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Background: Ferroptosis, an iron-dependent form of programmed cell death, significantly impacts 
cancer, yet its link to prostate cancer (PCa) prognosis remains underexplored. This study aims to develop 
and validate a ferroptosis-related gene signature to predict PCa prognosis and immune microenvironment 
differences, potentially identifying therapeutic targets.
Methods: RNA-sequencing data of 478 PCa patients and corresponding clinical data were downloaded 
from The Cancer Genome Atlas (TCGA) database. We investigated the disease-free survival (DFS) rates of 
the high- and low-risk groups using the Kaplan-Meier method. Functional differences between the high- and 
low-risk groups were investigated by a gene set enrichment analysis (GSEA), and Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. The link between ferroptosis risk score and 
immune status was examined using CIBERSORT. The expression levels of core prognostic genes in benign 
prostatic hyperplasia (BPH) and PCa were verified using quantitative real-time polymerase chain reaction 
(qRT-PCR), Western blot, and immunohistochemistry (IHC).
Results: A novel ferroptosis-related prognostic gene signature was established and tested in the Gene 
Expression Omnibus (GEO) database based on univariate and multivariate Cox regression analyses. Patients 
with PCa were classified into high- and low-risk groups based on this ferroptosis signature. Patients in the 
high-risk group had worse outcomes than those in the low-risk group. The predictive accuracy of the model 
was demonstrated by a receiver operating characteristic (ROC) analysis. An additional enrichment analysis of 
TCGA cohort revealed the immune-related pathways were significantly upregulated in the high-risk group, 
with areas under the curve (AUCs) of 0.85 at 1 year, 0.82 at 3 years, and 0.76 at 5 years. In the GEO cohort, 
the AUCs reached 0.69 at 1 year, 0.74 at 3 years, and 0.75 at 5 years. An additional enrichment analysis 
indicated a significant upregulation of cytokine-related pathways, immune receptor activity, and other 
immune-related pathways in the high-risk group. Furthermore, the analysis revealed that the proportions of 
mast cells and plasma cells were significantly lower in the high-risk group compared to the low-risk group of 
PCa patients. Conversely, the proportion of regulatory T cells (Tregs) was significantly higher in the high-
risk group than in the low-risk group. According to the qRT-PCR, Western blot, and IHC results, DRD4, 
SRC, AKR1C2, and AIFM2 expression was significantly higher in PCa than BPH. We also showed that the 
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Introduction

Prostate cancer (PCa), accounts for 26% of all male cancers, 
is the most common malignancy in men, and is the second 
leading cause of cancer-related death (after lung cancer) (1).  
Early localized PCa can be treated with surgery or radiation 
therapy with curative intent. If disease recurs after initial 

surgery or radiation therapy, androgen deprivation therapy 
(chemical castration or surgical castration) can be used (2).  
However, most patients eventually become resistant to 
this treatment and develop castration-resistant PCa, for 
which chemotherapy is one of the treatment options (3).  
The high recurrence rate and drug resistance of PCa 
have always been clinical challenges (4). Therefore, the 
identification of predictive markers of PCa is of great 
significance in monitoring PCa recurrence and establishing 
new therapeutic targets.

Ferroptosis, a form of cell death, differs from normal 
apoptosis in that it is caused by the accumulation of 
intracellular iron and lipid reactive oxygen species (5).  
Following the in-depth study of ferroptosis, some 
researchers have found that ferroptosis is closely related 
to the occurrence and development of cancer (6). A study 
has shown that activating ferroptosis can inhibit tumor 
growth, which provides a new strategy for the treatment of 
cancer (7). Targeting GPX4 or using GPX4 inhibitors can 
induce ferroptosis to treat cancer (8). Some small-molecule 
inducers and nanomaterial inducers of ferroptosis will be 
widely used in the future, such as System Xc-Inhibition, 
FIN56, and FINO2 (9).

PCa is a disease associated with ferroptosis (10,11). 
Liu et al. reported that cell migration-inducing protein 
(CEMIP) promotes extracellular matrix separation by 
inhibiting ferroptosis, thereby favoring PCa cell survival (12). 
Zhao et al. found that ATF6α promotes PCa progression 
by enhancing PLA2G4A-mediated arachidonic acid 
metabolism, which protects tumor cells from ferroptosis (13).  
However, current research on the relationship between 
PCa and ferroptosis is limited, and the relationship between 
ferroptosis and the prognosis of patients with PCa is unclear. 
Therefore, novel biomarkers associated with ferroptosis 
in PCa need to be identified. The identification of novel 
ferroptosis-related biomarkers is of significance in predicting 
the prognosis of PCa patients.

