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A B S T R A C T   

Background: We aimed to identify two new prognostic subtypes and create a predictive index for 
prostate cancer (PCa) patients based on ferroptosis database. 
Methods: The nonnegative matrix factorization approach was used to identify molecular subtypes. 
We investigate the differences between cluster 1 and cluster 2 in terms of clinical features, 
functional pathways, tumour stemness, tumour heterogeneity, gene mutation and tumour im-
mune microenvironment score after identifying the two molecular subtypes. Colony formation 
assay and flow cytometry assay were performed. 
Results: The stratification of two clusters was closely connected to BCR-free survival using the 
nonnegative matrix factorization method, which was validated in the other three datasets. 
Furthermore, multivariate Cox regression analysis revealed that this classification was an inde-
pendent risk factor for patients with PCa. Ribosome, aminoacyl tRNA production, oxidative 
phosphorylation, and Parkinson’s disease-related pathways were shown to be highly enriched in 
cluster 1. In comparison to cluster 2, patients in cluster 1 exhibited significantly reduced CD4+ T 
cells, CD8+ T cells, neutrophils, dendritic cells and tumor immune microenvironment scores. Only 
HHLA2 was more abundant in cluster 1. Moreover, we found that P4HB downregulation could 
significantly inhibit the colony formation ability and contributed to cell apoptosis of C4-2B and 
DU145 cell lines. 
Conclusions: We discovered two new prognostic subtypes associated with immunological 
dysfunction in PCa patients based on ferroptosis-related genes and found that P4HB down-
regulation could significantly inhibit the colony formation ability and contributed to cell 
apoptosis of PCa cell lines.   
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1. Introduction 

Prostate cancer (Pca) is demonstrated to be one of the most frequent urinary tumors in elderly people [1,2] and contributed to 
about 1,414,259 new cases and 375,304 deaths worldwide in 2020 [3,4]. The burden of PCa was primarily held by older men, and it 
will rise as the global population ages [5–9]. Currently, PCa is treated with active surveillance, radical prostatectomy (RP) or radical 
radiotherapy (RT), androgen deprivation therapy, with the choice depending on the clinical stage, Gleason score, patient performance, 
and life expectancy [10]. BCR is an inevitable complication that affects in 27 %–53 % of localized patients undergoing RP and 10 %–70 
% of localized patients receiving RT, respectively [11,12]. Additionally, the median time from metastasis to mortality is five years, 
while the average period from BCR to metastatic is eight years [6,11,12]. Therefore, the importance of screening BCR cases is 
highlighted by the fact that BCR marks a stage of transition in the development of PCa. Geographical and clonal genetic diversity in PCa 
can serve as examples of its clinical variability [13]. Researchers will have access to a variety of genetic and clinical variables to 
approach precision medicine at several levels with the completion of the cancer genome atlas (TCGA). 

In 2012, ferroptosis was proposed as a type of nonapoptotic cell death which required iron and lipid peroxidation [14]. Numerous 
biological processes, including maturation, immunology, cancer initiation, progression, and suppression, have been connected to 
ferroptosis [11,15–18]. The complex biochemical pathways behind ferroptosis are driven by an imbalance of antioxidant, iron, and 
lipid dynamics [14,17]. In terms of the application of ferroptosis in PCa therapy, macromolecular enzymes (ChaC glutathione-specific 
γ-glutamylcyclotransferase 1, valosin-containing protein and mitochondrial 2,4-dienoyl-CoA reductase), small-molecule inducers 
(erastin, sulfasalazine, sorafenib, glutamate, cisplatin and BAY87–2243) and gene-related treatment (flubendazole, pannexin 2, 
PCa-associated transcription 1 and transcription factor AP-2γ) are possible options [19]. Even though PCa treatment based on fer-
roptosis has made some progress, the subject is still in its infancy, and ferroptosis-targeting nanomaterials, gene therapy and medi-
cations may hold great potential [19]. The FerrDB database created by Zhou et al. is the first manually curated database on ferroptosis 
regulators and markers as well as connections between ferroptosis and diseases (including 108 drivers, 69 suppressors, 35 inducers, 41 
inhibitors, 111 indicators, and 95 ferroptosis-disease associations) [20]. We identified important ferrroptosis-related genes in PCa 
based on their findings, developed and validated novel molecular subtypes, and then utilised a prognostic indicator for PCa patients to 
boost the undertstanding of ferroptosis in this disease and enhance therapeutic decision-making. 

