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Female cancers refer to malignant tumors of the female reproductive system and breasts, which severely affect the physical and mental health of women. Although emerging experiment-based studies have indicated a potential correlation between ten-eleven translocation methylcytosine dioxygenase (TET2) and female cancers, no comprehensive studies have been conducted. Therefore, this study aimed to summarize the clinical value and underlying oncogenic functions of TET2 in female cancers, such as breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), ovarian serous cystadenocarcinoma (OV), uterine corpus endometrial carcinoma (UCEC), and uterine carcinosarcoma (UCS), based on the data obtained from The Cancer Genome Atlas. The expression of TET2 was decreased in most female cancers, and its high expression was distinctly associated with the favorable prognosis of most female cancers. Furthermore, CD8+ T-cell infiltration was not correlated with TET2 in OV, UCEC, and UCS, whereas tumor-associated fibroblast infiltration was significantly correlated with TET2 in BRCA, CESC, and OV. TET2 was co-expressed with the immune checkpoint molecules ADORA2A, CD160, CD200, CD200R1, CD44, CD80, NRP1 TNFSF4, and TNFSF15 in most female cancers. Enrichment analysis revealed that some signaling pathways involving TET2 and related genes were related to tumorigenesis. Immunohistochemical and immunofluorescence staining confirmed the results of cancer immune infiltration analysis in BRCA tissues. Therefore, this study provides evidence for the oncogenic functions and clinical value of TET2 in female cancers.
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INTRODUCTION
Female cancers refer to malignant tumors of the female reproductive system and breasts, which seriously threaten the physical and mental health of women. The incidence of breast, cervical, uterine body, and ovarian cancers is gradually increasing, and ranking at the forefront of the incidence of female malignant tumors (Chen et al., 2014). Among these cancers, breast cancer is a major malignant tumor threatening the health of women worldwide. In 2018, more than 2 million new cases of breast cancers were reported worldwide, with the incidence and mortality of breast cancer ranking first among all female cancers (Ferlay et al., 2019). In addition, the incidence of cervical cancer is increasing in the younger population (Lin et al., 2021). Therefore, effective diagnosis and treatment of female cancers are of great clinical significance worldwide.
DNA methylation is a widely recognized epigenetic modification. In mammals, the addition of guanine (linear dinucleotide) (CpG) to the promoter region can inhibit the activity of many genes and promote stable heredity. However, the underlying mechanisms of active DNA demethylation remain unclear, which is a fundamental question in epigenetics research (Greenberg and Bourc’his, 2019). In 2009, TET protein was found to oxidize 5-methylcytosine (5 mC) to 5-hydroxymethylcytosine (5 hmC) in vitro, and since then, the Tet methylcytosine dioxygenase (TET2) protein family has been extensively investigated. TET2 protein is one of the evolutionarily highly conserved members of the Tet family. Several studies have demonstrated that TET2 protein can be used as an invertase to convert 5 mC to 5 hmC (Chowdhury et al., 2014). Furthermore, TET2 can also convert 5 mC to 5-formylcytosine (5 fC) and 5-carboxylcytosine (5 caC) through continuous oxidation reaction (Cadet and Wagner, 2014; Zhang et al., 2014). Although the underlying mechanisms of dynamic regulation of 5 mC and its active and passive demethylation processes remain unclear, the discovery of new enzymatic activities of TET2 enhances the understanding of its potential mechanisms. For example, DNA methyltransferase 1, an enzyme used to maintain DNA methylation, does not recognize 5 hmC, and the transformation of 5 mC to 5 hmC may result in replication-dependent DNA-passive demethylation. Oxidative derivatives of 5 hmC may be involved in active DNA demethylation that is not dependent on replication. Thymine DNA glycosylase (TDG) can shear 5fC or 5caC on the CpG island (TDG has minimal activity for 5 hmC), and the resulting baseless sites are then repaired through the base excision repair (BER) pathway, producing unmethylated cytosine (Zhang et al., 2013). Owing to its role in promoting hematopoietic stem cell self-renewal, cell line typification, and monocyte differentiation during hematopoietic processes, TET2 protein has been mainly investigated in hematologic malignancies, such as myeloproliferative disease and myelodysplastic syndromes (acute leukemia) (Yan et al., 2017; Yue and Rao, 2020). According to recent studies, TET2 has been closely associated with solid tumors, and plays an important role in tumor occurrence and development.
With the advancement of high-throughput and high-resolution sequencing technologies, the open-access The Cancer Genome Atlas (TCGA) (Ganini et al., 2021) and Gene Expression Omnibus (GEO) (Clough and Barrett, 2016) databases provide functional genomic data of tumorigenesis in various cancers. Therefore, combined analyses of a single gene in multiple tumors can be performed. In this study, a conjoint analysis of TET2 was performed using data from TCGA and GEO to assess the following aspects: transcriptional level, clinical outcomes, DNA methylation, genetic mutations, cancer immune infiltration, and related signaling pathways. In addition, tumor tissue validation was performed to consolidate the results. Therefore, this study aimed to comprehensively analyze the clinical significance of TET2 in major female cancers, which, to the best of our knowledge, has never been reported previously.