Highlight box

Key findings 
• A prognostic signature of eight ferroptosis-related genes (FRGs) 

that may accurately predict prostate cancer (PCa) patient outcomes 
was constructed and validated. A ferroptosis signature may 
contribute to anti-tumor immunity and serve as therapeutic targets 
in PCa.  

What is known, and what is new? 
• Ferroptosis is a form of cell death that differs from normal 

apoptosis in that it is caused by the accumulation of intracellular 
iron and lipid reactive oxygen species. Following the in-depth 
study of ferroptosis, some researchers have found that ferroptosis 
is closely related to the occurrence and development of cancer.

• In this study, we identified eight FRGs associated with PCa 
prognosis that potentially predict the clinical prognosis of 
PCa patients. The evaluation value of the model in terms of 
patient prognosis and tumor immune infiltration was analyzed 
using The Cancer Genome Atlas database and validated in the 
Gene Expression Omnibus database. Next, a further functional 
enrichment analysis was conducted to examine the relationship 
between ferroptosis and the immune microenvironment in PCa to 
provide a theoretical reference for PCa treatment strategies.

What is the implication, and what should change now?
• We constructed a PCa prognosis prediction model of eight 

FRGs through data analysis and validated it using both internal 
and external databases. This model may serve as an independent 
predictor of disease-free survival in PCa patients. We also found an 
association between this model and the immune microenvironment 
of PCa patients. Our findings provide a potential new direction for 
the immunotherapy of PCa patients.

ferrostatin 1-treated LNCaP cells had higher expression levels of DRD4, SRC, and AKR1C2.
Conclusions: A prognostic signature of eight ferroptosis-related genes (FRGs) that may accurately predict 
PCa patient outcomes was constructed and validated. FRGs may contribute to anti-tumor immunity and 
serve as therapeutic targets in PCa.
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In recent years, immunotherapy (in which a patient’s 
immune system is targeted to induce an anti-tumor 
response) has been a rapidly evolving treatment option 
for many cancer types (14). Recent research in tumor 
immunotherapy has focused on the concept of immune 
checkpoints, a collection of molecules that act to limit an 
ongoing immune response (15,16). The most common 
approach in cancer immunotherapy is the use of antibodies 
to block the programmed death-ligand 1 (PD-L1)/
programmed cell death-1 (PD-1) immune checkpoint 
(17,18). The antibody blockade of PD-L1 or PD-1 has been 
shown to significantly increase the survival of patients with 
a variety of cancers, including lung and bladder cancers (19).  
Unfortunately, immune checkpoint inhibition has only 
been successful in a small proportion of prostate cancer 
patients (20-23). Thus, a biomarker of immunotherapy 
sensitivity is an unmet medical need in the prostate cancer 
field. Currently, there are few studies on the relationship 
between ferroptosis and anti-tumor immunity (24,25). 
Exploring the relationship between ferroptosis and the 
tumor immune microenvironment will help us better 
understand the pathogenesis of PCa and provide additional 
potential therapeutic strategies for PCa. There is an urgent 
need to identify tumor immune microenvironment-related 
biomarkers beyond immune checkpoint blockade.

In this study, we identified eight ferroptosis-related genes 
(FRGs) associated with PCa prognosis. These FRGs can 
potentially predict the clinical prognosis of PCa patients. 
The evaluation value of the model in terms of patient 
prognosis and tumor immune infiltration was analyzed 
using The Cancer Genome Atlas (TCGA) database and 
validated in the Gene Expression Omnibus (GEO) database. 
Next, we conducted a functional enrichment analysis to 
examine the relationship between ferroptosis and the 
immune microenvironment in PCa. We present this article 
in accordance with the MDAR and TRIPOD reporting 
checklists (available at https://tau.amegroups.com/article/
view/10.21037/tau-24-415/rc).