2. Methods 

2.1. Screening genes and identifying molecular subtypes 

We used the gene matrix of PCa patients from the TCGA database as a training test. To validate the findings obtained in the TCGA 
database, four gene expression omnibus (GEO) datasets (GSE46602 [21], GSE32571 [22], GSE62872 [23], and GSE116918 [24]) and 
MSKCC 2010 (http://www.cbioportal.org/) [25] were used. Our earlier studies [6,12,26] showed the detailed method of gene matrix 
in the TCGA database and GEO datasets. In addition, the FerrDB database yielded 475 genes associated with human ferroptosis [20]. In 
order to find potential genes for cluster analysis, we firstly intersected the differentially expressed genes (DEGs) and BCR-free survival 
associated genes in the TCGA database with ferroptosis-related genes. DEGs were defined as llogFCl >0.5 and p.adj. < 0.01. Using the 
R package “survival,” the P value of BCR-free survival was limited to less than 0.05. The differential expression of potential genes 
between tumour and normal samples was validated using GSE46602 [21], GSE32571 [22], and GSE62872 [23]. The 430 PCa samples 
in the TCGA database were then divided into many subtypes using the candidate genes and the nonnegative matrix factorization (NMF) 
algorithm. Among these subtypes, the forms of two subtypes (cluster 1 and cluster 2) were significantly associated with BCR-free 
survival and were further examined. The same candidate genes were used to validate the results in GSE46602 [21], GSE116918 
[24], and MSKCC 2010 [25] using the NMF algorithm. 

We investigate the differences between cluster 1 and cluster 2 in terms of clinical features, functional pathways [27,28], tumour 
stemness, tumour heterogeneity, gene mutation, tumour immune dysfunction and exclusion (TIDE) score, and tumour immune 
microenvironment score after identifying the two molecular subtypes. The ESTIMATE algorithm assessed the overall TME using the 
Wilcoxon rank sum test, while the TIMER method assessed the immune cells [29–31]. The TIDE algorithm was used to estimate the 
potential response to immune checkpoint blockade (ICB) therapy [32]. A high TIDE score correlates with poor ICB efficacy. For tumor 
stemness indexes, differentially methylated probes-based stemness scores (DMPss), DNA methylation-based stemness scores (DNAss), 
enhancer elements/DNA methylation-based stemness scores (ENHss), epigenetically regulated DNA methylation-based stemness 
scores (EREG-METHss), epigenetically regulated RNA expression-based stemness scores (EREG.EXPss) and RNA expression-based 
stemness scores (RNAss), were used to evaluate the differences of stemness features between two clusters using the Wilcoxon rank 
sum test [33]. Similarly, homologous recombination deficiency (HRD) [34], loss of heterozygosity (LOH) [34], neoantigen (NEO) [34], 
tumour ploidy [34], tumour purity [34], mutant-allele tumour heterogeneity (MATH) and tumour mutation burden (TMB) [35], and 
microsatellite instability (MSI) [36] were also compared. The detailed methods for the above indicators could be seen in our previous 
studies [8,37–42]. 

