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Accumulating evidence has proven that N6-methyladenosine (m6A) RNA methylation plays an essential role in tumorigenesis. However, the significance of m6A RNA methylation modulators in the malignant progression of papillary renal cell carcinoma (PRCC) and their impact on prognosis has not been fully analyzed. The present research set out to explore the roles of 17 m6A RNA methylation regulators in tumor microenvironment (TME) of PRCC and identify the prognostic values of m6A RNA methylation regulators in patients afflicted by PRCC. We investigated the different expression patterns of the m6A RNA methylation regulators between PRCC tumor samples and normal tissues, and systematically explored the association of the expression patterns of these genes with TME cell-infiltrating characteristics. Additionally, we used LASSO regression to construct a risk signature based upon the m6A RNA methylation modulators. Two-gene prognostic risk model including IGF2BP3 and HNRNPC was constructed and could predict overall survival (OS) of PRCC patients from the Cancer Genome Atlas (TCGA) dataset. The prognostic signature-based risk score was identified as an independent prognostic indicator in Cox regression analysis. Moreover, we predicted the three most significant small molecule drugs that potentially inhibit PRCC. Taken together, our study revealed that m6A RNA methylation regulators might play a significant role in the initiation and progression of PRCC. The results might provide novel insight into exploration of m6A RNA modification in PRCC and provide essential guidance for therapeutic strategies.
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Introduction

Renal cell carcinoma (RCC) is one of the most prevalent malignant disease originating from renal tubular epithelium, represent 2–3% of all human cancers. Renal papillary cell carcinoma is the second most common pathological subtype of renal cell carcinoma, accounting for 18.5% (1–3). PRCC is classified by molecular subtypes into type 1 and type 2. Type 2 PRCC tumors are more aggressive and have a worse prognosis compared with clear cell renal cell carcinoma (ccRCC) (4). Treatment of advanced RCC relies on targeted drugs, for example, sunitinib, sorafenib, axitinib, pazopanib, cabozantinib, and lenvatinib, but has limited efficacy in the treatment of PRCC (5). PRCC and ccRCC are not identical in terms of pathological mechanisms, and PRCC does not account for a high proportion of RCC, leading to its exclusion in large clinical trials of certain drugs (6). PRCC has not received effective attention and the research progress is slow. Although PRCC patients can be diagnosed and operated on with ultrasound at an early stage, the current use of targeted therapy drugs is not effective, leaving many PRCC patients missing out on the best treatment opportunities. Therefore, seeking novel targets and prognostic biomarkers of PRCC is of profound significance.

N6-methyladenosine (m6A) is a methylation modification that can occur on RNA adenine (A) (7). It is one of the most common modification in mRNA, rRNA, tRNA, microRNA, and long non-coding RNA (8). m6A dynamics and functions are executed by three groups of proteins: Methyltransferases or “writers,” demethylases or “erasers,” and m6A -binding proteins or “readers” (9). Writers mainly include METTL3, METL14, KIA1429, WTAP, RBM15, and ZC3H13, they are in charge of RNA methylation (10). The demethylases, known as the “erasers,” can specifically target RNA m6A and mainly include ALKBH5 and FTO (11, 12). The readers are responsible for binding m6A sites and play specific regulatory roles for modified-RNA, including YTHDC1, YTHDC2, YTHDF1, YTHDF2, IGFBP1, IGFBP2, IGF2BP3, RBMX, and HNRNPC (13). m6A methylation regulates various aspect of RNA metabolism including abundance, alternative splicing, stability, nuclear export, decay, and translation (14). The deregulation of m6A regulators leads to decreased proliferation, self-renewal, survival, as well as differentiation (15). There is increasing evidence that the miscegenation of m6A RNA methylation regulators plays an important role in the occurrence and development of various tumors, such as liver cancer (16, 17), glioblastoma (18), osteosarcoma (19), and colorectal cancer (20). However, the relationship between m6A RNA methylation regulators and various clinicopathological features is still not fully clear.

