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Abstract. Tumor protein 53 (TP53) serves a key role in the 
prevention of tumor formation, while TP53 mutation can lead 
to uncontrolled cell division and tumorigenesis. Men carrying 
TP53 mutations have a higher risk of developing invasive 
prostate cancer. Notably, there are distinct epidemiological 
and genomic features between Chinese and Western patients 
with prostate cancer, wherein TP53 mutations are more 
prevalent among Chinese patients. However, the effect of 
TP53 mutations, expression and polymorphisms on prostate 
cancer remain to be elucidated. Therefore, in the present study, 
bioinformatics analyses and meta‑analysis were conducted 
to assess how TP53 mutations and expression affect the 
prognosis and tumor microenvironment in patients with 
prostate cancer. Additionally, the role of TP53 in ferroptosis 
was also investigated in vitro. The results indicated that high 
TP53 expression was a prognostic factor associated with poor 
outcomes in patients with prostate cancer. In addition, bioin‑
formatics analysis using The Cancer Genome Atlas database 
demonstrated significant differences in immune cell infiltra‑
tion and in the expression of ferroptosis‑related genes between 
wild‑type and mutant TP53 prostate cancer tissues, as well as 
between high and low TP53‑expressing tumors. Furthermore, 
erastin, a well‑known inducer of ferroptosis, triggered ferrop‑
tosis in prostate cancer cells via downregulation of solute 
carrier family 7 member 11 and glutathione peroxidase 4, 
independent of TP53 expression. However, reactive oxygen 
species levels were markedly higher in TP53‑expressing cells, 
LnCAP and DU145, compared with TP53‑null cells, PC3 

cells. Overall, the results of the present study could provide a 
potential novel therapeutic target for the treatment of prostate 
cancer in the future.

Introduction

Prostate cancer, an epithelial malignancy, which arises in the 
prostate gland, is the most common type of cancer among 
elderly men  (1). Although the particular etiology remains 
unclear, the development of prostate cancer is affected 
by genetic, environmental and hormonal factors  (2). The 
incidence of prostate cancer varies markedly by region and 
ethnicity, with a notable increase worldwide (3).

Tumor protein 53 (TP53), located on chromosome 17p13, 
encodes a protein that encompasses domains associated with 
transcriptional activation, DNA binding and oligomeriza‑
tion (4). As a key transcription factor, TP53 regulates several 
cellular processes, including cell cycle arrest, DNA repair, 
apoptosis, metabolism and ferroptosis (5,6). Over 4 decades 
of research have established TP53 as a tumor suppressor gene, 
whose inactivation serves a key role in tumorigenesis  (7). 
Mutations in TP53, which occur in >50% of cancer cases, 
can convert TP53 from a tumor suppressor gene to an onco‑
gene (8). A previous study reported that mice carrying prostate 
cells with TP53 mutations are more likely to develop prostate 
cancer compared with those without TP53 mutations or with 
TP53 deletions (9). Among the various mutation sites in TP53 
gene, codon 72 polymorphism is the most studied (10).

Although extensive research has been conducted on this 
mutation in both Chinese and Western populations, the find‑
ings on the epidemiological and genomic differences between 
Chinese and Caucasian patients with prostate cancer remain 
elusive  (11‑13). Previous studies have reported that TP53 
mutations are more prevalent in Chinese patients with prostate 
cancer, whereas TP53 expression is positively associated with 
higher pathological grading, which thus serves as a potential 
prognostic marker (14,15).

Current evidence highlights the multifaceted role of TP53 
alterations in prostate cancer pathogenesis and progression. 
Inherited TP53 variants have been associated with increased 
prostate cancer risk, particularly in early‑onset or familial 
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cases (16). Analysis of ~7,000 prostate cancer cases revealed 
38 TP53 mutation carriers, representing a ninefold increase 
compared with control populations  (16). The mutations 
showed strong associations with more advanced tumor grades 
and earlier disease onset, highlighting TP53's contribution to 
aggressive prostate cancer phenotypes (16). In Chinese popu‑
lations, TP53 mutations are associated with aggressive disease 
features including higher Gleason scores and advanced clinical 
stages (17). Mechanistically, TP53 dysfunction contributes to 
immune evasion through altered tumor microenvironment 
(TME) interactions (18), while simultaneously creating meta‑
bolic vulnerabilities such as enhanced sensitivity to ferroptosis 
inducers (19). These findings collectively position TP53 muta‑
tion status as both a prognostic biomarker and a potential 
therapeutic determinant in prostate cancer management.