2.2. Developing prognositc index 

We created a predictive indicator for PCa patients in order to improve therapeutic applicability of our molecular subtypes. We 
utilised the R package “limma (version 3.40.6)" to collect DEGs in the TCGA database between clusters 1 and 2. DEGs were defined as 
absolute logFC values more than 0.5 and adjusted P value less than 0.01. Subsequently, lasso and Cox regression were used to 
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constructed the gene signature and prognositc index, namely risk score 
(0.5025*HUNK+0.6309*CCDC85B+0.4482*PRDM1+0.3449*SLITRK5+0.6267*CD209-0.4313*ZNF676-0.5000*NLGN4Y). 
GSE46602 [15] and MSKCC 2010 [19] were used to validate the prognostic efficacy of this risk score. Fig. 1 presents the overall 
flowchart of this study. 

2.3. Colony formation assay and flow cytometry assay 

Our previous study demonstrated that Bacitracin’s suppression of P4HB reduced cell proliferation and made bladder cancer cells 
more sensitive to gemcitabine through inducing apoptosis and the PERK/eIF2/ATF4/CHOP pathways [43]. Moreover, our another 
study showed that P4HB downregulation could significantly inhibit the cell proliferation of six PCa cell lines using CCK8 assay [44]. In 
this study, we further explored the effect of P4HB on PCa cell lines. For colony formation assay, the C4-2B and DU145 cells were seeded 
in 12-well plates at a density of 1000 cells/well. After 10–14 days of incubation, the colonies were fixed with 4 % paraformaldehyde 
and stained with 0.1 % crystal violet for 30 min [43]. In addition, cell apoptosis assay was analyzed using a specific detection kit 
(Annexin V-APC/7-AAD Apoptosis Kit; cat. No: E-CK-A218, Elabscience, www.elabscience.cn) according to its instruction. Methods of 
Cell culture, small interfering RNA and other basic information could be seen in our previous study [44]. 

2.4. Statistical analysis 

We applied the Wilcoxon test when a distribution was out of the ordinary. The survival analysis, shown as a Kaplan-Meier curve, 
was performed using the log-rank test. The two-sided p < 0.05 was chosen as statistical significance level. The following were the 
significant marks: not significant (ns), p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. 

Fig. 1. The flowchart of this study. PCa = prostate cancer; DEGs = differentially expressed genes; NMF = nonnegative matrix factorization; GSVA =
gene set variation analysis; TIDE = tumor immune dysfunction and exclusion; TCGA = the cancer genome atlas. 
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3. Results 

3.1. Screening genes and identifying molecular subtypes 

The TCGA database was utilised to find DEGs in 498 tumour and 52 normal PCa samples, and 430 PCa patients undergoing RP with 
complete BCR data were used to identify prognosis-related genes. P4HB and PTGS2 were discovered by combining DEGs, BCR-free 
survival related genes, and ferroptosis-related genes (Fig. 2a). P4HB was upregulated in tumour samples while PTGS2 was down-
regulated, according to the TCGA database (Fig. 2b). The results were validated again using 360 tumour and 209 normal samples from 
the three GEO datasets (Fig. 2c) [21–23]. Based on P4HB and PTGS expression, we identified nine potential PCa subtypes using the 
NMF method (Fig. 2d). Fig. S1a depicted the NMF rank survey. The stratification of two clusters among the subtypes was closely 
connected to BCR-free survival (Fig. 3a), which was confirmed in the other three datasets (Fig. 3b; [21]; Fig. 3c; [24]; Fig. 3d; [25]). 
The two clusters’ baseline characteristics were balanced (Table 1). Furthermore, multivariate Cox regression analysis revealed that this 
classification was an independent risk factor for patients with PCa (Fig. 3e). The GSVA analysis revealed that ribosome, aminoacyl 
tRNA biosynthesis, oxidative phosphorylation, and Parkinson’s disease-related pathways were highly enriched in cluster 1, whereas 
circadian rhythm, leishmania infection, dorsoventral axis formation, cytokine-cytokine receptor interaction, and arrhythmogenic right 
ventricular cardiomyopathy were highly enriched in cluster 2. (Fig. 3f). The waterfall plot revealed that TP53 was the most frequently 
mutated gene in PCa, while APC, CSMD1, NYNRIN, and USP31 were significantly different between clusters 1 and 2. (Fig. 3g). 

