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Abstract: Background: Epithelial ovarian cancer (EOC) is the deadliest malignancy among the gynecologic tumors, and ovarian serous cystadenocarcinoma (OV) is the dominant histological type. Ferroptosis is a novel iron-dependent, programmed form of cell death, and agents that trigger ferroptosis may constitute potential anti-cancer therapies. Materials and Methods: We herein extracted the genes that participate in the process of ferroptosis from the online FerrDb database to create a ferroptosis-related genome (FRG), and then comprehensively analyzed the relationship between the mRNA expression of each gene and the clinicopathologic features of The Cancer Genome Atlas (TCGA)-OV cohort. Results: We found that most of the FRG genes were differently expressed between OV and normal ovarian tissue and were significantly related to the prognosis of OV. In addition, gene ontology (GO) analysis revealed that the candidate genes of the FRG were primarily associated with responses to nutrient levels, oxidative stress, oxygen levels, and neuronal death. The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated that candidate genes of the FRG were primarily associated with ferroptosis, hepatitis B, mitophagy, prostate cancer, and bladder cancer. The protein–protein interaction (PPI) network exhibited 132 nodes, 565 edges, an average node degree of 9.94, and an average local clustering coefficient of 0.539, indicating that the proteins were closely interrelated with one another and constitute a biological cluster. A comprehensive analysis of the top 5 genes involved in promoting and preventing ferroptosis revealed that these genes were differently expressed between OV and normal ovarian tissue, were significantly related to the prognosis of OV, reflected excellent diagnostic value, and were significantly correlated with immune cell infiltration in the tumor microenvironment (TME), polarization of macrophages, and with immune checkpoints. The protein levels of top 5 genes involved in promoting ferroptosis were differentially expressed between OV and normal ovarian tissue, and the top 5 genes involved in preventing ferroptosis were constitutively expressed in most of the normal tissues and tumors. Conclusions: We herein ascertained that the majority of the FRG was differentially expressed between OV and normal ovarian tissue, that the genes were significantly related to prognosis, and that the dysregulation of ferroptosis appeared to influence the development and progression of OV. The FRG showed an excellent diagnostic value for OV, and we postulate that it is significantly correlated with immune cell infiltration and immune checkpoints in the TME. We posit that targeting ferroptosis might comprise a novel anti-cancer therapy in OV.
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Abbreviations



	EOC
	Epithelial ovarian cancer



	OV
	Ovarian serous cystadenocarcinoma



	FRG
	Ferroptosis-related genome



	TCGA
	The cancer genome altas



	PFS
	Progression-free survival



	OS
	Overall survival



	STRING
	Search tool for the retrieval of interaction genes/proteins



	PPI
	Protein-protein interaction network



	HPA
	Human protein altas



	TIMER
	Tumor immune estimation resource



	ICKs
	Immune checkpoints



	GO
	Gene Ontology



	KEGG
	Kyoto Encyclopedia of Genes and Genomes



	TME
	Tumor microenvironment



	WHO
	World Health Organization



	PARP
	Poly (adenosine diphosphate-ribose) polymerase



	BRCA
	Breast cancer gene



	HRD
	Homologous recombination deficiency



	L-ROS
	Lipid reactive oxygen species



	TFR
	Transferrin receptor



	FPN
	Ferroportin



	GEO
	Gene expression omnibus



	EGA
	European Genome-Phenome Archive



	EMBL
	European Molecular Biology Laboratory



	GEPIA
	The Gene Expression Profiling Interactive Analysis



	GTEx
	Genotype-tissue expression



	PD-1
	Programmed cell death protein-1



	PD-L1
	programmed death ligand 1




1  Introduction

EOC is the deadliest disease among gynecological malignancies, and according to the World Health Organization (WHO), there were 295,400 new cases and 184,800 deaths of ovarian cancer worldwide in 2021 [1]. OV is the dominant histological type, and the standard treatment is still optimal cytoreduction (primarily debulking surgery or interval debulking surgery) combined with platinum-based chemotherapy. Most patients emerge with recurrent, chemoresistant, and ultimately terminal disease, and the median progression-free survival (mPFS) is only 12–18 months [2]. However, targeted therapy has progressed markedly in recent years. In the clinical trials ICON7 [3] and GOG0218 [4], the investigators evaluated the efficacy of combined bevacizumab as first-line chemotherapy and then maintained chemotherapy for EOC; however, these chemotherapeutic agents only extended PFS by 2.4 months and 3.8 months, respectively. Poly (adenosine diphosphate ribose) polymerase (PARP) inhibitors have significantly extended PFS and overall survival (OS) of women with EOC and who harbor the breast cancer gene (BRCA) mutations and homologous recombination deficiency (HRD). However, an epidemiological survey revealed that only 43% of patients carried BRCA mutations and/or HRD and that over half of patients did not benefit from PARP inhibitors [5]. While immunotherapeutic targeting of programmed cell death protein-1 (PD-1)/programmed death ligand 1 (PD-L1) shows limited benefit in EOC [6], there remains an urgent need to develop novel and efficient therapies to overcome the challenges inherent to existing therapies.

Ferroptosis is a novel iron-dependent, programmed form of cell death that is characterized by an overwhelming accumulation of cytotoxic lipid reactive oxygen species (L-ROS) and perturbations to the integrity and permeability of bio-membranes and that is significantly distinct from other known forms of cell death such as parthanatos, pyroptosis, apoptosis, and necroptosis [7]. Ferroptosis is involved in the progression of multiple diseases, including neurodegeneration [8], Parkinson’s disease, Alzheimer’s disease, acute renal failure [9], ischemia/reperfusion injury of the intestine and myocardial infarction [10], and cancers [11–15]. Recent studies revealed a number of genes that have been implicated in ferroptosis, including involvement in pathways of L-ROS metabolism, iron metabolism, and redox reactions. For example, glutathione peroxidase 4 (GPX4) is considered to be a critical regulator in preventing ferroptosis [16], while dysregulation of ferroptosis might influence the development and progression of cancers. Some clinical anti-tumor compounds such as sorafenib [17] and traditional Chinese medicines such as artesunate [18] and piperlongumine [19] manifested anti-cancer effects via the ferroptotic pathway. Due to its non-apoptotic properties, triggering ferroptosis may sensitize resistant cancer cells, and pioneering studies have reported that erastin sensitized resistant acute myeloid leukemia cells [20], glioma cells [21], and head and neck cancer cells [22] to re-administer chemotherapeutic intervention. Metabolic changes constitute a common feature in tumors, and high levels of intracellular iron have now been reported for a number of cancers, including glioblastoma [23], and breast [24] and prostate cancers [25]. Recent studies showed that iron metabolism was dramatically perturbed in OV, characterized by the up-regulation of the iron transporter transferrin receptor (TFR)1 and the iron-storage protein ferritin, and down-regulation of the iron efflux pump ferroportin (FPN) [26]. Such vulnerabilities might be able to be exploited therapeutically, and therefore, triggering ferroptosis is emerging as an attractive anti-cancer therapy in OV.