In this study, we analyzed the expression of 17 m6A RNA methylation regulators in PRCC and investigated the relationship between m6A RNA methylation regulators and clinicopathologic characteristics of PRCC patients using transcriptome sequencing (RNA-seq) data downloaded from the TCGA database. Then we applied the CIBERSORT algorithm to further analyze the effect of m6A methylation regulator on the composition of PRCC immune-related cells. We found that m6A RNA methylation modulator played an important role in the progression of PRCC. Two m6A methylation regulators were screened to construct risk profiles to classify the prognosis of PRCC. Finally, we further analyzed the two powerful independent prognostic m6A methylation modulators and found that they played an important role in the malignant progression of PRCC.



Methods


Data Collection and Processing

The RNA-seq transcription data and corresponding clinical information of PRCC samples were downloaded from TCGA data portal (https://tcga-data.nci.nih.gov/tcga/), and the expression of these RNA-seq data was normalized by expectation-maximization (RSEM). A total of 289 PRCC cases and 32 adjacent normal tissues were included in the current study. This study meets the publication guidelines provided by TCGA Publication Guidelines, ethics committee approval was deemed not required.



Detection of m6A RNA Methylation Regulators and Differential Expression Analysis

Based on previously published literature and PRCC gene expression data provided by TCGA, a total of 17 regulatory factors of m6A RNA methylation were identified. These 17 m6A regulators included six writers (METTL3, METL14, KIA1429, WTAP, RBM15, and ZC3H13) (10), two erasers (FTO and ALKBH5) (11, 12), and nine readers (YTHDC1, YTHDC2, YTHDF1, YTHDF2, IGFBP1, IGFBP2, IGF2BP3, RBMX, and HNRNPC) (13). PPI network analysis was performed at the STRING database (https://string-db.org) (21). PPI network analysis was performed at the STRING database (https://string-db.org) (22). P-value < 0.05 and | log2 fold change (FC)| ≥ 2 were set as the cutoff.



Unsupervised Clustering for 17 m6A Regulators and Functional Annotation

To comprehensively illustrate the biological characteristics of the m6A regulators in PRCC, we performed the “ConsensusClusterPlus” package (50 iterations, sample rate of 80%) to classify the patients afflicted by PRCC into different subtypes (23). Subsequently, we conducted Gene Ontology (GO) and The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses to functionally detect the difference on biological process between distinct m6A expression patterns using the “clusterProfiler” package (24). Gene set enrichment analysis (GSEA) was performed to investigate the hallmarks of tumor sets in different PRCC subtypes (http://software.broadinstitute.org/gsea/msigdb/index.jsp) (25).



Evaluation of Tumor Immune Cells Infiltrating in Papillary Renal Cell Carcinoma

We used CIBERSORT algorithm, a bioinformatic algorithm, to estimate 22 types tumor-infiltrating immune cells in tumors, by characterizing the cell composition of complex tissues based on normalized gene expression profiles (26). Gene Set Enrichment Analysis (GSEA) was performed using GSEA 2.0.9 (http://www.broadinstitute.org/gsea/) (27).



Development of the m6A Regulators-Related Prognostic Signature

Univariate Cox regression analysis was used to evaluate the prognostic value of m6A RNA methylation regulator. LASSO regression was used to further narrow the genes for prediction of the OS. Finally, we used the obtained prognostic genes to construct the risk score function to calculate for each patient. It calculated according to the following formula:

	

where βi is the coefficient and xi is the z-score-transformed relative expression value of each selected gene. All PRCC patients were assigned into two groups (a high-risk group and a low-risk group) according to the median risk score. We used the Kaplan-Meier method with the log-rank test to determine the difference in OS rates between two groups, and the package “survival ROC” within the R programming environment was used to plot Receiver Operating Characteristic (ROC) curves (28). The heat map was used to illustrate the difference in gene expression between high-risk and low-risk groups. TISIDB (http://cis.hku.hk/TISIDB) was used to study the influence of prognostic genes on the stage, molecular typing and immune typing of PRCC patients (29). Cox regression analysis was assessed to identify independent predictors of outcome in molecular pathological features.