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the Ethical Committee Review Board of 
Lianshui People’s Hospital of Kangda College Affiliated to 
Nanjing Medical University (Huai’an, Jiangsu, China) (No. 
20240424-02) and informed consent was taken from all the 
patients.

Patients and datasets

The RNA-sequencing data and corresponding clinical 
information of 478 PCa patients were downloaded from 
TCGA database (https://www.cancer.gov/tcga). The RNA-
sequencing data and clinical information of an additional  
90 PCa tumor samples were obtained from the GEO 
database (GSE70769). A total of 259 FRGs were downloaded 
from the Ferroptosis Database (FerrDb; http://www.zhounan.
org/ferrdb/). Data from TCGA are publicly available, and 
the current study followed TCGA’s data access policy and 
publication guidelines.

Identification of FRGs

We downloaded FRGs from the FerrDb, the first database 
of ferroptosis regulators and markers. After sorting out 
the downloaded genes, we identified 259 FRGs. The  
259 genes were divided into three groups of genes that 
promote ferroptosis, genes that inhibit ferroptosis, and 
ferroptosis marker genes.

Construction and validation of an eight-FRG prognostic 
signature

First, a univariate Cox regression analysis was performed of 
the 259 FRGs from the FerrDb, and 38 FRGs associated 
with PCa prognosis were identified. Subsequently, a 
multivariate Cox regression analysis was used to identify 
19 FRGs associated with PCa prognosis. Of the 19 genes, 
eight were ferroptosis suppressor genes, and these eight 
genes were used to construct the eight-FRG prognostic 
signature. The log-rank test was used to analyze the 
relationship between the expression of these eight genes 
and the prognosis of PCa patients. The ferroptosis risk 
score was calculated as follows: ferroptosis risk score = e sum 

(each gene’s expression × corresponding regression coefficient). The 478 PCa patients 
in TCGA database were divided into high- and low-risk 
groups according to the median ferroptosis risk score. The 
overall survival (OS) and disease-free survival (DFS) of the 
high- and low-risk groups of PCa patients were analyzed by 
Kaplan-Meier analysis.

Functional enrichment analysis

A gene set enrichment analysis (GSEA), Gene Ontology 
(GO) enrichment analysis, and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis 

https://tau.amegroups.com/article/view/10.21037/tau-24-415/rc
https://tau.amegroups.com/article/view/10.21037/tau-24-415/rc
http://www.zhounan.org/ferrdb/
http://www.zhounan.org/ferrdb/
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were used to identify the biological processes and molecular 
functions associated with the FRGs between the high- and 
low-risk groups of PCa patients.

Immunity analysis

ESTIMATE was used to explore the correlation between 
the ferroptosis risk score and tumor microenvironment. 
CIBERSORT was used to identify the immune infiltrating 
cells between the high- and low-risk groups of PCa patients.

Cell culture

BPH-1 and LNCaP cell lines were purchased from the 
American Type Culture Collection (ATCC; Manassas, 
VA, USA). The cell lines were maintained in Roswell Park 
Memorial Institute-1640 medium (Solarbio, Beijing, China) 
supplemented with 10% fetal bovine serum (Solarbio),  
100 ng/mL streptomycin, and 100 U/mL penicillin (Gibco, 
California, USA). All the cell lines were incubated under the 
condition of 37 ℃ with 5% carbon dioxide. The LNCaP 
cells were treated with ferroptosis inhibitor ferrostatin-1  
(2 µM, 8 h).

RNA analysis and qRT-PCR

RNA was isolated using Trizol reagent (Invitrogen, 
California, USA) according to the manufacturer’s instructions. 
The complementary DNAs (cDNAs) were obtained using 
a reverse transcription kit (Roche, Basel, Switzerland). 
The resulting cDNA was analyzed by polymerase chain 
reaction (PCR) using the Applied Biosystems 7900 Real-
Time PCR System (Thermo Scientific, Waltham, USA) and 
SYBR Green PCR Master Mix (Roche) according to the 
manufacturers’ instructions. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as an internal control. 
The primer sequences are listed in Table S1.