However, to the best of our knowledge, no previous 
large‑scale multi‑ethnic studies have systematically analyzed 
the comprehensive effects of TP53 mutation, expression profiles 
and polymorphism variations on survival outcomes, immune 
microenvironment infiltration and ferroptosis regulation in 
patients with prostate cancer. Current evidence is primarily 
derived from single‑institution studies with limited sample 
sizes and ethnic diversity. Therefore, in the present study, 
bioinformatics analyses and meta‑analysis were conducted to 
evaluate the effects of TP53 mutation and expression on pros‑
tate cancer. Furthermore, in vitro experiments were performed 
to validate the role of TP53 in ferroptosis.

Materials and methods

Bioinformatics analysis. Comprehensive Analysis on 
Multi‑Omics of Immunotherapy in Pan‑cancer (CAMOIP; 
http://www.camoip.net/) is a comprehensive tool designed 
to analyze expression and mutation data from The Cancer 
Genome Atlas (TCGA) database (https://portal.gdc.cancer.
gov/) and immune checkpoint inhibitor‑treated projects, using 
a standardized processing pipeline  (20). CAMOIP offers 
several analytical functions, including survival, expression, 
mutational landscape, immune infiltration, immunogenicity 
and pathway enrichment analyses (20). Therefore, CAMOIP 
was utilized to analyze the survival of patients with prostate 
adenocarcinoma (PRAD) based on TP53 mutation or expres‑
sion data from the TCGA‑PRAD cohort (http://cancergenome.
nih.gov/). The analysis was performed using the CAMOIP 
online tool by first selecting the TCGA cohort, followed by 
the prostate adenocarcinoma (PRAD) dataset (https://portal.
gdc.cancer.gov/projects/TCGA‑PRAD; accessed Jun 15th, 
2025) and then specifying the TP53 gene from the gene list 
for subsequent investigation. The fragments per kilobase per 
million fragments mapped values were calculated for refer‑
ence, while the normalization for differential expression 
analysis was performed using ‘edgeR’ (trimmed mean of 
M‑values method). Kaplan‑Meier analysis is a non‑parametric 
statistical method used to estimate the survival probability 
over time in cohort studies. It generates a survival curve that 
depicts the proportion of subjects surviving at each time point 
and compares survival between TP53 mutant (MT; n=56) and 
wild‑type (WT; n=422) groups, and TP53 low (n=241) and high 
(n=238) groups based on the median expression level of TP53. 
To explore the association between patient survival and TP53 

expression or mutation, the Cox proportional hazards model 
was applied. Schoenfeld residual analysis was performed to 
evaluate whether the proportional hazards assumption of the 
Cox model holds for TP53 mutations and expression. Mutation 
frequencies were compared across patients with PRAD with 
different TP53 expression levels using Fisher's exact test. 
While the sample size imbalance between the TP53 mutant 
(MT; n=56) and wild‑type (WT; n=422) groups was due to the 
natural distribution of TP53 mutations in the dataset, statistical 
corrections (such as weighted analyses or bootstrapping) were 
employed to mitigate potential biases. In addition, the immune 
cell infiltration scores were calculated using CIBERSORT 
algorithms, while the differences between patients with PRAD 
with varying TP53 expression levels or mutation statuses were 
compared using the Mann‑Whitney U test. GSEA is a compu‑
tational method that determines whether ‘Ribosome’, ‘Herpes 
simplex virus 1 infection’ and ‘Transcriptional misregulation 
in cancer’ pathways in prostate cancer show statistically 
significant, coordinated differences in expression between 
the TP53 mutant (MT; n=56) and wild‑type (WT; n=422) 
groups. The R programming 3.3.4. packages ‘clusterProfiler’ 
and ‘fgsea’ (Posit Software, PBC) were used to perform GSEA 
analysis and enrichment plots were generated to visualize 
key contributors to each pathway. The R programming 3.3.4. 
packages ‘ggplot2’ and ‘pheatmap’ (Posit Software, PBC) 
were utilized to visualize the differential expression of the 
ferroptosis‑related genes between patients with PRAD with 
different TP53 expression or mutation statuses.