Identification of Potential Small Molecular Drugs

Potential drugs for the treatment of PRCC were selected using the Connectivity Map (CMap) database (https://portals.broadinstitute.org/CMap/) (30). We divided the differentially expressed genes from the high-risk and low-risk groups into up-regulated and down-regulated groups, and uploaded them into the CMap database for genomic enrichment analysis. In the obtained small molecule data results, the mean value closer to +1 indicated that the small molecule could promote the PRCC gene expression, while the mean value closer to −1 indicated that the small molecule might have an effect on inhibiting the progression PRCC. We screened the small drug molecules with enrichment value < 0 and P < 0.001, and accessed PubChem (http://www.pubchem.ncbi.nlm.gov) to analyze their 3D Conformer, a public repository of small molecules in properties (31).



Statistical Analyses

Data analysis was performed with GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA). Non-parametric Spearman rank correlation analysis was performed to calculate the correlation coefficient. One-way ANOVA was used to conduct different comparisons. Clinical pathological characteristics were compared between groups using Pearson’s Chi-square test. All the tests were two-sided, and significance was assumed for P < 0.05. All statistical analysis was performed by software R (version3.6.3).




Results


Expression Patterns of m6A Methylation Regulators in Papillary Renal Cell Carcinoma

The work flowchart is displayed in Figure 1. The detailed clinicopathological information of these patients was listed in Table 1. Heatmap plots analysis was used to compare m6A RNA methylation regulators expression in tumor and normal tissues (Figure 2A). Compared to normal tissue samples, the expression levels of RBMX, YTHDF1, IGF2BP3, IGF2BP2, and HNRNPC were significantly increased in tumor tissue samples, while the expression of KIAA1429, YTHDF2, ZC3H13, METTL14, IGF2BP1, and ALKBH5 in normal tissues was significantly higher than that in PRCC tissues (Figure 2B). Moreover, the interacting proteins of m6A RNA methylation regulators were analyzed using the STRING protein interaction online database. We found that the genes displayed significantly correlated expression patterns. In comparison with readers, the correlation among writers is notably stronger (Figure S1A). Additionally, using “corrplot” package in R software for further analysis, the results showed that the correlation between METTL3 and YTHDC1 was high, and RBMX was significantly in correlation with most of m6A RNA methylation regulators except the level of IGF2BP1 and ALKBH5 (Figure S1B). Taken together, the results indicated that the cross-talk among the writers, readers, as well as erasers of RNA methylation act as essential biological roles in tumorigenesis of PRCC.




Figure 1 | Workflow of this study.




Table 1 | Clinical pathological parameters of patients with PRCC in this study.






Figure 2 | Differential expression of m6A RNA methylation regulators in tumor and adjacent normal tissues. (A) Heatmaps visualizing the expression levels of m6A RNA methylation regulators in each sample. (B) m6A RNA methylation regulators expressed differentially between tumor tissues and adjacent normal tissues. *P < 0.05, **P < 0.01, and ****P < 0.0001.





Consensus Cluster Analyses Were Performed With m6A RNA Methylation Modulator to Distinguish Different Subgroups With Different Prognosis

TCGA data consisting of 289 PRCC patients was performed consensus clustering based on the m6A RNA methylation regulator, using a class discovery tool “ConsensusClusterPlus.” Among k = 2 to 9, the results showed that the most stable clustering results can be obtained when k = 2. The result of consensus clustering indicated that 289 patients could be classified into two clusters with higher stability (Figures 3A–D). Next, we determined whether there was any significant difference in the clinicopathological characteristics and expression of several tumor-related markers between the two subgroups (Figure 3E). The results showed that no significant differences were noted in the clinical features between the two subgroups. More and more studies have revealed that the expression of TP53 and MET plays an important role in PRCC research and we found that TP53 and MET were highly expressed in cluster 2 (Figures 3F, G). Furthermore, cluster 2 patients had worse OS compared with patients within cluster 1 cohort (P = 0.033) (Figure 3H). Moreover, m6A RNA methylation regulators expression in cluster 2 was significantly higher than that in the cluster 1 (Figure 3I). These results indicated that the clustering subtypes identified by m6A regulators expression were closely associated with the heterogeneity of patients afflicted with PRCC.




