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Abstract: Background: The late detection of endometrial carcinoma (EC) at an advanced stage often results in a poor patient prognosis. It is hence important to identify reliable biomarkers to facilitate early detection of EC. Signal transducer and activator of transcription (STAT) family members play an important role in several tumors, however, their impact on EC development and progression remains unclear. Methods: Machine learning methods were used to investigate the importance of STAT5B in EC. Results: Hence, we explored the UALCAN data mining platform and found that while STAT1 and STAT2 were upregulated, STAT5A, STAT5B, and STAT6 were downregulated in EC. This high expression of STAT5B and STAT6 predicted favorable clinical outcomes, whereas the increased expression of STAT1 and STAT2 predicted poor clinical outcomes. Subsequent pathway enrichment analysis revealed that the STAT family was mainly involved in apoptosis pathway activation, cell cycle disruption, and epithelial–mesenchymal transition. Drug sensitivity analysis demonstrated that STAT5A/5B expression was negatively correlated with drug resistance in EC. Further, the expression of STAT5B mRNA and protein was correlated with several clinicopathological characteristics. Tumor Immune Estimation Resource (TIMER) analysis revealed that STAT5B expression was positively correlated with the abundance of infiltrating CD8+ T cells and neutrophils while its copy number variation was associated with the overall immune cell infiltration. The data on the correlations between STAT5B expression and related genes in uterine corpus endometrial carcinoma (UCEC) in cBio Cancer Portal showed the closest correlation of STAT5B expression with that of KIAA0753 (also known as moonraker and OFIP), followed by COL27A1 in EC. Pathway enrichment analysis further showed that STAT5B-related genes were involved in the mitogen-activated protein kinase (MAPK) and Ras signaling pathways. Conclusion: Collectively, our findings provided new insights into the role of the STAT family in EC. It also highlighted new targets for future research on diagnostic and prognostic markers and STAT5B as a novel marker for drug sensitivity screening.
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Introduction

The incidence of EC has been reported to increase in recent years globally, especially in developed countries, and it has become a serious threat to the health of women (Crosbie et al., 2022). Currently, surgery supplemented with postoperative radiotherapy and chemotherapy is the main strategy for treating EC. Owing to challenges in early detection, many patients with EC are diagnosed at an advanced stage, which is also associated with a poor prognosis. Thus, there is an urgent need to explore biological indicators with high sensitivity and specificity for guiding early clinical diagnosis and treatment of EC.

Signal transducer and activator of transcription (STAT) is a family of transcription factors including seven main members, namely, STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6. These are widely expressed in different cells and tissues and perform diverse functions. Accumulating evidence points to the role of the STAT family in tumor proliferation, invasion, metastasis, immune escape, and drug resistance (Galimberti et al., 2022; Golus et al., 2022; Liu et al., 2021b; Mirzaei et al., 2021; Wong et al., 2022; Xin et al., 2021; Yang et al., 2022b; Zhu et al., 2023). However, the expression of STAT family members in EC and their clinical significance remain unclear, especially, since the role of STAT5B in EC has not yet been reported. Studies have demonstrated a relatively complex role of STAT5B in tumors. On one hand, STAT5B could influence tumor development directly by regulating the expressions of target genes related to the cell cycle (Hou et al., 2023), proliferation (Subramaniam et al., 2020), and apoptosis (Zhang et al., 2015). STAT5B could also promote tumor progression by inducing mitochondrial dysfunction, increasing intracellular reactive oxygen species (ROS) levels, and inducing DNA damage (Du et al., 2012). On the other hand, STAT5B also showed an anti-tumor function by participating in immune-related biological processes in specific microenvironments (Dong et al., 2019; Fujimura et al., 2017; Rao et al., 2020). This study analyzed the prognostic significance of STAT5B and associated signaling in EC.

This analysis provided evidence for the role of STATs in EC while alsooffering novel diagnostic and prognostic biomarkers and potential therapeutic targets. The current study was conducted in accordance with the STrengthening the REporting of Genetic Association Studies (STREGA) reporting checklist.

Materials and Methods

Approach

In this study, we systematically evaluated the relationships of the expression of STATs with the diagnosis and prognosis of UCEC employing integrated bioinformatics approaches based on public RNA-sequencing (RNA-seq) data from The Cancer Genome Atlas (TCGA), UALCAN, Sangerbox, HPA, and tools like Kaplan–Meier plotter, GSCALite, GeneMANIA, cBioPortal, Tumor Immune Estimation Resource (TIMER), Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, and the Database for Annotation, Visualization and Integrated Discovery (DAVID). We also investigated genetic methylation and mutations in STATs, along with their biological functions and impacts on drug sensitivity and patient prognosis. Particularly, this study focused on STAT5B among all STATs, which showed the most significant differential expression in EC as compared to normal tissues. The potential pathological influence of STAT5B and its associations with clinical indicators, immune cell infiltration, biological processes of related genes, signaling pathways, and the ceRNA network were examined.

