International Journal of General Medicine Dove

ORIGINAL RESEARCH

|dentification and Validation of a Ferroptosis-Related
Signature for Predicting Prognosis and Immune
Microenvironment in Papillary Renal Cell Carcinoma

Qingen Da"z’*, Mingming Renz’*, Lei Huangz, Jianhua Qu', Qiuhua Yang3, Jiean Xu 4, Qian Ma4,
Xiaoxiao Mao4, Yongfeng Cai4, Dingwei Zhao®, Junhua Luo®, Zilong Yan', Lu Sunz, Kunfu Ouyangz,
Xiaowei Zhang®, Zhen Han?, Jikui Liu', Tao Wang?

'Department of Hepatobiliary Surgery, Peking University Shenzhen Hospital, Shenzhen Peking University-The Hong Kong University of Science and
Technology Medical Center, Shenzhen, People’s Republic of China; 2Department of Cardiovascular Surgery, Peking University Shenzhen Hospital,
Shenzhen Peking University-The Hong Kong University of Science and Technology Medical Center, Shenzhen, People’s Republic of China; 3Vascular
Biology Center, Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta University, Augusta, GA, USA; “Shenzhen
Graduate School, Peking University, Shenzhen, People’s Republic of China; Department of Urological Surgery, Peking University Shenzhen Hospital,
Shenzhen, People’s Republic of China; ®School of Basic Medical Sciences, Peking University, Beijing, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Jikui Liu, Department of Hepatobiliary Surgery, Peking University Shenzhen Hospital, Shenzhen Peking University-The Hong Kong
University of Science and Technology Medical Center, Shenzhen, People’s Republic of China, Email 1iu8929@126.com; Tao Wang, Department of
Cardiovascular Surgery, Peking University Shenzhen Hospital, Shenzhen Peking University-The Hong Kong University of Science and Technology
Medical Center, Shenzhen, People’s Republic of China, Email szwangtao@ |26.com

Objective: We aimed to explore the prognostic patterns of ferroptosis-related genes in papillary renal cell carcinoma (PRCC) and
investigate the relationship between ferroptosis-related genes and PRCC tumor immune microenvironment.

Methods: We obtained the mRNA expression and corresponding clinical data of PRCC from the public tumor cancer genome atlas
database (TCGA). The PRCC patients were randomly divided into two cohort, training cohort and verification cohort, respectively.
Univariate Cox regression, LASSO Cox regression, multivariate Cox regression analysis were utilized to construct ferroptosis
signature for PRCC patients. And then, risk prognostic model was established and verified. The correlation of ferroptosis-related
signature with survival and immune microenvironment was systematically analyzed.

Results: A 4-genes ferroptosis signature (CDKN1A, MIOX, PSAT1, and RRM2) was constructed. Multivariate Cox regression assay
indicates that the risk score of ferroptosis signature was an independent prognostic indicator (HR=1.391, p<0.001). The survival curve
shows that the high-risk group has a poorer prognosis than the low-risk group (p<0.001). The risk prognostic model was established
based on prognostic factors of clinical-stage, hemoglobin, and risk score. The time-dependent receiver operating characteristic curve
(ROC) analysis proves the predictive capacity of the ferroptosis signature, the 3 years area under the curve (AUC) is 0.890, and the 5
years AUC is 0.733. Further analysis suggested that cell cycle, pentose phosphate pathway, P53 signaling pathway were significantly
enriched in the high-risk group. The significantly different fractions of dendritic cells resting, macrophage cells, and T cells follicular
helper were observed in risk groups.

Conclusion: This study implicates a ferroptosis signature which has a good predict capacity of the prognosis in PRCC patients.
Ferroptosis-related genes may have a key role in the process of anti-tumor and serve as therapeutic targets for PRCC.
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Introduction

Renal cell carcinoma (RCC) is the most common cancer of the kidney. RCC has three subtypes based on histological and
genetic features. They are clear cell renal cell carcinoma (CCRCC, 70-80%), Papillary renal cell carcinoma (PRCC, 10—
20%), and chromophobe renal cell carcinoma (CHRCC).'* PRCC has been separated into two types on account of its
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histological and immunohistochemical characteristics, type 1 has basophilic cytoplasm, and type 2 has eosinophilic
cytoplasm.® Recently, more and more clinical studies were focused on CCRCC patients and discovered some efficacy
therapeutic targets, such as vascular endothelial growth factor (VEGFR) and mammalian target of rapamycin (mTOR).
However, these targets were less efficacy in PRCC patients, which might result from the different genetic mutations and
molecular pathways in PRCC tumorigenesis was compared to CCRCC.' Therefore, more specific biomarkers and
efficacy treatment strategies need to be developed for PRCC.

