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Bladder cancer (BC) is one of the most common malignancies in terms of incidence and recurrence worldwide. The aim of this study was to identify novel prognostic biomarkers related to BC progression utilizing weighted gene co-expression network analysis (WGCNA) and further bioinformatic analysis. First, we constructed a co-expression network by using WGCNA among 274 TCGA-BLCA patients and preliminarily screened out four genes (CORO1C, TMPRSS4, PIK3C2B, and ZNF692) associated with advanced clinical traits. In support, GSE19915 and specimens from 124 patients were used to validate the genes selected by WGCNA; then, CORO1C and TMPRSS4 were confirmed as hub genes with strong prognostic values in BC. Moreover, the result of gene set enrichment analysis (GSEA) and gene set variation analysis (GSVA) indicated that CORO1C and TMPRSS4 might be involved in the process of epithelial to mesenchymal transition (EMT) reversely. In addition, high expression of CORO1C was found to be significantly correlated with tumor-infiltrating neutrophils (TINs), a negative regulatory component that facilitates tumor distant progression and induces poor clinical outcome. In conclusion, our study first identified CORO1C and TMPRSS4 as vital regulators in the process of tumor progression through influencing EMT and could be developed to effective prognostic and therapeutic targets in future BC treatment.
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INTRODUCTION

Bladder cancer is the 10th most common cancer in the world with an estimated 549,000 new cases and 200,000 deaths in 2018 (1). The median age of tumor diagnosis is 73 years old, which is the most elderly of diagnosis among all cancer sites (2), and the mortality rate increased by 1% per year from 2000 to 2016 in the oldest old men (3), which means the probability of most bladder cancer cases occurring with tumor progression and advanced disease before diagnosis still ranks high. Current recognized treatments are radical resection and transurethral resection of bladder tumor (TURBT) for muscle invasive bladder cancer (MIBC) and those treatments with or without intravesical therapy for non-muscle invasive bladder cancer (NMIBC). However, ~60% of NMIBC patients will undergo recurrence (4, 5) following the surgery due to rapid tumor invasive growth and high tendency of distant progression. Therefore, for such difficulties in early tumor diagnosis and dealing with the frequent recurrence rate, there remains an urgent need to explore novel effective prognostic biomarkers and potential therapeutic targets in bladder cancer.

The majority of researchers have just focused on the differential expression of genes associated with BC and have largely ignored the high degree of interconnectivity among genes, where genes with semblable expression patterns might be functionally correlated. Weighted gene co-expression network analysis (WGCNA) is a distinct approach in identifying modules with different categories of correlated genes, and candidate biomarkers or therapeutic targets for cancer management can be picked out according to the connectivity between the internal linkage of the gene sets in specific modules and by calculating the association between the gene sets and related clinical features (6–9). Furthermore, WGCNA has been successfully applied to identify biomarkers or potential therapeutic targets for BC (8, 10). Hence, we attempt to construct a network through a comprehensive bioinformatics method in the light of WGCNA and identified prognostic genes of BC.

In this study, we first extracted the level-three mRNA expression data and clinical information of 274 bladder cancer patients from The Cancer Genome Atlas (TCGA) database for subsequent weighted network construction. By WGCNA, four modules and their candidate hub genes were preliminarily identified through evaluating the significance between modules and clinical traits. Survival analysis of the candidate hub genes was then performed in three data sets (TCGA-BLCA, GSE19915 data set, and clinical specimens), and CORO1C and TMPRSS4 were recognized as hub genes due to the consistency of prognostic value in overall survival (OS). The diverse gene set analysis method was later used to depict the potential biological functions of the hub gene. Finally, protein–protein interaction (PPI) network analysis was performed to investigate the relationships between the hub genes and the associated genes' network in corresponding modules.



