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Development of a ferroptosis-
related signature and
identi�cation of NOTCH2 as a
novel prognostic biomarker
in pancreatic cancer
Siyi Zhang1†, Xiaoxuan Li1†, Xiangxue Li1, Ziheng Zhang1,
Kaihui Zhu2 and Jing Guo1*

1Department of Oncology, The Af�liated Hospital of Qingdao University, Qingdao, Shandong, China,
2Department of Gastroenterology, Huangdao District People’s Hospital, Qingdao, Shandong, China
Background: Ferroptosis, a regulated form of iron-dependent cell death, has
shown promise as an anti-tumor mechanism. However, its role in pancreatic
cancer remains largely unexplored. This study aimed to identify a ferroptosis-
related prognostic signature and key biomarkers.
Methods: Transcriptomic pro�les and clinical data of pancreatic cancer patients
were obtained from the GEO and TCGA databases. A prognostic signature was
constructed using LASSO and Cox regression analysis. The role of a key gene,
NOTCH2, was investigated through somatic mutation, functional enrichment,
immune in�ltration, and drug sensitivity analysis. In vitro , the expression of
NOTCH2 was con�rmed by Western blot, and its effects on cell proliferation
and migration were assessed using MTT, colony formation, and wound-healing
assays. Its involvement in ferroptosis was further investigated by measuring
intracellular iron, reactive oxygen species (ROS) and C11-BODIPY.
Results: We constructed and validated a ferroptosis-related prognostic signature
consisting of NOTCH2, KRT18, and H1-2. Patients in the high-risk group, as
de�ned by this signature, exhibited signi�cantly worse overall survival. A
nomogram integrating the risk score and clinical variables demonstrated
excellent accuracy in predicting patient prognosis. We identi�ed NOTCH2 as a
key biomarker, showing upregulated expression in pancreatic cancer tissues and
cell lines, which correlated with poor prognosis and increased in�ltration of M2
macrophages. Functionally, knockdown of NOTCH2 in vitro inhibited the
proliferation and migration of pancreatic cancer cells while increasing both
intracellular iron concentration and lipid peroxidation levels.
Conclusion: Our study establishes a ferroptosis-related signature for prognostic
prediction in pancreatic cancer and identi�es NOTCH2 as a critical prognostic
biomarker. NOTCH2 may promote pancreatic cancer progression by
suppressing ferroptosis, highlighting it as a potential therapeutic target.
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1 Introduction

Pancreatic cancer remains one of the most lethal malignancies,
characterized by late diagnosis, rapid progression, and poor
prognosis. Pancreatic ductal adenocarcinoma (PDAC) is the most
common type of pancreatic cancer, accounting for more than 90%
of all solid pancreatic neoplasms. According to the 2022 global
cancer statistics, there were 510,566 new cases and 467,005 deaths of
pancreatic cancer (1). Pancreatic cancer ranks 12th in incidence
among common cancers, yet it is the 6th leading cause of cancer-
related mortality. Surgery is the only potential cure for pancreatic
cancer, but it is only possible in a small percentage of cases.
Pancreatic cancer is often diagnosed at an advanced stage due to
the lack of speci�c early symptoms and highly sensitive screening
methods (2). Despite advances in therapeutic strategies, the �ve-
year survival rate for pancreatic cancer patients remains dismally
low (3, 4). Therefore, identifying novel biomarkers and therapeutic
targets is crucial for improving the survival outcomes of pancreatic
cancer patients.