MATERIALS AND METHODS
Gene Expression Analysis
Data on TET2 expression in normal and tumor cell types and tissues were obtained from the Human Protein Atlas (HPA) (Godin and Eichler, 2017). High specificity was defined as a normalized expression of ≥1 in at least one type of tissue or cell, without the elevation of expression in any tissue or cell type. The major female cancers included for analysis were breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), ovarian serous cystadenocarcinoma (OV), uterine corpus endometrial carcinoma (UCEC), and uterine carcinosarcoma (UCS), which were included in TCGA database. Subsequently, the TET2 expression levels in various types and subtypes of cancers in TCGA database and healthy controls were obtained from the Tumor Immune Estimation Resource version 2 (TIMER2, timer.cistrome.org) database (Li et al., 2017; Li et al., 2020). Gene Expression Profiling Interactive Analysis version 2 (GEPIA2, gepia2. cancer-pku.cn) was used for expression analysis using box plots for cancer types with limited information of healthy controls (Tang et al., 2019). Furthermore, TET2 expression in different cancer stages was summarized via violin plots using GEPIA2. The transformed transcriptional levels were calculated as log2 of transcripts per million (TPM) +1 and were used in box and violin plots. A Sanguini diagram was created using the R package “ggalluval”.
The data of phosphorylated protein levels from the Clinical Proteomic Tumor Analysis Consortium (CPTAC) (Edwards et al., 2015) were analyzed using the UALCAN portal (ualcan.path.uab.edu/analysis-prot.html) (Chandrashekar et al., 2017). The expression level ssof phosphoprotein (with phosphorylation at the S99 and S38 loci) of TET2 (NP_001120680) (with the absence of data of total protein) was compared between the primary tumor and normal tissues. The correlation between TET2 phosphoprotein and disease stage and between the age of patients and histological features of tumors was further analyzed. The available datasets of two tumors, BRCA and UCEC, were selected. The PhosphoNET database (phosphonet.ca) was used to analyze CPTAC-identified TET2 phosphorylation, indicating that various parameters should be considered while selecting putative P-sites. Confirmed P-sites have lower hydrophobicity scores. A lower P-site similarity score typically resembles confirmed corresponding P-Ser, P-Thr, or P-Tyr sites. The maximum KInase score provides the calculated score for the highest match of 500 human protein kinases for amino acid sequence surrounding the target P-site as determined using the kinase substrate predictor V2. The total KInase score provides the sum of the positive individual kinase substrate predictor V2 scores from 500 human protein kinases. The conservation score is defined as the average percentage similarity between the human P-site and equivalent P-sites of 20 other diverse species. This observation warrants further molecular studies to explore the potential role of S38 phosphorylation in tumorigenesis.
Survival and Prognosis Analyses
The association of overall survival (OS) and disease-free survival (DFS) with TET2 in various TCGA cancers was assessed using the survival map section of GEPIA2, and the threshold for different expression levels was set as high (50%) and low (50%). The hypothesis was validated using the log-rank test. In addition, OS, distant metastasis-free survival (DMFS), relapse-free survival (RFS), post-progression survival (PPS), first progression (FP), disease-specific survival (DSS), and progression-free survival (PFS) were assessed using the interactive operation interface of the KM plotter (kmplot.com) using data extracted from the GEO database (BRCA and OV data were available [Supplementary Table 1]). Multiple clinical variables were included in the prognostic analysis, such as immunohistochemical (IHC) staining of tumor tissues, lymph node involvement, pathological grading, TP53 status, and treatment. The median was used to analyze the association between BRCA and OV. The hazard ratio (HR), 95% confidence intervals (CIs), and log-rank p-values were computed, and the Kaplan–Meier survival plots were generated.
The pooled analysis (univariate) of OS, disease-free interval (DFI), progression-free interval (PFI), and DSS was conducted for all tumors. A forest plot was drawn without merging the HRs. In addition, a receiver operator characteristic curve (ROC) was generated to determine whether TET2 expression could accurately predict the 1-, 3-, and 5-years OS in selected types of tumors in TCGA. The best cut-off value of TET2 expression was calculated, and patients from each tumor type were divided into the high- and low-expression groups based on the cut-off value. Survival analysis was performed to validate OS between groups stratified according to the cut-off value.
Genetic Alteration and DNA Methylation Analysis
The genetic alteration features of TET2 were analyzed using TCGA pan-cancer data from cBioPortal for Cancer Genomics (cbioportal.org) (Gao et al., 2013). Alteration frequencies, mutation types, and copy number alterations in selected types of TCGA cancers were analyzed using the cancer-type summary. In addition, mutation sites and three-dimensional TET2 structures were analyzed and represented in a schematic illustration. Differences in TET2 genetic alteration-associated OS, DFS, and PFS among various TCGA cancers were analyzed under the comparison section. Furthermore, KM plots with p-values were generated based on the log-rank test, and the association between different DNA methylation probes of gene susceptibility and TET2 expression was assessed using MEXPRESS (mexpress.be) (Koch et al., 2019; Koch et al., 2015). In addition, the beta value of each sample, p-value (adjusted using the Benjamini–Hochberg procedure), and Pearson correlation coefficients (R) were evaluated. MethSurv (Modhukur et al., 2018) (https://biit.cs.ut.ee/methsurv/) and SurvivalMeth (Zhang et al., 2021) (http://bio-bigdata.hrbmu.edu.cn/survivalmeth/) were used to analyze the prognostic significance of single CpG methylation in TET2 in patients with cancer.
Immune Infiltration Analysis
The association of TET2 levels with CD8+ T-cell infiltration and cancer-associated fibroblasts in selected types of TCGA cancers was analyzed using the Immune-Gene section of TIMER2. To estimate immune infiltration, algorithms such as TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, XCELL, MCPCOUNTER, and EPIC were used. Both p and partial correlation (r) values were evaluated using the purity-adjusted Spearman’s rank correlation test. All results were presented in heatmaps and scatter plots.
Cancer Immune Analysis
The potential association of TET2 expression with tumor mutational burden (TMB), microsatellite instability (MSI), checkpoint expression, number of neoantigens, tumor microenvironment (ESTIMATE algorithm), and immune response pathways in cancers was analyzed using Sangerbox (sangerbox.com/Tool). The Spearman’s rank correlation test was performed, and p and partial correlation (r) values were evaluated.