UALCAN analysis

All the procedures involving human genes in this study were performed in accordance with the Declaration of Helsinki (as revised in 2013). UALCAN is a data mining platform that uses TCGA expression profile data from 31 cancer types to analyze gene expression and the correlation of the gene with multiple clinicopathological parameters (Chandrashekar et al., 2017). We utilized the Clinical Proteomic Tumor Analysis Consortium (CPTAC) database of UALCAN to analyze the protein levels of the STAT family in EC. The TCGA database of UALCAN was employed to analyze DNA methylation levels of the STAT family in EC.

Sangerbox platform analysis

Sangerbox is a platform with vast biological information and a variety of analytical and visualization tools, and convenient data download functions. We used this Sangerbox platform (http://vip.sangerbox.com/) to analyze the expression of STAT5B and its family in different tumor tissues and normal tissues.

HPA database analysis

The HPA database (http://www.proteinatlas.org/) is a protein database that uses various tissue-based technologies to derive the information between human tissue protein and cell distribution (Shi et al., 2023). We employed the HPA database to search for and extract the immunohistochemical profile of the STAT family factor in the EC tissue and the normal endometrial tissue from its database.

Kaplan-meier plotter

The Kaplan-Meier plotter (http://www.kmplot.com/) is an online bioinformatics tool, and we used it to explore the impact of STAT expression on the survival of UCEC patients (Hou et al., 2017).

GSCALite analysis

GSCALite (http://bioinfo.life.hust.edu.cn/web/GSCALite/) is a web server used for the dynamic analysis and visualization of oncogenic genes related to drug sensitivity and cancer development and progression. GSCALite enables analyses of genomic variation and related pathway activity through its Pathway Activity module (Liu et al., 2018). Moreover, we analyzed the relationship between the expression of STAT family members and the sensitivity to 265 small molecules in the Genomics of Drug Sensitivity in Cancer database using drug sensitivity modules. The Single Nucleotide Variation module was also used to explore the mutation status of the STAT family members in EC. Furthermore, the miRNAs interacting with STATs were predicted using this platform.

GeneMANIA analysis

GeneMANIA (http://www.genemania.org/) was used to study protein interactions among the STAT family members.

cBioPortal analysis

The Cancer Genome Study cBioPortal (https://www.cbioportal.org/) is a widely used data analysis method for analyzing and visualizing TCGA data (Reimer et al., 2021). We used this platform to analyze the data of 546 UCEC patients in the TCGA database and to assess the links between the expression of STAT5B and related genes in UCEC.

TIMER analysis

The correlation between STAT5B expression and immune cell infiltration in UCEC was explored using TIMER (http://cistrome.org/TIMER/) (Zhang et al., 2021). We employed the Wilcoxon rank-sum test to investigate the relationship between the copy number variation of STAT5B and the immune cell infiltration.

Functional enrichment analysis

We used the DAVID tool (https://david.ncifcrf.gov/) for functional enrichment analysis of STAT5B and its co-expressed genes. We further explored their related GO terms, namely biological process (BP), cellular component (CC), and molecular function (MF), and enriched KEGG pathways. GOTERM_BP_DIRECT, GOTERM_CC_DIRECT, GOTERM_MF_DIRECT, and KEGG_PATHWAY were selected as GO terms for the GO enrichment analysis.

Competitive endogenous RNA analysis

We used Starbase (http://starbase.sysu.edu.cn/) to study long noncoding RNA (lncRNA), microRNA (miRNA), competitive endogenous RNA (ceRNA), RNA-binding proteins, the mRNA interconnections from CLIP-Seq and to predict the functions of lncRNA and protein-coding genes (Kariuki et al., 2023). The mRNA, miRNA, and lncRNA sequencing datasets of UCEC patients were downloaded from the TCGA database. The binding correlations between miRNA and mRNA,miRNA and lncRNA were predicted by the StarBase database. We used the “Limma”, “reshape2”, “ggpubr” and “ggExtra” packages in R for correlation analysis while cytoscape was used for visualizing the results.

Statistical analysis

Statistical significance was set at a p-value of <0.05 unless otherwise stated. All the statistical analyses were conducted using SPSS (version 26.0; Chicago, IL, USA).