Figure 3 | Differential clinicopathological features and OS of PRCC in the cluster 1/2 subgroups. (A) Consensus clustering cumulative distribution function (CDF) for k = 2 to 9. (B) Relative change in area under the CDF curve for k = 2 to 9. (C) The tracking plot for k = 2 to 9. (D) Consensus clustering matrix for PRCC. (E) Heatmap and clinicopathologic features of the two subgroups classified by the m6A RNA methylation regulatory gene consensus expression in PRCC. (F) Comparison of TP53 expressions in different subgroups. (G) Comparison of MET expressions in different subgroups. (H) Kaplan-Meier curves analysis for PRCC patients in cluster 1 and 2. (I) Violin plots displayed the distribution of m6A RNA Methylation Regulators expression in cluster 1 and cluster 2. **P < 0.01, ****P < 0.0001.





The Influence of m6A RNA Methylation Regulators Expression on the Biological Process and Signaling Pathways

To further explore the role of m6A RNA methylation regulators factors in the biological process and signaling pathways of PRCC, we carried out differential gene expression analysis between cluster 1 and cluster 2. Our results showed 176 significantly down and 88 up regulated mRNAs (Figure 4A). These differentially expressed genes (DEGs) were further analyzed by GO and KEGG pathway analyses. It was observed that biological pathways in KEGG were mainly enriched in inflammatory mediator regulation of TRP channels, rheumatoid arthritis, IL−17 signaling pathway, Arachidonic acid metabolism, and Phenylalanine metabolism (Figure 4B). GO analysis revealed the enrichment of terms related to humoral immune response, complement activation, acute inflammatory response, immunoglobulin complex, antigen binding, and fatty acid-binding among the top regulated categories. Most of the results showed that they correlated with immune response pathways (Figure 4C). Using GSEA to identify the potential different regulatory mechanisms between the two clusters, we found a number of hallmarks of malignant cancer including WNT β-catenin signaling, E2F targets, and DNA repair were significantly enriched in patients from cluster 2 cohort (Figure 4D). These data suggested a significant correlation between m6A methylation regulators and development of PRCC.




Figure 4 | GO, KEGG, and GSEA analysis of DEGs. (A) Volcano plot showing differentially expressed genes between cluster 1 and cluster 2. (B) Functional annotation of the genes with different expression patterns between cluster 1 and cluster 2 using KEGG pathway terms. (C) Functional annotation of the genes with different expressions between cluster 1 and cluster 2 using GO terms. (D) GSEA showed that genes with higher expressions in cluster 2 were significantly enriched in hallmarks of malignant tumors.





Tumor Microenvironment Cell Infiltration Characteristics in Distinct m6A Modification Patterns

The above results in this study showed that the expression of m6A RNA methylation regulators in PRCC has a close correlation with immune response, therefore, we focused our further analysis on the TME cell infiltration characteristics in distinct m6A modification patterns. We focused our further analysis on the infiltration of TME in two different cluster modes and finally evaluated 22 different immune cell types in 289 samples using the CIBERSORT algorithm (Figure 5A). Excluding samples of CIBERSORT P-value >0.05, 177 samples were enrolled. The fraction of 22 subpopulations abundance of immune cells in patients from two clusters was displayed in Figure 5B. Unsupervised cluster stratification of 22 immune cells was displayed in Figure 5C. The proportions of different subpopulations of tumor-infiltrating immune cells were weakly to moderately correlated (Figure 5D). In addition, we calculated the median absolute score CIBERSORT gave for 22 cell types in each cluster. The results showed that the fraction of macrophages M2 was significantly higher in cluster 1 than that in cluster 2. However, dendritic cells resting and mast cells resting were remarkably higher in cluster 2 than that in cluster 1 (Figure 5E).




Figure 5 | TME cell infiltration characteristics and transcriptome traits in distinct m6A modification patterns. (A) The summary of immune infiltration of 22 immune cells subpopulations in 177 samples. (B) Comparison of the abundance of immune infiltration of 22 immune cell subsets in different subgroups. (C) Heatmap of the 22 immune cell proportions in cluster 1 and cluster 2. (D) Correlation matrix of all 22 immune cell proportions. (E) The violin plot of the 22 immune cell proportions between cluster 1 and cluster 2.