Ferroptosis is an iron-dependent, lipid peroxidation-driven
form of programmed cell death that plays a critical role in cancer
biology (5). Morphologically, ferroptosis is primarily marked by
signi�cant mitochondrial shrinkage, increased membrane density,
and the reduction or disappearance of mitochondrial cristae (6).
Glutathione peroxidase 4 (GPX4) is an important antioxidant
enzyme that inhibits lipid peroxidation and ferroptosis (7). GPX4
relies on reduced glutathione to eliminate lipid peroxides.
Inhibition or depletion of GPX4 leads to the accumulation of
lipid peroxides and triggers ferroptosis. Excessive intracellular
iron levels contribute to the production of reactive oxygen species
(ROS) via the Fenton reaction (8). This leads to the accumulation of
lipid peroxides, particularly polyunsaturated fatty acids (PUFAs)
within cell membranes (5). Enzymes such as ACSL4 and LPCAT3
facilitate the incorporation of PUFAs into cell membrane
phospholipids, leading to their subsequent oxidation (9). This
renders cell membranes more susceptible to ROS attack, resulting
in the generation of more lipid peroxides.
Abbreviations:AUC, area under the curve; DEGs, differentially expressed genes;

DFS, disease-free survival; DSS, disease-speci�c survival; EMT, epithelial-

mesenchymal transition; FBS, fetal bovine serum; FDR, false discovery rate;

FRGs, ferroptosis-related genes; GEO, Gene Expression Omnibus; GO, Gene

Ontology; GPX4, glutathione peroxidase 4; GSEA, gene set enrichment analysis;

HPA, Human Protein Atlas; HR, hazard ratio; ICIs, immune checkpoint

inhibitors; KEGG, Kyoto Encyclopedia of Genes and Genomes; LASSO, least

absolute shrinkage and selection operator; OS, overall survival; PBS, phosphate-

buffered saline; PCA, principal component analysis; PDAC, pancreatic ductal

adenocarcinoma; PFS, progression-free survival; PPRGs, pancreatic cancer

prognosis-related genes; PUFAs, polyunsaturated fatty acids; qRT-PCR,

Quantitative real-time polymerase chain reaction; ROC, receiver-operating

characteristic; ROS, reactive oxygen species; ssGSEA, single-sample gene set

enrichment analysis; TCGA, The Cancer Genome Atlas; TGF-b, transforming

growth factor b; TIDE, Tumor Immune Dysfunction and Exclusion; TIIC,

tumor-in�ltrating immune cell; VEGF, vascular endothelial growth factor
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Ferroptosis is associated with various physiological processes
within tumor cells (10). Cancer cells more susceptible to ferroptotic
cell death regulation compared to normal cells (11). Recent studies
have highlighted the potential of ferroptosis as a therapeutic target in
various cancers, such as hepatocellular carcinoma, breast cancer, and
lung cancer (12–14). Pancreatic cancer cells, with their high
metabolic demands for proliferation and DNA synthesis, are
particularly dependent on intracellular iron (15). The oxidation and
reduction of iron promote the production of ROS, thereby
accelerating tumor growth. Therefore, serum ferritin and
transferrin, which re�ect iron levels, can serve as potential
diagnostic biomarkers for pancreatic cancer (16). Recent research
has underscored the critical role of ferroptosis in pancreatic cancer
progression and treatment response. Studies have shown that high
expression of NCOA4 in PDAC leads to increased NCOA4-mediated
ferritinophagy, a process that supports tumor cell proliferation by
maintaining iron homeostasis. Evidence from mouse models
indicates that NCOA4 knockout signi�cantly delays tumor
progression and prolongs survival, whereas its overexpression
accelerates tumor growth. This demonstrates that NCOA4-driven
ferritinophagy is a key driver of pancreatic cancer growth and
survival (17). Another study indicates that the destruction of
pancreatic cells via ferroptosis triggers the release of 8-OHG, a
damage-associated molecular pattern (DAMP) that signals
oxidative DNA damage. This release activates the STING-
dependent DNA sensor pathway, promoting macrophage
in�ltration and M2 polarization, which in turn facilitates pancreatic
carcinogenesis (18). Furthermore, in terms of metabolic adaptability,
PDAC cells resist oxidative stress by upregulating SLC7A11 and
GPX4, which supports their survival in a hypoxic environment (19).