Results

Supplementary figures were placed in results part.

STAT family mRNA expression level among different tumors and their normal tissues

The results of the Sangerbox analysis showed that compared to the normal tissues, STAT1 was highly expressed in most tumors, namely UCEC, BRCA, GBM, LGG, CESC, LUAD, ESCA, stomach and esophageal carcinoma (STES), COAD, PRAD, STAD, HNSC, LUSC, LIHC, SKCM, THCA, OV, PAAD, TGCT, UCS, and LAML. However, its expression was low in High-Risk Wilms Tumor (WT), ACC, and KICH. Further, STAT5A and STAT5B showed low expression in most tumors inclusive of UCEC, BRCA, CESC, LUAD, ESCA, COAD, COADREAD, PRAD, LUSC, WT, BLCA, THCA, OV, UCS, ACC, and KICH. However, they were overexpressed in GBM, LGG, STAD, PRAD, TGCT, UCS, ALL, LAML. Furthermore, STAT6 also showed low expression in most tumors such as LGG, UCEC, BRCA, CESC, LUAD, ESCA, STES, COAD, PRAD, LUSC, LIHC, WT, SKCM, BLCA, THCA, UCS, and ACC. It was overexpressed in KRIP, KIRC, PRAD, and LAML (p < 0.05). In addition, the expression of STAT2, STAT3, and STAT4 showed no significant differences between EC and normal endometrial tissues (Suppl. Fig. S1).

Differential expression of STATs in uterine corpus endometrial carcinoma

UALCAN analysis of the UCEC cohort data from the TCGA database showed that STAT1 (Fig. 1A, p = 1.62E-12) and STAT2 (Fig. 1B, p = 8.85E-04) were significantly overexpressed in UCEC tissues compared to the expression in healthy endometrial tissues. However, the expression of STAT5A (Fig. 1E, p = 3.11E-09), STAT5B (Fig. 1F, p = 2.67E-12), and STAT6 (Fig. 1G, p = 2.19E-10) was significantly downregulated. Further, STAT3 (Fig. 1C, p = 0.22) and STAT4 (Fig. 1D, p = 0.47) expression did not differ significantly in UCEC tissues from normal tissues. At the protein level, STAT1 (Fig. 2A, p = 4.14E-11), STAT2 (Fig. 2B, p = 5.68E-06), STAT3 (Fig. 2C, p = 2.89E-02), and STAT4 (Fig. 2D, p = 2.24E-06) were overexpressed in UCEC tissues compared to normal tissues. Further, the protein levels of STAT5A (Fig. 2E, p = 2.01E-47), STAT5B (Fig. 2F, p = 3.81E-26), and STAT6 (Fig. 2G, p = 2.38E-26) were significantly downregulated in UCEC tissues when compared to those in normal tissues. The immunohistochemical profiles of EC analyzed in the HPA database were basically consistent with the above results (Suppl. Fig. S2). Overall, our results showed a significant difference in the expression of the STAT family factor in EC. We subsequently analyzed whether the STAT family members were prognostic prediction factors for EC.
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Figure 1: Differential gene expression analysis of STAT1 (A), STAT2 (B), STAT3 (C), STAT4 (D), STAT5A (E), STAT5B (F), and STAT6 (G) in UCEC and normal endometrial tissues from the TCGA database presented as box plots. STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma; TCGA-the cancer genomic atlas.
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Figure 2: Protein levels of the STAT family in EC. Box plots show the expression levels of STAT1 (A), STAT2 (B), STAT3 (C), STAT4 (D), STAT5A (E), STAT5B (F), and STAT6 (G) in UCEC and normal tissues from the CPTAC database. EC-endometrial carcinoma; STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma; CPTAC-clinical proteomic tumor analysis consortium.

Prognostic value of the STAT family in uterine corpus endometrial carcinoma

The Kaplan–Meier plot analysis of the expression of STATs with the overall survival of UCEC patients showed that patients with overexpression of STAT1, STAT2, and STAT4 had a worse prognosis. However, the overexpression of STAT5B and STAT6 was associated with a better prognosis. Further, the expression of STAT3 and STAT5A had no effect on the prognosis of patients with UCEC (Fig. 3).
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Figure 3: The prognostic value of STATs (in terms of the overall survival) in UCEC. STAT1 (A), STAT2 (B), STAT3 (C), STAT4 (D), STAT5A (E), STAT5B (F), and STAT6 (G); Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma.

Effects of STAT mutations in uterine corpus endometrial carcinoma

Given that the expression of the STAT family of factors was significantly different in endometrial cancer and was related to the prognosis, we further analyzed the details of promoter methylation, gene mutation type, biological function, drug sensitivity, and related genes.