Meta‑analysis. For the meta‑analysis, the PubMed 
(https://pubmed.ncbi.nlm.nih.gov/), EMBASE (https://www.
embase.com/) and Cochrane Library databases (https://www.
cochranelibrary.com/) were screened using the following 
terms: ‘p53’, ‘polymorphism’, ‘codon 72’ and ‘prostate cancer’. 
The inclusion criteria were as follows: i) Studies published in 
English, with the full‑text available; ii) studies that employed 
a case‑control or cohort design; and iii) studies that provided 
data that enabled the estimation of odds ratios (OR) for 
survival with 95% CIs. The review process was performed 
by two independent reviewers. Information, including the first 
author's name, number of cases and test methods used in each 
study, was summarized in Table I (21‑44). Data extraction was 
performed by two authors and was subsequently reviewed and 
compared by different authors. To quantitatively aggregate the 
results, ORs and their corresponding 95% CIs were pooled to 
estimate the overall effect. A random effect model was used to 
calculate the pooled OR. The homogeneity of the present study 
results was assessed by Q and I² statistics. All analyses were 
performed using Review Manager (version 5.3; The Cochrane 
Collaboration) for Windows.

Cell culture and erastin treatment. The prostate cancer cell 
lines, namely LnCAP (WT TP53), DU145 (TP53‑MT) and 
PC3 (TP53 null), were obtained from the American Type 
Culture Collection. The cells were cultured in DMEM 
(HyClone; Cytiva) supplemented with 10% FBS (HyClone; 
Cytiva), 100 U/ml penicillin and 100 µg/ml streptomycin. To 
induce ferroptosis, cells were treated with 10 µM erastin (cat 
no. E7781; MilliporeSigma), a ferroptosis inducer, for 6 h prior 
to experimentation.
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MTT assay. The Cytotoxicity Assay Kit was purchased from 
Beyotime Institute of Biotechnology. A 5 mg/ml MTT stock 
solution was prepared by dissolving 5 mg of MTT powder 
in 1 ml of sterile DMSO and vortexing for 1‑2 min until 
completely dissolved, which was then aliquoted and stored 
at ‑20˚C protected from light. A total of 1x10³ cells per well 
were seeded into 96‑well plates and allowed to adhere for 
48 h at 37˚C. Subsequently, each well was supplemented with 
20 µl MTT solution and cells were incubated for 4 h at 37˚C. 
To assess cell viability, the absorbance at a wavelength of 
570 nm was measured using the TECAN microplate reader 
(Tecan Group, Ltd.).

Reactive oxygen species (ROS) detection. ROS levels in 
cells were measured using a ROS detection kit (Beyotime 
Institute of Biotechnology), according to the manufacturer's 
protocol. Cells were washed with PBS and incubated with 
2',7'‑dichlorodihydrofluorescein diacetate (DCFH‑DA; dilu‑
tion, 1:1,000) for 30 min at 37˚C. Following incubation, ROS 
levels were analyzed by flow cytometry (Becton, Dickinson 
and Company).

Western blotting. Cellular proteins were extracted using the 
Total Protein Extraction Kit (Nanjing KeyGen Biotech Co., 
Ltd.) and measured using the BCA Protein Assay Kit (Nanjing 
KeyGen Biotech Co., Ltd.) according to the manufacture's 
instruction. Total protein extracts (30  µg per lane) were 
separated by 8% SDS‑PAGE and were then transferred to nitro‑
cellulose membranes (Beyotime Institute of Biotechnology). 
To block non‑specific binding, the membranes were treated 
with 5% milk for 2 h at room temperature, followed by incuba‑
tion with primary antibodies at 4˚C overnight. The primary 
antibodies used were against TP53 (1:200; cat. no. sc‑126; 
Santa Cruz Biotechnology, Inc.), solute carrier family 7 
member 11 (SLC7A11; 1:100; cat. no. 98051; CST Biological 
Reagents Co., Ltd.), glutathione peroxidase 4 (GPX4; 1:100; cat. 
no. sc‑166570; Santa Cruz Biotechnology, Inc.) and GAPDH 
(1:5,000; cat. no. sc‑74512; Santa Cruz Biotechnology, Inc.). 
After 24 h, the membranes were incubated with horseradish 
peroxidase‑coupled secondary antibodies including goat 
anti‑mouse IgG (cat. no. A0216), goat anti‑rabbit IgG (cat. 
no. A0208) or donkey anti‑goat IgG (cat. no. A0181) antibodies 
at dilutions ranging from 1:1,000 to 1:2,000 (Beyotime Institute 
of Biotechnology) at room temperature for 2 h. The protein 
signals were detected using an enhanced chemiluminescence 
kit (Beyotime Institute of Biotechnology). The band intensities 
were quantified using ImageJ software version 1.8.0. (National 
Institutes of Health) by measuring the grayscale values. The 
grayscale value of the untreated control group was normalized 
to ‘1’ and the relative intensities of the bands from the treated 
groups were calculated accordingly.