Erastin and RSL3 have been shown to induce ferroptosis and
exhibit anti-tumor activity (20). Combining ferroptosis inducers
with chemotherapy, radiotherapy, and immunotherapy can
improve treatment outcomes by overcoming drug resistance (20,
21). However, tumor cells can also develop resistance to ferroptosis
and promote cancer progression by upregulating antioxidant
defenses and altering iron metabolism (22). The effect of
ferroptosis on tumor depends on the release of DAMPs and the
activation of immune response triggered by ferroptotic damage
within the tumor microenvironment (23). A comprehensive
analysis of ferroptosis-related genes (FRGs) will provide a more
in-depth understanding of their impact on cancer progression.
However, the role of FRGs in pancreatic cancer and their
association with immune response remains largely unexplored.

In this study, we performed a comprehensive bioinformatics
analysis using publicly available pancreatic cancer datasets to
construct and evaluate a ferroptosis-related gene signature. This
signature demonstrated robust prognostic value for overall survival
(OS). Furthermore, we investigated the role of NOTCH2 in
pancreatic cancer in terms of immune in�ltration, prognostic
signi�cance, somatic mutation pro�les, and drug sensitivity.
These �ndings were further substantiated through experimental
validation. Our �ndings suggest that NOTCH2 may serve as a novel
biomarker and a potential therapeutic target in pancreatic cancer,
offering new avenues for personalized anti-tumor strategies.
frontiersin.org
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2 Methods

2.1 Data collection

RNA-sequencing, somatic mutation, and associated clinical
data for pancreatic adenocarcinoma cohorts were obtained
from The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/) and the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/) (24). The TCGA-PAAD
cohort consists of 4 normal tissue samples and 178 tumor samples,
with prognostic data available for 152 patients. The GSE15471
cohort comprises expression data from 39 tumor samples and 39
normal samples. GSE28735 and GSE85916 cohorts contain
expression information and prognostic data for 84 and 79
individuals, respectively. Expression data (transcripts per million)
from 167 normal pancreatic tissue samples were obtained from the
GTEx database (https://www.gtexportal.org). Genes expressed in at
least 50% of samples were included in the analysis. A total of 634
FRGs were retrieved from the FerrDb database (http://www.
zhounan.org/ferrdb/current/). The full gene set is listed in
Supplementary Table S1.
2.2 Construction of a ferroptosis-related
prognostic signature

Differentially expressed genes (DEGs) between pancreatic
tumor and normal tissues in the TCGA-PAAD cohort (Counts
data) were identi�ed using the “limma” package, with thresholds set
at |log fold change| > 1 and false discovery rate (FDR) < 0.05.
Prognosis-related genes were determined via univariate Cox
regression analysis, with a P value < 0.05 considered statistically
signi�cant. FRGs that were both differentially expressed and
prognostically relevant were identi�ed using a Venn diagram.
These genes were subsequently used to construct a prognostic
model through least absolute shrinkage and selection operator
(LASSO) regression and multivariable Cox analysis. The risk
score was calculated using the following formula:

Riskscore = o n
i=1(Coefi�*�Expi)

Coe� is gene coef�cient; Expi is gene expression; n is the
number of genes in signature.

Individuals were strati�ed into high- and low-risk groups based
on the median risk score. Kaplan-Meier survival analysis was
performed to compare survival curves. The prognostic model was
validated in the GSE28735 and GSE85916 cohorts. Principal
component analysis (PCA) was conducted to assess the
discriminative capacity of the model, while receiver-operating
characteristic (ROC) curves were used to evaluate its sensitivity
and speci�city in predicting the prognosis of pancreatic cancer.