Western blot

The cells were washed with cold phosphate-buffered saline 
(PBS) and lysed with radioimmunoprecipitation assay 
(RIPA) buffer. Equal amounts of protein samples were 
separated by 10% sodium dodecyl sulfate/polyacrylamide 
gel electrophoresis (SDS/PAGE) gel and transferred 
using polyvinylidene difluoride (PVDF) membranes. The 
membranes were incubated in 5% fat-free milk for 1 hour 
at room temperature, and then incubated with specific 

primary antibodies overnight at 4 ℃. The next day, the 
membranes were incubated with secondary antibody at 
room temperature for 1 hour. After Tris Buffered Saline 
with Tween 20 (TBST) washing, the membranes were 
prepared for exposure, and enhanced chemiluminescence 
reagent (Thermo Scientific) was used to visualize bands. The 
primary antibodies are listed in Table S2.

Immunohistochemistry (IHC)

All the tissue samples were obtained from Lianshui People’s 
Hospital of Kangda College Affiliated to Nanjing Medical 
University. We collected 16 tissue biopsy samples in total, 
6 from benign prostatic hyperplasia (BPH) patients and 10 
from PCa patients. Tissue specimens of BPH and prostate 
tumors were formalin fixed and paraffin embedded. Serial 
sections (4 µm) were prepared on charged glass slides. After 
deparaffinization and rehydration, non-specific bindings 
were blocked with antigen-repair solution. Next, the 
sections were incubated with primary antibodies at 4 ℃ 
overnight and exposed to second antibodies at 37 ℃ for 1 h. 
Standard 3,3'-diaminobenzidine (DAB) staining was carried 
out to detect IHC targets. Images were captured via light 
microscopy. The primary antibodies are listed in Table S2.

Statistical analysis

All data were analyzed using R software (version 4.0.2). 
The log-rank test was used to examine the relationship 
between the expression level of each gene and the prognosis 
of PCa patients. A prognostic signature for predicting 
PCa prognosis comprising eight FRGs was constructed 
using univariate and multivariate Cox regression analyses. 
The OS and DFS of the high- and low-risk groups were 
analyzed by Kaplan-Meier analysis. P values less than 0.05 
were considered statistically significant.

Results

The flow chart is shown in Figure 1. We included a total 
of 478 PCa patients from TCGA database as a derivative 
cohort, and 90 PCa patients from the GEO TCGA as a 
validation cohort. The baseline clinical characteristics of the 
PCa patients in this study are shown in Table 1.

Construction of an eight-FRG prognostic signature

We downloaded the RNA-sequencing data and corresponding 

https://cdn.amegroups.cn/static/public/TAU-24-415-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TAU-24-415-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TAU-24-415-Supplementary.pdf
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TCGA discovery cohort
(n=478)

RNA expression data of PCa
patients from GEO (n=90)

GES70769

FerrDb database
(n=259)

38 prognostic differentially expressed
ferroptosis-related genes

19 ferroptosis-related genes signature

Uni-Cox regression

FerrDb database
(n=259)

FerrDb suppressor database

Survival analysis Function enrichment Tumor microenvironment Immune cells infiltration Validation

8 ferroptosis-suppressed genes signature model

Multi-Cox regression

The validation cohort

Figure 1 Study flow chart. TCGA, The Cancer Genome Atlas; FerrDb, Ferroptosis Database; PCa, prostate cancer; GEO, Gene 
Expression Omnibus. 

clinical information of 478 PCa patients from TCGA 
database. In total, 259 FRGs were identified from the 
FerrDb. The results of the univariate Cox regression analysis 
showed that 38 genes were associated with the prognosis of 
PCa patients. By performing a multivariate Cox regression 
analysis, we identified 19 FRGs, of which eight were 
ferroptosis suppressor genes. Ultimately, we found that the 
eight ferroptosis suppressor genes were strongly associated 
with the prognosis of PCa patients by constructing a 
prognostic signature.

A survival analysis was performed to examine the 
expression of the eight ferroptosis suppressor genes, and 
we found that, with the exception of MT1G, the high 
expression of the other seven genes was associated with 
a poor prognosis in PCa patients (Figure 2A-2H). The 
ferroptosis risk score was calculated as follows: ferroptosis 
risk score = e sum (each gene’s expression × corresponding regression coefficient). 
Patients were divided into the high-risk group (n=239) and 
low-risk group (n=239) according to the median ferroptosis 
risk score (Figure 3A). A Kaplan-Meier analysis was used 
to compare DFS between the high- and low-risk groups  
(Figure 3B). The patients in the high-risk group were 
significantly more likely to die than those in the low-risk 

group. The Kaplan-Meier curves consistently showed that 
patients in the high-risk group had significantly lower 
DFS than those in the low-risk group. A time-dependent 
receiver operating characteristic (ROC) curve analysis was 
performed with the “timeROC” R package to assess the 
accuracy of the predictions of the eight-FRG prognostic 
signature. The areas under the curve (AUCs) in TCGA 
cohort reached 0.85 at 1 year, 0.82 at 3 years, and 0.76 at  
5 years (Figure 3C).