In terms of tumour heterogeneity and stemness, cluster 2 had significantly lower LOH, tumour purity, TMB, DMPss, and RNAss than 
cluster 1. (Fig. 3h). In cluster 2, we split the patients into two groups based on the median MSI score. Those with high-score MSI had a 
greater risk of BCR than patients with low-score MSI (Fig. 3i). In cluster 2, similar results were obtained in terms of HRD score (Fig. 3j). 
In comparison to cluster 2, patients in cluster 1 exhibited significantly reduced CD4+ T cells, CD8+ T cells, neutrophils, dendritic cells, 
stromal score, immunological score, ESTIMATE score, and TIDE score (Fig. 4a–c). The majority of immunological checkpoints were 
more abundant in Cluster 2, and the top three genes were VTCN1, TNFSF15, and CD200 (Fig. 4d). Only HHLA2 was found to be more 
abundant in Cluster 1. (Fig. 4d). 

3.2. Developing prognostic index 

There were 1963 DEGs found between clusters 1 and 2. (Fig. 5a). We used lasso regression and set the lambda value to 0.03 (Fig. 5b) 
to get a total of 29 genes (Fig. 5c). These 29 genes were substantially linked with BCR-free survival in the univariate Cox regression 
(Fig. 5d). After multivariate Cox regression, the prognostic signature and risk score were built using CD209, HUNK, CCDC85B, 
ZNF676, NLGN4Y, PRDM1, and SLITRK5 (Fig. 5e). Fig. 5a also depicted the expression of these genes between two clusters. The 
established risk score demonstrated moderate diagnostic accuracy for BCR (Fig. 5f), and this ability remained steady throughout time 
(Fig. 5g). According to the value of the risk score, PCa patients were separated into upper third and lower third groups in the TCGA 
database. The upper third group was at a higher risk of BCR than the lower third group (Fig. 5h). GSE46602 (Fig. 5i) [21] and MSKCC 
2010 (Fig. 5j) [25] validated this finding. 

3.3. Colony formation assay and flow cytometry assay 

We found that P4HB downregulation could significantly inhibit the colony formation ability (Fig. 6a) and contributed to cell 
apoptosis (Fig. 6b) of C4-2B and DU145 cell lines. 

4. Discussion 

Age and inflammation are considered as important risk factors of various cancers, including PCa [3,45–54]. Ferroptosis is an 
iron-dependent, lipid-peroxidation-induced programmed cell death that is followed by significant iron accumulation, lipid peroxi-
dation, an increase in reactive oxygen species (ROS) [14,55–57]. Cellularly, it can be identified by a contracted mitochondrial 
membrane, a rupture in the outer mitochondrial membrane, and a reduction (or disappearance) of the mitochondrial crest [58,59]. In 
this study, we identified two novel subtypes based on ferroptosis-related P4HB and PTGS2. Ferroptosis and PCa have both been 
extensively researched in terms of PTGS2. Cyclooxygenase-2 (COX-2), a rate-limiting enzyme in the manufacture of prostaglandins 
(PGs), is encoded by the gene PTGS2 [60]. PTGS2 has been identified as a ferroptosis-related biomarker in a variety of disorders [61, 
62], including PCa [63], and COX-2/PGE2 has been linked to ferroptosis [64]. Furthermore, several studies have identified elevated 
COX-2 expression in PCa patients [65–67], and COX-2 inhibitors have been proven to play a protective effect in PCa progression [68, 
69]. On the other hand, little study has been done on P4HB in the context of PCa or ferroptosis. In the endoplasmic reticulum (ER), 
P4HB protein acts as a molecular chaperone by the correction of improperly folded proteins in response to ER stress [70]. Except for 

