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Abstract

:

Background: Transient receptor potential (TRP) channels are involved in various physiological, pathological, and tumorigenesis-related processes. However, only a few studies have comprehensively analyzed TRP family members and their association with prognosis and tumor microenvironment (TME) in various cancers. Thus, in this study, we focused on TRP channels in pan-cancer and screened two typical TRP channels, TRPV4 and TRPC4, as examples. Methods: Based on the latest public databases, we evaluated the expression level and prognostic value of TRP family genes in pan-cancer tissues via various bioinformatic analytical methods, and investigated the relationship between the expression of TRP family genes with TME, stemness score, immune subtype, drug sensitivity, and immunotherapy outcome in pan-cancer tissues. Results: Pan-cancer analysis revealed that the TRP family genes were differentially expressed in tumor and para-carcinoma tissues. A significant correlation existed between the expression of TRP family genes and prognosis. The expression of TRP family genes was significantly correlated with stromal, immune, RNA stemness, and DNA stemness scores in pan-cancer tissues. Our results indicated that the expression of TRP family genes correlated with the sensitivity to various drugs including PLX-4720, SB-590885, and HYPOTHEMYCIN, immunotherapy outcome, and immune-activation-related genes. Immunohistochemical analysis revealed significant differential expression of TRPV4 in bladder and para-carcinoma tissues. Conclusions: Our study elucidated the possible role of TRP family genes in cancer progression and provided insights for further studies on TRP family genes as potential pan-cancer targets to develop diagnostic and therapeutic strategies.
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1. Introduction


Transient receptor potential (TRP) channels are a series of ion channels responsible for various cellular functions. Originally discovered in drosophila, these channels were further observed to be widely distributed in mammals. Currently, the mammalian TRP-channel superfamily can be divided into six subfamilies: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), and TRPA (ankyrin). Each of these subfamilies consists of many subtypes. TRP channels are a functional ion channel complex composed of four functional subunits. The complex can be a homo- or heterotetramer [1], but it is generally permeable to Ca2+. Its responses vary and can be activated by physical (depolarization, heat/cold, and mechanical stress) or chemical (pH and osmolarity) stimuli or by specific agonists.



The process of transformation, evolution, and tumor progression from normal cells to tumorigenic cells involves a complex network [2]. Previous studies have reported that TRP channels are involved in various physiological and pathological processes [3,4]. Yang D et al. mentioned in their review that the mutations in TRP channel genes result in abnormal regulation of TRP channel function or expression, and interfere with normal spatial and temporal patterns of intracellular local Ca2+ distribution. The resulting dysregulation of multiple downstream effectors, depending on Ca2+ homeostasis, is associated with hallmarks of cancer pathophysiology, including enhanced proliferation, survival, and invasion of cancer cells [5]. In the past 10 years, the role of TRP channels in tumorigenesis and the development of tumors has been gradually clarified. The existing evidence suggested that these channels induce tumor progression and invasion by participating in cell proliferation, abnormal differentiation, and autophagy processes [6,7,8]. Studies have reported that cancer-related changes in Ca2+ flux at the plasma membrane are diverse, and tumor cells can exploit this change to maintain tumor progression or resistance to therapy. Importantly, TRP-channel-mediated Ca2+ infiltration is associated with increased apoptosis resistance and metastatic potential, which results in activation of antiapoptotic and mitogenic pathways, establishment of antioxidant defense systems, initiation of autophagy, increased motility, and secretion of matrix metalloproteinases [9]. TRPV4 was reported to regulate calcium influx and release in HepG2 and hepatoblastoma cells [10]. In addition, Potter DA et al. reported that HGF/SF activated TRPV4 and TRPV1 channels and progressively amplified signaling, leading to cell motility and migratory phenotypes through reorganization of the actin cytoskeleton [11]. The changes in TRPV4 expression in bladder cancer tissue and para-carcinoma tissue were not very clear [12,13]; however, TRPV4 definitely detected mechanical and chemical stimuli, induced calcium influx, and promoted ATP release [14].



Therefore, further exploring the physiological functions of TRP channels and molecular mechanisms involved in cancer progression can enhance the understanding of the biological behavior of tumors and provide a basis for developing new therapeutic molecules against tumors.