Validation of the eight-FRG prognostic signature in the 
external GEO database

To validate our prognostic signature, we used the GEO 
database as the validation cohort. The ferroptosis risk score 
of each PCa patient in the validation cohort was calculated 
using the same formula as that used in TCGA cohort, and 
the GEO cohort patients were divided into the high-risk 
group (n=45) and low-risk group (n=45) using the same cut-
off value (Figure 3D). A Kaplan-Meier analysis and time-
dependent ROC curve analysis were then conducted. The 
Kaplan-Meier analysis results showed that consistent with 
TCGA cohort, in the GEO cohort, patients in the high-
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risk group were more likely to die earlier (Figure 3E). The 
AUCs in the GEO cohort reached 0.69 at 1 year, 0.74 at  
3 years, and 0.75 at 5 years (Figure 3F).

Independent prognostic value of the eight-FRG prognostic 
signature

To determine whether the ferroptosis risk score could serve 
as an independent prognostic predictor for PCa patients, 
we performed a univariate Cox regression analysis and a 
multivariate Cox regression analysis. The univariate Cox 
regression analysis showed that the ferroptosis risk score of 
TCGA cohort was significantly associated with DFS [hazard 
ratio (HR) =4.30, 95% confidence interval (CI): 2.14–

8.66, P<0.001] (Figure 4A). After adjusting for the other 
confounding factors, the ferroptosis risk score remained 
an independent predictor of DFS in the multivariate Cox 
regression analysis (HR =5.47, 95% CI: 2.77–10.8, P<0.001) 
(Figure 4B). We also generated a heatmap showing the 
relationship between the prognostic features of the FRGs 
and clinicopathological manifestations (Figure S1). To 
further predict the prognosis of PCa patients, we constructed 
a nomogram containing clinicopathological variables and 
ferroptosis risk scores that could predict the prognosis of 
patients with PCa at 1, 3, and 5 years (Figure S2).

Subgroup survival analysis

The results of the subgroup survival analysis showed that 
there was significant difference between the prognosis of the 
high- and low-risk groups of PCa patients in terms of age, 
Gleason score, T-stage III–IV, and International Society 
of Urological Pathology (ISUP) stage (Figure 5A-5F).  
However, the eight-FRG prognostic signature was 
particularly applicable to the T-stage III–IV PCa patients. 
Among the T-stage III–IV PCa patients, high-ferroptosis 
risk scores were associated with significantly worse 
biochemical recurrence-free survival than low-ferroptosis 
risk scores. However, in the stage I–II PCa patients, there 
was no statistically significant difference in biochemical 
recurrence-free survival between the low- and high-risk 
groups (Figure 5G,5H).

Functional analysis of the biological pathways associated 
with FRGs between the high- and low-risk groups of PCa 
patients

We performed a GSEA, GO enrichment analysis, and 
KEGG pathway enrichment analysis to explore the 
biological functions and signal transduction pathways 
associated with the FRGs between the high- and low-
risk groups of PCa patients. Interestingly, the results of 
the GSEA, GO enrichment analysis, and KEGG pathway 
enrichment analysis all showed that the FRGs between 
the high- and low-risk groups were significantly enriched 
in many immune-related biological processes. The GSEA 
results showed that the upregulated genes in the high-risk 
group were mainly enriched in allograft rejection, epithelial-
mesenchymal transition, and the inflammatory response 
(Figure 6A,6B). The GO enrichment analysis results showed 
that the upregulated genes in the high-risk PCa patients 
were mainly enriched in cytokine activity, cytokine receptor 

Table 1 Clinical characteristics of the patients in TCGA and GEO 
datasets

Characteristics TCGA (n=478) GSE70769 (n=90)