Fig. 2. Identification of molecular subtypes. (a). Venn plot showing the intersection of DEGs, prognosis-related genes and ferroptosis-related genes; 
(b). ranking plot of DEGs showing the expression level of P4HB and PTGS2 between tumor and normal samples in the TCGA database; (c) ranking 
plot of DEGs showing the expression level of P4HB and PTGS2 between tumor and normal samples in the GEO datasets; (d) the results of heatmaps 
using NMF algorithm. DEGs = differentially expressed genes; NMF = nonnegative matrix factorization; TCGA = the cancer genome atlas; BCR =
biochemical recurrence; GEO = gene expression omnibus. 
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our previous studies [43,44], several studies showed the close relationship between P4HB expression and diseases of the kidney and 
liver [43,71–73] and Pan et al. identified circular P4HB as a novel ferroptosis suppressor [74]. Moreover, we found that P4HB 
downregulation could significantly inhibit the colony formation ability and contributed to cell apoptosis of C4-2B and DU145 cell lines. 

Our results suggested that cluster 1 had a worse prognosis than cluster 2, most likely because the two clusters had different enriched 
pathways. In comparison to cluster 2, ribosome, aminoacyl tRNA synthesis, and oxidative phosphorylation pathways were more 
prevalent in cluster 1. It is generally known that cancer cells need to produce a lot of protein in order to proliferate quickly and survive 
[75]. A higher degree of proliferation and invasion demand for PCa cells in cluster 1, which is correlated with a worse prognosis, may 
be reflected by the concentration of protein-synthesis-related pathways in cluster 1. Surprisingly, oncogene and tumor suppressor gene 
alterations that result in excessive ribosome synthesis have a significant impact in the development and spread of cancer [76]. A study 
on the nucleolar N-terminal shortened version of netrin 1 found that more mature ribosomes promote the malignant phenotype [77], 
which was also found in lymphoma [78]. These findings may help to explain our results that the enrichment of pathways related to 
protein synthesis is a biological indicator of cluster 1’s worse prognosis and a likely contributor to the higher degree of malignancy. 
The Warburg effect revealed that even in well-oxygenated cancer cells, glycolysis was increased in comparison to normal cells, 
dispelling the popular notion that oxidative phosphorylation was typically down-regulated in cancer [79,80]. PCa cells were less 
reliant on glycolysis and more reliant on oxidative phosphorylation than most other solid cancers [81]. Different oxidative phos-
phorylation pathways may therefore contribute to the poor prognosis of cluster 1. In cluster 2, pathways involving cytokine-cytokine 
receptor interaction and circadian rhythm were also more prevalent. It is commonly recognized that circadian rhythm can regulate a 
variety of human behaviors, physiological processes, and activities [82–84], and as a result, circadian rhythm disruption has been 
linked to poor health and many disorders, including PCa [85,86]. Chronotherapy based on circadian rhythm has proven to be 
extremely effective in managing PCa outcomes [87]. Particularly ferroptosis may function as a potential mechanism for the 
tumor-promoting effect of circadian rhythm disruption. According to a recent study, ferroptosis is promoted in cancer cells both in 
vitro and in vivo by clockophagy, which is the selective autophagic degradation of the circadian clock regulator ARNTL/BMAL1 [88]. 
Because ferroptosis is also present in cluster 2, a regular circadian rhythm may have a substantial role in enhancing the prognosis of 
PCa patients. The enrichment of related pathways may indicate elevated immune cell activity in cluster 2, which will be investigated 