Methylation profile of STAT family genes

We used the Ualcan online tool to further study the extent of promoter methylation of STAT family genes analyzed in this study. The samples were divided into the normal group (n = 46) and the tumor group (n = 438). The β value of the vertical axis represented the level of methylation from 0 (non-methylation) to 1 (complete methylation). The levels of promoter methylation with STAT2 (Suppl. Fig. S3B, p = 0.03), STAT4 (Suppl. Fig. S3D, p = 1E-12), and STAT6 (Suppl. Fig. S3G, p = 0.02) were significantly downregulated in UCEC when compared to those in the normal group. However, the levels of promoter methylation for STAT5A (Suppl. Fig. S3E, p = 1.62E-12), and STAT5B (Suppl. Fig. S3F, p = 3.07E-10) were upregulated in the UCEC group. The differences between the groups were statistically significant (Suppl. Fig. S3).

Mutations in the STAT family members in uterine corpus endometrial carcinoma

The gene mutation analysis showed that the most common mutation type of the STAT family genes in UCEC patients was missense mutation, followed by nonsense mutation, in-frame deletion, multi-hit mutation, frameshift insertion, splice-site mutation, and frameshift deletion (Fig. 4). For the STAT family members, the mutation rate of STAT1, STAT2, STAT6, STAT5A, and STAT5B was 44%, 38%, 33%, 30%, and 20%, respectively.
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Figure 4: Mutations in the STAT family members in UCEC. The waterfall chart indicates the distribution and classification of mutation types in STATs in a total of 81 UCEC samples; Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma.

Associations of cancer-related pathways and drug resistance of STATs in uterine corpus endometrial carcinoma

The main cancer-related activities of STATs were apoptotic pathway activation, cell cycle disruption, and induction of epithelial–mesenchymal transition (EMT) (Fig. 5A). Drug sensitivity analysis showed that the expression of STAT5A/5B was negatively related to drug resistance (Fig. 5B).
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Figure 5: Cancer-related pathways and drug resistance analysis of STATs in UCEC. (A) Association between STATs and cancer-related activities. (B) The role of STATs in drug sensitivity; Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma.

Enrichment analysis of STATs

To explore the role of the STAT family in UCEC, we generated a network to identify the links between adjacent genes and STAT family members. As shown in Fig. 6A, a network diagram of proteins predicted to be able to interact with STATs was developed. GO analysis showed that the main functional processes associated with STAT-related genes included the stem cell factor (SCF)-SCF receptor (KIT) signaling pathways, transmembrane receptor protein tyrosine kinase signaling pathways, PID-KIT pathway, natural killer (NK) cell immune positive adjustment, neurotrophic factor signal transduction pathways, NK cell-mediated cytotoxicity, PID-PI3KCI pathways, antigen receptor-mediated signaling pathways, and lymphocyte differentiation-related processes (Fig. 6B).
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Figure 6: Network of STAT family-related genes and enrichment analysis. (A)Protein–Protein interaction network of the STAT family. (B) The top 10 enriched GO terms of STAT-related genes; Key: STAT-signal transducer and activator of transcription; GO-Gene ontology.

Associations between STAT5B expression and clinicopathological features of uterine corpus endometrial carcinoma patients

Given that an abnormal STAT5B expression showed the most significant association with UCEC prognosis, we further analyzed the correlations between STAT5B expression and clinicopathological indicators of UCEC patients. These features include body weight, age, tumor grade, cancer stage, menopausal status, tissue type, and TP53 mutation status. The results demonstrated that the mRNA levels (Fig. 7, from TCGA data) and protein levels (Fig. 8, from CPTAC data) of STAT5B were significantly correlated with all of these assessed clinicopathological indicators.
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Figure 7: STAT5B mRNA expression level analysis in UCEC patients stratified by weight (A), age (B), menopausal status (C), histological subtype (D), TP53 mutation status (E), and cancer stage (F). ***p < 0.001; Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma.
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Figure 8: STAT5B protein expression level analysis in UCEC patients stratified by age (A), weight (B), tumor grade (C), and cancer stage (D). *p < 0.05; ***p < 0.001; Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma.

Association of STAT5B expression with immune cell infiltration in uterine corpus endometrial carcinoma

As shown in Fig. 9A, STAT5B expression was positively correlated with the abundance of CD8+ T cells and neutrophils in UCEC samples, whereas there were no significant correlations seen for B cells, CD4+ T cells, and macrophages. In addition, changes in the somatic copy number of STAT5B inhibited immune cell infiltration (Fig. 9B).
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Figure 9: Correlations between STAT5B expression and infiltrating immune cells in UCEC. (A) Correlations between STAT5B expression and immune cell abundance in UCEC. (B) Effect of changes in the somatic copy number of STAT5B and immune cell infiltration in UCEC. *p < 0.05, ***p < 0.001; Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma.