Age (years)

≤60 213 NA

>60 265 NA

ISUP

≤2 182 56

>2 296 34

Laterality

Bilateral 422 NA

Left 19 NA

Right 37 NA

T stage

T1–T2 184 47

T3–T4 294 43

BCR

Yes 59 45

No 419 45

DFS

Yes 69 NA

No 409 NA

TCGA, The Cancer Genome Atlas; GEO, Gene Expression 
Omnibus; ISUP, International Society of Urological Pathology; 
BCR, biochemical recurrence; DFS, disease-free survival; NA, 
not applicable.

https://cdn.amegroups.cn/static/public/TAU-24-415-Supplementary.pdf
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Figure 2 Association between the eight FRGs and biochemical recurrence-free survival of PCa patients. (A) SRC, (B) AIFM2, (C) SLC2A6, 
(D) HMOX1, (E) NGB, (F) MT1G, (G) DRD4, (H) AKR1C2. FRG, ferroptosis-related gene; PCa, prostate cancer. 

binding, and immune receptor activity (Figure 6C,6D). 
The KEGG pathway enrichment analysis results showed 
that the upregulated genes in the high-risk PCa patients 
were mainly enriched in the cytokine receptor interaction, 
primary immunodeficiency, and T cell receptor signaling 
pathway (Figure 6E,6F). The above results suggested that 
the significant involvement of immune-related pathways in 
the progression of PCa among high-risk patients. 

Association between the ferroptosis risk score and the 
tumor microenvironment and immune infiltrating cells

Through the pathway enrichment analysis, we found that 
the FRGs between the high- and the low-risk groups of PCa 
patients were mainly enriched in immune-related pathways. 
The CIBERSORT results showed that eight FRGs were 
associated with antigen-presenting cells (Figure 7A-7H). 
To further examine the correlation between the ferroptosis 
risk score of the FRG prognostic signature and the tumor 
microenvironment and immune status, the ESTIMATE 
algorithm was used. CIBERSORT was used to compare 
the different proportions of inferred immune infiltrating 

cells between the high- and the low-risk groups of PCa 
patients. The ESTIMATE results showed that the tumor 
purity of the high-risk group was lower than that of the 
low-risk group, and tumor purity was negatively correlated 
with the ferroptosis risk score (Figure 8A,8B). However, 
the ESTIMATE score, the Immune score, and the Stromal 
score of the high-risk group of PCa patients were higher 
than those of the low-risk group, and the ESTIMATE 
score, the Immune score, and the Stromal score were 
positively correlated with the ferroptosis risk score  
(Figure 8C-8H). The CIBERSORT analysis results 
showed that the proportion of inferred tumor-infiltrating 
immune cells in the high- and low-risk groups of PCa 
patients differed significantly. The correlation matrix of 
the proportions of all the tumor-infiltrating immune cells 
is shown in Figure S3. We used a violin plot to show the 
differences in the immune infiltrating cells between the 
high- and low-risk groups of PCa patients. The results 
showed that the high-risk group of PCa patients had lower 
proportions of tumor-infiltrating mast cells and plasma 
cells than the low-risk group, and the degree of mast-
cell and plasma-cell infiltration was inversely correlated 
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with the ferroptosis risk score (Figure 9A-9D). However, 
the proportion of inferred tumor-infiltrating regulatory 
T cells (Tregs) was higher in the high-risk group of PCa 
patients than the low-risk group, and the degree of Treg 
infiltration was positively correlated with the ferroptosis 
risk score (Figure 9E,9F). Subsequently, we also compared 
the expression of common immune checkpoint genes 
between the high- and the low-risk groups of PCa patients, 
and the results showed that the expression of the common 

immune checkpoint genes, such as PD1, PDL1, CTLA4, 
TIGIT, LAG3, TIM3, and BTLA, were higher in the 
high-risk group of PCa patients than the low-risk group  
(Figure S3C,S3D).