Fig. 3. Clinical applications, functional pathways, mutation genes, tumor heterogeneity and stemness of identified two clusters. (a). Kaplan-Meier 
curve showing the survival differences of two clusters in the TCGA database; (b). Kaplan-Meier curve showing the survival differences of two clusters 
in the GSE46602; (c). Kaplan-Meier curve showing the survival differences of two clusters in the GSE116918; (d). Kaplan-Meier curve showing the 
survival differences of two clusters in the MSKCC 2010; (e). forest plot showing the results of univariate and multivariate Cox regression analysis; (f). 
volcano plot showing the fucantional pathways of the two clusters using GSVA method; (g). Oncoplot showing the differential frequency of top 20 
genes between two clusters; (h). forest plot showing the comparison of two clusters for tumor hetergeneity and stemness; (i) Kaplan-Meier curve 
showing the survival differences of high and low score of MSI in the cluster 2; (j). Kaplan-Meier curve showing the survival differences of high and 
low score of HRD in the cluster 2. TCGA = the cancer genome atlas; BCR = biochemical recurrence; DMPss = differentially methylated probes-based 
stemness scores; DNAss = DNA methylation-based stemness scores; ENHss = enhancer elements/DNA methylation-based stemness scores; EREG- 
METHss = epigenetically regulated DNA methylation-based stemness scores; EREG.EXPss = epigenetically regulated RNA expression-based stem-
ness scores; RNAss = RNA expression-based stemness scores; HRD = homologous recombination deficiency; LOH = loss of heterozygosity; NEO =
neoantigen; MATH = mutant-allele tumor heterogeneity; TMB = tumor mutation burden; MSI = microsatellite instability; HR = hazard ratio. 

Table 1 
The baseline features of two clusters in prostate cancer patients in the TCGA database.  

Characteristics Cluster 1 Cluster 2 P value 

Samples 259 171  
Age, mean ± SD 60.81 ± 6.68 61.12 ± 6.89 0.640 
Gleason score, n (%)   0.643 

GS6 27 (6.3 %) 12 (2.8 %)  
GS7 120 (27.9 %) 86 (20 %)  
GS8 36 (8.4 %) 23 (5.3 %)  
GS9 76 (17.7 %) 50 (11.6 %)  

T stage, n (%)   0.706 
T2 92 (21.7 %) 63 (14.9 %)  
T3 158 (37.3 %) 103 (24.3 %)  
T4 6 (1.4 %) 2 (0.5 %)  

Race, n (%)   0.090 
Asian 9 (2.2 %) 2 (0.5 %)  

Black or African American 35 (8.4 %) 15 (3.6 %)  
White 205 (49.3 %) 150 (36.1 %)  

N stage, n (%)   0.256 
N0 174 (46.4 %) 132 (35.2 %)  
N1 45 (12 %) 24 (6.4 %)  

Residual tumor, n (%)   1.000 
No 164 (39.1 %) 109 (26 %)  
Yes 88 (21 %) 58 (13.8 %)  

SD: standard deviation. 
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next, in terms of cytokine receptor interactions. 
Another frequent aspect of PCa development is genomic instability, which may be one of the most important aspects of carcino-

genesis. An often-changed tumor suppressor gene in PCa, particularly in metastatic castration-resistant PCa (mCRPC), is TP53, which 
controls cell cycle arrest and encodes proapoptotic protein [89]. TP53 mutations are present in about 8 % of locally advanced PCa 
cases, while they are present in 27 % of metastatic castration-sensitive PCa cases and 50 % of mCRPC cases [90–92], highlighting the 
importance of TP53 mutation in more aggressive PCa. According to Laere et al., PCa patients with TP53 mutations tend to be more 
aggressive and have worse outcomes [93]. With a 19.8 % mutation frequency in TP53, our results confirmed this. From the standpoint 