TET2-Related Gene Enrichment Analysis
The STRING website (string-db.org) was used for TET2-related gene enrichment analysis, including the following parameters: organism, “Homo sapiens”; minimum required interaction score, “low confidence (0.150)”; meaning of network edges, “evidence”; maximum number of interactors to show, “no more than 50 interactors in the first shell”, and active interaction sources, “experiments”. As a result, proteins that bound to or interacted with TET2 were screened out based on published experimentally confirmed data. Moreover, the top 100 genes associated with TET2 were obtained using the similar gene detection section of GEPIA2 based on the data of selected cancers and healthy controls. Pearson’s correlation coefficient was used to assess the correlation between TET2 and potential TET2-related genes. The log2 of TPM was used to analyze dot plots, and p and r values were calculated. In addition, a heatmap representing related genes was generated using the Gene-Corr section of TIMER2, with r and p values calculated using the purity-adjusted Spearman’s rank correlation test. Intersection analyses were conducted to compare TET2-related genes using Jvenn (Bardou et al., 2014). Thereafter, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was conducted using combined results of previous analyses. The potential TET2-related genes were analyzed using the Database for Annotation, Visualization, and Integrated Discovery (Dennis et al., 2003). The enriched signaling pathways were listed in “tidyr” (cran.rproject org/web/packages/tidyr) and “ggplot2” (cran.r-project.org/web/packages/ggplot2) of the R package. The “clusterProfiler” R package (http://www.bioconductor.org/packages/release/bioc/html/clusterProfiler) was used for gene ontology (GO) enrichment analysis. The results of biological processes, cellular components, and molecular functions were represented in cnetplots. The R language software (R-4.0.4, 64-bit) (www.r-project.org) was used for analysis, and p-values < 0.05 were set as statistical significance for two-tailed analyses.
Histological Analysis
This study was approved by the ethics committee of The Women’s Hospital, School of Medicine, Zhejiang University. TET2 was detected in formalin-fixed paraffin-embedded (FFPE) BRCA tissues and paired paracancerous tissues using IHC staining, which was performed as previously described (Tsutsumi, 2021). Three pairs of tissues were examined. Briefly, the tumor tissues were cut into 4-mm-thick sections, dewaxed in xylene, and rehydrated in a graded series of alcohols. The antigen was retrieved by heating the tissue sections in the EDTA solution (1 mM, pH 9.0) at 100°C for 30 min. Cooled tissue sections were immersed in 0.3% hydrogen peroxide for 15 min to block the endogenous peroxidase activity, rinsed with phosphate-buffered saline for 5 min, and blocked with 3% bovine serum albumin at room temperature for 30 min. Subsequently, the sections were incubated with mouse monoclonal antibody against human TET2 (ab243323) (1:30) at 4°C overnight, followed by incubation with HRP-conjugated goat anti-rabbit secondary antibody. Diaminobenzene and hematoxylin were used as a chromogenic substrate and nuclear counterstain, respectively, and representative images were captured. To verify the correlation between TET2 expression and checkpoints in BRCA, immunofluorescence (IF) staining was performed in FFPE BRCA tissues. CD276 (B7-H3), LAG3, and PDCD1 were selected for verification. Briefly, the tissue sections were incubated with mouse monoclonal antibody against human TET2 (10 µg/ml), rabbit monoclonal antibody against CD276 (ab134161) (1 µg/ml), rabbit monoclonal antibody against LAG3 (ab209236) (1:100), and rabbit monoclonal antibody against PDCD1 (ab237728) (1:50) at 4°C overnight, followed by incubation with Alexa®488-conjugated goat anti-mouse secondary antibody or Alexa®549-conjugated goat anti-rabbit secondary antibody (Thermo Fisher Scientific, CA, United States). The nuclear stain Hoechst 34,580 (5 μg/ml; Molecular Probes, Thermo Fisher Scientific, CA, United States) was added before washing the incubated tissues. Finally, the sections were dehydrated, cleared, and mounted using a confocal microscope. The resulting area was measured and cells were quantified using the ImageJ software.
RESULTS
Gene Expression Analysis Using Open-Access Databases
The gene expression patterns of TET2 in normal tissues and immune cells are shown in Figures 1A,B. According to the combined analysis of data from the HPA, GTEx, and Functional Annotation of the Mammalian Genome 5 (FANTOM5), TET2 was found to be moderately or highly expressed in all detected tissues (normalized expression value >1), demonstrating low tissue-specific RNA expression (Figure 1A, Human Protein Atlas). However, a contradictory result was observed in immune cells. High cell-specific RNA expression was observed in neutrophils (Figure 1C, Human Protein Atlas). Moreover, according to results extracted from the HPA, Monaco, and Schmiedel databases at the single-cell resolution, RNA single-cell-type specificity was low (Figure 1B, Human Protein Atlas). Figure 1D demonstrates the IHC staining (nuclear staining) of several normal tissues (the bone marrow, cerebral cortex, colon, kidney, liver, lymph node, and testis).
[image: Figure 1]FIGURE 1 | (A) TET2 transcriptional levels in different normal tissues analyzed using HPA, GTEx, and FANTOM5. (B) TET2 transcriptional levels in different normal cells analyzed using HPA, Monaco, and Schmiedel. (C) TET2 expression in immune cells at the single-cell resolution extracted from the HPA. (D) IHC staining reveals the protein expression of TET2 in normal tissues (mainly located in the nucleus, cited from the HPA).