Validation of mRNA and protein expression levels of eight 
FRGs in BPH and PCa

The quantitative real-time polymerase chain reaction (qRT-
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Figure 3 Prognostic analysis of the eight-FRG signature in TCGA cohort and validation of the eight-FRG signature in the GEO cohort. (A) 
The distribution of the ferroptosis risk score, survival time, and the expression heatmap of TCGA cohort. (B) The Kaplan-Meier curves for 
the OS of the high- and low-risk PCa patients in TCGA cohort. (C) The AUCs of the time-dependent ROC curves in TCGA cohort. (D) 
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PCR) results showed that the messenger RNA (mRNA) 
expression levels of DRD4, SRC, AKR1C2, and AIFM2 in 
the LNCaP cells were significantly increased compared 
with those in the BPH-1 cells (Figure 10A); meanwhile, the 
protein expression levels of DRD4, SRC, AKR1C2, and 
AIFM2 in the LNCaP cells were significantly increased 
compared with those in the BPH-1 cells (Figure 10B). 

Moreover, we obtained a total of 16 tissue biopsy specimens, 
comprising 6 from patients with BPH and 10 from patients 
with PCa. Detailed patient characteristics are presented 
in Table S3. The IHC results suggested that the protein 
expression levels of DRD4, SRC, AKR1C2, and AIFM2 in 
the PCa tissues were significantly increased compared with 
those in the BPH tissues (Figure 10C). Therefore, we found 
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that four core prognostic genes (DRD4, SRC, AKR1C2, and 
AIFM2) were significantly increased in the PCa cells.

Effects of ferroptosis inhibitor ferrostatin-1 on the 
expression levels of the four core prognostic genes in PCa 
cell lines in vitro

The PCa cell l ine, LNCaP, was then treated with 
ferroptosis inhibitor, ferrostatin-1 to explore the role of 
the four core prognostic genes that were upregulated in 
PCa. QRT-PCR and Western blot were used to investigate 
the expression of the four core prognostic genes in the 
LNCaP cells after they had been treated with 2 µM of 
ferrostatin-1 for 8 h. The qRT-PCR and Western blot 
results suggested that the expression levels of DRD4, SRC, 
and AKR1C2 were increased in the LNCaP cells treated 
with ferrostatin-1. However, the expression level of AIFM2 
was not significantly increased after ferrostatin-1 treatment 
(Figure 10D,10E).

Discussion

Ferroptosis plays an important role in a variety of cancers, 
such as breast, bladder, colon and prostate cancer (26-28). 
Ye et al. revealed that FBW7 can promote the ferroptosis 
process of pancreatic cancer cells by inhibiting the 
progression of pancreatic cancer, providing a new treatment 
target for pancreatic cancer (29). Tang et al. found that 
curcumin enhanced the therapeutic effect by inducing 
ferroptosis and activating autophagy in non-small cell lung 
cancer (30). Xu et al. demonstrated that targeting SLC7A11 
specifically inhibited the progression of colorectal cancer 
stem cells by inducing ferroptosis (31).

PCa recurrence and metastatic disease are causes of 
morbidity and mortality, and has been associated with 
ferroptosis (32). However, the association between 
ferroptosis and DFS in patients with PCa remains largely 
unknown. Therefore, the further exploration of functional 
FRGs as prognostic indicators of PCa is necessary.
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In this study, we developed an eight-gene ferroptosis 
signature associated with PCa prognosis, and further 
decoded the relationship between the expression levels of 
these eight genes and the prognosis of PCa patients. The 
FRG signature comprised the following genes: SLC2A6, 
DRD4, AIFM2, AKR1C2, SRC, NGB, MT1G, and HMOX1. 
Lee et al. found that the inhibition of DRD4 promotes 
the apoptosis of PCa cells, and that DRD4 may regulate 
tumor chemosensitivity by inhibiting ferroptosis (33). 
Dai et al. reported that AIFM2 is a negative regulator of 
ferroptosis, which negatively regulates ferroptosis through 
ESCRT-III (34). Zhou and Chen established a prognostic 
risk model, including the FRG AKR1C2, that could 