RESULTS


Co-expression Network Construction and Module Identification

According to the flowchart shown in Figure 1, after data processing, a total of 274 TCGA-BLCA samples and their selected clinical information were imported to WGCNA. In the present study, β = 5 (scale-free R2 = 0.85) was chosen as the soft thresholding for further adjacency calculation (Figure 2A). Genes in the gray module were regarded as non-specific genes and removed from further data processing. After merging the similar modules by a clustering height cutoff of 0.25 (Figure 2B), 17 modules possessing high credibility were finally generated in total with the initial modules and merged modules displaying under the clustering tree (Figure 2C). The candidate hub gene and module size of all 17 modules calculated by the “chooseTopHubInEachModule” function are shown in Table 1. According to the network adjacency of expression data, some modules indicated high levels of similarity, and three major clusters were formed by the “average” clustering method (Figure 2D). The heat map that demonstrates the relationship between seven clinical traits and each module identified by WGCNA is shown in Figure 2A. The cyan, turquoise, light green, and green modules were significantly negatively correlated not only with the M stage, but also with the papillary subtypes, grade, and T stage of bladder cancer. Interestingly, these three modules share high similarity between each other (Figure 2D), which implies that genes in such modules might work together to be protective regulators during tumor progression. Other modules, except the brown and grey60 modules, reflect significant positive correlation with most of the clinical traits, indicating that genes in these modules are more likely to promote advanced disease.


[image: Figure 1]
FIGURE 1. Flowchart design of the study.
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FIGURE 2. Co-expression network construction based on TCGA-BLCA mRNA data. (A) The analysis of topology for soft threshold powers and β = 5 (scale-free R2 = 0.85) was set as the soft thresholding for further adjacency calculation. (B) Clustering dendrograms were cut at a height of 0.25 to identify the similar modules. (C) The original 20 modules and merged 17 modules were displayed at top and bottom under the clustering dendrogram. (D) An eigengene network heat map showed the correlation between each module, and modules with close connectivity were clustered together.



Table 1. The candidate hub gene and gene numbers of all 17 modules determined by WGCNA.
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Selection of Candidate Hub Genes From Identified Modules

To determine the prognostic values of the candidate hub genes in modules found by WGCNA, which as least significantly associated with one clinical trait (Figure 3A), the GEPIA online tool was used to perform survival analysis among them in TCGA-BLCA patients, and finally, four of all 15 candidate hub genes were identified to be valuable predictors of overall survival. Only the significant results were presented in Figures 4A–D. These four candidate hub genes (CORO1C, TMPRSS4, PIK3C2B, and ZNF692) were retained for further validation. Then, we selected the corresponding purple, light green, cyan, and green modules in order to evaluate their relationship with the M stage because metastasis was the primary cause of bladder cancer progression and treatment failure. As shown in Figures 3B–E, the relationship between gene significance (GS) and module membership (MM) are plotted to demonstrate that characteristic genes in these four modules are significant contributors to tumor M stage, and hub genes representing light green, cyan, and green modules could reverse tumor progression, but in the purple module, it could promote tumor progression (Figure 3A).


[image: Figure 3]
FIGURE 3. Relationships between WGCNA identified modules and clinical traits. (A) Heat map of the correlation among all 17 modules and seven selected clinical traits including age, tumor subtype (papillary and non-papillary), tumor grade (low grade and high grade), tumor stage (stage II and stage III-IV), tumor T stage (T2 and T3-4), tumor N stage (non-metastasis and metastasis), and tumor M stage (non-metastasis and metastasis). (B) Scatterplot of the relationship between gene significance (GS) and module membership (MM) in the purple module, (C) in the light green module, (D) in the green module, and (E) in the cyan module.
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FIGURE 4. Survival analysis of four candidate hub genes in TCGA-BLCA and GSE19915 data. (A–D) Survival analysis result of CORO1C (A), TMPRSS4 (B), PIK3C2B (C), and ZNF692 (D) in TCGA-BLCA downloaded from GEPIA. (E–G) Survival analysis of CORO1C (E), TMPRSS4 (F), and ZNF692 (G) in GSE19915.