Emerging experimental studies have shown the potential effect of triggering ferroptosis in a variety of tumors such as colorectal cancer [27], breast cancer [28], lung cancer [29], thyroid cancer [30], bladder cancer [31], and glioma [32]. Due to its non-apoptotic nature, the use of anti-cancer therapy in triggering ferroptosis was expected to overcome the disadvantages of traditional chemotherapy and radiotherapy, and, intriguingly, it was found that chemotherapy-resistant cancer cells were still sensitive to ferroptosis inducers [33–35]. Thus, triggering ferroptosis has developed into an effective strategy for treating cancer cells resistant to traditional therapies. However, the effects of triggering ferroptosis in OV remain unexplored. Elucidating the molecular regulation of ferroptosis has undergone rapid progress, and investigators have identified numerous genes that participate in the process of ferroptosis, including those promoting and preventing ferroptosis. In addition to regulating ferroptosis, these genes form a complex regulatory network that is closely associated with metabolic and other cellular functions. Ferroptosis is also regulated by a variety of genes and signaling pathways, and these appear to interact with each other to collectively affect ferroptotic sensitivity. Since the functions and effects of single genes may be compensated by other genes, the value of a single gene in ferroptosis remains limited. Therefore, comprehensively analyzing the expression and clinical significance of a ferroptosis-related genome (FRG) in OV would facilitate the evaluation of susceptibility to ferroptosis and also assist in the development of therapeutic strategies that target ferroptosis.

In the present study, we compared the mRNA and protein levels of FRG genes between OV and normal ovarian tissue and evaluated the correlations between the FRG and clinical characteristics, survival prognosis, immune cell infiltration, macrophage polarization, and immune checkpoints in OV.

2  Methods

2.1 Data Sources

The TCGA database [36] (https://portal.gdc.cancer.gov) was initiated in 2006 by the National Cancer Institute and the National Human Genome Research Institute, USA. The database contained a variety of data from more than 20,000 samples of 33 types of cancer, including transcriptomic expression, genomic variation, methylation, and clinical pathologic information. As the largest cancer gene database, TCGA has become the first choice for cancer research due to its large sample size, diverse data types, and standardized data formats. The data from OV patients—along with the expression of mRNAs and matching clinical data—were obtained by the TCGA cancer browser.

2.2 Building a Ferroptosis-Related Genome

We extracted the genes that participate in the process of ferroptosis from the online FerrDb V2 beta database to create an FRG. FerrDb (http://www.zhounan.org/ferrdb/current/) [37] was the world’s first manually curated database for regulators and ferroptosis-disease associations. The data in FerrDb are free to download and use for academic and research purposes only and are routinely updated to support long-term service. V2 beta was released on 2022-05-24.

2.3 The Human Protein Atlas

The Human Protein Atlas (https://www.proteinatlas.org/) [38] is based upon proteomics, transcriptomics, and biologic data, and it offers expression information on distinct human samples that include tissues, cells, and organs. This online database currently provides information on 44 normal tissues and 20 of the most typical cancers and allows consultation on the survival curves of tumor patients.

2.4 Survival Analysis

According to the median expression of target genes of the FRG, patients were divided into high-expression and low-expression categories. To investigate the relationships between the expression levels of target gene and clinical outcomes of OV, we adopted R statistical software (version 3.6.3) and the survival R package (version 3.2–10) to assess the correlation between the expression of a target gene and prognosis in OV, and the ggplot2 R package (version 3.3.3) was implemented to assess the diagnostic value of a target gene for OV. To compensate for the lack of normal TCGA samples, we used the online tool KM plotter (http://www.kmplot.com/analysis/) [39]. The KM plotter is a meta-analysis-based discovery and validation tool of survival biomarkers and data sources that include the Gene Expression Omnibus (GEO), European Genome-phenome Archive (EGA), and TCGA, and it is able to assess the correlation between the expression of 30 k genes (mRNAs, miRNAs, proteins) and survival in 21 tumor types.

2.5 Comprehensive Analysis of Protein–Protein Interactions

The STRING database (https://cn.string-db.org/) [40] was created by the European Molecular Biology Laboratory (EMBL) and draws functional associations between genes. After importing the FRG into the online STRING database, we obtained the PPI network information, and a confidence score >0.7 was considered to be significant. Cytoscape software was utilized to map and analyze protein-interaction relationships, and the Network Analyzer was applied to calculate node degree of the PPI. We expected the proteins in the central nodes to be key proteins that reflected important regulatory functions.

2.6 TIMER Database Analysis

The TIMER database (http://cistrome.org/TIMER/) [41] is a public online database that comprises a comprehensive resource for systematical analysis of immune infiltrates across 32 diverse cancer types. The correlation between FRG expression and 24 types of immune cell infiltration (i.e., by macrophages, NK cells, cytotoxic cells, dendritic cells, and neutrophils) in the TME of OV was thus evaluated via the TIMER database. We additionally displayed the relationship between the expression of a target gene and M1/M2 macrophages.

2.7 Gene-Correlation Analysis

The Gene Expression Profiling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/index.html) [42] is an online database that consists of 9736 tumors and 8587 normal samples from TCGA and Genotype-Tissue Expression (GTEx) data. It focuses on the analysis of the relevance of two RNA sequences. Using the GEPIA database, we investigated the relationship between a target gene and three important ICKs: PD-1, PD-L1, and CTLA-4. The x-axis is presented with the level of the target gene, and the y-axis is plotted with immune checkpoints.

2.8 GO/KEGG-Enrichment Analyses

For this study, we conducted correlation analysis of candidate genes in ovarian cancer using TCGA data and calculated the Pearson correlation coefficient. GO analysis was performed using enriched GO functions in the cluster Profiler R package (version 3.14.3), and we exploited KEGG analysis using the Enrich KEGG function of the cluster Profiler R package (version 3.14.3). |ES| > 1, P < 0.05, and FDR < 0.25 were considered to be statistically significant.