2.3 Construction and evaluation of the
nomogram

In the TCGA-PAAD cohort, univariate and multivariate Cox
regression analyses were performed to determine whether the risk
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score could serve as an independent prognostic factor. Box plots were
used to evaluate the association between the risk score and
clinicopathologic parameters. A nomogram integrating the risk score
and clinical features was subsequently constructed, and its predictive
performance was assessed using ROC and calibration curves.
2.4 Identi�cation of NOTCH2 as a potential
biomarker in pancreatic cancer

A pan-cancer analysis of NOTCH2 was conducted using the
Xiantao Academic Tool (https://www.xiantaozi.com/), including
assessments of its differential expression across various cancer types
and its prognostic signi�cance. The predictive accuracy and
sensitivity of NOTCH2 for pancreatic cancer were further
evaluated using ROC curves in the TCGA-PAAD and GSE15471
cohort. Patients in the TCGA-PAAD and GSE28735 datasets were
strati�ed into high and low NOTCH2 expression groups based on
median expression levels, and Kaplan-Meier analysis was conducted
to assess survival differences. Somatic mutation pro�les across
subgroups were visualized with waterfall plots. Drug sensitivity
analysis to chemotherapy and targeted therapy drugs was assessed
using the “oncoPredict” package. In addition, immunohistochemical
data from the Human Protein Atlas (HPA) database (https://
www.proteinatlas.org/) were used to examine NOTCH2 protein
expression in pancreatic cancer and normal pancreatic tissues.
2.5 Functional enrichment analysis

Differential gene expression analysis was performed between
high and low NOTCH2 expression groups in the TCGA-PAAD
cohort. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were conducted using the
“clusterPro�ler” package to identify biological processes and
signaling pathways associated with NOTCH2 (q-value < 0.05). In
addition, gene set enrichment analysis (GSEA) was employed to
further investigate the underlying mechanisms of NOTCH2
involvement. The reference molecular datasets included
“c2.cp.Kegg.Hs.symbols.gmt” and “c2.cp.reactome.v2023.2.Hs.
symbols.gmt”, with |NES| > 1 and q-value < 0.1 considered
statistically signi�cant.
2.6 Immune in�ltration and immune
function analysis

To assess the association between NOTCH2 expression and
immune cell in�ltration, we �rst calculated single-sample gene set
enrichment analysis (ssGSEA) scores using the “GSVA” package
across pan-cancer samples. The correlations between NOTCH2
expression and the in�ltration levels of 28 tumor-in�ltrating
immune cell (TIIC) subtypes were evaluated and visualized using
box plots strati�ed by high and low NOTCH2 expression groups.
The “CIBERSORT” algorithm was then applied to evaluate the
abundance and expression levels of 22 TIIC populations.
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Subsequently, the “ESTIMATE” algorithm was used to compute
stromal, immune, and ESTIMATE scores to characterize the tumor
microenvironment across pan-cancer datasets. RNA-seq data were
standardized and uploaded to the Tumor Immune Dysfunction and
Exclusion (TIDE) website (http://tide.dfci.harvard.edu/) to calculate
TIDE, Exclusion, and Dysfunction scores for pancreatic
cancer samples.
2.7 Cell culture and lentiviral transfection

Human pancreatic ductal epithelial cells (hTERT-HPNE) and
pancreatic cancer cell lines (ASPC-1 and BXPC-3) were obtained
from the Cell Bank of the Chinese Academy of Sciences. Cell line
authentication was performed using short tandem repeat (STR)
pro�ling, and all lines tested negative for mycoplasma
contamination. Cells were maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin at 37 °C in a humidi�ed atmosphere with
5% CO2. Lentiviral vectors encoding short hairpin RNA (shRNA)
targeting NOTCH2 were constructed by GeneChem (Shanghai,
China; http://www.genechem.com.cn/). The target lentiviral vector
used was GV493, with the element sequence hU6-MCS-CBh-
gcGFP-IRES-puromycin (Reference number: CON313). The
RNAi negative control (sh-NC) sequence was TTCTCCGAACG
TGTCACGT. The shRNA sequences targeting NOTCH2 were:
Fron
sh-NOTCH2-1, GCATGCATCAGCAATCCTTGC;

sh-NOTCH2-2, GCGGTGTACCATTGACATTGA;

sh-NOTCH2-3, GCACCTGTGAGAGGAATATTG.
ASPC-1 and BXPC-3 cells were seeded into 6-well plates at a
density of 2 × 104 cells per well. After 24 hours, the medium was
replaced, and diluted lentiviral supernatant was added for infection.
Following a 24-hour incubation, cells were transferred to culture
dishes and selected with puromycin (48 hours, repeated 3 times) to
establish stably transduced cell lines. Constructs exhibiting the most
ef�cient NOTCH2 knockdown were identi�ed and selected for
subsequent experiments.
2.8 Quantitative real-time polymerase
chain reaction