Validation of the Candidate Hub Genes by Immunohistochemistry and GSE19915

Clinical specimens for immunohistochemical analysis were collected from a cohort of 124 bladder cancer patients to clarify the expression pattern of the candidate hub genes (CORO1C, TMPRSS4, PIK3C2B, and ZNF692) identified in the above modules, and the main findings were shown in Figures 5E–L. Immunohistochemical staining revealed that, compared with other subcellular localization, these candidate hub genes were more highly expressed in the cytoplasm of tumor cells: 58.06% cases of bladder cancer specimens (72/124) were scored as CORO1C overexpression (Figures 5E,F), 34.68% cases of bladder cancer specimens (43/124) were scored as TMPRSS4 overexpression (Figures 5G,H), and 43.55% (54/124) and 81.45% (101/124) were scored as PIK3C2B and ZNF692 overexpression. To explore whether the candidate hub genes play consistent prognostic roles in clinical outcomes, overall survival analyses were performed on this immunohistochemical cohort. In particular, CORO1C and TMPRSS4 were noted significant (Figures 5A–D). We downloaded another online data set, GSE19915, which included 144 bladder cancer patients to test the prognostic performance of these genes, but only three genes (CORO1C, TMPRSS4, and ZNF692) could match the probes in later survival analysis (Figures 4E–G). We also assessed the association between candidate hub genes and related clinicopathological features. The relationship between the expression level of hub genes and clinicopathological parameters, including age, gender, stage, TNM stages, and grade, were concluded in Tables 2A,B. Notably, among all 274 TCGA-BLCA patients, CORO1C were significantly differentially expressed between the groups of T stage category, M stage category, and grade. It's evident that CORO1C overexpression was highly associated with advanced disease and worse clinical status in bladder cancer. Contrary to CORO1C, the expression level of TMPRSS4 was significantly higher in the groups of young age (<60 years old), early T stage, well-differentiated tumor patients, and cases without lymph node or distant metastasis, which provided strong evidence of the role that TMPRSS4 played in better clinical outcome involvement. The expression of CORO1C and TMPRSS4 in normal bladder tissues and the relationship between two genes and tumor stage were explored via GEPIA online tool (Supplementary Figure 1). The results show that the higher TMPRSS4 expression indicates the lower tumor stage.


[image: Figure 5]
FIGURE 5. Validation of the prognostic value of four candidate hub genes in clinical specimens. (A–D) Survival analysis of CORO1C (A), TMPRSS4 (B), PIK3C2B (C), and ZNF692 (D) in 124 bladder cancer patients' follow-up in our center. (E–L) Representative image of 200× immunohistochemical experiment on CORO1C (E,F), TMPRSS4 (G,H), PIK3C2B (I,J), and ZNF692 (K,L) clinical specimens.



Table 2A. The correlations between the CORO1C and clinicopathological features based on TCGA-BLCA data.
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Table 2B. The correlations between the TMPRSS4 and clinicopathological features based on TCGA-BLCA data.
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In general, good consistency of CORO1C and TMPRSS4's prognostic values for overall survival outcome has been observed among three data sets, robustly indicating that CORO1C is a risk factor in bladder cancer development while TMPRSS4 is a protective factor, and as hub genes, their relationships with clinicopathological features are in accord with the purple and light green modular characterizations that have been described by WGCNA analysis (Figure 3A).



Pathway Analysis of the Hub Genes

To investigate the potential molecular functions of CORO1C and TMPRSS4 in BC, we performed GSEA and GSVA based on the processed TCGA-BLCA data. The GSEA results of hallmark gene sets showed genes that have a positive correlation with CORO1C are significantly enriched in the following pathways: epithelial to mesenchymal transition pathway, angiogenesis pathway, and hypoxia pathway (Figures 6A–C). Both the angiogenesis and hypoxia pathways are closely related to the occurrence and development of EMT-associated tumor metastasis. Accumulating research has reported that a hypoxic tumor microenvironment is a key regulator in affecting tumor EMT transformation and active angiogenesis would facilitate distant transportation of EMT-progressing tumor cells through the microvasculature while abnormal vasculatures in the tumor microenvironment also led to a hypoxic condition (11–13). Conversely, TMPRSS4-related downregulated genes were only significantly enriched in the epithelial to mesenchymal transition pathway (Figure 6D) while upregulated genes did not observe enrichment in any pathways. To further verify the relationship between EMT and hub genes, the GSVA method was utilized to evaluate the EMT pathway score variation. The Spearman correlation coefficient shows a significantly strong positive correlation (r = 0.76, p < 0.0001) between CORO1C expression and mesenchymal pathway (Figures 6E,F), and the correlation between CORO1C and epithelial pathway is significantly negative (r = −0.38, p < 0.0001). On the contrary, TMPRSS4 has a significantly strong positive correlation with genes in epithelial pathways (r = 0.61, p < 0.0001) but is opposite to the mesenchymal process in bladder cancer (r = −0.36, p < 0.0001) (Figures 6G,H). In summary, this result elucidates that there is a high possibility of the participation of CORO1C and TMPRSS4 in the bladder tumor cell EMT based on the opposite effects, which suggested their different roles during disease metastatic course.