3  Results

3.1 Patient Characteristics

A total of 379 OV samples and 88 normal ovarian samples from the TCGA database were enrolled in our research, and the details of RNA expression profiles, clinical data, pathological data, and prognostic information were extracted for further analysis. In Table 1, we summarize patient clinical information that includes age at diagnosis, race, FIGO stage, histologic grade, primary therapeutic outcome, anatomical neoplasm subdivision, venous invasion, lymphatic invasion, residual tumors, tumor status, OS events, disease-specific survival (DSS) events, and platinum-free interval (PFI) events.
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3.2 The Expression and Prognostic Value of the FRG in OV

We initially extracted the genes participating in the process of ferroptosis from the FerrDb V2 beta online database to create the FRG. FerrDb was the world’s first manually curated database for regulators and ferroptotic-disease associations. A total of 455 genes that regulate ferroptosis were enrolled in the FRG, including 226 genes involved in promoting ferroptosis, 193 genes involved in preventing ferroptosis, and 18 genes involved in the bidirectional regulation of ferroptosis (Fig. 1A). Regarding genes that promoted and showed bidirectional regulation of ferroptosis and compared with normal ovarian samples, 72 genes were more highly expressed, 134 genes showed attenuated expression, seven genes were not expressed, and the expression of 31 genes was unchanged (Fig. 1B). With respect to genes that prevented and exhibited bidirectional regulation of ferroptosis, and compared with normal ovarian samples, 92 genes showed higher expression, the expression of 99 genes was reduced, seven genes were not expressed, and 13 genes remained unchanged (Fig. 1C). Seventy-eight genes involved in promoting ferroptosis were differentially expressed between normal ovarian samples and OV, and these were significantly related to PFS and OS in women with OV (Fig. 1D). In addition, 63 genes were differentially expressed between normal ovarian samples and OV and significantly related to PFS and OS in women with OV (Fig. 1E). We thereby selected these 141 candidates for further analysis. Our results revealed that the majority of the FRG was differentially expressed between OV and normal ovarian tissues and that the genes were significantly related to the prognosis of OV. We postulate that dysregulation of ferroptosis therefore influences the development and progression of OV.
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Figure 1: The expression and prognostic value of FRG in OV. (A) Venn diagram showed the ferroptosis related genome. (B) The expression level of promoting ferroptosis in OV. (C) The expression level of preventing ferroptosis in OV. (D) Venn diagram showed the genes differently expressed between normal ovarian samples and OV, meanwhile significantly related with PFS and OS of OV for promoting ferroptosis. (E) Venn diagram showed the genes differently expressed between normal ovarian samples and OV, meanwhile significantly related with PFS and OS of OV for preventing ferroptosis. (F) GO analysis of candidates in cellular component. (G) GO analysis of candidates in biological process. (H) GO analysis of candidates in molecular function. (I) KEGG analysis of candidates. (J) PPI network of candidates

3.3 Gene Functional-Enrichment Analysis of Candidates in the FRG

We selected 141 candidates in the FRG that were differentially expressed and significantly related to PFS and OS in women with OV and applied them to enrichment analysis. Functional enrichment and Gene Ontology (GO) [43] analyses revealed functional enrichment of candidates in the three main functional groups: cellular component, biological process, and molecular function. In the cellular component category, 141 candidates genes were mainly involved in autophagosome membrane, NADPH oxidase complex, autophagosome, mitochondrial outer membrane, and apical part of cell (Table 2, Fig. 1G). In the biological process category, 141 candidates were primarily involved in response to nutrient levels, oxidative stress, oxygen levels, and neuron death (Table 2, Fig. 1F). In the molecular function category, 141 candidates were principally involved in ubiquitin protein ligase binding, superoxide-generating NADPH oxidase activity, disordered domain-specific binding, DNA-binding transcription activator activity, and RNA polymerase II-specific (Table 2, Fig. 1H). KEGG analysis indicated that the candidate genes were primarily associated with ferroptosis, hepatitis B, mitophagy, prostate cancer, and bladder cancer (Table 2, Fig. 1I). The functional interaction between proteins reflected the interrelationships and molecular underpinnings of the FRG in tumor cells, and we used STRING, Cytoscape, and Network Analyzer to assess the PPI network of the 141 candidates in the FRG to determine their interactions in OV. The PPI network exhibited 132 nodes, 565 edges, an average node degree of 9.94, and an average local clustering coefficient of 0.539. This indicated that candidates in the FRG interacted closely among themselves, the proteins closely interrelated with one another, and they constituted a biological cluster (Fig. 1J). These results revealed that in addition to regulating ferroptosis, these genes formed a complex regulatory network that was closely correlated with metabolism and various cellular functions. Ferroptosis was also regulated by a variety of genes and signaling pathways, and these molecular indices interacted with one another to collectively affect the sensitivity of ferroptosis. As the functions and effects of a single gene might be compensated by others, the value of a single gene in ferroptosis is limited. Multi-target or pan-target therapies may therefore comprise more ideal anti-tumor strategies.
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3.4 The Expression and Prognostic Value of the Top 5 Genes Involved in Promoting Ferroptosis in OV

FerrDb provided the relevant gene scores as evidence according to the number of original research studies where the genes were verified as to their relation with ferroptosis, with higher scores representing more supporting evidence. We extracted the top 5 scores of genes (ACSL4, ALOX15, HMOX1, IREB2, and TP53) that promoted ferroptosis from the online FerrDb V2 beta for comprehensive analysis, and the results revealed that the expression of ALOX15, HMOX1, and IREB2 was significantly lower in women with OV than in normal ovarian tissue, that the expression of TP53 was significantly higher in OV (Fig. 2A), that the expression of ALOX15 and IREB2 was significantly related to the stage of OV (Fig. 2B), and that patients with attenuated expression of ALOX15 manifested a better survival outcome in the TCGA cohort (Fig. 2C). Kaplan–Meier analysis revealed that patients with attenuated expression of ACSL4 and IREB2 manifested a longer PFS, but that those with augmented expression of HMOX1 and TP53 showed longer PFS with OV (Fig. 2D). Reduced expression of ACSL4 and HMOX1 was related to longer OS, but elevated expression of ALOX15 and TP53 was associated with longer OS in OV (Fig. 2E). The expression of HOMX1 and IREB2 generated an excellent diagnostic value for OV, with AUC values of 0.898 (CI, 0.859–0.938) and 0.895 (CI, 0.866–0.923), respectively (Fig. 2F).
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Figure 2: The expression and prognostic value of top 5 genes of promoting ferroptosis in OV. (A) The expression level of top 5 genes of promoting ferroptosis in OV and ovary. (B) The relation between expression level of top 5 genes of promoting ferroptosis and stages of OV. (C) The relation between expression level of top 5 genes of promoting ferroptosis and OS of OV patients in the TCGA cohort.(D) The relation between expression level of top 5 genes of promoting ferroptosis and PFS of OV patients by Kaplan-Meier analysis. (E) The relation between expression level of top 5 genes of promoting ferroptosis and OS of OV patients by Kaplan-Meier analysis. (F) The diagnostic value of top 5 genes of promoting ferroptosis of OV