Ferroptosis is a non-apoptotic form of regulated cell death. The characteristic of ferroptosis is an accumulation of reactive
oxygen species and lipid peroxidation products that lead to cell death, and this process is oxidative and iron-dependent.*
Ferroptosis is involved in multiple biological processes, including development, immunity, senescence, and a variety of diseases,
therefore sustaining the function of normal cells and tissues. Accumulation of iron can sensitize cancer cells to oxidative damage
and ferroptosis.® Cancer cells need to regulate the expression of iron metabolism-related genes to keep the balance of iron.’
Reprogramming of metabolic pathways to obtain energy and materials and sustain the high level of cancer cell proliferation is the
main characteristic of cancer cells, including glycolysis, tricarboxylic acid cycle (TCA), B-oxidation. This process will break the
redox homeostasis. To balance the redox homeostasis tumor cells must heavily rely on the intracellular antioxidant machinery.®’
Intriguingly, ferroptosis can be activated by oxidative turbulence in the intracellular microenvironment. More recent studies
indicated that ferroptosis-related genes have an important role in various tumor cells, such as in breast cancer cells,'® lung
adenocarcinomas cells,'' renal carcinoma cells.'* The prognostic value of ferroptosis-related prognostic signature also has been
studied in several cancers, such as colorectal cancer,'? breast cancer,'* hepatocellular carcinoma,'® head and neck squamous cell
carcinoma.'® In clear cell renal cell carcinoma, the expression of ferroptosis-related signature was significantly correlated with
immune infiltration and response to immunotherapy.17 However, the relationship between ferroptosis-related signature and
treatment or prognosis of PRCC patients was remained unclear.

In this study, we download mRNA expression data and the corresponding clinical data of PRCC patients from the
tumor cancer genome atlas (TCGA) database. Combining 259 ferroptosis-related genes, we established a powerful
multigene ferroptosis-related signature for predicting the prognosis of PRCC patients. Furthermore, we performed gene
set enrichment analysis (GSEA) and go analysis, and investigated the correlation of ferroptosis signature and tumor
immune microenvironment. The present study revealed novel insights into the prognostic value of ferroptosis signature
and explore the relationship with immune infiltration in PRCC patients.

Materials and Methods

Gene Expression Datasets and Ferroptosis Gene Set
In this study, we collected PRCC expression data and clinical data from TCGA (https://portal.gdc.cancer.gov/) public

databases, which included 289 PRCC tissue samples and 32 normal tissue samples (total 321 samples). A total of 259
ferroptosis-related genes were downloaded from the FerrDb website (http://www.zhounan.org/ferrdb/legacy/index.html),'®

which include driver 108 genes, suppressor 69 genes, and marker 111 genes.

|dentifying Ferroptosis-Related Prognostic Differentially Expressed Genes

The mRNA-sequencing data was analyzed by GDCRNATools. 2904 genes were selected as differentially expressed
genes (DEQG) via the “limma” R package (log2-fold change>1 and P-value <0.001). Survival analysis showed 745 genes
were prognosis-related (P-value<0.05). We used Jvenn (http://www.bioinformatics.com.cn), an interactive Venn diagram

viewer,'” to examine overlapping genes in prognosis-related genes and ferroptosis-related genes.
The protein-protein interaction network of ferroptosis-related prognostic DEG was analyzed by STRING (https:/

string-db.org) database.

The Characteristics of Signature Genes Expression and Survival Analysis
We used gene expression profiling interactive analysis 2 (GEPIA2, http:/gepia2.cancer-pku.cn/#analysis)*° to analyze

the expression level of signature genes in different tumor clinical stages. Immunohistochemistry (IHC) analysis of
signature proteins was utilized in the human protein atlas (https://www.proteinatlas.org).
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Determination of Ferroptosis Prognostic Signature

The “survival” R package was used for performing univariate Cox regression analysis to screen out ferroptosis genes related
to prognostic in patients with PRCC. Genes with a P-value <0.05 were incorporated into the subsequent LASSO Cox
regression using the “glmnet” R package. Based on a multivariate Cox regression for these genes, we built a ferroptosis
prognostic signature. The prognostic risk score = (exp genel * coef genel) + (exp gene2 * coef gene2) + ... + (exp gened *
coef gene4). PRCC patients were divided into the high-risk group or low-risk group by the median of the risk score. The
overall survival (OS) between different groups was compared by Kaplan-Meier analysis with the Log rank test.