TET2 expression in major female cancers in TCGA database (including BRCA, CESC, OV, UCEC, and UCS) was analyzed using GEPIA2 and TIMER2 (Figures 2A,B). The TET2 expression levels were lower in patients with BRCA, UCEC, OV, and UCS than in healthy controls (p < 0.05). Furthermore, the total TET2 protein levels were not available in the CPTAC database, and differences in TET2 phosphorylation levels were observed between normal and primary tumor tissues. The data of patients with BRCA and UCEC in the CPTAC dataset were further assessed. The S38 locus exhibited a higher phosphorylation level in UCEC tissues than in normal tissues (p < 0.001), followed by a non-statistical phosphorylation level of the S99 locus in BRCA tissues. In patients with BRCA, the phosphorylation level of the S99 locus was not correlated with stage, age, and histological features of tumors. In patients with UCEC, the phosphorylation level of S38 was higher in patients aged 21–60 years than in those aged 61–80 years, except for the difference between tumor and normal tissues. The phosphorylation level of the S38 locus was significantly higher in patients with grade 2 UCEC than in patients with grade 1 and 3 UCEC (Figure 2C). The PhosphoNET database was used to analyze CPTAC-identified phosphorylation of TET2, and it was found that S38 and S99 phosphorylation ranked 3rd and 11th among phosphorylation levels of all TET2 loci. In addition, S99 phosphorylation was experimentally supported, whereas S38 phosphorylation was not (S99 source: Courtesy of Dr. Leonard Foster and Lindsay Rogers, University of British Columbia, hydrophobicity = −0.260, P-site similarity score = −52.8, maximum kinase specificity = 522, sum of kinase specificity scores = 22,740 and conservation score = 15.5; S38: hydrophobicity = −1.120, P-site similarity score = −55.7, maximum kinase specificity = 451, sum of kinase specificity scores = 19,431 and conservation score = 17.3).
[image: Figure 2]FIGURE 2 | (A,B) Analysis of TET2 expression in various types or subtypes of cancers and normal tissues using TIMER2 and GEPIA2. (C) Analysis of phosphorylated protein expression of TET2 in breast cancer (S99 site) and uterine corpus endometrial carcinoma (S38 site) and their corresponding normal tissues combined with clinical parameters using CPTAC, (D) TET2 expression in different pathological stages of female cancers in TCGA database (*p < 0.05; **p < 0.01; ***p < 0.001). (E) Sanguini diagram representing the correlation between TET2 expression and the age, TMN stage (or tumor grade), and prognosis of patients.
The “pathological stage plot” module of GEPIA2 was used to observe the correlation between TET2 expression and pathological stages of cancer. TET2 was found to be significantly correlated with OV stages among selected tumors (Figure 2D, p < 0.05). The Sanguini diagram revealed the correlation between TET2 and the age, TMN stage (or tumor grade), and prognosis of patients (Figure 2E).
TET2-Related Survival Analysis Based on GEO and TCGA Databases
Patients with different cancers were divided into the high- and low-expression groups based on the median TET2 expression level. The association between TET2 expression and prognosis of patients with various cancer types was analyzed using data obtained from TCGA and GEO. TET2 expression was not associated with prognosis in the selected major female cancers in TCGA database (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) Correlation between TET2 and clinical prognosis analyzed using GEPIA2. The bold border indicates statistical significance. The Kaplan–Meier plotter was also used to examine the association between TET2 and clinical prognosis. Survival studies related to TET2 in breast (B) and ovarian cancers (C).
Subsequently, patients with BRCA and OV were analyzed using the KM plotter (GEO database). In patients with BRCA, high TET2 expression was associated with favorable OS (HR = 0.68, p = 0.0054) and RFS (HR = 0.78, p = 0.0016). In patients with estrogen receptor (ER)-negative and human epithelial growth factor receptor 2 (HER2)-negative BRCA, high TET2 expression was correlated with a better prognosis (OS: HR = 0.50, p = 0.0027; PPS: HR = 0.41, p = 0.027 in ER-negative patients; OS: HR = 0.63, p = 0.0044; RFS: HR = 0.75, p = 0.0015 in HER2-negative patients). In addition, high TET2 expression was associated with good OS in patients with grade 3 BRCA (HR = 0.58, p = 0.036) and BRCA with lymph node involvement (HR = 0.47, p = 0.0023). High TET2 expression was only associated with a poor prognosis in patients with grade 2 BRCA (DMFS: HR = 3.06, p = 0.025) (Figure 3B). Detailed results of univariate prognostic analysis are summarized in Table 1. The TET2 expression level was associated with the prognosis of patients with endometrioid OV (PFS: HR = 0.3, p = 0.038), grade 1–2 OV (PFS: HR = 0.65, p = 0.018), P53-mutated OV (PFS: HR = 1.48, p = 0.038), and stage 1–2 OV (OS: HR = 0.2, p = 0.019). TET2 expression was also associated with the prognosis of patients with OV treated with suboptimal debulking (OS: HR = 1.4, p = 0.024; PFS: HR = 1.43, p = 0.011; PPS: HR = 1.61, p = 0.0017) and optimal debulking (OS: HR = 0.7, p = 0.033) (Figure 3C). Detailed results are summarized in Table 2. Therefore, TET2 expression indicating clinical outcomes differed between patients with BRCA and OV.
TABLE 1 | Survival analysis between TET2 high expression and low expression groups in patients with breast cancer (Kaplan-Meier Plotter).
[image: Table 1]TABLE 2 | Survival analysis between TET2 high expression and low expression groups in patients with ovarian cancer (Kaplan-Meier Plotter).