Statistical analysis. Data are expressed as the mean ± SD from 
three independent experiments, each performed in triplicate. 
The statistical differences between two groups were compared 
using an unpaired, two‑tailed Student's t‑test. For comparisons 
among three or more groups, one‑way ANOVA (for normally 
distributed data) or the Kruskal‑Wallis test (for non‑normal 
distributions) was applied, followed by appropriate post hoc 
tests where significant differences were detected. For datasets 

with multiple independent variables, two‑way ANOVA with 
Tukey's or Bonferroni correction was used to account for 
multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference. All statistical analyses were 
performed using SPSS version 26 (IBM Corp.), with results 
presented along their corresponding significance levels, where 
applicable.

Results

Roles of TP53 mutation, polymorphism and expression in 
patients with prostate cancer. As shown in Fig. 1A, TP53 
mutation did not affect the prognosis of patients with prostate 
cancer (P=0.25). However, high TP53 expression was signifi‑
cantly associated with poorer overall survival (OS) in these 
patients (P=0.001; Fig. 1B). Therefore, both univariable and 
multivariable Cox regression analyses identified TP53 expres‑
sion levels (P>0.05; Fig. 1D), excluding TP53 mutation status 
(P<0.05; Fig. 1C), as a prognostic factor for OS in patients with 
prostate cancer. The proportional hazards for both TP53 muta‑
tion status and TP53 expression, as well as for the overall model 
did not indicate a statistically significant difference (P>0.05; 
Fig. 1E). In addition, CIBERSORT analysis demonstrated that 
TP53 mutation was significantly associated with a higher pres‑
ence of activated memory CD4+ and regulatory T cells, fewer 
monocytes and resting mast cells, compared with WT TP53 
tissues (P<0.05; Fig. 2A). Additionally, high TP53‑expressing 
tissues were significantly associated with fewer M2 macro‑
phages and more resting dendritic cells compared with the 
low TP53‑expressing tissues (P<0.05; Fig. 2B). TP53 mutation 
was associated with higher tumor mutational burden (TMB), 
which measures the total number of mutations in DNA of 
prostate cancer and Microsatellite Analysis for Normal‑Tumor 
InStability (MANTIS) scores, which evaluates microsatellite 
instability by comparing DNA at microsatellite loci, compared 
with WT TP53 patients (P<0.05; Fig. 2C and E). However, 
TP53 expression did not affect TMB or MANTIS scores in 
patients with prostate cancer (P>0.05; Fig. 2D and F).

A waterfall plot of common tumor‑related mutations 
in patients with prostate cancer demonstrated stratification 
based on TP53 expression levels (Fig. 3A). TP53 mutation 
was associated with altered cell cycle regulation and apop‑
tosis (Fig. 3B). In addition, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis indicated that TP53 muta‑
tion status was significantly associated with the ‘cGMP‑PKG 
signaling pathway’ and ‘calcium signaling pathway’ (Fig. 3C), 
while TP53 expression was associated with the ‘cGMP‑PKG 
signaling pathway’, ‘oxytocin signaling pathway’ and ‘calcium 
signaling pathway’ (Fig. 3D). KEGG pathway enrichment 
analysis identified significantly enriched pathways including 
‘Ribosome’ (Fig.  3F), ‘Herpes simplex virus 1 infection’ 
(Fig.  3E) and ‘Transcriptional misregulation in cancer’ 
(Fig. 3G), which were potentially associated with TP53 muta‑
tions or altered expression. Furthermore, the meta‑analysis 
results indicated that the TP53 codon 72 polymorphism was 
not significantly associated with the risk of prostate cancer in 
the Arginine (Arg)/Arg vs. Arg/Proline (Pro) (OR, 0.85; 95% 
CI, 0.67‑1.07; P=0.16; Fig. 4A) and Arg/Arg vs. Pro/Pro (OR, 
0.80; 95% CI, 0.57‑1.11; P=0.18; Fig. 4D) genetic models. The 
subgroup analyses by ethnicity further indicated that the TP53 