Fig. 4. Immune-related assessment of two clusters. (a). bar chart showing the differencs of immune cells between two clusters; (b). bar chart 
showing the differencs of tumor immune microenvironment scores between two clusters; (c). bar chart showing the differencs of TIDE scores be-
tween two clusters; (d). forest plot showing the comparison of two clusters for immune checkpoints. TIDE = tumor immune dysfunction 
and exclusion. 
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Fig. 5. Developing prognostic index. (a). volcano plot showing the DEGs between cluster 1 and cluster 2; (b). screening the lambda values using 
Lasso regression; (c). trajectory chart showing 29 DEGs when lambda equals 0.03; (d). forest plot showing the results of 29 DEGs using univariate 
Cox regression; (e) forest plot showing the results of multivariate Cox regression; (f) ROC curve showing the diagnostic accuracy of risk score 
established by multivariate Cox regression in distinguishing BCR from no BCR; (g). time-dependent ROC curve showing the diagnostic accuracy of 
risk score established by multivariate Cox regression in distinguishing BCR from no BCR; (h). Kaplan-Meier curve showing the survival differences of 
upper third and lower third patients in the TCGA database; (i). Kaplan-Meier curve showing the survival differences of upper third and lower third 
patients in the GSE46602; (j). Kaplan-Meier curve showing the survival differences of upper third and lower third patients in the MSKCC 2010. 
DEGs = differentially expressed genes; TCGA = the cancer genome atlas; BCR = biochemical recurrence; ROC = receiver operating characteristic 
curve; HR = hazard ratio. 

Fig. 6. Colony formation assay and flow cytometry assay using C4-2B and DU145 cell lines. (a) colony formation assay; (b) cell apoptosis assay.  
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of the mutant landscape, inactivation of tumor suppressor genes may result in more aggressive PCa, resulting in a worse prognosis in 
cluster 1 patients. 

LOH, as a chromosomal event, is closely linked with chromosomal instability, which has been identified as a characteristic of cancer 
and a cause of poor prognosis [94]. Furthermore, the diversity in somatic copy number changes that provides the variance required for 
tumor evolution [95]. 6q, 7q, 8p, 10q, 13q, 16q, 17q, and 18q chromosome loss is well documented in PCa [96], and metastatic PCa 
demonstrated greater genomic instability than primary PCa [97]. In line with these conclusions, we found that LOH was significantly 
higher in cluster 1. TMB in cluster 1 was also higher than in cluster 2. While TME is widely used to forecast the effectiveness of 
immunotherapy, TMB represents the total number of genetic mutations from a biological perspective. Generally speaking, cluster 1 
could be more malignant and have a poorer prognosis than cluster 2. Additionally, due to the lack of high-fidelity repair to DNA double 
strand breaks, HRD will result in increased genomic alternations [98]. HRD was frequently detected in PCa as a characteristic of 
various malignancies [99,100]. Prior to the poly (ADP-ribose) polymerases (PARP) inhibitor (PARPi) therapy [101], HRD detection 
was used to evaluate the sensitivity of breast and ovarian cancer to PARPi therapy [102]. In recent years, multiple PARPis have been 
studied in PCa patients at various stages, and they have shown surprisingly good performance [100], showing that genetically based 
targeted therapy in PCa is a potential option. Based on the median HRD score, we divided Cluster 2 into two groups, with high-scoring 
HRD patients having a higher likelihood of BCR. The two subgroups we identified may also provide a fresh approach for the treatment 
of PCa patients, particularly those with metastases, as a result of HRD’s strong predictive power for PARPi effectiveness. MSI is the 
insertion or deletion of repeating units from DNA tracts [103]. MSI-high states have been linked to increased synthesis of various newly 
generated antigens, hence boosting the anticancer immune response [104–106]. MSI-high PCa, like other solid tumors, may respond 
better to immune checkpoint blockade [107]. As a result, the median MSI score-different subgroups observed in cluster 2 may also 
separate specific treatment sensitive patients for PCa immunotherapy. 