Enrichment analysis results of STAT5B in uterine corpus endometrial carcinoma

The role of STAT5B in UCEC was further investigated using enrichment analysis (Fig. 10A). We screened STAT5B-related genes, and the top 50 genes showing the highest correlation coefficients were obtained (Figs. 10B and 10C). Specifically, these included KIAA0753 (also known as moonraker and OFIP), PSMB7, COL27A1, COX8A, EZH1, PPP1CA, SHANK3, and ATP6V0B. Among these, KIAA0753 had the strongest positive correlation with STAT5B, whereas PSMB7 showed the strongest negative correlation.
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Figure 10: Correlation analysis between differential expression of STAT5B-associated genes and functional enrichment analysis of STAT5B and associated genes in UCEC. (A) Pearson coefficient map of STAT5B-related genes. (B) STAT5B and positively correlated gene expression heat map. (C) STAT5B and negatively correlated gene expression heat map. (D–F) Bar graphs of the top 10 enriched GO terms. (G) Enriched KEGG pathways of STAT5B and associated genes; Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma; GO-Gene ontology; KEGG-Kyoto Encyclopedia of Genes and Genomes.

We screened the biological processes of targeted protein delivery, non-coding RNA synthesis and processing, and protein translation initiation (Fig. 10D). Further GO analysis demonstrated that STAT5B-related genes were mainly involved in the cellular components of the chondral matrix, mitochondria, and cytoplasm (Fig. 10E). The molecular functions of oxidoreductase activity, acting on NAD (P), and several others were also screened (Fig. 10F). KEGG pathway enrichment analysis showed that STAT5B-related genes were mainly involved in the mitogen-activated protein kinase (MAPK) signaling pathway, Ras signaling pathway, Ras-associated protein-1 (Rap1) signaling pathway, Forkhead box O (FOXO) signaling pathway, tumor necrosis factor (TNF) signaling pathway, cancer transcriptional misregulation, Janus kinase (JAK)-STAT transcriptional misregulation, T-helper cell (Th1) and Th2 cell differentiation, Th17 cell differentiation, and Hippo transcriptional misregulation (Fig. 10G).

The competitive endogenous RNA regulation network of STAT5B

We found four main miRNAs regulating STAT5B using relevant approaches, namely, miR877-5P, miR24-3P, miR200A-3P, and miR141-3P. Further analysis based on 22 lncRNAs regulating these miRNAs developed a ceRNA regulatory network of STAT5B (Suppl. Fig. S4).

Discussion

EC is one of the three major malignant tumors in the field of gynecology. The incidence of EC is increasing as the living standards and the rate of obesity increase, seriously affecting women’s health globally. It is vital to find prognosis indicators for the early discovery and early treatment of EC. Studies have increasingly shown that the JAK/STAT family is closely related to EC, and is also becoming an important part of finding therapeutic targets in recent years. The JAK/STAT signaling pathway is involved in regulating basic cellular mechanisms such as proliferation, invasion, survival, inflammation, and immunity. Abnormal JAK/STAT signaling leads to cancer progression and metastasis. Accordingly, many proteins of the STAT family have been shown to be abnormally expressed in a variety of malignancies, including breast cancer, osteosarcoma, lung cancer, and bladder cancer. Further, they are considered to be associated with cancer progression and could significantly affect the prognosis of patients (Alsheikh et al., 2021; Assefnia et al., 2014; Galimberti et al., 2022; Golus et al., 2022; Kharma et al., 2014; Liu et al., 2021; Liu et al., 2021b; Mirzaei et al., 2021; Wong et al., 2022; Xin et al., 2021; Yang et al., 2022a; Zhu et al., 2023). Nothwithstanding these results, the role of STAT family members in the development, metastasis, and prognosis of EC has not yet been systematically analyzed.

At present, there is no study focusing on the STAT family factor from the overall perspective. For the first time, we used databases such as UALCAN, Sangerbox, HPA, TIMER, GSCalite, cBio Cancer Portal, Genemania, StarBase, and other databases to analyze the expression level of the STAT family of factors in pan-cancer tissues. We also assessed promoter methylation, mutant frequency, immune checkpoint, prognosis, and possiblly related genes. Our pan-cancer analysis confirmed that while STAT1 was overexpressed in most tumor tissues such as EC tissue, STAT5A, STAT5B, and STAT6 were downregulated in EC. We hypothesize that the STAT family may be a prognostic indicator for EC.