https://www.spandidos-publications.com/10.3892/ol.2025.15191
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Figure 1. Roles of TP53‑WT and TP53‑MT in the prognosis and clinicopathological features of patients with prostate cancer. (A) The OS between patients 
with TP53‑MT and TP53‑WT prostate cancer in the TCGA‑PRAD cohort was compared by Kaplan‑Meier curve. (B) The OS between patients with high and 
low TP53‑expressing prostate cancer in the TCGA‑PRAD cohort was compared using Kaplan‑Meier curves. (C) Univariate and multivariate Cox regression 
analyses were performed to assess the HRs for OS in patients with prostate cancer based on TP53 mutation status, stage, gender and age. (D) Univariate and 
multivariate Cox regression analyses were performed to evaluate the HRs for OS based on TP53 expression levels, stage, gender and age. (E) Schoenfeld 
residual analysis was performed to evaluate whether the PH assumption of the Cox model holds for TP53 mutations and expression. TP53, tumor protein 53; 
WT, wild‑type; MT, mutant; OS, overall survival; TCGA, The Cancer Genome Atlas; PRAD, prostate adenocarcinoma; HR, hazard ratio; PH, proportional 
hazards.
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Figure 2. Roles of TP53‑WT and TP53‑MT in the immune status of patients with prostate cancer. Comparison of the proportion of (A) immune cells, 
(C) TMB and (E) MANTIS score between the TP53‑MT and TP53‑WT groups in the TCGA‑PRAD cohort. Comparison of the proportion of (B) immune 
cells, (D) TMB and (F) MANTIS score between the high and low TP53 expression groups in the TCGA‑PRAD cohort. Error bars indicate standard deviation. 
*P<0.05, **P<0.01. TP53, tumor protein 53; WT, wild‑type; MT, mutant; TMB, tumor mutation burden; MANTIS, Microsatellite Analysis for Normal‑Tumor 
InStability; TCGA, The Cancer Genome Atlas; PRAD, prostate adenocarcinoma, ns, no significance; NK, natural killer.

https://www.spandidos-publications.com/10.3892/ol.2025.15191
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codon 72 polymorphism was not significantly associated with 
prostate cancer risk in either Caucasian (Fig. 4C and F) or 
Asian patients (Fig. 4B and E).

Roles and mechanisms of TP53 in ferroptosis in prostate 
cancer cells. The heatmap in Fig. 5A illustrates the differ‑
ences in the expression of ferroptosis‑related genes between 

high and low TP53‑expressing patients with prostate cancer. 
Statistically significant differences were observed in the 
expression of several genes, including HSPB1, GPX4, FDFT1, 
CISD1, HSPA5, ATP5MC3, SLC7A11, CARS1, ALT1, NCOA4, 
LPCAT3, CS, EMC2, FANCD2, TFRC, GLS2, ALOX15, 
DPP4, MT1G, SLC1A5, NFEF2L2 and ACSL4 (P<0.05; 
Fig. 5A). More particularly, genes such as FDFT1, CISD1, 

Figure 3. Key genes associated with p53‑WT and TP53‑MT in patients with prostate cancer. (A) Top mutated genes between the high and low TP53 expression 
groups in the TCGA‑PRAD cohort. (B) Top mutated driver genes with TP53 as hub gene in the TCGA‑PRAD cohort. GSEA was performed using the R 
programming 3.3.4. packages ‘clusterProfiler’ based on the top mutated driver genes between the (C) TP53‑MT and TP53‑WT groups, as well as between the 
(D) high and low TP53 expression groups in the TCGA‑PRAD cohort. KEGG pathway enrichment analysis demonstrated that significantly enriched pathways 
included (E) ‘Ribosome’, (F) ‘Herpes simplex virus 1 infection’ and (G) ‘Transcriptional misregulation in cancer’, which were potentially associated with TP53 
mutations or altered expression. WT, wild‑type; TP53, tumor protein 53; MT, mutated; TCGA, The Cancer Genome Atlas; PRAD, prostate adenocarcinoma; 
GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; TSG, tumor suppressor gene; ATM, ataxia telangiectasia mutated; 
MDM2, mouse double minute 2 homolog; CDKN2A, cyclin‑dependent kinase inhibitor 2A; CCND1, cyclin D1; CDKN1A, cyclin‑dependent kinase inhibitor 
1A; FBXW7, F‑Box and WD repeat domain containing 7; CCNE1, cyclin E1; RB1, retinoblastoma 1; E2F3, E2F transcription factor 3; cGMP, cyclic guanosine 
monophosphate; PKG, protein kinase G; PPAR, peroxisome proliferator‑activated receptor.
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HSPA5, ATP5MC3, SLC7A11, ALT1, NCOA4, LPCAT3, 
CS, EMC2, FANCD2, GLS2, DPP4, SLC1A5, NFEF2L2 and 
ACSL4 were upregulated in high TP53‑expressing patients 
compared with the low TP53‑expressing patients (P<0.05; 
Fig. 5B). Conversely, HSPB1, GPX4, CARS1, TFRC, ALOX15 
and MT1G were upregulated in the low TP53 expression 
group (P<0.05; Fig. 5B). In tissues with TP53 mutation, the 
expression levels of EMC2, FANCD2, SAT1, TFRC, CARS1 
and ALOX15 were higher, while those of CDKN1A, MT1G, 
SLC1A5 and DPP4 were lower compared with WT TP53 
prostate cancer tissues (P<0.05; Fig. 5C and D). Furthermore, 
western blotting verified that erastin treatment inhibited the 
expression of SLC7A11 and GPX4 in LnCAP, DU145 and PC3 
cells (P<0.05; Fig. 6A). In addition, MTT assays demonstrated 
that erastin treatment significantly inhibited the proliferation 
of LnCAP, DU145 and PC3 cells (P<0.05; Fig. 6B). ROS levels 
were also significantly elevated in all three erastin‑treated cell 
lines (P<0.05; Fig. 6C). However, the increase in ROS levels 
was less pronounced in PC3 cells compared with LnCAP and 
DU145 cells (P<0.05; Fig. 6C).