[image: Figure 6]
FIGURE 6. Hallmark GSEA and EMT GSVA of hub genes based on TCGA-BLCA mRNA data. Some representative top enriched pathways of CORO1C were (A) epithelial to mesenchymal transition pathway, (B) angiogenesis pathway, and (C) hypoxia pathway. Only one downregulated GSEA result of TMPRSS4 enriched in (D) mesenchymal transition pathway. (E) GSVA pathway score of mesenchymal state gene set and (F) epithelial state gene set vs. normalized Log2(FPKM + 1) expression of CORO1C. (G) GSVA pathway score of mesenchymal state gene set and (H) epithelial state gene set vs. normalized Log2(FPKM + 1) expression of TMPRSS4.




CORO1C Expression and TME Evaluation

To better demonstrate the accordance between hub genes and corresponding modules, GO_BP enrichment analysis was performed in the purple and light green modules by R package “clusterProfiler.” Ontology analysis of the light green module did not find any significantly enriched pathways, and genes in the purple module were positively related to the top four enriched processes of neutrophil activation, neutrophil degranulation, neutrophil activation involved in the immune response, and neutrophil-mediated immunity (Figure 7A). The hallmark GSEA results of the hub gene CORO1C indicate that many pathways associated with the immune process were significantly enriched, such as interferon gamma response, inflammatory response, IL6-JAK-STAT3 signaling, IL2-STAT5 signaling, and TNFα signaling via NF-κB (Figure 7B). In addition, the TIMER online tool was exerted to evaluate the potential relationships between the expression of CORO1C and both tumor purity score as well as six types of tumor-infiltrating immune cells (Figure 7C). Based on the linear least square regression calculating method, the expression of CORO1C was shown to have a negative tendency with tumor purity (r = −0.475, p = 3.71e-22) and the level of infiltrating B cell (r = −0.193, p = 2.12e-04); meanwhile, CORO1C expression was positively correlated with the infiltrating level of CD8+ T cells (r = 0.487, p = 3.13e-23), CD4+ T cells (r = 0.145, p = 5.59e-03), macrophages (r = 0.19, p = 2.60e-04), neutrophils (r = 0.437, p = 2.20e-18), and dendritic cells (r = 0.563, p = 6.67e-32). The ssGSEA method was selected as another estimation tool to verify the probable relationship between CORO1C expression and 23 types of immune components with a heat map displaying the order ranked from high to low correlation appraised by Pearson correlation (Figure 7D). Interestingly, the relation between CORO1C and neutrophil share the strongest consistency among different means, which also confirms the hub role of CORO1C in a neutrophil mainly related immune infiltrating module.


[image: Figure 7]
FIGURE 7. Evaluation of CORO1C expression and tumor immune infiltration based on TCGA-BLCA data. (A) Biological process of gene ontology enrichment for WGCNA purple module. (B) Integrated plot presented some top GSEA enriched immune-related pathway associated with CORO1C expression. (C) Evaluation of CORO1C expression level and immune infiltration level in BC via TIMER tool. (D) Relationship between CORO1C and 23 types of immune cells via ssGSEA analysis. The Pearson correlative coefficients were marked following the name of each immune components (“*” represented statistical significance p < 0.01).




PPI and Genetic Alteration Characterizations

PPI construction was performed with the aim to explore the interaction network between hub genes and other genes in the corresponding modules. As shown in Figures 8A,B, 163 genes were obtained from the WGCNA purple module out of 394 genes, and 25 genes were obtained in the WGCNA light green module out of 44 genes that were generated by taking the intersection with the highly correlated genes identified from hub genes' Pearson analysis (r > 0.4). It means that these screened-out genes would form crosslink networks with the hub genes and could well represent the major functional modules. Because the number of genes in the light green module is rather small, the connectivity between TMPRSS4 and other genes in this module were evaluated by setting up the adjacency threshold as 0.02, and finally, a weighted network with highest strengths containing only four genes was structured to represent the module (Figure 8C). The total alteration frequency is included to illustrate that CORO1C and TMPRSS4 are altered in 4.2% cases, which looks relatively not much higher in bladder cancer (Figure 8D). We then separately assessed the gene alternation type and mutational rates of CORO1C and TMPRSS4 in TCGA-BLCA data. The two genes had almost identical mutational rates, both around 2%, but the major genetic changes in CORO1C are mutation and copy number amplification while deep depletion of TMPRSS4 gene is detectable in a small group of patients, which suggests a heterogeneous gene alteration pattern and exclusive molecular function of these two genes (Figures 8E,F).