3.5 The Protein Levels of the Top 5 Genes Involved in Promoting Ferroptosis in the HPA Database

Proteins are the direct executor of biological functions, as mRNAs are required for protein translation to perform their functions. We therefore analyzed the protein levels of the top 5 genes involved in promoting ferroptosis in the HPA database and noted that ACSL4 protein was expressed in most tissues at a high level, including cerebral cortex, lung, hippocampus, colorectal cancer, and testicular cancer. However, ACLS4 expression was reduced in ovary and OV (Figs. 3A, 3F, 3G), while expression of ALOX15 protein was elevated in OV but lower in ovary (Figs. 3B, 3H, 3I). HMOX1 protein was notably expressed in most tissues, including lung, duodenum, small intestine, skin, spleen, renal cancer, and urothelial cancer. However, its expression was lower in ovary and OV (Figs. 3C, 3J, 3K). IREB2 protein was highly expressed in most tissues, including cerebellum, parathyroid gland, adrenal gland, and lung cancer, but less expressed in ovary and OV (Figs. 3D, 3L, 3M). TP53 protein expression was higher in OV than in ovary (Figs. 3E, 3N, 3O). These results revealed that the protein levels of the top 5 genes involved in promoting ferroptosis were differentially expressed between OV and normal ovarian tissue.
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Figure 3: The protein level of top 5 genes of promoting ferroptosis in HPA database. (A) The protein level of ACSL4 in 44 normal human tissues and 17 forms of human cancer. (B) The protein level of ALOX15 in 44 normal human tissues and 17 forms of human cancer. (C) The protein level of HMOX1 in 44 normal human tissues and 17 forms of human cancer. (D) The protein level of IREB2 in 44 normal human tissues and 17 forms of human cancer. (E) The protein level of TP53 in 44 normal human tissues and 17 forms of human cancer. (F) The immunohistochemical images of ACSL4 in ovarian tissue. (G) The immunohistochemical images of ACSL4 in ovarian cancer. (H) The immunohistochemical images of ALOX15 in ovarian tissue. (I) The immunohistochemical images of ALOX15 in ovarian cancer. (J) The immunohistochemical images of HMOX1 in ovarian tissue. (K) The immunohistochemical images of HMOX1 in ovarian cancer. (L) The immunohistochemical images of IREB2 in ovarian tissue. (M) The immunohistochemical images of IREB2 in ovarian cancer. (N) The immunohistochemical images of TP53 in ovarian tissue. (O) The immunohistochemical images of TP53 in ovarian cancer

3.6 Correlations between Immune Cell Infiltration and the Top 5 Genes Involved in Promoting Ferroptosis in OV

The significance of the TME (in addition to the cancer cells themselves) has received much attention [44]. The TME is the environment relied upon by tumor cells for survival and development. It includes various cells and non-cellular components as well as the capillaries, lymphatic networks, and bio-molecules that infiltrate around the tumor. Immune cells are vital components in the TME and closely related to tumor progression, outcome, and treatment response [45]. The analysis of immune cells is therefore expected to uncover novel therapeutic targets that would improve the treatment of this deadly disease. As shown in Figs. 4A–4E, all of the top 5 genes (ACSL4, ALOX15, HMOX1, IREB2, and TP53) were significantly correlated with immune cell infiltration in the TME. Macrophages were the principal immune cells that we observed in the TME of ovarian cancer and were closely correlated with proliferation, invasion, metastasis, drug resistance, and immune response. Macrophages that infiltrate into the TME are called tumor-associated macrophages (TAMs) and can be divided into M1-TAMs (carrying anti-tumor activity) and M2-TAMs (with pro-tumor activity) according to their relevant activation pathways. TAMs constitute a “double-edged sword” in the development of tumors and are associated with differential polarization. M1-TAMs are activated by interferon-γ (IFN-γ) and lipopolysaccharide (LPS), primarily secrete a series of pro-inflammatory and immune-stimulating molecules such as interleukin-1 β (IL-1β) and tumor necrosis factor α (TNF-α), and can inhibit tumor progression. M2-TAMs are activated by IL-4, IL-13, and immune complexes and mainly secrete a variety of anti-inflammatory molecules such as interleukin-10 (IL-10) and tumor necrosis factor β (TNF-β), thus promoting tumor progression. As shown in Figs. 4F–4O, ACSL4 and HMOX1 were significantly positively correlated with M1 macrophage polarization, ALOX15 and IREB2 were significantly negatively correlated with M1 macrophage polarization, and ACSL4, ALOX15, and HMOX1 were significantly positively correlated with M2 polarization of macrophages. These results revealed that the top 5 genes involved in promoting ferroptosis were closely related to immune cell infiltration and polarization of macrophages in the TME of OV.
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Figure 4: The correlation between immune cell infiltration and top 5 genes of promoting ferroptosis in OV. (A) The correlation between immune cell infiltration and ACSL4 in OV. (B) The correlation between immune cell infiltration and ALOX15 in OV. (C) The correlation between immune cell infiltration and HMOX1 in OV. (D) The correlation between immune cell infiltration and IREB2 in OV. (E) The correlation between immune cell infiltration and TP53 in OV. (F) The correlation between M1-macrophage infiltration and ACSL4 in OV. (G) The correlation between M1-macrophage infiltration and ALOX15 in OV. (H) The correlation between M1-macrophage infiltration and HMOX1 in OV. (I) The correlation between M1-macrophage infiltration and IREB2 in OV. (J) The correlation between M1-macrophage infiltration and TP53 in OV. (K) The correlation between M2-macrophage infiltration and ACSL4 in OV. (L) The correlation between M2-macrophage infiltration and ALOX15 in OV. (M) The correlation between M2-macrophage infiltration and HMOX1in OV. (N) The correlation between M2-macrophage infiltration and IREB2 in OV. (O) The correlation between M1-macrophage infiltration and TP53 in OV