This study showed that STAT1 expression was significantly upregulated in EC at mRNA and protein levels using bioinformatics approaches based on public transcriptome data, Further, the highly expressed STAT1 predicted a poor prognosis of patients with EC, which was in line with the conclusions of previous studies. For instance, Kharma et al. (2014) suggested that STAT1 promoted the proliferation, adhesion, migration, and invasion of high-serous papillary carcinoma cells and that STAT1 was an oncogene. Further, Yang et al. (2020) also proposed that STAT1 could directly bind to the LINC01123 promoter region to activate its transcription and stimulate the progression of EC.

We found no significant difference in the mRNA levels of STAT3 and STAT4 between EC and normal samples, whereas significant differences in the expression of these STATs were detected at the protein level. Several studies have reported a relationship between STAT3 and EC, suggesting that the upregulation of STAT3 phosphorylation could induce the proliferation of EC cells. However, STAT3 downregulation promoted the apoptosis of tumor cells, which was a key to the activation of various growth factors or cytokine signaling pathways. For example, Chen et al. (2007)) found that STAT3 was activated in human EC, and Fan et al. (2021) reported its activation in cervical cancer. In this study, STAT3 expression was significantly related to EC only at the protein level but was not related to the patient prognosis. One explanation for such a discrepancy may be related to the fact that these previous studies focused specifically on the function of STAT3, whereas the current research analyzed its expression in EC and its relationship with prognosis. However, we found no reports on the associations of STAT2, STAT4, or STAT5 with EC to date.

A recent report focused on the relationship between STAT6 and EC. For instance, Jin et al. (2021) studied the effect of the emerging organic pollutant tetrachlorobisphenol A on EC. They indicated that the increased phosphorylation of STAT6 was one of the contributors responsible for the occurrence and development of EC. The inconsistency between this finding and our present study might also be related to the focus on STAT6 phosphorylation and its functions rather than on our overall analysis of STAT6 expression in EC. Therefore, the detailed role of STAT6 in EC requires further investigation.

Many studies have validated DNA methylation as one of the most important forms of epigenetic modifications in tumor formation (Bu et al., 2023; Tang et al., 2023; Wang et al., 2023). Promoter methylation is a kind of DNA methylation system that regulates the transcription of mRNA from a target gene. This study showed that promoter methylation levels of STAT2, STAT4, and STAT6 were reduced in the EC group, while those of STAT5A and STAT5B were elevated in EC group. There were relatively few reports on the STAT family factor methylation status in tumors. For instance, Yoon et al. (2019) studied lung cancer in which methylation of the STAT4 regulating area was found to have significant differences between normal and lung cancer cells, subsequently affecting the complement factor H. The specific mechanism of this finding was not clear. In another study, Zhang et al. (2007) proved that the DNA methylation of the STAT5A gene selectively inhibited the expression of STAT5A and that the STAT5A protein could function as a key tumor inhibitory factor. Another report verified the role of SGI-110 as a new type of small molecular methylation inhibitor in ovarian cancer. They found that SGI-110 could specifically lower methylation, which increased the sensitivity of patients to chemotherapy (Fang et al., 2014). Based on our analyses, it was hypothesized that the increased DNA methylation in EC caused silence of STAT5A/5B, downregulated expression, and reduced cancer suppression, leading to tumor occurrence. The role of the STAT family factor methylation in EC needs further in-depth research.

We further found that the three most common mutation types in the STAT family in EC were missense mutations, nonsense mutations, and frameshift deletions. Previous studies have also shown that mutations in STAT family genes were associated with the development of disease. For example, Liu et al. (2021b) reported that osteosarcoma patients exhibiting a high somatic JAK-STAT mutation frequency had a relatively favorable prognosis. Another study found that STAT1 mutation was related with chronic mucocutaneous candidiasis and pancytopenia (Dabas et al., 2021).