[image: Figure 8]
FIGURE 8. PPI construction and genetic alteration analysis. (A) In WGCNA purple modules, genes highly related to CORO1C were established in a protein network. (B) In WGCNA light green modules, protein interaction of genes highly related to TMPRSS4. (C) The strongest weighted genes network in WGCNA light green module. (D) The overall genetic alternation status of two hub genes in TCGA-BLCA data. (E) The alternation type and frequency of CORO1C and (F) TMPRSS4, respectively, in TCGA-BLCA data.





DISCUSSION

Bladder cancer is the most common urinary malignancy with the characteristic of high incidence and mortality rate. Currently, radical cystectomy is effectively exerted on patients at an early stage, but in many cases, patients suffer tumor recurrence within 5 years (4, 14, 15), and those who are diagnosed with advanced disease could barely benefit from such therapeutic approaches, which suggests recurrence management and early diagnosis remain the major challenges in bladder cancer improvement. Therefore, there is an urgent need to find new biomarkers that accurately predict the tumor progressive status and clinical prognosis of bladder cancer.

EMT is a cellular process that is known to be essential for malignant progression, which could give tumor cells potential capability in further local invasion and distant metastasis. Moreover, cancer cells with stromal features are more resistant to traditional therapy, and this is the main reason accounting for death and treatment failure (16, 17). In the process of driving tumor progression, EMT has been proven to be a set of multiple dynamic transition states between the epithelial and mesenchymal phenotypes rather than a process involving a single binary decision, and different EMT stages have been identified in multiple tumor subpopulations: epithelial states, intermediate hybrid states, and completely mesenchymal states (18, 19). In bladder urothelial carcinoma, tumor metastasis caused by EMT is the main cause of death, and reversing EMT has been widely considered to be a method to combat the progression of bladder cancer in treatment (20, 21). The reprogramming of gene expression during EMT, as well as non-transcriptional changes, is initiated and controlled by signaling pathways that respond to extracellular cues (22). Interestingly, we use GSEA and GSVA to explore the function of TMPRSS4 and CORO1C, and we find that both TMPRSS4 and CORO1C are significantly enriched in pathways related to epithelial–mesenchymal transition but with a completely adverse direction. CORO1C was positively correlated with the process of EMT, and TMPRS4 is negatively correlated with the process of EMT. The correlation analysis between EMT gene sets and the hub genes also supports the discovery from GSEA. Therefore, we speculate that these two genes may play key roles in the pathogenesis of bladder cancer via influencing EMT.

Transmembrane protease serine 4 (TMPRSS4), a novel type II transmembrane serine protease, has been proven to have a crucial role in multiple tumors. In lung squamous cell carcinoma, overexpressed TMPRSS4 is associated with disease recurrence and poor survival by promoting invasion and metastasis (23–25). TMPRSS4 is overexpressed in breast cancer cells, and its overexpression promoted the proliferation, migration, and invasion of breast cancer cells and is related to poor prognosis (26). In colorectal cancer, the high expression state of TMPRSS4 is significantly correlated with advanced TNM stage and predicted poor prognosis (27). In thyroid cancer, TMPRSS4 is detected to be significantly associated with the promotion of proliferation in thyroid cancer cells (28). In gastric cancer, upregulation of TMPRSS4 facilitates cell migration and invasion through the activation of NF-κB/MMP-9 signaling (29). In pancreatic carcinoma, TMPRSS4 is identified as a candidate biomarker by affecting the clonability and invasiveness of pancreatic cancer cells, and overexpressed TMPRSS4 predicts poor prognosis (30, 31). In prostate cancer cells, overexpressed TMPRSS4 promotes migration via the progression of EMT (32). Interestingly, in contrast to most cancer types in published research, our study finds that high expression of TMPRSS4 predicts a better clinical outcome in bladder cancer, and this finding has been verified in three data sets (two online and one from our center). The relationship between TMPRSS4 expression level and clinical traits also supports the protective role of TMPRSS4 in bladder cancer, which might be related to its counteractive function in the EMT process.