3.7 Correlations between Immune Checkpoints and the Top 5 Genes Involved in Promoting Ferroptosis in OV

Immune-checkpoint inhibitors comprise a novel immunotherapy and operate by activating immune cells to achieve the purpose of anti-tumorigenicity. At present, immune-checkpoint inhibitors show excellent anti-tumor effects in lung cancer, lymphoma, melanoma, and bowel cancer. The expression levels of immune checkpoint-related genes are closely correlated with the treatment responses to immune-checkpoint inhibitors [46]. We therefore examined three important ICKs (PD-1, PD-L1, and CTAL-4), and as shown in Fig. 5, ACSL4 and HMOX1 were significantly positively correlated with PD-1, PD-L1, and CTLA-4, and IREB2 was significantly positively correlated with PD-L1. These results showed that the top 5 genes promoting ferroptosis were closely related to ICKs and might also be related to responses to immunotherapy in OV.
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Figure 5: The correlation between immune checkpoints and top 5 genes of promoting ferroptosis in OV. (A) The correlation between CTLA-4 and ACSL4. (B) The correlation between CTLA-4 and ALOX15. (C) The correlation between CTLA-4 and HMOX1. (D) The correlation between CTLA-4 and IREB2. (E) The correlation between CTLA-4 and TP53. (F) The correlation between PD-1 and ACSL4. (G) The correlation between PD-1 and ALOX15. (H) The correlation between PD-1 and HMOX1. (I) The correlation between PD-1 and IREB2. (J) The correlation between PD-1 and TP53. (K) The correlation between PD-L1 and ACSL4. (L) The correlation between PD-L1 and ALOX15. (M) The correlation between PD-L1 and HMOX1. (N) The correlation between PD-L1 and IREB2. (O) The correlation between PD-L1 and TP53

3.8 The Expression and Prognostic Value of the Top 5 Genes Involved in Preventing Ferroptosis in OV

We extracted the top 5 genes (FTH1, GPX4, NFE2L2, SCD, and SLC7A11) involved in preventing ferroptosis from the online FerrDb V2 beta database for comprehensive analysis and demonstrated that the expression of NFE2L2 and SCD was significantly lower in OV than in the ovary, that the expression of FTH1, GPX4, and SLC7A11 was significantly higher in OV (Fig. 6A), that the expression of NFE2L2 was significantly related to the stage of OV (Fig. 6B), and that patients showing higher expression levels of SLC7A11 manifested a better survival outcome in the TCGA cohort (Fig. 6C). Kaplan–Meier analysis revealed that patients with attenuated expression of FTH1 and SCD revealed a longer PFS, but that elevated expression of NFE2L2 and SLC7A11 was associated with longer PFS in OV (Fig. 6D). Reduced expression of NFE2L2 and SLC7A11 was related to longer OS (Fig. 6E), and the expression of FTH1, GPX4, NFE2L2, and SLC7A11 showed excellent diagnostic value for OV. The AUC values were 0.870 (CI, 0.839–0.901), 0.877 (CI, 0.845–0.908), 0.926 (CI, 0.901–0.951), and 0.836 (CI, 0.789–0.882) (Fig. 6F).
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Figure 6: The expression and prognostic value of top 5 genes of preventing ferroptosis in OV. (A) The expression level of top 5 genes of preventing ferroptosis in OV and ovary. (B) The relation between expression level of top 5 genes of preventing ferroptosis and stages of OV. (C) The relation between expression level of top 5 genes of preventing ferroptosis and OS of OV patients in the TCGA cohort. (D) The relation between expression level of top 5 genes of preventing ferroptosis and PFS of OV patients by Kaplan-Meier analysis. (E) The relation between expression level of top 5 genes of preventing ferroptosis and OS of OV patients by Kaplan-Meier analysis. (F) The diagnostic value of top 5 genes of preventing ferroptosis of OV

3.9 The Protein Levels of the Top 5 Genes Involved in Preventing Ferroptosis from the HPA Database

We also analyzed the protein levels of the top 5 genes involved in preventing ferroptosis from the HPA database and showed that FTH1 protein was highly expressed in the majority of the 44 normal human tissues, including cerebral cortex, caudate nucleus, endometrium, and ovary. In addition, FTH1 was highly expressed in most of the 17 forms of human cancer, including glioma, thyroid cancer, renal cancer, and OV (Figs. 7A, 7E, 7F), GPX4 protein showed elevated expression in most of the 44 normal human tissues, including cerebral cortex, testis, duodenum, and ovary, and GPX4 protein was expressed in a few tumors such as thyroid cancer, renal cancer, prostate cancer, and melanoma, but its expression was attenuated in OV (Figs. 7B, 7G, 7H). We observed augmented NFE2L2 protein expression in virtually all of the 44 normal human tissues, including cerebral cortex, hippocampus, thyroid gland, stomach, and ovary. We noted that NFE2L2 was expressed in almost all of the 17 forms of human cancer, including glioma, thyroid cancer, liver cancer, renal cancer, and OV (Figs. 7C, 7I, 7G). SCD protein was highly expressed in almost all 44 normal human tissues, including cerebral cortex, hippocampus, thyroid gland, stomach, and ovary, and in almost all 17 forms of human cancer, including glioma, thyroid cancer, liver cancer, renal cancer, and OV (Figs. 7D, 7K, 7L). SLC7A11 protein was not found in the HPA database. These results revealed that the protein levels encoded by the top 5 genes involved in preventing ferroptosis were constitutively expressed in the majority normal tissues and tumors.
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Figure 7: The protein level of top 5 genes of preventing ferroptosis in HPA database. (A) The protein level of FTH1 in 44 normal human tissues and 17 forms of human cancer. (B) The protein level of GPX4 in 44 normal human tissues and 17 forms of human cancer. (C) The protein level of NFE2L2 in 44 normal human tissues and 17 forms of human cancer. (D) The protein level of SCD in 44 normal human tissues and 17 forms of human cancer. (E) The immunohistochemical images of FTH1 in ovarian tissue. (F) The immunohistochemical images of FTH1 in ovarian cancer. (G) The immunohistochemical images of GPX4 in ovarian tissue. (H) The immunohistochemical images of GPX4 in ovarian cancer. (I) The immunohistochemical images of NFE2L2 in ovarian tissue. (J) The immunohistochemical images of NFE2L2 in ovarian cancer. (K) The immunohistochemical images of SCD in ovarian tissue. (L) The immunohistochemical images of SCD in ovarian cancer