Construction and Evaluation of Prognostic Model

Clinical factors and the risk score of ferroptosis signature were included in the univariate Cox regression analysis. And
statistically significant (p-value< 0.05) were selected as prognostic factors to perform multivariate Cox regression
analysis. And then the establishment of a prognostic risk model utilizes the above prognostic factors, provide the risk
score, and plot the nomogram. The “survivalROC” R package was used to perform the time-dependent ROC and to
evaluate the accuracy and specificity of the prognostic risk model.?' New high or low-risk groups were divided based on
the new risk score. Kaplan-Meier analysis OS of risk groups.

Gene Set and Functional Enrichment Analysis

We used the “tinyarray and tidyverse” R package to obtain 19,712 genes mRNA expression data and divided them into
two groups based on the risk score. Gene set enrichment analysis was performed by GSEA software (http:/www.
broadinstitute.org/gsea). The gene sets were filtered using the Kyoto encyclopedia of genes and genomes (KEGG) gene

set sizes of 15 and 500 genes.
745 prognostic DEG (P-value<0.05) was performed Gene Ontology (Go) analysis using “GDCRNATools”
R package. Top 10 enrichment was shown with a false discovery rate (FDR)<0.05.

Estimation of Immune Cells Type Fractions
The proportion of different tumor immune cells fractions was calculated by CIBERSORT.?? The normalized gene
expression data was uploaded to the CIBERSORT web portal (http://cibersort.stanford.edu/), and the algorithm was

based on the LM22 gene signature and 1000 permutations. The samples were filtered based on a P-value <0.05. The
results produced by CIBERSORT were analyzed subsequently.

Statistical Analysis

The statistical analyses were conducted using R software (version 4.0.3). The prognostic analysis was conducted using
the Kaplan-Meier method with the significance of differences identified using Log rank tests. Correlations between two
variables were examined via Spearman correlation analysis. The risk score discrepancy between the subgroup of clinical
characteristics was using the Wilcoxon test.

Results
As shown in Figure 1, a total of 289 PRCC patients from the TCGA database were incorporated into this study.

Identification of Prognostic Differentially Expressed Ferroptosis-Related Genes in PRCC
We took advantage of publicly available TCGA data and filtered ferroptosis-related prognostic DEG in a multi-step approach
(Figure 2A). First, PRCC expression data and clinical data were downloaded from TCGA public databases, which included
289 PRCC tissue samples and 32 normal tissue samples (total 321 samples). Comparing tumor tissues with normal tissues
2094 genes were DEG in PRCC with log2-fold change>1 and P-value <0.001 (Figure 2B). Second, survival analysis of 2904
DEG showed 745 genes were prognostically related (P value<0.05, Figure 2C). Finally, we used Jvenn, an interactive Venn
diagram viewer,'? to examine overlapping genes in prognosis-related DEG and 259 ferroptosis-related genes. The results
suggested that 16 ferroptosis-related genes were overlapping with prognosis-related DEG, including cyclin dependent kinase
inhibitor 1A (CDKN1A), suppressor of cytokine signaling 1 (SOCS1), arachidonate 15-lipoxygenase type B (ALOX15B),
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Figure | Overview of study design.
Abbreviations: TCGA, tumor cancer genome atlas database, DEG, differentially expressed genes, FerrDb, ferroptosis regulators and markers and ferroptosis-disease
associations database, ROC, receiver operating characteristic, PCA, principal components analysis.