Total RNA was extracted from cells using TRIzol® reagent and
subsequently reverse transcribed into complementary DNA
(cDNA). The qRT-PCR reaction mixture contained 2 mL of
cDNA, 7.2 mL of DEPC water, 10 mL of SYBR, and 0.4 mL each of
forward and reverse primers. Thermal cycling was performed under
the following conditions: initial denaturation at 95 °C for 30
seconds, followed by 40 cycles of denaturation at 95 °C for 10
seconds and annealing/extension at 60 °C for 30 seconds. Melting
curve analysis was performed with the following steps: 95 °C for 15
seconds, 60 °C for 60 seconds, and 95 °C for 15 seconds. Primer
sequences are provided as follows:
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NOTCH2-F (5�-ATGCCGGGTTTCAAAGGTGT-3�).

NOTCH-R (5�-ATGTCGATCTGGCACACTGG-3�).

b-actin F (5’-GACCACCTTCAACTCCATCAT-3’).

b-actin R (5’-CCTGCTTGCTAATCCACATCT-3’).
All experiments were performed in triplicate. b-actin was used
as an internal control, and relative gene expression levels were
calculated using the 2 � DDCt method.
2.9 Western blot analysis

Cells were lysed using IP lysis buffer, and the supernatant was
collected by centrifugation. Proteins (20 mg per sample) were
separated by 10% SDS-PAGE and transferred onto polyvinylidene
di�uoride (PVDF) membranes (10600023, Cytiva, USA).
Membranes were blocked with 5% skim milk for 1 hour at
room temperature and then incubated overnight at 4 °C with
primary antibodies (RabMab, ab307700, 1:1000, Abcam, UK).
After washing three times with TBST (10 minutes per wash),
membranes were incubated with secondary antibodies (M21002,
Abmart, China) at 37 °C for 1 hour, followed by another three
washes with TBST. Protein bands were visualized using an
enhanced chemiluminescence detection system.
2.10 MTT assay

sh-NC and sh-NOTCH2 of ASPC-1 and BXPC-3 cell lines were
seeded in 24-well plates at a density of 7 × 10� cells per well. After 48
hours of incubation, 500 mL MTT solution (0.5 mg/mL, Aladdin,
M158055) prepared with FBS-free medium was added to each well
and incubated for at least 2 hours at 37 °C. Formazan crystals
formed by viable cells were then dissolved in an equal volume of
DMSO. Absorbance was measured at 490 nm using a microplate
reader (BioTek, USA). Cell viability was calculated as follows: cell
viability (%) = experimental group OD value/control group OD
value×100%. Cell proliferation was assessed every 24 hours for three
consecutive days. All data were processed using Microsoft Excel and
visualized with GraphPad Prism 9.
2.11 Colony formation and wound-healing
assays

For the colony formation assay, 1,000 cells were seeded into
each well of a 6-well plate and cultured in a humidi�ed incubator at
37 °C with 5% CO2. The culture medium was refreshed every two
days. After 14 days, cell colonies were �xed at room temperature
with 4% paraformaldehyde, stained with crystal violet, and imaged.

For the wound healing assay, pancreatic cancer cells were
seeded into 6-well plates following transfection with sh-NC or sh-
NOTCH2 lentivirus. When the cell density of the sh-NC group
reached 80%-90% of the area per well, a wound was made in the cell
monolayer using a 200 µL tip. After washing with phosphate-
frontiersin.org

http://tide.dfci.harvard.edu/
http://www.genechem.com.cn/
https://doi.org/10.3389/fimmu.2025.1659652
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2025.1659652
buffered saline (PBS) to remove detached cells, adherent cells were
incubated in FBS-free medium. The images were obtained at 0 and
48 h. The scratch area was measured three times to evaluate the cell
healing rate. The data were analyzed using ImageJ software and
graphs were generated using GraphPad Prism 9 software.