3.10 Correlations between Immune Cell Infiltration and the Top 5 Genes Involved in Preventing Ferroptosis in OV

As shown in Figs. 8A–8E, all of the top 5 genes (FTH1, GPX4, NFE2L2, SCD, and SLC7A11) were significantly correlated with immune cell infiltration in the TME of OV. We further analyzed the relationship between the top 5 genes and macrophage polarization. As shown in Figs. 8F–8O, FTH1, GPX, and NFE2L2 were significantly positively correlated with M1 polarization of macrophages, and NFE2L2 was significantly positively correlated with M2 polarization. These results showed that the top 5 genes involved in preventing ferroptosis were closely related to immune cell infiltration and macrophage polarization in the TME of OV.
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Figure 8: The correlation between immune cell infiltration and top 5 genes of preventing ferroptosis in OV. (A) The correlation between immune cell infiltration and FTH1 in OV. (B) The correlation between immune cell infiltration and GPX4 in OV. (C) The correlation between immune cell infiltration and NFE2L2 in OV. (D) The correlation between immune cell infiltration and SCD in OV. (E) The correlation between immune cell infiltration and SLC7A11 in OV. (F) The correlationbetween M1-macrophage infiltration and FTH1 in OV. (G) The correlation between M2-macrophage infiltration and FTH1 in OV. (H) The correlation between M1-macrophage infiltration and GPX4 in OV. (I) The correlation between M2-macrophage infiltration and GPX4 in OV. (J) The correlation between M2-macrophage infiltration and NFE2L2 in OV. (K) The correlation between M1-macrophage infiltration and NFE2L2 in OV. (L) The correlation between M1-macrophage infiltration and SCD in OV. (M) The correlation between M2-macrophage infiltration and SCDin OV. (N) The correlation between M1-macrophage infiltration and SLC7A11 in OV. (O) The correlation between M2-macrophage infiltration and SLC7A11 in OV

3.11 Correlations between Immune Checkpoints and the Top 5 Genes Involved in Preventing Ferroptosis in OV

We ultimately analyzed the relationships between the top 5 genes involved in preventing ferroptosis and three important ICKs that included PD-1, PD-L1, and CTAL4. As shown in Fig. 9, FTH1 and SCD were significantly positively correlated with PD-1, PD-L1, and CTLA4; NFE2L2 and SLC7A11 were significantly positively correlated with PD-L1; and GPX4 was significantly negatively correlated with PD-L1. These results signified that the top 5 genes involved in preventing ferroptosis were closely associated with ICKs and that they might be related to responses of immune-checkpoint inhibitors in OV.
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Figure 9: The correlation between immune checkpoints and top 5 genes of preventing ferroptosis in OV. (A) The correlation between CTLA4 and FTH1. (B) The correlation between CTLA4 and GPX4. (C) The correlation between CTLA4 and NFE2L2. (D) The correlation between CTLA4 and SCD. (E) The correlation between CTLA4 and SLC7A11. (F) The correlation between PD-1 and FTH1. (G) The correlation between PD-1 and GPX4. (H) The correlation between PD-1 and NFE2L2. (I) The correlation between PD-1 and SCD. (J) The correlation between PD-1 and SLC7A11. (K) The correlation between PD-L1 and FTH1. (L) The correlation between PD-L1 and GPX4. (M) The correlation between PD-L1 and NFE2L2. (N) The correlation between PD-L1 and SCD. (O) The correlation between PD-L1 and SLC7A1

4  Discussion

Ferroptosis is a novel iron-dependent, programmed form of cell death that is characterized by an overwhelming accumulation of cytotoxic L-ROS, disturbances in the integrity and permeability of bio-membranes, and is significantly distinct from other known forms of cell death such as parthanatos, pyroptosis, apoptosis, and necroptosis [7]. Ferroptosis can be inhibited by key regulators of redox homeostasis such as iron chelators, free radical-trapping antioxidants, and glutathione peroxidase 4. The principal cytological changes related to ferroptosis are concentrated on mitochondria, including smaller size, increased membrane density, and loss of mitochondrial cristae [47]. Recent studies have depicted ferroptosis as related to the onset and development of a variety of tumors, and our results also showed that most of the FRG was differentially expressed between OV and normal ovary, suggesting that dysregulation of ferroptosis exists in the development of OV.

Due to their exaggerated metabolic characteristics, most tumors are in a high oxidative-stress state, and these tumors (such as hepatocellular carcinoma [48], osteosarcoma [49], prostate cancer [50], cervical cancer [51], and diffuse large B cell lymphoma [52]) are more vulnerable to ferroptosis. Investigators recently demonstrated that iron metabolism is dramatically perturbed in a number of cancers that include breast cancer [53], glioblastoma [54], prostate cancer [55], and OV [56], and are characterized by the upregulation of the iron importer TFR1 and iron-storage protein ferritin and the downregulation of the iron efflux pump FPN. Such an “iron addiction” phenotype is inherently vulnerable to ferroptosis, and this can be exploited therapeutically. Triggering ferroptosis greatly reduced the viability and colony formation of non-small cell lung cancer [57], thyroid cancer [58], bladder cancer [59], glioma [60], head and neck squamous cell carcinoma [61], OV [62], and colon cancer [63] in vitro. Due to its non-apoptotic nature, anti-cancer therapy that triggers ferroptosis is expected to overcome the disadvantages of traditional chemotherapy and radiotherapy. Thus, the induction of ferroptosis has emerged as a therapeutic strategy for cancer cells that are resistant to traditional therapies. However, the effects of triggering ferroptosis in OV are currently unexplored. Our comprehensive analysis of the expression and clinical significance of a ferroptosis-related genome in OV facilitated the development of therapeutic strategies targeting ferroptosis and assisted in the evaluation of susceptibility to ferroptosis, and our results revealed that most of the FRG was significantly related to the prognosis of OV, suggesting that dysregulation of ferroptosis may participate in the development and progression of OV. We posit that OV might also be a ferroptosis-sensitive tumor and postulate that triggering ferroptosis would thereby constitute a novel therapeutic strategy in overcoming treatment challenges in OV.