Coronin-like actin binding protein 1C (CORO1C), a member of the WD repeat protein family, regulates the actin-dependent process by assembling F-actin. In triple-negative breast cancer (TNBC) cells, miR-206 inhibits cancer cell migration by directly targeting CORO1C, which regulates actin filaments (33). In breast cancer MDA-MB-231 cells, YBX1 could regulate invasion and migration by regulating its downstream target CORO1C (34). In lung squamous cell carcinoma, CORO1C was identified as a target of the miR-1/133a cluster, and silencing CORO1C inhibited cancer cell proliferation, migration, and invasion (35). In gastric cancer, overexpressed CORO1C is associated with poor prognosis and could promote metastasis by regulating cyclin D1 and vimentin (22). In our study, the high expression level of CORO1C also predicted poor survival outcomes in bladder cancer, which is consistent with other cancer types.

The tumor microenvironment (TME) is the supportive nest for tumor cells and can be divided into two parts: tumor cells and the surrounding matrix. The matrix consists of a variety of cells, including immune cells, microvascular cells, lymphoid endothelial cells and fibroblasts, soluble factors, signaling molecules, and extracellular matrix (36). During tumor development, a series of complex changes occurs in the tumor microenvironment, including the immune response and infiltration of various immune cells, especially neutrophils, which affect the initiation and development of tumors (37). Many studies have shown that TINs promote the adhesion of tumor cells to the epithelial monolayer and, thus, accelerate the metastasis of tumor cells (38, 39). In pancreatic ductal adenocarcinoma, TINs promote the EMT process and the invasive growth of tumor cells (40). In epithelial-derived tumors, an increasing number of neutrophils is usually a marker of the systemic inflammatory response that triggers the proliferation and metastasis of tumor cells by inhibiting apoptosis, motivating angiogenesis, and inducing DNA damage (41). Furthermore, neutrophils induce gastric cancer cells to occur EMT, leading to migration and invasion of tumor cells in TME (42). In nasopharyngeal carcinoma, CORO1C promotes cancer cell migration and invasion by induction of EMT (43). We infer that CORO1C may induce EMT in bladder cancer cells by increasing neutrophil activity. Our research first demonstrates that CORO1C positively relates to neutrophil activation, neutrophil degranulation, neutrophil activation involved in the immune response, neutrophil-mediated immunity, and EMT. These results support the view that CORO1C is highly positively correlated with EMT and ultimately leads to poor prognosis in bladder cancer patients.

In the present study, WGCNA is used to construct a co-expression network based on processed TCGA-BLCA data. We also assess clinical features and attempt to find key modules that are most relevant to the advanced stage of bladder cancer. Finally, four modules and their corresponding candidate hub genes are preliminarily identified for further validation. Survival analysis of these candidate hub genes is performed in three data sets (TCGA-BLCA, GSE19915, and an independent cohort of bladder cancer patients from our center). Finally, CORO1C and TMPRSS4 are screened out as hub genes that are significantly correlated with OS. CORO1C and TMPRSS4 might be two meaningful clinical indicators in bladder cancer but appear to have opposite prognostic value.

There are also some limitations in this study. First, the molecular function of CORO1C and TMPRSS4 in EMT need to be verified by biological experiments in vitro, which is in our future research plan. Second, the concrete relationship between CORO1C and neutrophils should be tested by co-culture or by immunohistochemical marker staining. Overall, through the integrated analysis of multiple data sets and the establishment of a co-expression network by WGCNA, CORO1C and TMPRSS4 are found participating in the tumor progression with valuable prognostic information in predicting bladder cancer patients' outcome and might be appealing treatment targets in clinical decision making.