In this study, we comprehensively analyzed the prognostic value of TRP family genes (TRPC, TRPV, TRPM, TRPP, TRPML, and TRPA) in pan-cancer tissues using the expression data downloaded from The Cancer Genome Atlas (TCGA). Further, we assessed the association between the expression of TRP family genes and tumor microenvironment (TME), immune subtypes, drug sensitivity, and immunotherapy outcome in patients with cancer. Moreover, we analyzed the correlation of two members of the TRP family, namely TRPV4 and TRPC4, with tumor mutational burden (TMB) and microsatellite instability (MSI), as well as the genes related with immune activation.




2. Materials and Methods


2.1. Identification of Differential Expression of TRP Family Genes in Human Pan-Cancer Tissues


RNAseq (FPKM) gene expression, clinical and pathological data, immune subtypes, survival data, and stemness scores (DNA methylation and RNA-based) for 33 cancers were downloaded from the online databases of UCSC Xena (http://xena.ucsc.edu, accessed on 19 June 2022 [15]. For pan-cancer TCGA analysis, the expression levels of 28 TRP family genes (Table S1) were extracted and integrated using Perl (Table S2), and the significant difference between tumor and para-carcinoma tissues was calculated using the Wilcox test. Boxplots and heatmaps were plotted using the R packages “ggpubr” and “pheatmap”, respectively. Correlation analysis of TRP family genes was performed using the R package “corrplot”. Additionally, it should be noted that the number of normal control samples of some cancers is less than five in the TCGA database. Too few samples will cause great systematic errors. Thus, in the process of writing the code, the data of these cancers were excluded when we compared the tumor and normal tissue.




2.2. Survival Analyses Based on the Expression Level of TRP Family Genes in Human Cancer


Survival data for each sample were extracted from the TCGA database to further analyze the relationship between the expression of TRP family genes and clinical outcomes. Overall survival (OS) was adequately assessed [16]. Survival analysis was performed using Kaplan–Meier (KM) survival curves and log-rank tests (the critical value of p was set to 0.05). The cutoff value was selected by the median expression level of TRP family genes in each cancer, thereby dividing each patient into a high- or low-risk group. Survival curves were plotted according to high- and low-risk groups using the “survminer” and “survival” R package methods. In addition, we performed Cox analysis to determine the relationship between the expression of TRP family genes and overall cancer prognosis. Finally, the R packages “survival” and “forestplot” were used to draw a forest plot.




2.3. Correlation Analysis of the Expression of TRP Family Genes with TME and Stemness Score in Pan-Cancer Tissues


We used the “estimate” and “limma” R packages to calculate the stromal and immune cell scores for predicting the infiltration of stromal and immune cells in pan-cancer tissues. Correlations between the expression of TRP family genes and RNA stemness scores (RNAss) as well as DNA stemness scores (DNAss) were analyzed using the Spearman method with the R packages cor. Test and limma. These two metrics were visualized using the R package “corrplot”.




2.4. Correlation Analysis of TRP Family Genes with Drug Sensitivity and Immune Subtypes


We downloaded the drug sensitivity processed data from the CellMiner data set (https://discover.nci.nih.gov/cellminer/, accessed on 19 June 2022). Data analysis and visualization of the results were processed using impute, limma, and ggplot2 in R software (version 4.0). The immune subtypes data were downloaded from UCSC. The correlation of TRP family and immune subtypes was mainly analyzed using limma and reshape2 in R software.




2.5. Correlation Analysis of TRP Family Genes and Immunotherapy Outcome


We downloaded the immunotherapy outcome data from the GES78220 and Imvigor210 datasets. The immunotherapy outcome of the samples is listed in Table S3. Data analysis and visualization of the result were processed using limma, ggplot2, and ggpubr in R software




2.6. Correlation Analysis of TRPC4 and TRPV4 Expression with TMB and MSI


The TMB in tumor cells promotes immune recognition and correlates with the effectiveness of immunotherapy. An MSI occurs when new alleles are inserted into a tumor as a result of an alteration in microsatellites and is considered one of the hallmarks of immune-checkpoint-related therapy. These scores were computed from somatic mutation data obtained from TCGA. Two radar legends were generated to illustrate the relationship between TRPV4 and TRPC4 expression and TMB and MSI, respectively, based on Spearman’s rank correlation analysis. Additionally, coexpression analyses were performed on TRPC4 and TRPV4 with immune-activation-related genes.