Mutations play an important role in cancer development, and they are also important specific molecular targets of chemotherapy. The JAK-STAT pathway is a particularly effective target for the development of safe and novel anti-cancer drugs. Our drug sensitivity analysis demonstrated that the expression of STAT5A/5B was negatively correlated with drug resistance, suggesting STAT5A/5B as a potential screening indicator for drug sensitivity. Previous studies on the drug sensitivity of STATs were mainly focused on other members of the STAT family. For example, Lee et al. (2019) reviewed the role of STAT3 and oxidative phosphorylation in cancer, and suggested that these factors could be utilized as therapeutic targets by restoring the drug sensitivity of drug-resistant overexpressed oncogenes. More recently, another study found that rilpivirine improved liver fibrosis through the selective STAT1-dependent induction of hepatic stellate cell apoptosis (Martí-Rodrigo et al., 2020). Further, Moon et al. (2015) showed that SMAD3/4 regulated p-STAT3 signal transduction via IL-6 and P21, and highlighted the important role of STAT3 signal transduction in the SMAD3/4-mediated drug sensitivity of chemoresistant colorectal cancer cells. Another study further supported the role of the JAK-STAT pathway in the pathogenesis of NK cell-related malignancies (Dufva et al., 2018). Although these findings have suggested the involvement of the members of the STAT family in drug sensitivity, the role of STAT5 in drug resistance has not been reported. The finding of the present study showed that STAT5A/5B expression was negatively correlated with drug resistance in EC, indicating the need to confirm the potential of STATs as therapeutic targets.

Previous analysis showed that the STAT family was mainly related to the activation of apoptotic pathways, inhibition of the cell cycle, and induction of EMT among cancer-related functions. These findings were similar to another study that found that STAT activity affected changes in the apoptotic sensitivity of melanoma cells (Krasilnikov et al., 2003). In addition, Assefnia et al. (2014) showed that STAT5 specifically bound to the proximal promoter of TRP63 in breast tissue, and influenced cell cycle arrest, apoptosis, survival, and EMT. Hence, dysregulation of STAT expression can contribute to EC occurrence and progression by regulating the activation of apoptotic pathways, disrupting the cell cycle, and inducing EMT. These effects would be based on the associations with SCF-KIT signaling pathways, transmembrane receptor protein tyrosine kinase signaling pathways, PID-KIT pathway, NK cell immune positive adjustment, neurotrophic factor signal transduction pathways, NK cell-mediated cytotoxicity, PID-PI3KCI pathways, antigen receptor-mediated signaling pathways, and lymphoid cell differentiation. We also found several proteins that interacted with the STAT family, offering useful targets for subsequent analysis of the detailed mechanism of action of these interactions in EC.

Given that STAT5B showed the most significant difference in both expression and survival analysis among the members of the STAT family analyzed, we further focused on examining its role in EC. A clear association between STAT5B and the clinicopathological features of patients with UCEC was detected. Further, STAT5B expression was significantly correlated with all the clinicopathological indicators of UCEC patients, which was significantly lower than that in the controls. The significance of STAT5B has also been highlighted in other malignancies, including eosinophilic myeloma, T-cell large granular lymphocytic leukemia, chronic lymphoproliferative disorder of NK cells, and CD8 lymphoma (Cross et al., 2019; Pham et al., 2018; Putri et al., 2019; Shahmarvand et al., 2018). Studies have shown that the mechanism of action of STAT5B in tumors was relatively complicated. For instance, in cancer promotion, STAT5B was expressed in leukemia, prostate cancer, pancreatic tube adenocarcinoma (PDAC), which promoted tumor proliferation, invasion, and metastasis by inducing CD9 to impact ABL-N and Gascibada resistance (Kollmann et al., 2021; Subramaniam et al., 2020). However, a low expression of STAT5B was seen in liver cell carcinoma and Merkel cell carcinoma (MCC) and exerted a cancer-suppressive effect by regulating Treg and tumor infiltration leukocytes (Dong et al., 2019; Fujimura et al., 2017; Rao et al., 2020). However, the role of STAT5B in EC has not yet been reported.

In addition, immune cell infiltration analysis showed that STAT5B expression was positively related to the abundance of CD8+ T cells and neutrophils and that changes in the somatic copy number of STAT5B inhibited immune cell infiltration. A previous study showed that a variety of immune-related pathways were dysregulated in patients with impaired JAK/STAT signal transduction. Moreover, STAT5B inhibited IgE-induced cytokine production and limited IgE production in vivo (Kiwanuka et al., 2021). Further, the activation of STAT5b induced dendritic cell tolerance in another study (Zerif et al., 2020). Despite these findings, further studies are needed to determine the immune infiltration associated mechanism of STAT5B in EC.