Discussion

TP53 serves a key role in cancer development via regulation 
of cell cycle arrest, DNA repair, aging and apoptosis (4,6). 

A previous study demonstrated that TP53 is upregulated in 
prostate cancer tissues, which serves as a marker of poor 
prognosis in patients with prostate cancer  (20). Another 
previous study reported that TP53 is highly prone to muta‑
tion and mutated TP53 commonly results in more aggressive 
tumor behavior, which promotes cancer progression (8). In 
the present study, bioinformatics analysis indicated that WT 
and mutated TP53 expression, but not mutated TP53 expres‑
sion alone, could be considered as a prognostic marker for 
patients with prostate cancer. TP53 mutations often result 
in a loss of tumor suppressor function, but their impact on 
survival may vary depending on the specific mutation type 
(for example, missense vs. nonsense mutations) (45,46). By 
contrast, high TP53 expression levels could be associated to 
the accumulation of MT p53 proteins, some of which exhibit 
gain‑of‑function oncogenic properties, which contribute to 
poor prognosis (47).

TP53 protein stability and activity are heavily regulated 
at multiple levels (45). High TP53 mRNA expression does 
not necessarily equate to functional WT p53 protein activity, 
especially in cancer types with altered mouse double minute 
2 homolog (MDM2)/MDM4 regulation (48). However, TP53 
mutation is associated with higher TMB and MANTIS 
scores  (49). MANTIS score is used to assess microsatel‑
lite instability status, which has been associated with TP53 

Figure 4. Meta‑analysis of the TP53 codon 72 polymorphism and OS of patients with prostate cancer. (A)  Arg/Arg vs. Arg/Pro in all patients. 
(B) Arg/Arg vs. Arg/Pro in Asian patients. (C) Arg/Arg vs. Arg/Pro in Caucasian patients. (D) Arg/Arg vs. Pro/Pro in all patients. (E) Arg/Arg vs. Pro/Pro in 
Asian patients. (F) Arg/Arg vs. Pro/Pro in Caucasian patients. Error bars=95% confidence interval of odds ratio. TP53, tumor protein 53; OS, overall survival; 
Arg, arginine; Pro, proline; df; degrees of freedom.

https://www.spandidos-publications.com/10.3892/ol.2025.15191
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mutations in lung cancer as well (50). A previous study also 
demonstrated that MT TP53 can alter TME by affecting 
immune cell infiltration, such as that of CD8+ T cells and 
natural killer (NK) cells and the promotion of M2 macrophage 
polarization, which supports tumor growth (51,52). Another 
study also reported that TP53 activation can enhance T‑cell 

infiltration in mouse tumor models (53). While TP53 muta‑
tions are associated with an increased number of CD8+ T cells 
and NK cells in several types of cancer, such breast cancer and 
lung adenocarcinoma (54,55), an opposite trend is observed in 
gastric cancer, colorectal cancer, and head and neck squamous 
carcinoma (56‑58).