Interestingly, Wang et al. reported that activated T cells, particularly CD8+ T cells, increased IFN- production and caused lipid 
peroxidation and consequent ferroptosis in tumor cells [108]. Furthermore, increased ferroptosis improved immunotherapy efficacy 
[108]. As a result, we hypothesized that the better prognosis in cluster 2 was due to increased T cell numbers, which led to 
antitumor-specific ferroptosis. Other immune cells highly infiltrated in cluster 2 might also suggest stronger anti-tumor immunity and 
a better prognosis. In addition, the immunological score of cluster 2 was higher than that of cluster 1, which could indicate that cluster 
2 had more tumor infiltrating immune cells and thus more anticancer immune activity. On the contrary, despite having more active 
immune functions, cluster 2 had a higher TIDE score than cluster 1, indicating a more sensitive response to immunotherapy than 
cluster 1 [32]. This finding could imply that immunosuppression was the primary cause of cluster 1’s poor prognosis, and hence that 
cluster 1 would respond better to immunotherapy involving immune activation. Our findings on tumor stemness also supported this 
hypothesis. TMB and tumor purity were found to be considerably greater in cluster 1. TMB-high has been proposed as a leading 
candidate biomarker for predicting ICB response and identifying patients who will benefit the most, based on the premise that anti-
genic peptides from enhanced mutant protein may generate immunogenic novel antigens [109,110]. A higher TMB score may also 
indicate that patients in cluster 1 respond better to immunotherapy. Furthermore, higher tumor purity in cluster 1 may indicate less 
infiltration of tumor-associated immune cells, resulting in greater immunosuppression and a worse prognosis. Furthermore, our im-
mune checkpoint research revealed variations in immune activity across clusters 1 and 2. Across the two clusters, VTCN1 was the most 
differentially expressed immune checkpoint molecule. Interestingly, the coinhibitory molecule VTCN1 is an important member of the 
B7 family, primarily suppressing T cell activation by down-regulating IL-2 production and increasing CD4+ and CD8+ T cell cycle 
arrest [111]. VTCN1 had a negative immunomodulatory effect in PCa and was an independent poor prognostic factor for PCa [112]. 
However, this does not corroborate our findings (patients in cluster 2 with more active immune functions and a better prognosis), and 
we believed epigenetic alteration was crucial. HHLA2 was the only molecule higher elevated in cluster 1 compared to the most 
differentially expressed immune checkpoints. Overall, multiple studies have shown that HHLA2 is a T cell coinhibitory molecule, 
primarily inhibiting T cell proliferation as well as T cell-associated cytokine responses [113], which is consistent with our finding that 
the pathway involving cytokine-cytokine receptor interactions was less enriched in cluster 1. Interestingly, previous research found 
that elevated HHLA2 expression in lung, breast, and osteosarcoma was related with worse prognostic characteristics [114–116], of-
fering yet another reason for cluster 1’s poor prognosis. To summarize, whereas PCa cells upregulate PD-L1 expression to avoid im-
mune surveillance, the majority of PCa patients are not responsive to long-term immunotherapy [117]. Our findings revealed that 
ferroptosis plays a crucial role in PCa immunotherapy and offered possible therapeutic targets, potentially opening up new avenues for 
PCa immunotherapy. 

Finally, we created a predictive index by combining 7 DEGs from cluster 1 and cluster 2. NLGN4Y (a neuron-derived protein) was 
identified as a unique negative regulator of PCa development and BCR [118]. In vitro, Gong et al. found that reduced NLGN4Y 
expression was related with increased BCR risk [118]. Hu et al. also validated PRDM1 overexpression in PCa and discovered that 
silencing PRDM1 decreased PCa cell proliferation, migration, and invasion [119]. Although there was no clear evidence for their 
participation in PCa, CD209, HUNK, CCDC85B, ZNF676, and SLITRK5 were identified as elevated malignant phenotype- and poor 
prognosis-associated variables in many cancer types [120–125]. In summary, these genes had direct or underlying association to BCR, 
and the developed risk score based on them also demonstrated reasonable predictive accuracy of BCR, indicating the potential utility of 
the prognostic index in clinical practice. 

5. Conclusions 

We discovered two new prognostic subtypes associated with immunological dysfunction in PCa patients based on ferroptosis- 
related genes and found that P4HB downregulation could significantly inhibit the colony formation ability and contributed to cell 

D. Feng et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e23495

12

apoptosis of PCa cell lines. 
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