We screened genes related to STAT5B expression in UCEC and showed that KIAA0753 was the most strongly correlated gene, followed by COL27A1. KIAA0753 is a centrosome and pericentrosome satellite protein that plays a key role in cartilage calcification and cartilage-to-bone transition (Stephen et al., 2017). COL27A1 encodes the type XXVII collagen α1 chain to provide connective tissue structural support and is reported to be associated with dental and genital abnormalities, Steel syndrome, and esophageal carcinoma in situ (Satoh et al., 2021). Our GO functional enrichment analysis further demonstrated that STAT5B-related genes were involved in the formation of the cartilage matrix, targeted delivery of proteins, synthesis and processing of non-coding RNA, and protein functions. From KEGG pathway analysis, it could be observed that STAT5B-related genes were involved in the MAPK and Ras signaling pathways. These findings have provided a starting point for further investigation of the potential inhibitory mechanism of STAT5B in EC.

In this study, the lncRNA-miRNA-mRNA regulating network of STAT5B included four main miRNAs regulating STAT5B, namely miR877-5P, miR24-3P, miR200A-3P, and miR141-3P. Previous research showed that miR877-5P could inhibit cell progress in lung cancer through the Foxm1 target (Liu et al., 2022). In addition, miR-877-5P has been proven to have anti-tumor effects on breast cancer (Liu et al., 2022). Reports showed that miR-877-5P played an important role in female gingival cell tumors (Yang et al., 2021), live cancer cell carcinoma (Yu et al., 2021), and bladder cancer (Zhou et al., 2021). However, there was no research article found on miR877-5P in EC. Further, miR24-3P was confirmed only to be involved in the development of non-small cell lung cancer (NSCLC) and pancreatic cancer, and was predicted to be used as a cancer suppression agent in pancreatic cancer (Borchardt et al., 2021; Olbromski et al., 2018). While miR200A-3P might be related to lung cancer EMT, it might also be the inhibitory factor of glioblastoma multiforme (Berthois et al., 2014; Sarkar et al., 2020). MiR141-3P was considered to be related to brain metastases with bladder cancer, prostate cancer, and gastric adenocarcinoma (Bergez-Hernández et al., 2022; Minn et al., 2014; Yang et al., 2022a). Among these miRNAs we reported, miR877-5P has great research potential. We intend to further analyze the expression and prognosis of miR877-5P in EC and study how miR877-5P regulates STAT5B in EC.

The lncRNA-miRNA-mRNA network developed in this study also showed that lncRNAs may play an important role in EC. Among the 22 lncRNAs outlined, the roles of some lncRNAs in tumors, such as SNHG15, DLX6-AS1, and PinK1-AS, have already been analyzed. However, there were only a few studies that studied lncRNAs such as RUSC1-AS1, LBx2-As1, Olmalinc, RPARP-AS1, Ac092718.4, PTOV1-AS1, PTOV1-AS2, and CCDC183-AS1. Among these lncRNAs, only DLX6-AS1 and Pink1-AS had been researched in EC so far. The role of other lncRNAs in EC requires further studies.

Conclusions

To summarize, this study suggested that the STAT family was differentially expressed in EC, which was associated with EC prognosis. This was especially seen for STAT5b, which has been previously validated as a tumor suppressor gene in EC. This analysis of the expression and clinical significance of the STAT family utilizing bioinformatics approaches provided new targets for future research to identify novel screening biomarkers, prognostic markers, and therapeutic targets for EC. However, as our study had some limitations, further in vitro or in vivo experiments are needed to verify our results that were generated based on public datasets. We would further verify the expression of STAT5B in EC by collecting clinical data for analysis and explore whether STAT5B is related to pathological factors such as stage, grading, and vascular metastasis. In-depth research on the clinical significance of mirRNA, lncRNA, and circular RNA (circRNA) related to STAT5B is also warranted for discovering specific blockers or small molecule inhibitors of STAT5B for targeted EC therapy.
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Figure S1: Analysis of the mRNA expression of the signal transducer and activator of transcription (STAT) family among different tumors and normal tissues by the Sangerbox analysis. STAT1 (A), STAT2 (B), STAT3 (C), STAT4 (D), STAT5A (E), STAT5B (F), STAT6 (G) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure S2: The immunohistochemical profile of the STAT family in EC tissues and normal endometrial tissues. EC-endometrial carcinoma; STAT-signal transducer and activator of transcription.
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Figure S3: The promoter methylation level of STATs in UCEC. STAT1 (A), STAT2 (B), STAT3 (C), STAT4 (D), STAT5A (E), STAT5B (F), and STAT6 (G); Key: STAT-signal transducer and activator of transcription; UCEC-uterine corpus endometrial carcinoma.
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Figure S4: The lncRNA-miRNA-mRNA regulation network of STAT5B (red represents STAT5B, green represents miRNA, and blue represents lncRNA); Key: lncRNA: long non coding RNA; miRNA-microRNA; STAT-signal transducer and activator of transcription; UCEC- uterine corpus endometrial carcinoma.
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