Then, using a Spearman rank test, correlation analysis was performed between each type of immune cell and 17 m6A RNA methylation regulators (Figure 6A). IGF2BP3 caught our attention, and we found that it was significantly positively associated with many immune cells. Therefore, we further analyzed the overall infiltration of immune cells in patients with high and low expression of IGF2BP3 (Figure 6B). The results displayed that a fraction of B cells naive, T cells CD8, T cells CD4 memory activated, Macrophages M1, and Dendritic cells resting were significantly increased in the IGF2BP3 high expression group. However, a fraction of NK cells activated was remarkably higher in low IGF2BP3 expression groups than that in high IGF2BP3 expression group. Next, we used ESTIMATE algorithm to score immune cell infiltration in patients with high and low expression of IGF2BP3. The results showed that high expression of IGF2BP3 exhibited high ESTIMATE scores (P < 0.0001), immune scores (P < 0.0001), and stroma scores (P < 0.0001). However, the tumor purity scores in the high IGF2BP3 expression patients were significantly lower than that in the low IGF2BP3 expression patients (P < 0.0001), which meant that the TME with high expression pattern of IGF2BP3 existed a dramatically increased immune cell infiltration, thus confirming the above findings (Figure 6C).




Figure 6 | The relationship between the IGF2BP3 and the immune-related features in PRCC. (A) Spearman’s correlations between m6A RNA methylation regulators expression levels and immunomodulators. (B) The violin plot of the 22 immune cell proportions between high and low IGF2BP3 expression groups. (C) The difference in ESTIMATE scores, immune scores, and stroma scores between IGF2BP3 high expression and low expression subgroups. (P < 0.0001). (D) Effect of IGF2BP3 expression level on the expression of different immunomodulators. *P < 0.05, **P < 0.01, and ***P < 0.001.



Immunomodulator agonists play an increasingly important role in the development of tumors. We therefore next investigated the impact of IGF2BP3 on the expression of these immunomodulator agonists. All PRCC patients were subsequently divided into two groups (high expression group and low expression group) according to the IGF2BP3 expression. Compared with the low IGF2BP3 expression group, we found that these immunomodulator agonists’ expression was significantly higher in the high IGF2BP3 expression group (Figure 6D). Specifically, programmed cell death 1 (PD-1), programmed cell death ligand 1 (PD-L1), programmed cell death 1 ligand 2 (PD-L2), and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) also positively corelated with IGF2BP3 expressions. In summary, we observed that IGF2BP3 is closely related to immunomodulatory factors in PRCC.



Prognostic Value Screening of m6A RNA Methylation Regulators and Risk Signature Built

Next, we investigated these m6A RNA methylation regulators for prognostic values on patient survival in PRCC patients. Univariate Cox regression analysis was performed to evaluate the relationship between the expression level of each m6A RNA methylation regulator and patients’ OS. The results demonstrated that KIAA1429 RBMX, IGF2BP1, IGF2BP3, RBM15, and HNRNPC were significantly correlated with OS with hard ratio (HR) larger than 1 (Figure 7A). In order to select the best prognosis-related genes, these six genes have undergone the LASSO regression analysis. Output of LASSO regression showed two regulators (IGF2BP3 and HNRNPC) were powerful prognostic factors.




Figure 7 | Construction of the risk signature according to the m6A RNA methylation regulators. (A–C) The process of building the signature containing two m6A RNA methylation regulators. Hazard ratios (HR, the center of the box) and 95% confidence intervals (CI, horizontal line) were calculated with Cox’s regression models. (D) Kaplan-Meier survival curves for OS in the CCRT-along groups of low and high risk. (E) ROC curve and AUC value.



Two genes (IGF2BP3 and HNRNPC) were then applied to construct the risk signature. According to the coefficients of the LASSO selection in the Cox model, the risk scores were calculated and the high/low-risk groups were divided according to the median risk score in each dataset (Figures 7B, C). Survival was assessed in both the high-risk and low-risk groups, and the OS rate in the high-risk group was significantly lower than that in the low-risk group (Figure 7D). The area under the ROC curve (AUC) was 0.701 (Figure 7E), indicating the satisfactory accuracy of our two-m6A regulator signature for survival prediction of PRCC.