[image: Table 2]A pooled analysis was performed to examine the association between TET2 expression and OS, DFI, DSS, and PFI in major female cancers in TCGA. The forest plot revealed that TET2 was an independent prognostic factor for OS in OV (HR = 1.26, p = 0.048) but not for DFI and DSS in any selected tumors (Figure 4A). Furthermore, ROC analysis was performed to determine the efficiency of TET2 in predicting the 1-, 3-, and 5-years OS, DFI, PFI, and DSS in patients with selected tumor types from TCGA database. Subsequently, the optimal cut-off value of TET2 expression was calculated and used to divide patients into the high- and low-expression groups. A survival analysis was performed to validate prognosis between the groups. The acceptable prediction efficiency of TET2 was defined as area under the curve (AUC) > 0.6 and p-value < 0.05. TET2 was found to have statistically significant efficiency in predicting survival in several tumors (OS in UCS [cut-off value, 2.45; p = 0.048; 3-years AUC, 0.55; 95% CI, 0.35–0.75; 5-years AUC 0.55; 95% CI, 0.29–0.8] and OV [cut-off value, 1.94; p = 0.072; 1-year AUC, 0.52; 95% CI, 0.41–0.63; 3-years AUC, 0.56; 95% CI, 0.49–0.63; 5-years AUC, 0.55; 95%CI, 0.47–0.63], PFI in BRCA [cut-off value, 3.41; p = 0.01; 5-years AUC, 0.56; 95% CI, 0.49–0.63), and DSS in OV [cut-off value, 1.93; p = 0.072; 1-year AUC, 0.51; 95% CI, 0.37–0.64; 3-years AUC, 0.55; 95% CI, 0.48–0.63; 5-years AUC, 0.55; 95% CI, 0.46–0.63]). However, the efficiency of TET2 in predicting DSS in UCEC was acceptable (cut-off value, 2.51; p = 0.024; 1-year AUC, 0.61; 95% CI, 0.45–0.78) (Figures 4B–E).
[image: Figure 4]FIGURE 4 | (A) Pooled analysis between TET2 expression and OS, disease-free interval (DFI), disease-specific survival (DSS), and progression-free interval (PFI) based on data of female cancers obtained from TCGA; receiver operator characteristic curve analysis was performed to determine the efficiency of TET2 in predicting the 1-, 3-, and 5-years OS, PFI, or DSS of patients with breast cancer (B), uterine corpus endometrial carcinoma (C), uterine carcinosarcoma (D), and ovarian cancer (E).
TET2 Genetic Alteration and DNA Methylation Analysis
Genetic alterations of TET2 in common female cancers (UCEC, BRCA, CESC, UCS, and OV) were investigated. The results revealed that mutation in the TET2 gene was the most common genetic alteration found in most patients with selected cancers. Patients with UCEC had the highest proportion (9.07%) of TET2 genetic alterations, with gene mutations constituting the largest proportion (46/529, 8.7%) (Figure 5A). Detailed information on TET2 genetic alterations is presented in Figure 5B. Furthermore, a missense mutation in TET2 was the most common type of alteration, whereas the R1516*/Q was the most common mutation site found in one patient with UCEC, one with CESC, and one with BRCA. This mutation site was found to induce missense or nonsense mutation in TET2. The possible mutated protein structure of TET2 is presented in Figure 5B. Consequently, the association between TET2 genetic alterations and the prognosis of patients with selected cancers was assessed. As demonstrated in Figure 5C, TET2 genetic alterations were associated with favorable OS, PFS, and DSS in selected tumors. Moreover, favorable OS and PFS were only observed in patients with UCEC (Figure 5D). Furthermore, the association between the DNA methylation level and gene expression of TET2 in selected cancers in TCGA database was analyzed using MEXPRESS. The DNA methylation level was found to be significantly correlated with the gene transcriptional level at different probes. Data are summarized in Table 3 and Figure 5E. The heatmaps of single CpG site methylation of TET2 in BRCA, CESC, UCEC, and UCS (analyzed using MethSurv) are demonstrated in Figure 6A. It was found that cg12306086, cg20586654, cg08530497, and cg22794775 in BRCA, CESC, UCEC, and UCS, respectively, had the highest DNA methylation level and were mainly associated with the prognosis of patients with BRCA. Detailed results are provided in Table 4. As demonstrated in Figure 6B, the heatmap (created using SurvivalMeth) revealed the single CpG methylation level of TET2 in BRCA (TCGA and the GSE37754 dataset of the GEO project) and UCEC (TCGA) samples. Moreover, significant differences in the expression patterns of single CpG methylation of TET2 were found between the low- and high-risk groups in BRCA and UCEC. In addition, a significant prognostic correlation was observed between the high- and low-risk groups. These results supported the conclusions drawn from MethSurv analysis.
[image: Figure 5]FIGURE 5 | TET2 mutation features analyzed using cBioPortal for Cancer Genomics based on TCGA database. Mutation patterns with cancer types (A), most altered sites and three-dimensional structure of TET2 (B). Survival analysis for assessing the correlation between TET2 mutation and clinical prognosis of all female cancers (C) and uterine corpus endometrial carcinoma (D). (E) Correlation between DNA methylation and TET2 expression in female cancers in TCGA database (*p < 0.05; **p < 0.01; ***p < 0.001).
TABLE 3 | Correlation of TET2 DNA methylation and gene expression at multiple probes.
[image: Table 3][image: Figure 6]FIGURE 6 | (A) Heatmap of the clustered expression level of TET2 in single CpG methylation (MethSurv) in breast cancer, cervical squamous cell carcinoma and endocervical adenocarcinoma, uterine corpus endometrial carcinoma, uterine carcinosarcoma, and uveal melanoma. (B) Heatmap of single CpG methylation level (upper left panel); methylation difference in CpG between the high- and low-risk groups (lower panel) and the Kaplan–Meier survival plot (upper right panel). These analyses were performed using SurvivalMeth based on the data of TCGA and GEO projects.
TABLE 4 | The prognostic significance of single CpG methylation of TET2 in patients with female cancer.