MATERIALS AND METHODS


Bladder Cancer Data Sources and Processing

The level three RNA-seq data and corresponding clinical information of 412 BC patients were downloaded from the TCGA database (https://cancergenome.nih.gov/). The exclusion criteria were described as follows: (1) neoadjuvant chemotherapy history, (2) unclear histological type of tumor, (3) T0 or T1 stage of tumor, (4) inadequate follow-up information (missing or <1 month), and (5) grade version not belonging to the American Joint Committee on Cancer (AJCC) 6th or 7th edition. Eventually, 274 patients were included in this study to perform WGCNA. The microarray data set GSE19915 consists of 144 BC patients, and related clinical data were downloaded from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/) to verify the candidate hub genes found by WGCNA.



Construction of a Weighted Gene Co-expression Network and Identification of Candidate Hub Genes

A matrix includes the expression data of top 5,000 genes ranked by median absolute deviation (MAD), which, retrieved from 274 TCGA-BLCA samples, was used to construct a weighted gene co-expression network by R package “WGCNA” (6). First, to construct a reliable sample tree, the samples with connectivity less than −2.5 were filtered as outliers. Second, multiple soft thresholding powers ranging from 1 to 20 were established to select the appropriate indices (R2 = 0.85) for a scale-free topology network construction with enhanced strong Pearson correlations and weakened weak correlations between paired genes in the adjacency matrix. The adjacency matrix was then converted into a topological overlap matrix (TOM), which could evaluate the network connectivity of a gene, and the corresponding dissimilarity (dissTOM) was generated by subtracting TOM from 1. According to the TOM-based dissimilarity measure, genes were divided into different gene modules through the dynamic tree cut method with a minimum module group size of 30 for the resulting average linkage hierarchical clustering dendrogram, and the modules with low credibility were identified and merged together with a height cutoff of 0.25 in the clustering. The similarity of each module was evaluated by the adjacency of the expression data and the similar modules were clustered together. Later, seven BLCA clinical traits (including patient age, histological subtype of papillary and non-papillary tumors, histological grade, tumor stage, and TNM information) were selected, and the Pearson correlation with co-expression modules was calculated and visualized by a heat map. Finally, the “chooseTopHubInEachModule” function embedded in the “WGCNA” package was used to recognize the candidate hub genes that have the highest connectivity in each module.



Survival Analysis of the Candidate Hub Genes

Prognostic values of the candidate hub genes in TCGA were assessed by Gene expression profiling interactive analysis (GEPIA, http://gepia.cancer-pku.cn) online tools. Survival analysis in the GSE19915 data set was conducted for the candidate hub genes using “survival” R package (https://CRAN.R-project.org/package=survival). Tumor samples within the above data sets were divided based on the candidate hub gene's median expressive value, and the survival analysis was estimated by the Kaplan–Meier (K-M) survival curves of each patient with overall survival (OS) as the end point.



Functional Annotation of the Hub Genes

GSEA was carried out using the Java GSEA v4.0.1 desktop program (http://software.broadinstitute.org/gsea/datasets.jsp). Fifty referenced Hallmark gene sets from MSigDB (http://software.broadinstitute.org/gsea/msigdb/index.jsp) were downloaded to identify significant pathways associated with hub gene expression. Gene ontology (GO) biological process annotation of the hub gene associated modules was implemented by R package “clusterProfiler” (44). In the gene set enrichment analysis, large sets with more than 500 genes and small sets with <15 genes were excluded from the results, and enriched pathways with a cutoff threshold of p < 0.05 and FDR < 0.25 were considered valuable.



Variation Analysis Between the Hub Genes and EMT Gene Sets

Based on the integration of published literature, EPITHELIAL-MESENCHYMAL TRANSITION GENE DATABASE (dbEMT2, http://dbemt.bioinfo-minzhao.org/index.html), EMT-related gene sets, epithelial-related gene sets, and mesenchymal-related gene sets selected from MSigDB (http://software.broadinstitute.org/gsea/msigdb/index.jsp), finally 370 epithelial-related genes and 733 mesenchymal-related genes were collected and further processed into an epithelial-related gene set and a mesenchymal-related gene set, respectively. The enrichment scores of the epithelial-related gene set and mesenchymal-related gene set were calculated by the “GSVA” package (45). Spearman correlation between epithelial or mesenchymal gene set enrichment score and the hub gene Log2 transformed expression data were estimated to evaluate the relationship between the hub genes and the EMT process.