Prognostic Risk Score and Two Prognostic Genes Showed Strong Associations With Clinicopathological Features in Papillary Renal Cell Carcinoma

We next sought to analyze the correlation between the risk score and the clinicopathological characteristics of PRCC patients. Heatmap plot showed that the gene expressions of IGF2BP3 and HNRNPC were higher in the high-risk group than that in the low-risk group (Figure 8A). There were significant differences in cluster, pathological stage, and stage T between the high-risk group and the low-risk group (Figure 8B). To further investigate the clinical usefulness of IGF2BP3 and HNRNPC expressions in PRCC, we compared the OS, disease-specific survival (DSS), recurrence-free survival (RFS), and platinum-free interval (PFI) based upon the expression of IGF2BP3 and HNRNPC. The results showed that high expressions of IGF2BP3 and HNRNPC were significantly correlated with shorter OS, DSS, RFS, and PFI of PRCC (Figures 8C, D). The IGF2BP3 and HNRNPC expression in different subtypes of the stage, molecular, and immunity was analyzed using an integrated repository portal for tumor-immune system interactions (TISIDB). Figures 8E, F showed that the expression of IGF2BP3 and HNRNPC increased along with stage I-IV, C2c-CIMP molecular subtypes, C1, and C2 immune subtypes. These results clearly showed the significant effect of IGF2BP3 and HNRNPC expression on clinical outcome of patients with PRCC.




Figure 8 | Prognostic risk scores and two prognostic genes showed strong associations with clinicopathological features in PRCC. (A) Heat map of the two gene expressions in the high-risk and low-risk groups. **P < 0.01, and ***P < 0.001. (B) The distribution of risk scores in different pathological stages and clusters. (C) The OS, DSS, RFS, and PFI based on IGF2BP3 expressions. (D) The OS, DSS, RFS, and PFI based on HNRNPC expressions. (E) The IGF2BP3 expression in different subtypes of the stage, molecular and immune. (F) The HNRNPC expression in different subtypes of the stage, molecular and immune.



To determine whether risk signature and clinicopathological parameters were independent prognostic factors for PRCC, univariate and multivariate analysis was performed. Results of the univariate analysis showed that pathological stage, stage TNM, and risk score correlated with OS (Figure 8A). After adjusting for clinical and pathologic characteristics, we found that only the risk score associated with the OS rate of patients with PRCC (Figure 8B), indicating that our m6A regulator-related risk model was still a novel independent prognostic signature for predicting survival in patients with PRCC. Results of the univariate analysis showed that pathological stage, stage and risk score correlated with OS (Figure 9A). After adjusting for clinical and pathologic characteristics, we found that only the risk score associated with the OS rate of patients with PRCC (Figure 9B).




Figure 9 | Identification of the independent prognostic factors in the PRCC cohort. (A) Single-factor analysis of clinicopathological parameter and risk score. (B) Multivariate analysis of clinicopathological parameters and risk score.





Related Small Molecule Drugs Screening

In order to predict small molecule drugs that can inhibit PRCC, DEGs of high-risk and low-risk groups were assigned into up-regulated and down-regulated groups. Then we matched it to small molecule drug in the CMap database. Finally, we selected the three most important small molecular compounds (Table 2). The 3D structure of these three small molecular compounds were downloaded from the PubChem database (Figure 10). The negatively related molecular agents (enrichment < 0 and P < 0.05) for anti-PRCC were then identified. Based on the shear standard, total of three small-molecule compounds including 15-delta prostaglandin J2 (enrichment score = −0.587, P = 0), lasalocid (enrichment score = −0.864, P = 0.00062), isocarboxazid (enrichment score = −0. 781, P = 0.00088) were available that could be potential drugs for the treatment of patients afflicted with PRCC. These small molecules might potentially inhibit the occurrence of PRCC disease and provide recommendations for the selection of PRCC-targeted drugs, while the specific mechanism of action and effectiveness needs to be further studied.


Table 2 | Four most significant small molecule drugs.






Figure 10 | 3D conformer of four most significant small molecule drugs.