glucose-6-phosphate dehydrogenase (G6PD), aldo-keto reductase family 1 member C2 (AKR1C2), fatty acid desaturase 2
(FADS?2), myo-inositol oxygenase (MIOX), hypoxia inducible lipid droplet associated (HILPDA), chaC glutathione specific
gamma-glutamylcyclotransferase 1 (CHAC1), phosphoserine aminotransferase 1 (PSAT1), interleukin 33 (IL33), aurora
kinase A (AURKA), ribonucleotide reductase regulatory subunit M2 (RRM2), vascular endothelial growth factor
A (VEGFA), solute carrier family 7 member 11 (SLC7A11), and tribbles pseudokinase 3 (TRIB3). These genes were
named ferroptosis-related prognostic DEG (FRPG, Figure 2D). The correlation between each member of FRPG was shown
in Figure 2E, and the protein-protein interaction (PPI) network of FRPG analyzed by STRING was shown in Figure 2F.
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Figure 2 Identification of the candidate ferroptosis-related genes in PRCC. (A) Schematic description of the filtering process for identification of ferroptosis-related
candidates. (B) Identified differentially expressed genes (DEG) between tumor and normal tissues, screening threshold (p<0.001, fold change>1). (C) Identified DEG that
were related to prognosis, screening threshold (p<0.05). (D) Venn diagram to identify ferroptosis-related prognostic DEG. (E) the correlation of the candidate genes of
ferroptosis-related prognostic DEG. (F) STRING database analysis the interactions among the candidate genes.

Establishment of a Prognostic Signature

Through univariate Cox regression analysis of FRPG in patients with PRCC, 9 FRPG was shown prognostic related,
including RRM2, CDKNI1A, G6PD, MIOX, CHACI1, PSAT1, AURKA, SLC7A11, and TRIB3 (Figure 3A). These 9
FRPG were incorporated into the subsequent LASSO Cox regression analysis, and combined multivariate Cox regression
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analysis, we construct a ferroptosis prognostic signature, which contains 4 genes (CDKNI1A, MIOX, PSAT1, and RRM2,
Figure 3B-D). The expression level of signature genes in PRCC and immunohistochemistry results of kidney adeno-
carcinoma were shown in Figure S1. The OS and disease-free survival (DFS) of signature genes were shown in Figure
S2. The prognostic Risk score was calculated. Risk score = (0.826584061278619*exp RRM2) +
(—0.490534605327226*%exp CDKNI1A) + (—0.416576419121587*exp MIOX) + (0.217734038998151*exp PSAT1).
Then, the PRCC patients were divided into the high-risk group or low-risk group by the median of the Risk score.
The OS between different groups was compared by Kaplan-Meier analysis with the Log rank test. The results suggested
that the high-risk group showed a poor prognosis compared with the low-risk group in two cohorts (both P<0.001,
Figure 3E and I). The 3-years and 5-years ROC curves were analyzed to evaluate the predictive accuracy of the
ferroptosis-related signature (Figure 3F and J). PCA test indicated that the patients in the two groups were stratified
into two directions (Figure 3G and K). The heatmap of ferroptosis signature after risk score grouping and the distribution
of risk status and risk score was shown in Figure 3H and L.

We first compared the expression of the 4 signature genes in risk groups (Figure 4A-D). Then, we analyzed the
differences in the risk score in patients with different clinical characteristics, including clinical status (alive vs death), age
(<60 vs >60), gender (female vs male), hemoglobin (low vs normal), and clinical stage (stage I+II vs stage II+IV,
Figure 4E-I). The risk score in death patients was significantly higher than in alive patients (p=1.1e-08), and the age<60
was significantly higher than the age>60 (p=0.0017). The risk score in clinical-stage III+IV was significantly higher in
stage I+II patients (p=7.2e-10). The risk score in females was remarkably higher than male patients (p=6.7e-07), and
hemoglobin low was significantly higher in hemoglobin normal groups (p=0.0042, Figure 4E-I).

Further analysis was performed to explore whether the risk score correlated with the prognosis of patients in different
subgroups of clinical factors. In an age (<60 and >60), gender (female and male), and hemoglobin (low and normal),
patients in the high-risk group showed a poor prognosis (Figures 5SA—C, log-rank P<0.05). In clinical stage subgroups,
patients in the high-risk group showed a poor prognosis compared with the stage II+III+IV or stage III+IV group (log-
rank P=0.042 and log-rank P=0.0018, respectively Figure 5D and E).

Establishment and Evaluation of Prognostic Risk Models

Clinical factors and the Risk score of ferroptosis signature were included in the univariate Cox regression analysis.
Clinical_stage (HR=2.991, P<0.001), hemoglobin (HR=0.23, P<0.001), and Risk score (HR=1.524, P<0.001) were
significantly correlated with prognostic of PRCC patients (Figure 6A). These 3 factors were selected as prognostic
factors to perform multivariate Cox regression analysis. The results suggested that clinical stage (HR=2.255, 95%
CI=1.441-3.531, P<0.001), hemoglobin (HR=0.434, 95% CI=0.17-1.105, P=0.08), and Risk score (HR=1.391, 95%
CI=1.151-1.681, P<0.001) were confirmed to be an independent predictive factor for predicting OS after calibration of
other clinical characteristics, respectively (Figure 6B).