predict the prognosis of acute myeloid leukemia (AML) 
patients (35). Sun et al. reported that SRC could be used 
as a prognostic marker for bladder cancer, and the higher 
the expression level of SRC, the worse the prognosis of 
patients (36). Wu et al. reported that NGB could serve as an 
independent prognostic factor in breast cancer patients (37).  
Sun et al. found that MT1G made liver cancer cells resistant 
to sorafenib by inhibiting ferroptosis (38). Meng et al. 
found that the upregulation of HMOX1 was associated 
with increased ferroptosis during the development of 
diabetic atherosclerosis; thus, HMOX1 may be a potential 
therapeutic or drug development target for diabetic 
atherosclerosis (39).
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Figure 7 Correlation between the eight FRGs and antigen-presenting cells. (A) AKR1C2, (B) NGB, (C) DRD4, (D) SLC2A6, (E) MT1G, (F) 
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Figure 8 Correlation between the ferroptosis risk score and tumor microenvironment. (A) Correlation between tumor purity and the 
ferroptosis risk score. (B) Violin plot showing the differences in tumor purity between the high- and low-risk groups. (C) Correlation 
between the ESTIMATE score and ferroptosis risk score. (D) Violin plot showing the differences in the ESTIMATE scores between the 
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Our FRG signature was shown to be independently 
associated with the DFS of patients in both the training and 
validation cohorts. In our research, the qRT-PCR, Western 
blot, and IHC results showed that the expression levels of 
DRD4, SRC, AKR1C2 and AIFM2 were significantly more 
increased in the PCa samples than the BPH samples. This 
could indicate that these four genes are associated with the 
progression of PCa and predict poor patient prognosis. 
Meanwhile, we also revealed that the expression levels of 
DRD4, SRC and AKR1C2 were increased in the LNCaP 
cells treated with ferrostatin-1. These results showed that 
the expression of DRD4, SRC, and AKR1C2 may be 
regulated by ferrostatin-1.

The mechanism behind ferroptosis and tumors has been 
studied previously (40,41); however, little is known about 
the relationship between ferroptosis and tumor immunity. 
We calculated ferroptosis risk scores based on our eight-
FRG signature and then divided the PCa patients into 
high- and low-risk groups based on the median ferroptosis 
risk score. The functional enrichment analysis showed 

that the differential genes in the high-risk group were 
mainly enriched in immune-related pathways, such as 
immune receptor activity, T cell receptor signaling pathway, 
and primary immunodeficiency. This further suggests 
that ferroptosis may be closely related to the immune 
microenvironment of PCa. Moreover, tumor purity was 
significantly lower in the high-risk group than the low-risk 
group. However, the ESTIMATE, Immune, and Stromal 
scores were significantly higher in the high-risk group 
than the low-risk group. The proportions of mast cells and 
plasma cells were significantly lower in the high-risk group 
than the low-risk group of PCa patients. The proportion of 
Tregs was significantly higher in the high-risk group than 
the low-risk group.

There were significant differences in tumor immunity 
between the high- and low-risk groups. The tumor immune 
microenvironment is very important in the occurrence and 
development of tumors, and abnormal immune activation 
or inhibition is an important reason for the immune 
escape of tumor cells. PCa patients have different tumor 
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immune microenvironment states (42). Research needs 
to be conducted to determine how to better identify 
which patients are suitable for immunotherapy (19). 
Interestingly, our CIBERSORT results showed that the 
expression of immune checkpoints (PD-1 and PD-L1) 
was significantly higher in the high-risk group than the 
low-risk group, and the expression levels of PD-1 and 
PD-L1 were positively correlated with the ferroptosis 
risk score.

Our study had several limitations. The eight-FRG 
predictive signature was obtained by analyzing existing data 
in TCGA database, and further validation with real clinical 
data is required. Our model was able to predict patients 
with high PD-1 and PD-L1 expression; however, the 
specific roles of PD-1 and PD-L1 still need to be further 
explored in future experiments. In addition, the sample 
size was relatively small, which affect the generalizability of 
our findings. We were unable to confirm the mast cell and 

plasma cell findings through IHC studies. Furthermore, 
we did not  have the opportunity  to examine the 
prognostic impact of the ferroptosis signature in relation 
to specific systemic therapies, such as hormonal therapy, 
chemotherapy, and immunotherapy. Further research is 
needed to address these limitations and validate our findings 
with clinical outcomes. 

Conclusions

We constructed and validated a PCa prognosis prediction 
model of eight FRGs through data analysis. We showed 
that it could serve as a potential independent predictor 
of DFS in PCa patients using both internal and external 
databases. We also elucidated the connection between 
this model and the immune microenvironment of PCa 
patients. Our findings provide a potential direction for new 
immunotherapeutic strategies in PCa.
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