Discussion

PRCC is a complex malignancy and the second most common RCC after CCRC (3). At present, studies on PRCC-related biomarkers are insufficient to meet the clinical requirements for patient diagnosis and prognosis. Moreover, there is a lack of knowledge about the use of PRCC-related mRNA as biomarkers and their internal interactions, so we need to conduct in-depth research on the occurrence and development of PRCC. Abnormal m6A RNA methylation has been shown to modulate the carcinogenic effects of many types of tumors. However, their roles in PRCC are unclear. In this study, we found that most m6A RNA methylation regulators were abnormally expressed in PRCC, and the PRCC cohort was divided into two subgroups according to the expression of m6A RNA methylation regulators, with significant differences in OS. The expression of 17 m6A methylation modulators may have important effects on the regulation of tumor markers such as MET and TP53 in PRCC patients. Besides, it is also closely related to the biological processes, key signaling pathways, and immune system of malignant PRCC. Therefore, to verify the correlation between 17 m6A methylation modulators and the immune system, CIBERSORT algorithm was used to further evaluate the infiltrated immune cells of the two subgroups. The proportion of immune cells varies significantly between samples. We then found that Cluster 1 had a significantly higher proportion of macrophage M2 than the Cluster 2 group. However, the proportion of dendritic cells and mast cells was significantly higher in Cluster 2. These results suggest that the expression of 17 m6A methylation modulators may affect the immune infiltration of PRCC patients, and it may have clinical significance for the characterization of individual difference. Next, prognostic risk characteristics were constructed based on IGF2BP3 and HNRNPC, and the patients were divided into high-risk and low-risk groups based on the median risk score.

As previously shown, abnormal expression of m6A RNA methylation modulators plays an important role in many types of cancer. The writer METTL3 and METTL14 were reported to promote tumorigenesis in hepatocellular carcinoma and acute myeloid leukemia (AML), but have the opposite effect in gastric cancer (18, 32). YTHDF1 can reflect the malignant degree of hepatocellular carcinoma and has prognostic value (33). High ALKBH5 expression can promote proliferation of glial stem cell-like cells (34). WTAP can reposition METTL3 and METTL14 to their target RNA to enhance methyltransferase complex methylation activity (35). Interestingly, the reader YTHDF2 was found to inhibit invasion and migration in pancreatic cancer, but facilitate the migration of prostate cancer in vitro (36, 37). The m6A RNA modification, such as YTHDF1, was reported to regulate anti-tumor immune responses (16). Additionally, KIAA1429 is a critical methyltransferase that participates in the process of m6A modification. It has been reported that KIAA1429 mediated the m6A methylation of its direct downstream target GATA binding protein (GATA3), and thereby facilitating the malignant phenotypes of hepatoma cells (38). Moreover, KIAA1429 acts as an oncogenic role by regulating cyclin-dependent kinase (CDK1) in a m6A-independent manner in breast cancer (39). IGF2BP1 has been traditionally regarded as an oncogene and potential therapeutic target for cancers as well. Previous research has illustrated that the expression of IGF2BP1 promotes hepatocellular carcinoma cell proliferation, migration, and invasion, and correlates with poor survival rate (40). The similar trend was also identified in non-small cell lung cancer, and high expression level of IGF2BP1 facilitates the disease progression (41). However, there is still a lack of systematic researches on m6A methylation regulators for PRCC. By applying survival analysis, six m6A regulators including KIAA1429 and IGF2BP1 were found to exhibit significant correlation with the prognosis of PRCC as risk genes with HR > 1, indicating that these genes might contribute to the development of PRCC. Our research may also help offer a foundation for revealing the oncogene roles of the m6A regulators in PRCC for future study.

Furthermore, we found that the m6A methylation regulator high expression group (Cluster 2) patients had poorer OS, and most of the differential genes were enriched in immune-related signaling pathways, suggesting that the m6A methylation regulator expression is closely related to the prognosis and immunity of PRCC patients. One of the main findings of the current study is the establishment of risk characteristics of IGF2BP3 and HNRNPC, which could effectively predict the prognosis of PRCC cohort with the later stage having a higher risk score. Other than that, we found that the expression of IGF2BP3 and HNRNPC was significantly increased in PRCC patients with later stage and C2c-CIMP subtypes. So far, no effective treatment for advancing PRCC has been found. And that type 2 papillary RCC is a heterogeneous disease with multiple distinct subgroups (42). The most distinct of the three Type 2 subgroups was that defined by the CpG island methylator phenotype (CIMP), which associated with the worst overall survival. Therefore, subtype classification of PRCC type 2 by specific molecular markers may provide important diagnosis. Further study of IGF2BP3 and HNRNPC may provide a new research direction for targeted therapy of PRCC.