The risk prognostic model was established based on prognostic factors of clinical stage, hemoglobin, and Risk score,
and the 3- and 5-years survival were given (Figure 6C). The calibration curves of 3-years and 5-years survival and time-
dependent ROC of risk indicated the model has a good predictive ability (Figure 6D and F). The prognostic risk score of
the prognosis model was calculated. The PRCC patients were divided into the high-risk group or low-risk group by the
median of the Risk score. The OS results indicated that the high-risk group showed a poor prognosis compared with the
low-risk group (P<0.001, Figure 6E). The heatmap of clinical factors and Risk score of ferroptosis signature after risk
grouping and the distribution of OS status and risk score was shown in Figure 6G. These results implicated that
ferroptosis prognostic signature may play a key role and as a valuable prognostic factor in PRCC.

Discovery of Important Pathways by GSEA and GO

To further analyze the functions associated with the ferroptosis prognostic signature, we used the “tinyarray and
tidyverse” R package to obtain 19,712 genes mRNA expression data in PRCC and divided them into two groups
based on the risk score. Gene set enrichment analysis was performed by GSEA software. The gene sets were filtered
using the KEGG gene set size of 15 and 500 genes. The top 6 significantly enriched pathways in the high-risk group are
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Figure 3 Establishment of ferroptosis signature. (A) The univariate Cox regression analysis between gene expression and overall survival (OS). (B and C) LASSO Cox
regression analysis of ferroptosis-related prognostic DEG. (D) Multivariate Cox regression analysis of ferroptosis signature. (E and I) The survival status in two cohorts.
(F and J) Receiver operating characteristic (ROC) curve analysis in two cohorts. (G and K) Principal components analysis (PCA) analysis in two cohorts. (H and L) The
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cell cycle, pentose phosphate pathway, P53 signaling pathway, ECM receptor interaction, progesterone mediated oocyte
maturation, and oocyte meiosis (Figure 7A).

Next, 745 prognostic DEG (P <0.05) was performed Gene Ontology (Go) analysis. The top 10 significant enrichment
was shown with FDR<0.05. The results show that the top associated pathway is mainly involved in organelle fission,
mitotic nuclear division, and chromosome segregation (Figure 7B).
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The Immune Cell Infiltration Landscape in PRCC

To further explore the relationship between ferroptosis prognostic signature and tumor immune microenvironment, we
screened the RNA-seq datasets of 164 PRCC patients using the CIBERSORT algorithm,?* investigating the proportion of
different tumor immune cell fractions. The proportion of different tumor immune cell fractions and the correlation of
immune fraction was shown in Figure 8A and B. Wilcoxon rank test indicated that immune infiltration of dendritic cells
resting, macrophage cells, NK cells activated, plasma cells, T cells follicular helper, and T cells regulatory were
significantly different between the high-risk and the low-risk group (Figure 8C and D). Finally, we analyze the
correlation between the expression of signature genes and immune infiltration cells, respectively (Figure 8E and F).

Discussion

PRCC is a malignant renal parenchymal tumor, but, specific clinical drugs and molecular immunotherapy strategies for
PRCC patients are still limited. Therefore, it is an emergency to investigate credible molecular biomarkers for the
prognosis of PRCC patients.

Ferroptosis is an iron-dependent regulatory pathway and is involved in multiple biological processes and diseases.’
Recently study indicated several ferroptosis-related signatures have prognostic value in different cancers. However, the
relationship between ferroptosis-related signature and the prognosis of PRCC patients is still unknown. In this study,
based on the mRNA expression data and clinical data of TCGA PRCC datasets, we are the first time to investigate and
construct 4-genes ferroptosis-related signature (CDKN1A, MIOX, PSAT1, and RRM2) acting as independent prognostic
factors in PRCC patients. The established prognostic risk models show a good capability in predicting PRCC patient
survival. Recent study indicated that 11-genes ferroptosis-related signature accurately predicts clinical prognosis in
patients with CCRCC.? Intriguingly, these 4-genes ferroptosis-related signatures are specific for PRCC patients
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compared with the discovered ferroptosis-related signature in CCRCC,**** which is benefit to develop specific clinical
drugs and diagnostic strategies for PRCC patients only.