Cell�healing�rate( % ) =
(0h�scratch�area � 48h�scratch�area)

0h�scratch
� 100 %
2.12 Iron, ROS and C11-BODIPY detection

ASPC-1 and BXPC-3 cells were seeded into 24-well plates and
cultured for 48 hours at 37 °C in a humidi�ed incubator with 5%
carbon dioxide. Cells were then incubated with FerroOrange
(Dojindo, China) of 1 mmol/L for 30 minutes under identical
conditions. The level of iron ion was assessed using an inverted
�uorescence microscope (Nikon, Japan).

For ROS detection, H2DCFDA (DCF, 10 mmol/L) and
dihydroethidium (DHE, 10 mmol/L) dyes were prepared in FBS-
free RPMI-1640 medium and diluted to a �nal concentration of 10
µmol/L. Cells were pre-seeded in 24-well plates and incubated for
48 hours. Cells were incubated with the respective dye for 1 hour,
washed twice with PBS. Fluorescence imaging was conducted using
an inverted �uorescence microscope (Nikon, Japan).

For lipid peroxidation detection, ASPC-1 and BXPC-3 cells
were seeded in small dishes and incubated for 48 hours, then 1 mM
C11 BODIPY was added, and the cells were further incubated at 37 °
C for 30 minutes. Subsequently, the cells were washed three times
with PBS and stained with Hoechst 33342 to label cell nuclei. The
level of lipid peroxidation was assessed by detecting the increase in
green �uorescent signal or changes in the red-to-green �uorescent
ratio. All �uorescent images were captured using a confocal
microscope (Leica, Germany).
2.13 Statistical analysis

All statistical analyses were performed using R (version 4.4.0).
Differential gene expression analysis was conducted using the
“limma” package, with signi�cance thresholds de�ned as |log fold
change| � 1 and P < 0.05. Box plots and volcano plots were generated
using the “ggplot2” and “ggpubr” packages. Survival analysis was
performed using the Kaplan-Meier method and log-rank tests,
implemented through the “survival” and “survminer” packages.
Nomogram was constructed with the “rms” and “regplot” packages.
Mutation landscapes were visualized using the “maftools” package.
Between-group comparisons were assessed using the Wilcoxon test,
and correlation analyses were performed using Spearman’s
correlation coef�cients. One-way ANOVA and Student’s t-test
were performed using GraphPad Prism (version 9.3.1).
Densitometric analysis of Western blot bands, wound-healing
images, and merged �uorescence images were conducted with
ImageJ. A P-value < 0.05 was considered statistically signi�cant.
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Signi�cance levels were annotated as follows: ns P>0.05; *P < 0.05;
**P < 0.01; ***P < 0.001.
3 Results