The execution of ferroptosis involves a complex chain of biochemical reactions and a number of genes that are involved in ferroptosis. According to the FerrDb V2 beta online database, we enrolled a total of 455 genes in the FRG, including 226 genes that promoted ferroptosis, 193 genes that prevented ferroptosis, and 18 genes involved in the bidirectional regulation of ferroptosis; these genes then formed a complex regulatory network that related closely to cellular metabolism and other cellular functions besides ferroptosis. Ferroptosis is also regulated by a variety of genes and signaling pathways, and these may interact with one another with the functions and effects of a single gene compensated by others, but since the value of single gene in ferroptosis is limited, we screened differentially expressed genes between the ovary and OV and analyzed their relationships with PFS and OS in OV, enrolling 141 candidates. Enrichment analyses suggested that these candidate genes were primarily involved in ubiquitin protein ligase binding, superoxide-generating NADPH oxidase activity, disordered domain-specific binding, DNA-binding transcription activator activity, and RNA polymerase II-specific. KEGG analysis indicated that the candidate genes were primarily associated with ferroptosis, hepatitis B, mitophagy, prostate cancer, and bladder cancer. The PPI network exhibited 132 nodes, 565 edges, an average node degree of 9.94, and an average local clustering coefficient of 0.539. This indicated that these candidate genes were biologically connected as a group and suggested that they were closely related to each other in co-regulating a variety of biological functions and biochemical metabolic pathways. They were also closely related to ferroptosis and cancer, and therefore a multi-target or pan-target therapy might constitute a more ideal anti-tumor strategy for ferroptosis-based therapy.

To comprehensively explore the role and significance of the FRG in OV, we extracted for comprehensive analysis the top 5 genes involved in promoting ferroptosis (ACSL4, ALOX15, HMOX1, IREB2, and TP53) and in preventing ferroptosis (FTH1, GPX4, NFE2L2, SCD, and SLC7A11) from the online FerrDb V2 beta database. Acyl-CoA synthetase long-chain family member 4 (ACSL4), cysteine-glutamate antiporter system (system Xc-), and glutathione peroxidase 4 (GPx4) are the three primary components that regulate ferroptosis [64]. ACSL4 [65] is a member of the long-chain family of acyl-CoA synthetase proteins and considered a vital regulator of ferroptosis, and recent studies have shown that ACSL4 promotes the formation of phytosterol esters esterified from arachidonic acid (AA) and adrenaline as primary substrates for peroxidation reactions of ROS. SLC7A11 [66] is the functional component of system Xc-that imports extracellular cystine for the synthesis of glutathione (GSH), and is a critical regulator of cellular redox homeostasis and ferroptosis. GPX4 [67] converts lipid hydroperoxides to lipid alcohols and prevents the accumulation of toxic L-ROS, and the inhibition of GPX4 function is sufficient to lead to the induction of ferroptosis. We applied bioinformatics technology to verify the correlation between the top 5 genes involved in promoting/preventing ferroptosis and the clinicopathological features and prognosis in multiple databases, including TCGA, GEO, GTEx, HPA, KM plotter, and TIMER. Our results confirmed that the mRNAs and proteins generated by the top 5 genes involved in promoting/preventing ferroptosis were differentially expressed between OV and normal ovarian tissue, were closely related to the prognosis of OV, and showed high diagnostic value in OV. This further confirmed that ferroptosis participates in the onset, development, and progression of OV.

Previous studies have focused on the biological behaviors and regulatory mechanisms underlying tumor cells themselves. However, workers in the field have demonstrated that the TME plays a key role in tumor progression, invasion, and metastasis. The TME is a specific biological microenvironment composed of infiltrating immune cells, stromal cells, blood vessels, extracellular matrix, and exosomes. The infiltrating immune cells are pivotal functional elements, and a plethora of studies have shown that the level of T cell immune infiltration [68–70] is related to the efficacy of immunotherapy; this is therefore the focus of current research in immunotherapeutics. Elevated concentrations of B cells and T cells are associated with an improved OS in many types of cancers [71–73], and NK cells [74–76] are important mediators of anti-tumor immunity. Macrophages in the TME are defined as tumor-associated macrophages (TAMs) and comprise a topic of intense scientific scrutiny in recent years. TAMs are also the largest group of infiltrating leukocytes in solid tumors [77–79], affecting the development and outcome of cancers at multiple levels. These actions include modulating the TME, affecting tumor invasion and metastasis, regulating angiogenesis, and inducing drug resistance, and they are closely associated with the prognosis of various types of cancer. Although the exact mechanism(s) governing the progression and recurrence of ovarian cancer is still unelucidated, extant studies suggest that augmented infiltration levels of TAMs accelerate the progression of ovarian cancer. We herein demonstrated that the top 5 genes involved in promoting/preventing ferroptosis were closely associated with immune cell infiltration with respect to TAMs, B cells, and T cells, and we suggest that they are related to the progression of OV.

TAMs can be divided into M1-TAMs (with anti-tumor activity) and M2-TAMs (with pro-tumor activity) according to their activation pathways. Macrophages comprise a “double-edged sword” in the development of tumors, and this is related to differential polarization. M1-TAMs mainly secrete a series of pro-inflammatory and immune-stimulating molecules and can inhibit tumor progression. M2-TAMs chiefly secrete a variety of anti-inflammatory molecules and might promote tumor progression. Recent studies have found that higher levels of M2-TAMs [80] and a higher M2/M1 ratio [81] were related to a worse prognosis for OV. We analyzed the relationships between the top 5 genes involved in promoting/preventing ferroptosis and macrophage polarization employing the TIMRE online database. Our results showed that FTH1, GPX4, NFE2L2, ACSL4, and HMOX1 were significantly positively correlated with M1 polarization, that ALOX15 and IREB2 were significantly negatively correlated with M1 polarization, and that NFE2L2, ACSL4, ALOX15, and HMOX1 were significantly positively correlated with M2 macrophage polarization. These results showed that the top 5 genes involved in promoting/preventing ferroptosis were closely correlated with macrophage polarization in the TME and might be related to the prognosis of OV.

Locally immunosuppressed microenvironments constitute a common phenomenon in solid tumors and are usually mediated by CTLA-4 and PD-1/PD-L1 signaling. CTLA-4 [82] regulates T cell activation within secondary lymphoid organs, is expressed on regulatory T cells, and serves as a negative immune regulator. Programmed death protein-1 (PD-1) [83], a cell surface molecule expressed on activated T and B cells, interacts with the programmed death ligand 1 (PD-L1) [84], is present on leukocytes, non-hematopoietic cells, non-lymphoid tissues, and tumor cells via over-expression of PD-L1, and acquires the ability to activate PD-1 signaling in tumor-infiltrating T cells—all of which result in a locally immunosuppressed microenvironment. Immunotherapy has in recent years significantly improved the prognosis of several malignancies, including melanoma and lung and urogenital cancers, and an increasing number of exploratory trials involving ICKs in heavily treated recurrent OV (even in newly diagnosed settings) [85–87] have revealed that the expression levels of immune checkpoint-related genes were related to treatment responses to immune-checkpoint inhibitors. We therefore analyzed the correlation between the top 5 genes involved in promoting/preventing ferroptosis and immune-checkpoint-related genes and demonstrated that ACSL4, HMOX1, FTH1, and SCD were significantly positively correlated with PD-1, PD-L1, and CTLA4, that IREB2, NFE2L2, and SLC7A11 were significantly positively correlated with PD-L1, and that GPX4 was significantly negatively correlated with PD-L1. These results revealed that the top 5 genes involved in promoting/preventing ferroptosis were closely related to ICKs, and we posit that they are related to the responses of immune-checkpoint inhibitors in OV.