[image: Table 4]TET2-Related Immune Infiltration Analysis Based on TCGA Database
As one of the main characteristics of the tumor microenvironment, immune cell infiltration is strongly associated with oncogenesis. Tumor-associated fibroblasts and CD 8+ T cells located in the stroma of the tumor microenvironment contribute to regulating the functions of different tumor-infiltrating immune cells. In this study, the association between immune cell infiltration and TET2 transcriptional level was analyzed using data from TCGA database. The results revealed that CD8+ T-cell infiltration was not correlated with TET2 expression in OV, UCEC, and UCS (Figure 7A). TET2 expression was significantly positively correlated with immune-infiltrating tumor-associated fibroblasts in BRCA, CESC, and OV (Figure 7B). The representative plots of correlation analysis of the aforementioned cancers estimated by a single algorithm are demonstrated in Figures 7A,B. For instance, estimation using TIMER revealed that TET2 expression was found to be positively correlated with CD8+ T-cell infiltration in BRCA (r = 0.315, p = 2.92e-24).
[image: Figure 7]FIGURE 7 | Association between TET2 and immune infiltration of CD8+ T cells (A) and tumor-associated fibroblasts (B) in female cancers in TCGA. The representative plots of correlation analysis generated using a single algorithm are displayed next to the heatmap.
Moreover, TET2 expression was found to be negatively correlated with TMB in UCEC (p = 0.0081) (Figure 8A). No correlation was found between TET2 expression and MSI (Figure 8B). Furthermore, a positive correlation was observed between TET2 expression and ADORA2A, CD160, CD200, CD200R1, CD44, CD80, NRP1 TNFSF4, and TNFSF15 in most female cancers in TCGA database, such as BRCA, OV, UCEC, and CESC (Figure 8C). However, TET2 expression was not associated with any checkpoints in UCS. Moreover, based on the correlation analyses of immune response pathways, TET2 expression was negatively correlated with activated CD8+ T cells, CD56+ natural killer cells, gamma delta T cells, macrophages, MDSC, and monocytes but positively correlated with memory B cells in BRCA, CESC, and UCEC in TCGA database (Figure 8D). Furthermore, TET2 expression was not associated with the number of neoantigens in female cancers (Figure 8E). In addition, the correlation between TET2 expression and the tumor microenvironment was quantitatively assessed using the R package “ESTIMATE”, and the correlation coefficients of TET2 expression and ESTIMATE, stromal, and immune scores were evaluated separately. The ESTIMATE score was negatively associated with TET2 expression in UCEC and CESC, the stromal score was negatively associated with TET2 expression in UCEC, CESC, and BRCA and the immune score was positively associated with TET2 expression in OV and BRCA (Figure 8F).
[image: Figure 8]FIGURE 8 | Analysis between TET2 expression and cancer immune infiltration. Correlation between TET2 expression and tumor mutational burden (A) and microsatellite instability (B). Correlation between TET2 expression and checkpoint molecules (C), immunization routes (D), and the number of neoantigens (E). Correlation between TET2 expression and ESTIMATE, stromal and immune scores in female cancers (F) (*p < 0.05; **p < 0.01; ***p < 0.001).
Enrichment Analysis of TET2-Related Parameters
To investigate the potential mechanisms of action of TET2 in oncogenesis, potential TET2-binding proteins and TET2-expression-associated genes were identified for pathway enrichment analyses. A total of 50 TET2-binding proteins were extracted using STRING. The interaction networks of TET2 and the 50 proteins are demonstrated in Figure 9A. Thereafter, GEPIA2 was used to combine the expression data of selected tumors obtained from TCGA, and the top 100 related genes were found to be associated with TET2 expression. The results revealed that TET2 expression was positively correlated with StAR-related lipid transfer domain containing 3 (R = 0.12), proteasome 26S subunit, non-ATPase 3 (R = 0.11), post-GPI attachment to proteins 3 (R = 0.084), ORMDL sphingolipid biosynthesis regulator 3 (R = 0.12), and growth factor receptor-bound protein 7 (R = 0.039) genes (Figure 9B). As demonstrated in the heatmap representing these genes (Figure 9C), they were found to be positively correlated with TET2 expression mainly in OV and CESC. Furthermore, KEGG and GO enrichment analyses were conducted using the combined results of the aforementioned analyses. Based on the GO analysis, TET2-associated genes were mostly involved in processes associated with collagen catabolism, histone deacetylase activity, extracellular matrix organization, collagen type IV trimer, extracellular matrix structural constituent, Sin3 complex, endoplasmic reticulum lumen, nucleoplasm, collagen-activated tyrosine kinase receptor signaling pathway, and platelet-derived growth factor binding (top 10) (Figure 9D). Based on the KEGG analysis, the top 10 signaling pathways were enriched in protein digestion and absorption, ECM–receptor interaction, human papillomavirus infection, amebiasis, AGE–RAGE signaling in complications associated with diabetes, relaxin signaling, PI3K–Akt signaling, focal adhesion, thyroid hormone signaling, and cell cycle. In addition, several STAR signaling pathways were found to be associated with oncogenesis, such as the PI3K–Akt signaling pathway (p = 0.00017), Notch signaling pathway (p = 0.0078), transcriptional misregulation in cancer (p = 0.021), and Hippo signaling pathway (p = 0.042) (Figure 9E).
[image: Figure 9]FIGURE 9 | TET2-related gene enrichment analysis. (A) TET2-binding proteins were analyzed using STRING. (B) Correlation between TET2 and TET2-related parameters in female cancers in TCGA analyzed using GEPIA2. (C) Heatmap of the corresponding correlation analysis in different types of cancers. The top 30 results of GO (D) and Kyoto Encyclopedia of Genes and Genomes (E) enrichment analyses.
