPM, achieving an
AUC of 0.958 (2). Yang proposed a clinical nomogram
by integrating clinical risk factors and radiomics features,
achieving an AUC of 0.839 (13). Moreover, several studies
have used FRGs to predict disease progression and prognosis.
Xiong developed a risk model based on 10 ferroptosis
regulators and markers and demonstrated a strong prognostic
value for patients with ovarian cancer (14). Chen established
a molecular signature based on 11 FRGs, which proved
effective in assessing colorectal cancer prognosis (15). Our
study highlights the elevated expression of cysteine protease
inhibitor SN (Cystatin SN, CSTI), which protects GC
cells from ferroptosis, thereby promoting their progression
and metastasis (16). Lin identified that the upregulation of
HIF-1a can shield GC cells from ferroptosis induced by
the HIF-1a/PMAN/ELAVLI1 pathway, suggesting it may
be a potential driver of PM (17). In summary, this evidence
emphasizes the need for innovative diagnostic and prognostic

© AME Publishing Company.
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approaches focused on molecular and genetic markers
associated with ferroptosis. Early intervention strategies
can significantly improve survival outcomes in patients
with GCPM.

FRGs play a critical role in GCPM and may serve as
key targets for both diagnosis and treatment. This study
developed a prediction model based on six FRGs to assess
the GCPM risk. The model exhibited excellent predictive
accuracy, and when combined with TNM staging, its
ability to predict GCPM significantly improved, with AUC
values of 0.916 and 0.848 in the training and validation
sets, respectively. To support its clinical use, we constructed
nomogram plots featuring two parameters: risk score and
TNM stage. The DCA curve demonstrated a strong clinical
applicability. Notably, high expression of CDO1, CAV1,
DDR?2, and VLDLR was associated with an increased risk of
GCPM, whereas high expression of AURKA and RRM?2 was
associated with a decreased risk.

Human CDOI is a non-heme iron dioxygenase that
catalyzes the oxidation of cysteine-to-cysteine sulfinic acid (26).
Cellular cysteine is an essential substrate for GSH synthesis (27).
A reduction in GSH synthesis increases ROS levels, which
can lead to ferroptosis (28-30). Ushiku et 4/. identified
that CDOI gene promoter DNA methylation, detectable
through quantitative methylation-specific PCR, holds
significant potential for detecting minimal residual disease
in the peritoneum within clinical settings for GC (31).
AURKA regulates centrosome functions and is essential for
mitotic progression (32). Overexpression of AURKA leads
to centrosome amplification and cytokinetic failure, causing
aneuploidy (33). AURKA is also involved in regulating several
key proteins in cancer cells, such as AKT, B-catenin, and
p53, which may contribute to cancer development (34-38).
Furthermore, AURKA regulates histone modification through
the Wnt/B-catenin and PI3K/Akt signaling pathways to
induce epithelial-mesenchymal transition (EMT) in GC (39).
AURKA may also play a role in regulating ferroptosis, with
its overexpression potentially protecting cancer cells from
ferroptosis (40-42). RRM?2 is a small regulatory subunit of
ribonucleotide reductase that is essential for deoxynucleoside
triphosphate (AN'TP) biogenesis (43). Regulation of ANTP
levels is crucial for DNA replication and cell proliferation (44).
RRM? inhibition can enhance chemosensitivity and overcome
drug resistance in fibrosarcoma and pancreatic cancer (45,46).
RRM?2 is highly expressed in GC cells (BGC823), and the
RRM2/AKT/NF-«B signaling pathway plays a critical role
in promoting tumor invasiveness (47). CAV1 functions as
a membrane adaptor that links the integrin alpha subunit
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Figure 9 Validation of the 6 FRGs in clinical samples. (A-F) IHC staining and expression of the 6 FRGs in primary GC lesions. Left-side
images: 100x magnification; right-side images: 200x magnification. GC, gastric cancer; GCPM, gastric cancer peritoneal metastasis; NPM,

no peritoneal metastasis; PM, peritoneal metastasis; FRGs, ferroptosis-related genes; IHC, immunohistochemistry.

to tyrosine kinases and plays an essential role in integrin

CAV1 promotes chemoresistance to cisplatin in GC cells

signaling, endocytosis, and anchorage-dependent cell by activating the WN'T/B-Catenin pathway (52). DDR2,
growth (48,49). High CAV'1 expression is associated with a receptor tyrosine kinase, is activated by binding to both
poor prognosis in patients with GC (50,51). Furthermore, fibrillar and non-fibrillar collagen (53,54). DDR2 promotes

© AME Publishing Company.
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tumor formation and invasion by enhancing EMT through
mTORC2 activation and AKT phosphorylation (55). It also
contributes to maintaining GC stemness and DNA damage
repair in cancer stem cells and promotes tumor peritoneal
dissemination, as observed in a gastric xenograft mouse
model (56). VLDLR is involved in the uptake of low-density
lipoprotein (LDL) and very-low-density lipoprotein and
belongs to the LDL receptor superfamily (57). VLDLR is
highly expressed in various tumors, including in the stomach,
breasts, and lungs (58-60). VLDLR influences numerous
cellular functions owing to its ability to bind a range of
ligands, including lipoprotein lipase (61), receptor-associated
protein (62) and thrombospondin-1 (63).

This study demonstrated that the six identified FRGs
(CDO1, AURKA, RRM2, CAV1, DDR2, and VLDLR) are
promising biomarkers for predicting PM in GC. The
gene signature linked to ferroptosis demonstrated strong
predictive efficiency for GCPM, offering a new path for
identifying potential biomarkers in this context. However,
there are some limitations in this study. Including the
constraints of the GEO database, such as limited sample
size, potential batch effects, and heterogeneity in data
collection and processing, which may impact the robustness
and generalizability of the predictive value of these gene
signatures. Clinical data from large multicenter samples are
crucial to validate the predictive accuracy of these findings.
Further research and validation through larger clinical trials
are needed to fully integrate these biomarkers into standard
clinical practice to benefit patients with GC.

Conclusions

We developed a novel nomogram model based on FRGs to
predict GCPM by integrating the DEGs associated with
GCPM and FRGs. This model, which includes six FRGs
(CDO1, AURKA, RRM2, CAV1, DDR2, and VLDLR), was
validated through multiple approaches and demonstrated a
robust predictive value for patients with GC who developed
GCPM. The prediction model utilizing these six FRGs
demonstrates high practicality for clinical application,
aiding in early diagnosis and potentially improving GCPM
management. This nomogram could significantly help
identify patients at high risk for PM, thereby enabling

timely and personalized therapeutic interventions.
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