Figure 5. Differentially expressed ferroptosis‑related genes in patients with PRAD. (A) A heatmap of the differentially expressed ferroptosis‑related genes in 
patients with PRAD with high and low TP53 expression levels. (B) Expression levels of the ferroptosis‑related genes in the high and low TP53 expression groups 
of patients with PRAD. G1 and G2 indicate low and high TP53 expression, respectively. (C) A heatmap of the differentially expressed ferroptosis‑related genes 
in the WT‑ and MT‑TP53 groups of patients with PRAD. (D) Expression levels of ferroptosis‑related genes in the TP53‑MT and TP53‑WT groups of patients 
with PRAD. *P<0.05, **P<0.01, ***P<0.001 comparing G1 vs. G2. Error bars=standard deviation. TP53, tumor protein 53; PRAD, prostate adenocarcinoma; 
WT, wild‑type; MT, mutated.
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In the present study, distinct differences in immune cell 
infiltration were observed. More particularly, TP53‑mutated 
tissues exhibited a higher proportion of activated memory 
CD4+ T cells, regulatory T cells, monocytes and resting mast 
cells. Additionally, high TP53‑expressing tissues demon‑
strated an increased infiltration of M2 macrophages and 
resting dendritic cells. The present study findings suggested 
that both TP53 expression and mutation could modulate the 
TME in prostate cancer via recruitment of different immune 
cell populations.

MDM2 and TP53 are known to form a negative feedback 
loop that tightly regulates the protein expression levels of 
TP53 in normal cells (59). Therefore, the activation of TP53 
can promote the transcription of MDM2, which in turn ubiqui‑
tinates and degrades TP53 (31). The results of the present study 
also demonstrated that TP53 was associated with MDM2 in 
prostate cancer, which supports the aforementioned regula‑
tory mechanism. In the present KEGG pathway enrichment 
analysis, significant enrichment of pathways were observed 
such as ‘Ribosome’, ‘Herpes simplex virus 1 infection’ and 

‘Transcriptional misregulation in cancer’. However, these 
pathways may not have an immediately apparent direct link 
to TP53 mutations or expression. TP53 serves a key role in 
transcriptional regulation and cellular response to viral infec‑
tions, which could explain the enrichment of virus‑related 
pathways (60). The antiviral function of p53 involves multiple 
mechanisms that enhance type I interferon production (61,62). 
p53 transcriptionally upregulates interferon regulatory 
factors including IRF5, IRF7 and IRF9 to amplify antiviral 
responses (61,62). This regulation forms a complex network 
of p53‑mediated pathways that collectively strengthen innate 
immunity against viral infections (61,62). To further validate 
these findings, GSEA enrichment analysis was performed. 
These pathways (‘Ribosome’, ‘Herpes simplex virus 1 infec‑
tion’ and ‘Transcriptional misregulation in cancer’) remained 
highly enriched within a more rigorous analytical framework. 
These findings suggested that TP53 mutations may influ‑
ence multiple pathways through both direct and indirect 
mechanisms. The enrichment of viral infection‑related path‑
ways likely reflected the role of TP53 in antiviral immunity, 

Figure 6. Roles and mechanisms of erastin and TP53 expression in ferroptosis in prostate cancer cells. (A) The protein expression levels of TP53, SLC7A11 and 
GPX4 were detected in erastin‑treated LnCAP, DU145 and PC3 cells via western blotting. (B) Cell viability was assessed by MTT assays. (C) Intracellular ROS 
levels were measured using DCFH‑DA. Error bars=standard deviation. n=3. *P<0.05 erastin‑treated lnCAP, DU145 and PC3 cells vs. control cells. ★P<0.05 
erastin‑treated PC3 cells vs. erastin‑treated LnCAP and DU145 cells. TP53, tumor protein 53; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione 
peroxidase; LnCAP, lymph node carcinoma of the prostate; PC3, prostatic small cell carcinoma; ROS, reactive oxygen species; DCFH‑DA; 2',7'‑dichlorodihy‑
drofluorescein diacetate; a.u., arbitrary units.
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such as the regulations of interferon signaling or apoptotic 
pathways (61,62). The association with ribosome pathways 
indicated that TP53 mutations may affect translational control 
via mTOR or ribosome biogenesis genes (63,64). Additionally, 
the enrichment of transcriptional misregulation pathways 
further confirmed the function of TP53 as a core transcrip‑
tion factor  (65). The present study results highlighted the 
broad regulatory network of TP53 mutations, which warrants 
further experimental validation to elucidate the underlying 
mechanisms. Furthermore, a meta‑analysis was performed 
to investigate the association between the TP53 codon 72 
polymorphism and susceptibility to prostate cancer. Although 
previous individual studies demonstrated inconsistent or 
conflicting findings, the results of the present meta‑analysis 
were consistent with that of previous meta‑analyses, which 
verified that the TP53 codon 72 polymorphism was not signifi‑
cantly associated with prostate cancer risk in either Asian or 
Caucasian populations (11,66).