Furthermore, we performed a differential expression analysis between the high- and low-TET2-expression groups to identify TET2-associated genes. The high-throughput sequencing data of female cancers obtained from TCGA were stratified into the high- and low-expression groups based on the median expression of TET2.
Differentially expressed genes were screened based on the criteria of fold change >2 and p < 0.05. The result revealed 37 upregulated genes in BRCA, 16 upregulated genes and 1 downregulated gene in CESC, 147 upregulated and 5 downregulated genes in OV, 74 upregulated and 11 downregulated genes in UCEC, and 179 upregulated and 11 downregulated genes in UCS (Figure 10A). The Venn diagram revealed no overlapping genes in all types of female cancers (Figure 10B). Eventually, 419 genes were identified as TET2-associated genes. Based on the GO analysis, these genes were mostly involved in processes associated with anatomical structure morphogenesis, tissue development, cell adhesion, biological adhesion, collagen-containing extracellular matrix, extracellular matrix, extracellular matrix structural constituent, system development extracellular matrix organization, and animal organ morphogenesis (Figure 10D). Based on the KEGG analysis, the associated pathways were enriched in ECM–receptor interaction, human papillomavirus infection, proteoglycans in cancer, arrhythmogenic right ventricular cardiomyopathy (ARVC), Hippo signaling, regulation of the pluripotency of stem cells, breast cancer, Wnt signaling, aldosterone-regulated sodium reabsorption, and small cell lung cancer were enriched. Some enriched pathways are represented in Figure 9E. In addition, the STAR signaling pathways, such as the PI3K–Akt signaling (p = 0.00323) and Notch signaling (p = 0.00196) pathways, were associated with oncogenesis (Figure 10C). Therefore, these results suggest that TET2 plays a critical role in cancers. Furthermore, two different methods to identify TET2-associated genes revealed seven overlapping TET2-associated genes (TMEM178A, ARSJ, COL4A5, COL1A1, COL3A1, COL5A1, and COL5A2) (Figure 10E). As demonstrated in the heatmap (Figure 10F), these genes were found to be positively correlated with TET2 expression in all female cancers except UCS.
[image: Figure 10]FIGURE 10 | (A) Heatmap (upper panel) and volcano plot (lower panel) representing differentially expressed genes between the high- and low-TET2-expression groups in female cancers. (B) Venn diagram demonstrating the overlap between differentially expressed genes among female cancers. Enrichment analyses using Kyoto Encyclopedia of Genes and Genomes (C) and GO (D). (E) Venn diagram demonstrating seven overlapping genes between two methods (based on correlation analysis and differential expression analysis) of identification of TET2-associated genes. (F) Heatmap demonstrating the correlation between TET2 expression and the seven overlapped genes in different types of cancers.
Histological Analysis of BRCA Tissues
IHC staining was used to detect TET2 in FFPE tissues. As shown in Figures 11A,B, TET2 expression was slightly higher in paired paracancerous tissues than in BRCA tissues. In addition, IF staining revealed that TET expression was negatively associated with LAG3 and PDCD1 expression but positively associated with CD276 expression, which was consistent with the results of the previous bioinformatic analyses.
[image: Figure 11]FIGURE 11 | (A) Immunohistochemical staining reveals the protein expression of TET2 in breast cancer and the adjacent tissues. (B) Immunofluorescence staining indicates subcellular localization of TET2 and the checkpoint molecules LAG3, CD276, and PDCD1 in breast cancer tissues. (1 cm in figure represents 50 µm in actual).
DISCUSSION
Studies have demonstrated that 5-hydroxymethyluracil (5hmU) can be formed by active deamination of 5 hmC through the activation-induced deaminase/apolipoprotein B mRNA editing enzyme complex (Pfaffeneder et al., 2014). The 5 hmU produced can be removed via the action of DNA glycosylase and the BER pathway. TET2 is considered a tumor suppressor gene, and its haploid deficiency can initiate myeloid and lymphatic transformation. TET2 mutations, such as deletion, insertion, and code shift mutations, are usually accompanied by a significant reduction in the total amount of 5 hmC. Loss of TET2 function caused by the TET2 gene and IDH1/2 mutations is common in myeloid malignancies and lymphomas. One of the most common causes of onco-suppressor gene inactivation in tumors is hypermethylation in the promoter region related to onco-suppressor gene silencing. In recent years, the role of TET2 in the occurrence and development of solid tumors has been gradually revealed. Decreased TET2 expression has been reported in solid malignant tumors, such as thyroid (Jia et al., 2020), gastric (Deng et al., 2016; He et al., 2018), colorectal (Huang et al., 2016; Ma et al., 2018; Zhang et al., 2019), ovarian (Zhang et al., 2015), breast (Yang et al., 2015; Chen et al., 2017; Shen et al., 2021), and prostate cancers (Nickerson et al., 2017). In vitro studies have demonstrated decreased TET2 expression is associated with solid tumor development. In vitro studies on breast cancer have reported that TET2 knockout upregulates the expression of programmed death-ligand 1 (PD-L1) in MCF7 cells. However, ectopic TET2 expression inhibits the gene expression of PD-L1 in MDA-MB-231 cells (Shen et al., 2021). Furthermore, KDM2A knockout significantly increases TET2 expression in various breast cancer cell lines. In cells with KDM2A deletion, TET2 expression is inhibited owing to ectopic KDM2A expression, indicating that TET2 is the transcriptional inhibition target of KDM2A. Therefore, KDM2A interacting with RelA co-occupies the gene promoter region of TET2, thus inhibiting TET2 transcription. Moreover, RelA or KDM2A depletion can restore TET2 expression. In KDM2A-deficient cells, TET2 upregulation can induce the reactivation of two tumor-suppressive genes, epithelial cell adhesion molecule and e-cadherin located downstream of TET, and thus inhibiting cell migration and invasion (Chen et al., 2017).