According to the ferroptosis database, the 4-genes ferroptosis signature could be divided into three types, MIOX
belongs to drivers, PSAT1 and RRM2, are belong to markers, CDKN1A belongs to suppressors. RRM2 is a catalytic
subunit of ribonucleotide reductase and functions as a regulator for DNA replication and repair. RRM2 is overexpressed
in several cancers and associated with poor prognoses, such as in breast cancer and sarcoma.”>*® RRM2 has been
reported as an independent prognostic factor in lung adenocarcinoma.?’*® CDKNI1A is a cell cycle regulator involved in
genomic stability. Decreased expression of CDKN1A was correlated with poor prognosis in chromophobe renal cell
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Figure 8 Immune fraction in low-risk compared to high-risk patients. (A) Bar plot of the immune fraction denoted by different colors. (B) Correlation of immune fraction.
(C) The heatmap of immune fraction based on risk score. (D) Box plots depicting the CIBERSORT scores of 22 immune cells of the high-risk patients compared with low-
risk patients. (E and F) The correlation with the expression level of signature genes and the immune infiltration cells. Adjusted P-values were showed as: ns, not significant;
*P < 0.05; ¥*P < 0.01; ***P < 0.001; **P<0.0001.

carcinoma.”® A recent study suggested that CDKN1A as a member of ferroptosis-related signature could predict graft
loss following renal allograft.’® PSATI is an enzyme catalyzing serine biosynthesis which regulates cyclin D1
degradation progress proliferation of non-small cell lung cancer.>' Myo-inositol oxygenase (MIOX) is a tubular
enzyme, overexpression of MIOX results in impaired cellular energy homeostasis and exacerbates renal injury.*”
Combined with these studies suggested the signature genes may involve in the metabolism of energy or nucleotide
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and cell cycles, therefore, regulating cells fate, as indicated by GSEA analysis. Notably, although these signature genes
have been reported to have a large function or acted as prognostic factors in several cancers, almost no report on PRCC
tumors.

GSEA analysis suggested P53 signaling pathway was enriched in the high-risk group. P53 involve in multiple
regulatory pathways, such as cell cycle, apoptosis, metabolism, and plays a critical role in tumor suppression.>* A recent
study suggested that p53 regulates ferroptosis by directly regulating the ferroptosis target gene. P53 sensitizes cancer
cells to ferroptosis via suppressing the expression of SLC7A11, which is a cystine/glutamate transporter.>* Inactivation
of ALOX12 blocked p53-mediated ferroptosis stimulated by reactive oxygen species.”> However, p53 also could
suppress ferroptosis in some cases. P53 blocks the activity of dipeptidyl-peptidase-4 (DPP4) and limits elastin-
induced ferroptosis in colorectal cancer. Plasma-membrane-associated DPP4 facilitates lipid peroxidation results in
ferroptosis.’® These researches suggested that p53 regulated ferroptosis in a complicated manner which is cell type-
specific.

Furthermore, we analyze the tumor immune microenvironment in different risk groups. A recent study indicated that
macrophages affect cancer initiation and malignancy. Macrophage was divided into two subsets, M1 (classically
activated) and alternatively activated M2.>” Macrophage M1 function as anti-tumorigenic properties, and macrophage
M2 promote tissue repair and tumor growth.*® Intriguingly, we observed that macrophages M1 accumulated in high-risk
group tumors while macrophages M2 accumulated in low-risk group tumors. Furthermore, our correlation results suggest
the RRM2 and PSAT1 genes positively correlated with macrophage M1 and negatively correlated with macrophage M2,
and the MIOX and CDKNIA genes positively correlated with macrophage M2 and negatively correlated with macro-
phage M1. This may be one of the reasons why the different abundance of macrophage was observed in different risk
groups. The regulation of immune in tumors is complicated, in this case, the mechanism of the specific accumulation of
macrophages in different risk groups is still unclear, and further research is needed to confirm this.

Conclusion

In summary, we constructed a 4-genes ferroptosis signature, which acts as an independent prognostic factor for PRCC.
Furthermore, we established the prognostic risk models confirmed that the ferroptosis signature has a good capability in
predicting PRCC patient survival. Our study provides new insight into the development of ferroptosis signature as
a biomarker and therapeutic target in PRCC.
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