Another significant finding of the present study was 
the role of TP53 in the regulation of ferroptosis in pros‑
tate cancer cells. Ferroptosis is a type of non‑apoptotic 
cell death, which is driven by oxidative damage, iron 
accumulation and lipid peroxidation (67). System xc‑ is a 
key antioxidant system composed of SLC7A11 and SLC 3 
member 2 (3A2). Previous studies have reported that TP53 
can promote ferroptosis via inhibition of SLC7A11 expres‑
sion  (68,69). In the present study, a set of differentially 
expressed ferroptosis‑related genes were identified between 
high/low and MT/WT TP53‑expressing tissues from the 
TCGA database. Notably, TP53 expression exhibited a more 
significant effect on the expression of ferroptosis‑related 
genes compared with mutated TP53. To further investigate 
the role of TP53 in ferroptosis, ROS detection was conducted 
in three prostate cancer cell lines, namely LnCAP (WT 
TP53), DU145 (MT TP53) and PC3 (TP53 null). A previous 
study reported that erastin, a classic ferroptosis inducer, 
could induce ferroptosis in lung cancer cells via inhibition 
of System xc‑ and activation of TP53 (70). Consistent with 
previous studies (71,72), the results of the present study veri‑
fied that erastin could inhibit cell proliferation and induce 
ROS production in prostate cancer cells, regardless of TP53 
mutation status. However, ROS levels were significantly 
higher in TP53‑expressing cells compared with TP53‑null 
cells, which indicated that TP53 could partly regulate ROS 
production in prostate cancer cells. Mechanistically, prostate 
cancer cell treatment with erastin downregulated SLC7A11 
and GPX4. However, the expression levels of TP53 itself did 
not change significantly.

TP53 regulates several biological processes, such as cell 
cycle arrest, apoptosis and DNA repair, which enhance tumor 
cell resistance to different therapies, including radiotherapy, 
chemotherapy and immunotherapy  (65). Currently, the 
therapeutic potential of TP53 is gaining increasing attention in 
cancer treatment. In the present study, the effects of TP53 on 
immune microenvironment and ferroptosis in prostate cancer 
were assessed using bioinformatics analyses, meta‑analysis 
and experimental validation. The results indicated that the 
expression levels of TP53 could serve as a poor prognostic 
marker for patients with prostate cancer, while mutated 
TP53 and TP53 expression could affect the tumor immune 

landscape. Therefore, the present study findings could provide 
novel insights into the development of potential therapeutic 
targets for prostate cancer in the future.

While the present study provides valuable insights, several 
limitations should be acknowledged. The number of at‑risk 
patients substantially declined beyond 100 months of follow‑up, 
which led to wider CIs in long‑term survival estimates. 
This attrition is an inherent challenge in prolonged survival 
analyses, which potentially reduce statistical power and affect 
the precision of late‑phase observations. Meta‑analyses are 
susceptible to several biases that can affect validity, as follows: 
i) Studies with significant or positive results are more likely 
to be published; and ii) the restriction to English‑only publi‑
cations in the present meta‑analysis introduced a potential 
language bias.

Further research is warranted to strengthen the present 
study findings and address current limitations. Firstly, vali‑
dation in independent, multi‑ethnic cohorts are essential to 
confirm the observed associations while mitigating potential 
biases from the imbalanced sample sizes between TP53‑MT 
and WT groups. Additionally, large‑scale population studies, 
which incorporate genetic, environmental and lifestyle data 
could elucidate factors that drive the elevated TP53 mutation 
prevalence in Chinese patients with prostate cancer. At the 
mechanistic level, pathway analysis with functional assays can 
be integrated to systematically investigate how TP53 regulates 
ferroptosis, which may potentially provide key insights into the 
molecular underpinnings of this interaction. These findings 
highlight the critical role of TP53 mutations in prostate cancer 
progression and their potential as predictive biomarkers for 
ferroptosis susceptibility, offering new avenues for precision 
therapy.
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