This study aimed to demonstrate the overview of the TET2 gene in multiple female cancers and provide a foundation for the study of such cancers. Whether TET2 plays a role in the development of various female cancers mainly through a well-known DNA methylation signaling pathway remains unknown. To the best of our knowledge, studies on TET2 in female cancers have not yet been reported. Therefore, this study comprehensively evaluated the potential functions of TET2 in different female cancers using data extracted from TCGA, CPTAC, and GEO databases, such as TET2 gene expression features, genetic mutations, DNA methylation, immune infiltration, and gene interactions. TET2 was found to be widely expressed in different tissues, with low tissue and cell specificity, and high TET2 expression was found in multiple normal organs. Low TET2 expression was found in female cancers, except for CESC, suggesting its potential role in the development of female cancers. However, this finding could not be supported by protein-level analysis based on data extracted from the CPTAC database owing to the unavailability of data on the total protein level of TET2. The expression of S99-phosphorylated TET2 protein in BRCA and S38-phosphorylated TET2 protein in UCEC was also analyzed. S38-phosphorylated TET2 was found to be elevated in tumor tissues and negatively correlated with the tumor pathological grade. A significant association was observed between TET2 expression and the tumor stage in OV in TCGA database. In a study, Zhang reported that TET2 expression in OV was significantly lower than that in normal ovarian tissues and was correlated with the pathologic stage, tumor grade, lymph node metastasis, and vascular thrombosis (Zhang et al., 2015), which is consistent with our findings.
Survival analyses were conducted using GEPIA2 and KM plotter, suggesting different outcomes in female cancers. TCGA prognostic analysis revealed that TET2 expression was not associated with prognosis in female cancers. However, based on the survival analysis of the KM plotter with Affymetrix HGU133A and HGU133 + 2 microarrays (Györffy et al., 2010), high TET2 expression was associated with favorable OS and RFS in all patients with BRCA. The results were partially confirmed in the subgroup analysis stratified by clinical parameters, including IHC staining, lymph node involvement, pathological grade, TP53 mutation status, and treatment. In patients with ER-positive, HER2-positive, grade 2–3, and lymph node-involved BRCA, increased TET2 expression indicated good survival. Similar results were observed in patients with OV in the GEO database. However, high TET2 expression was not always associated with a favorable prognosis. Elevated TET2 expression was considered a risk factor in patients with OV characterized by p53 mutation and in those who underwent suboptimal debulking. To further confirm the effects of TET2 on the prognosis of female cancers, studies with larger sample sizes and those focusing on other types of female cancers such as UCEC and CESE should be conducted.
More exhaustive studies are required to determine the exact role of TET2 in tumor development—whether it initiates oncogenesis or acts as a result of tumor development. Analysis of patient data extracted from TCGA revealed that patients with UCEC had the highest TET2 mutation frequency, at approximately 9%. According to the analysis, TET2 mutation was correlated with a poor prognosis in TET2-mutated female cancers. Furthermore, low DNA methylation levels at multiple regions and upregulated TET2 genetic expression were found to be significantly correlated in female cancers. However, the detailed clinical value should be further identified.
The correlation of TET2 with MSI and TMB in female cancers remains unclear. In this study, TET2 expression was significantly correlated with checkpoints and immunization routes in UCEC and BRCA. In OV, TET2 expression was associated with a majority of checkpoints but not with immunization routes, whereas contradictory results were obtained in CESC. Several checkpoints were examined in FFPE BRCA tissues via IF staining, and bioinformatic analyses were used to confirm the results. Moreover, based on the combined data of TET2-interacting elements and TET2 transcription-associated genes in female cancers, enrichment analysis revealed some potential effects of cancer-associated signaling pathways, such as the PI3K–Akt signaling pathway, Notch signaling pathway, transcriptional misregulation in cancer, and Hippo signaling pathway, on tumor etiologies or oncogenesis. Some of these findings have been reported (Xu, 2020); however, further validation is required in vitro and in vivo.
We found no correlation between TET2 expression and CD8+ T-cell infiltration in BRCA, CESC, OV, UCEC, and UCS. Jiang (2020) reported that the loss of TET2 enhances the differentiation memory of CD8+ T cells. In addition, the loss of TET2 promotes early acquisition of memory CD8+ T-cell features and strengthens the formation of memory CD8+ T cells in a cell-inherent manner without affecting antigen-driven cell proliferation or effector behavior (Carty et al., 2018). Whether TET2 participates in immune checkpoint suppression mediated by the CTLA-4 or PD-1 pathway, whether and how TET2 acts on CD8+ cytotoxic T lymphocytes, and coordination of PD-L1/CTLA-4 to regulate the anti-cancer CD8+ T-cell response remain to be studied further. To the best of our knowledge, this is the first study to report a positive correlation between TET2, and immune infiltration in cancer-associated fibroblasts in BRCA, CESC, OV, and UCEC. However, detailed transcriptome or genome analyses are required to reveal more evidence on the potential association between TET2 and female cancer immunology. In this study, the histological analysis of BRCA tissues revealed some signals of TET2 localization in the cytoplasm. We speculated that such a result was observed because of non-specific signaling of TET2 antibodies or because some unexpected interstitial tissues were stained. However, it did not affect the conclusion.
Therefore, this study suggested that TET2 expression was significantly correlated with clinical prognosis, DNA methylation, gene mutation, and cancer immunology in female cancers. Our findings provide a relatively comprehensive understanding of the role of TET2 in the oncogenesis of female cancers.
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