We’ve learned from the previous research that IGF2BP3 promotes the proliferation of breast cancer cells by promoting the expression of TRIM25 (43). High expression of IGF2BP3 can promote the invasiveness of colorectal cancer cells in vitro and in vivo (44). Overexpression of IGF2BP3 mRNA and protein increases IGF2 translation and IGF1 receptor (IGF1R) signaling through PI3K and MAPK cascade reaction and promotes proliferation, invasion, and transformation of thyroid cancer cells (45). Increasing evidence has shown that the interaction between m6A modification and a variety of m6A modulators plays an important role in immune and inflammatory responses. In this study, we took the median expression level of IGF2BP3 at the critical point and divided PRCC patients into two groups. The results showed that the high-expressed group showed stronger immune cell invasion compared with the low-expressed group, for example, B cells naive, T cells CD8, T cells CD4memory activated, Macrophages M1, and Dendritic cells significantly increased, which confirmed that the high-expressed IGF2BP3 group had stronger antitumor immune activity. We examined the expression levels of some immunomodulator agonists in the IGF2BP2 high expression group and the low expression group, and found that most of the IGF2BP3 high expression group had higher expression levels of immunomodulator agonists than the low expression group, and the difference between the two groups was significant, especially the current PD‐1, PD-L1, PD‐L2, and CTLA‐4, which were closely related to PRCC research. These results indicate that high expression of IGF2BP3 can better respond to anti-PD-L1 immunotherapy because the expression level of PD-L1 tends to be positively correlated with immunotherapy responsiveness (46).

It has been reported that over expression of HNPNPC genes may induce the recruitment of DNA repair factors in oxaliplatin-induced DNA double-strand breaks (47). HNRNPC expression levels in highly invasive GBM cell lines were increased and correlated with tumor grade (48). HNRNPC promotes breast cancer cells proliferation as well as tumor growth, and controls functions in endogenous dsRNA as well as downstream interferon response (49). Other studies have shown that HNRNPC can help advance OSCC through EMT (50). HNRNPC can help establish alternative cutting and polyadenylation profile of metastatic colon cancer cells (51). In our study, HNRNPC can predict the independent prognosis of PRCC and is associated with grading, while the specific ways and biological processes of RNA methylation regulation remain to be further studied. Both HNRNPC and IGF2BP3 found in this study are readers, and the specific mechanism of regulating PRCC still needs to be further verified by rigorous experiments.

In addition, we identified three potential small molecule drugs including 15-Delta prostaglandin J2, lasalocid, and Icarboxazid that might reverse poor prognosis of PRCC by using the CMap database. Among these drugs, 15-delta prostaglandin J2 has been found to suppress proliferation and arrest cell cycle in S-phase in human oral squamous cell carcinoma (CA9-22) cells (52). Additionally, 15-Delta prostaglandin J2 can suppress NF-κB and AP-1-mediated MMP-9 expression, and invasion of breast cancer cell by means of a heme oxygenase-1-dependent mechanism (53). It has been reported that Lasalocid mediates prostate cancer cells cell cycle arrest in G0/G1 phase by reducing G1 phase dependent proteins, and it can exert antitumor effect with production of reactive oxygen species (ROS) as well as mitochondrial hyperpolarization (54). Moreover, previous study has demonstrated that isocarboxazid inhibits the production of 6AcHA in vivo, thus supporting the involvement of MAO in HMBA metabolism (55). However, the effect and safety these small molecules drugs on PRCC are still lacking. Therefore, further study is urgently needed to reveal the potential of these drugs in PRCC treatment.

There are also some limitations to this study. First, we did not find other databases containing clinical survival data for verification. Second, this study is a computational study with no clinically relevant experiments to confirm it. Third, the data in our study were mainly Americans, so there may be a risk of selection bias conclusion.



Conclusion

In summary, our study suggests that expression of 17 m6A RNA methylation modulators is closely related to the malignant progression and immunity of PRCC, and is highly correlated with the biological processes and pathways that promote malignant tumors. In addition, we identified strong prognostic markers significantly associated with poor clinical outcomes in PRCC and established risk characteristics that may help physicians more accurately estimate individual survival predictions and provide important guidance strategies for treatment selection.
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