Overall, the present study revealed that most of the FRG genes were differently expressed between OV and normal ovarian tissues and that they were significantly associated with the prognosis of OV. However, there were some limitations to this study. First, individual variations in patients might influence ferroptotic sensitivity and the clinical value of the FRG in OV, and we herein only utilized TCGA and other public databases. We expect that additional biological evidence is needed to establish whether our FRG can be applied to clinical patients. Second, although we validated the expression and prognostic value of the FRG in TCGA and other public databases to a degree, we did not consider other significant genes and clinicopathological characteristics. Third, we only possessed a limited understanding of the signaling pathways involved in ferroptosis, and the specific molecular mechanisms underlying the FRG in OV—as well as their interactions with metabolism and cell death—remain unknown. In addition, the roles of the uncovered genes must be investigated both in vivo and in vitro in the future.

5  Conclusions

Most FRG genes were differently expressed between OV and normal ovarian tissue at the mRNA and protein levels and were significantly related to OV prognosis. We hypothesize that dysregulation of ferroptosis might influence the development and progression of OV. The FRG exhibited excellent diagnostic value with respect to OV and may be significantly correlated with immune cell infiltration and immune checkpoints in the TME. We posit that targeting ferroptosis might therefore constitute a novel anti-cancer therapy in OV.
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Table 1: Clinical characteristics of the OV patients in TCGA database

Characteristic Levels Overall

N 379

FIGO stage, n (%) Stage 1 1 (0.3%)
Stage 11 23 (6.1%)
Stage 111 295 (78.5%)
Stage IV 57 (15.2%)

Primary therapeutic outcome, n (%) PD 27 (8.8%)
SD 22 (7.1%)
PR 43 (14%)
CR 216 (70.1%)

Race, n (%) Asian 12 (3.3%)
Black or African-American 25 (6.8%)

Age, n (%)

Histologic grade, n (%)

Anatomic neoplasm subdivision, n (%)

Venous invasion, n (%)

Lymphatic invasion, n (%)

Tumor residual, n (%)

Tumor status, n (%)

OS event, n (%)

DSS event, n (%)

PFI event, n (%)

Age, median (IQR)

White
<=60

>60

Gl

G2

G3

G4
Unilateral
Bilateral
No

Yes

No

Yes

NRD

RD
Tumor free
With tumor
Alive
Dead
Alive
Dead
Alive
Dead

328 (89.9%)
208 (54.9%)
171 (45.1%)
1 (0.3%)

45 (12.2%)
322 (87.3%)
1 (0.3%)
102 (28.6%)
255 (71.4%)
41 (39%)
64 (61%)
48 (32.2%)
101 (67.8%)
67 (20%)
268 (80%)
72 (21.4%)
265 (78.6%)
147 (38.8%)
232 (61.2%)
154 (43.5%)
200 (56.5%)
102 (26.9%)
277 (73.1%)
59 (51, 68)
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Table 2: GO/KEEG analysis of candidates of the FRG in OV

Oncology ID Description Gene Bgratio P value p.adjusted Q value
ratio

BP GO:0031667 Response to nutrient levels 27/131 499/18670 9.68e — 17 3.63e — 13 2.18¢ — 13
BP G0:0034599 Cellular response to oxidative stress 21/131 302/18670 2.56e — 15 4.80e — 12 2.89¢ — 12
BP GO0:0070997 Neuron death 21/131 348/18670 4.25¢— 14 3.77e¢ — 11 2.27¢ — 11
BP GO:0070482 Response to oxygen levels 22/131 394/18670 4.86e — 14 3.77¢ — 11 2.27e — 11
BP GO:1901214 Regulation of neuron death 20/131 313/18670 6.19¢ — 14 3.77¢ — 11 2.27e—11
CC GO0:0000421 Autophagosome membrane 6/130 36/19717 1.21e — 07 3.72¢ — 05 2.78¢ — 05
CcC GO0:0043020 NADPH oxidase complex 4/130  15/19717 2.33e— 06 2.79¢ — 04 2.08¢ — 04
CcC GO:0005776 Autophagosome 7/130  93/19717 2.72¢ — 06 2.79¢ — 04 2.08e — 04
CC GO:0005741 Mitochondrial outer membrane 8/130 178/19717 2.40e — 05 0.002 0.001

CcC GO0:0045177 Apical part of cell 11/130 384/19717 4.86e — 05 0.003 0.002

MF GO:0031625 Ubiquitin protein ligase binding 14/131 290/17697 3.24e — 08 1.63e —05 1.23e —05
MF G0:0044389 Ubiquitin-like protein ligase binding 14/131 308/17697 6.86e — 08 1.73e —05 1.31e — 05
MF GO:0016175 Superoxide-generating NADPH oxidase ~ 4/131 12/17697 1.36e — 06 2.27¢ — 04 1.72¢ — 04

activity
MF GO0:0097718 Disordered domain-specific binding 5/131  33/17697 4.14e — 06 4.76e — 04 3.6le — 04
MF G0:0001228 DNA-binding transcription activator 14/131 439/17697 4.73e — 06 4.76e — 04 3.61le — 04
activity, RNA polymerase II-specific

KEGG  hsa04216 Ferroptosis 12/95 41/8076  2.05¢ — 14 4.82¢ — 12 2.64e — 12
KEGG  hsa05161 Hepatitis B 14/95 162/8076 4.88¢ —09 4.07¢ — 07 2.22e — 07
KEGG hsa04137 Mitophagy-animal 10/95 68/8076  5.20e — 09 4.07¢ — 07 2.22e — 07
KEGG hsa05215 Prostate cancer 11/95 97/8076 1.43e — 08 8.42e — 07 4.60e — 07
KEGG  hsa05219 Bladder cancer 8/95  41/8076  1.89¢ — 08 8.88¢ — 07 4.85¢ — 07
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