Tumor-Infiltrating Immune Cell Analysis

Immunologic infiltration data were collected from the Tumor Immune Estimation Resource (TIMER, https://cistrome.shinyapps.io/timer/) platform to explore the correlation between hub genes and tumor-infiltrating immune components. TIMER is a comprehensive resource for the systematic analysis of immune infiltrates across diverse cancer types. The abundance of six immune cells (B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell) were evaluated by statistical methods mining sequencing data retrieved from TCGA and validated using pathological estimations (46, 47). To calculate the consistency of results retrieved from TIMER, we collected 12 innate immune cells and 12 adaptive immune-related cytotoxic components with the marker genes previously identified by Bindea et al. (48) for further estimating by single sample GSEA (ssGSEA), an extension embedded in the “GSVA” R package. The quantification of RNA-seq abundance was first standardized by calculating the transcripts per million (TPM) to estimate the relative degree of the tumor-infiltrating immune microenvironment among 274 TCGA-BLCA tumor samples; after transforming the ssGSEA scores into a z-score distribution, the normalized enrichment score of each immune component was ranked from high to low by the Pearson correlation with the expression of CORO1C and displayed in a heat map form.



Protein Network Construction and Genetic Alteration of the Hub Genes

We identified 1,273 genes that were highly correlated with the expression of CORO1C and 164 genes that were highly correlated with the expression of TMPRSS4, according to the strict criteria of Pearson r > 0.4 and P < 0.0001. Finally, 163 genes that were regarded as the most closely related genes with CORO1C were obtained from the intersection of 1,273 correlative gene sets and all 394 genes contained in the WGCNA purple module (excluding CORO1C). Another 25 genes most closely related to TMPRSS4 were also determined by the same method as described above. Cytoscape software version 3.5.0 (https://cytoscape.org) was downloaded to visualize the PPI network of the hub genes and their possible co-expressed relationship. The genetic alteration type and mutational frequency map of the hub genes were assessed through the cBioPortal for Cancer Genomics (https://www.cbioportal.org) (49).



Patients and Follow-Up

The study was approved by the Ethics Committee of the First Affiliated Hospital of China Medical University with informed consent obtained from all patients. All 124 BC patients have suffered radical resection or TURBT in our hospital between 2010 and 2012. According to the AJCC stage, there were 88 cases of NMIBC and 56 cases of MIBC. The mean follow-up period of patients was 49 months, and no patients were lost to follow-up after surgery. OS was defined as the time between surgical resection and death or the last follow-up.



Immunohistochemistry of Tissue Specimens

After fixation with 10% buffered formalin at room temperature for 24 h, the specimens were embedded in paraffin blocks, and the samples were sliced into 4-μm-thick sections. Then, the sections were deparaffinized using a graded ethanol series. Antigen retrieval was performed by a combination of pressure and heat in citrate buffer (pH 6.0) for 60 s. Subsequently, we incubated the sections with a CORO1C polyclonal antibody (diluted 1:200; PA5-21775; Thermo Fisher Scientific; USA), TMPRSS4 polyclonal antibody (diluted 1:200; ab188816; Abcam; USA), PIK3C2B polyclonal antibody (diluted 1:200; ab231122; Abcam; USA), and ZNF692 polyclonal antibody (diluted 1:200; PA5-63794; Thermo Fisher Scientific; USA) overnight at 4°C. We used the streptavidin-peroxidase method to detect antibodies, and phosphate-buffered saline (PBS) was used as a substitute for the primary antibody as the negative control. Positive controls were used to ensure technique validity. All the sections were performed independently by two experienced pathologists. When evaluating the staining intensity, the staining degrees were classified as 0 (negative or weak), 1 (moderate), or 2 (strong). The percentage of positive cells was determined, and a score of 1 to 3 was defined as follows: 1 (<50%), 2 (50–75%), and 3 (75–100%). The patients were divided into two groups based on the result of multiplying the two scores: high expression (>3) and low expression (≤3).



Statistical Analysis

All statistical analyses were conducted using SPSS 24.0 (Chicago, IL, USA) and R 3.6.0 (https://www.r-project.org/). R and GraphPad Prism 6 (San Diego, CA, USA) were used to draw plots. The Wilcox test was applied to compare the expression of hub gene between different clinical groups. P < 0.05 was considered statistically significant.
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