3.1 Identi�cation of prognosis-related
differentially expressed ferroptosis-
associated genes

Most cancer-associated mutations are somatic mutations. In the
TCGA-PAAD cohort, we performed somatic mutation analysis and
visualized the top 15 most frequently mutated genes using a
waterfall plot (Figure 1A). The results revealed that KRAS
exhibited the highest mutation frequency (62%), followed by
TP53 and CDKN2A, with missense mutations being the
predominant mutation type. Differential expression analysis
identi�ed 2,616 genes with statistically signi�cant differences
between pancreatic tumor and normal tissues (P < 0.05),
including 1,003 upregulated in tumors and 1,613 upregulated in
normal tissues (Figure 1B). Univariate Cox regression analysis
further identi�ed 8,526 pancreatic cancer prognosis-related genes
(PPRGs) (p < 0.05). By intersecting the 2,616 DEGs, 634 FRGs, and
the 8,526 PPRGs, we identi�ed 17 prognosis-related differentially
expressed ferroptosis-associated genes (PR-DE-FRGs) (Figure 1C).
Boxplot analysis showed that MCU, ITGA6, QSOX1, H1-2,
EPHA2, STEAP1, SLC7A11, MAL2, STYK1, and NQO1 were
highly expressed in pancreatic cancer tissues, whereas NOTCH2
was predominantly expressed in normal pancreatic tissues
(Figure 1D). The relationships among the PR-DE-FRGs were
assessed using Spearman correlation analysis, which revealed a
signi�cant inverse correlation between NOTCH2 and FOXA2,
and positive correlations between NOTCH2 and the majority of
the other genes, including MCU, ITGA6, and SLC7A11 (Figure 1E).
Univariate Cox regression analysis indicated that FOXA2 was the
only gene associated with a favorable prognosis (hazard ratio [HR]
< 1, p < 0.05), while the remaining 16 genes were signi�cantly
associated with poorer OS (HR > 1, p < 0.05) (Figure 1F).
3.2 Development and validation of a
ferroptosis-related prognostic signature

To minimize the risk of over�tting, LASSO regression with
cross-validation was applied to the 17 PR-DE-FRGs, yielding �ve
genes (NOTCH2, KRT18, ANO1, H1-2, and MGST1) (Figure 2A).
Subsequently, multivariate Cox regression analysis identi�ed a
three-gene prognostic signature comprising NOTCH2, KRT18,
and H1-2 (Figure 2B). Among them, NOTCH2 exhibited the
highest coef�cient and the most signi�cant association with
prognosis (P<0.005). The risk score was calculated according to
the following formula:

Risk score = (0.45326 × NOTCH2 expression) + (0.32491 ×
KRT18 expression) + (0.23260 × H1–2 expression).
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In the TCGA-PAAD cohort, patients were strati�ed into high-
risk and low-risk groups based on the median risk score
(Supplementary Table S2). As shown in Figure 2C, expression
levels of NOTCH2, KRT18, and H1–2 were signi�cantly elevated
in the high-risk group (P<0.001). PCA demonstrated clear
separation between the two risk groups, indicating the model’s
discriminatory capacity. Kaplan-Meier analysis revealed a
signi�cantly longer OS in the low-risk group (P < 0.001), and
Frontiers in Immunology 06
survival outcome analyses further con�rmed that higher risk scores
were associated with increased mortality risk (Figure 2D). Similar
�ndings were observed in the GSE28735 and GSE85916 validation
cohort (Figures 2E, F). Moreover, in the TCGA-PAAD cohort,
patients in the low-risk group exhibited signi�cantly improved
progression-free survival (PFS), disease-speci�c survival (DSS),
and disease-free survival (DFS), as compared with those in the
high-risk group (Figure 3A). Time-dependent ROC curves
FIGURE 1

Identi�cation and prognostic analysis of PR-DE-FRGs in pancreatic cancer. (A) Waterfall plot illustrating the somatic mutation frequency in the
TCGA-PAAD cohort. (B) Volcano plot showing the differentially expressed genes in the TCGA-PAAD cohort. (C) Venn diagram identifying 17 PR-DE-
FRGs. (D) Expression levels of PR-DE-FRGs in pancreatic cancer and normal samples from the TCGA database. (E) Spearman correlation analysis of
PR-DE-FRGs. (F) Univariate Cox regression analysis of PR-DE-FRGs. ns P>0.05; *P < 0.05; **P < 0.01; ***P < 0.001. PR-DE-FRGs, prognosis-related
differentially expressed ferroptosis-related genes; TCGA, The Cancer Genome Atlas.
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demonstrated the predictive accuracy of this signature. The areas
under the curve (AUC) for 1-year, 3-year, and 5-year overall
survival (OS) were 0.702, 0.762, and 0.827, respectively, indicating
its high sensitivity and speci�city. This signature was further
validated in the GSE28735 and GSE85916 cohorts (Figure 3B).
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Univariable Cox regression analysis incorporating clinical variables
revealed that age (HR = 1.031, 95% CI: 1.005-1.056, P = 0.017) and
risk score (HR = 2.094, 95% CI: 1.460-3.004, P < 0.001) was
signi�cantly associated with OS. Multivariable analysis con�rmed
age (HR = 1.039, 95% CI: 1.014-1.065, P = 0.002) and risk score (HR
FIGURE 2

Construction of a ferroptosis-related risk signature. (A) Lasso Cox regression analysis and cross-validation. (B) Multivariate Cox analysis for
determining the optimum signature genes. (C) Expression of the signature genes in high- and low-risk groups in the TCGA cohort. (D–F) Principal
Component Analysis, Kaplan-Meier survival curves, and the distribution of risk scores and survival status for the high- and low-risk groups in the
TCGA-PAAD, GSE28735, and GSE85916 datasets. ***P < 0.001. TCGA, The Cancer Genome Atlas.
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= 2.343, 95% CI: 1.597-3.437, P < 0.001) as independent prognostic
factors (Figure 3C). Further subgroup analyses showed that risk
scores were signi�cantly elevated among patients who were 60 years
of age or younger, had high-grade tumors (G3), lymph node
metastasis (N1), or had died. No statistically signi�cant
differences in risk score were observed across sex, tumor stage, T
stage, or M stage subgroups (Figure 3D).
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3.3 Construction of a risk score-related
prognostic nomogram

A prognostic nomogram was developed by integrating the risk
score with clinicopathologic factors, including age, sex, tumor stage,
and grade, to enhance the accuracy of survival prediction in patients
with pancreatic cancer (Figure 4A). The AUC of 1-, 2-, and 3-year
FIGURE 3

Evaluation of the risk signature and its relationship with clinicopathological parameters. (A) Kaplan-Meier analysis of PFS, DSS, and DFS for the risk
signature in the TCGA-PAAD cohort. (B) ROC curves evaluating the risk signature for 1-, 3-, and 5-year survival. (C) Cox regression analyses of the
risk score and other clinical parameters in the TCGA cohort. (D) Distribution of risk scores across subgroups of different clinicopathological
parameters. ns P>0.05; *P < 0.05; **P < 0.01; ***P < 0.001. PFS, progression-free survival; DSS, disease-speci�c survival; DFS, disease-free survival;
TCGA, The Cancer Genome Atlas; ROC, Receiver Operating Characteristic.
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survival was 0.687, 0.743, and 0.814, respectively. Calibration curves
demonstrated strong concordance between predicted and observed
survival probabilities, indicating high predictive performance of the
nomogram (Figure 4B). These �ndings suggest that the nomogram
provides a potential tool for individualized survival prediction in
pancreatic cancer patients.
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3.4 Identi�cation of NOTCH2 as a potential
biomarker in pancreatic cancer

Among the prognostic signature genes, NOTCH2 was selected
for further investigation based on its highest regression coef�cient
and most signi�cant P-value. Pan-cancer analysis of the TCGA
FIGURE 4

Construction of nomogram and validation of NOTCH2 expression. (A) A nomogram constructed based on the risk score and other clinicopathological
parameters. (B) Calibration curves and ROC curves for the nomogram’s prediction of 1-, 2-, and 3-year survival. (C) Pan-cancer expression of NOTCH2 in
unpaired samples from the TCGA database. (D) NOTCH2 expression levels in GTEx-TCGA cohort and the GSE15471 cohort. (E) Immunohistochemistry
staining for NOTCH2 from the HPA database. (F) Western blot analysis of NOTCH2 expression levels in the hTERT-HPNE, ASPC-1, and BXPC-3 cell lines.
ns P>0.05; *P < 0.05; **P < 0.01; ***P < 0.001. ROC, Receiver Operating Characteristic; TCGA, The Cancer Genome Atlas; HPA, Human Protein Atlas.
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