2.7. Tissue Specimens and Immunohistochemistry


A total of 7 paired bladder cancer specimens and para-carcinoma tissue samples were obtained from the Beijing Friendship Hospital, Capital Medical University (Beijing, China), between January 2022 and March 2022. The clinical BLCA specimens were collected with permission from our Institutional Research Ethics Committee (NO.2021-P2-159). The immunohistochemical analysis was conducted as mentioned in our previous paper [17]. All samples were clinically and histologically diagnosed to be BLCA and were blindly stained by pathologists and evaluated in ImageJ software with a fixed set of operation. Expression levels of TRP genes were quantified as parameters after normalized ImageJ measurements and compared accordingly [18]. The antibody was acquired from abcam (ab307444) and a negative control was conducted during our tests.




2.8. Statistical Analyses


Student’s t test was used to assess the statistical significance between the two groups. Depending on the types of data, one-way ANOVA or Kruskal–Wallis tests were performed for the variables divided into more than three groups. The survival rates were calculated and visualized using KM survival curves. The significant differences were tested using the log-rank test. Pearson’s correlation analysis was performed to calculate the correlation coefficients. Univariate Cox proportional hazard models were used to determine the hazard ratios of variables and whether those variables were independent prognostic factors. p < 0.05 was considered significant.





3. Results


3.1. Expression and Correlation of TRP Family Genes in Pan-Cancer Tissues


We assessed the expression of TRP family genes in 33 types of cancers (Figure 1A). A series of genes in the TRP family including TRPC1, TRPC4, TRPC6, TRPM2, TRPM4, TRPM7, TRPV2, TRPV4, MCOLN1, MCOLN2, MCOLN3, PKD2, and PKDL1 were highly expressed in all cancer types. The correlation between various TRP genes was explored (Figure 1B). TRPV1 and PKD2, as well as TRPV6 and TRPM8, were the genes with the most significant positive correlation, whereas TRPC1 and TRPM4 were the most negatively correlated genes. We further explored the expression of all TRP family genes in 33 types of cancers (Figure 1C). TRPM4 was highly expressed in CHOL, and TRPM6 exhibited significantly lower expression in pan-cancer tissues, particularly in COAD and READ (Figure 1C).




3.2. Different Expression and Correlation of TRP Family Genes and Prognosis in Pan-Cancer Tissues


Further, we obtained the expression of TRP family genes from the TCGA database; the expression matrix is shown in Table S2, and the differently expressed TRP family genes across all tumor and para-carcinoma tissues are shown in Figure 2A,E and Supplementary. Most tumors exhibited differential expression of TRP family genes in tumor and para-carcinoma tissues.



We subsequently screened 33 types of cancer and selected those including more than five para-carcinoma and tumor tissues to analyze the correlation between the expression levels of each TRP family gene and the prognosis of patients. Finally, 28 cancers were included in the analysis, and the KM survival curves of TRPC4 and TRPV4 are shown as an example in Figure 2B–D,F,G, with the rest of the survival curves of all the TRP channels in pan-cancers shown in Supplementary and Table S4. Furthermore, we investigated the prognostic risk of TRP family genes, taking TRPC1, C4, C5, C7, V4, M1, and MCOLN1 as examples, in pan-cancer tissues using Cox regression analysis (Figure 3), and the Cox results of other TRP family members are listed in Figure S3.




3.3. Association of TRP Family Genes with TME and Stemness Score in Pan-Cancer Tissues


TME played a key role in stimulating cancer cell heterogeneity, increasing multidrug resistance, and contributing to cancer progression and metastasis. Our previous study had identified a predictive role for the TRP family genes in pan-cancer tissues. It is very important to explore the relationship between the expression of TRP family genes and TME in pan-cancer tissues. The ESTIMATE algorithm was used to calculate the immune and stromal scores of pan-cancer tissues (Figure 4). The scores were significantly positively correlated with the expression levels of most TRP family genes (Figure 4A,B). Similarly, a significant positive or negative correlation existed between the expression of HER family genes and RNAss (Figure 4C) and DNAss (Figure 4D) in pan-cancer tissues. The correlation and p value of all the TRP family genes in pan-cancer tissues are listed in Table S5.



Further, we explored the association between the expression of TRP family genes and immune, stromal, estimate, and stemness scores in selected types of cancer (BRCA and COAD) (Figure 5 and Figure 6). TRP family genes exhibited extensive correlation with TME as well as DNAss and RNAss in BRCA and COAD.




3.4. Association of TRP Family Genes with Immune Subtypes in Pan-Cancer Tissues


In a previous study, Thorsson et al. identified six immune subtypes (C1–C6) based on the immunogenomic analysis of more than 1000 tumor samples from 33 cancer types [19]. These categories were significantly associated with prognosis and genetic and immunomodulatory alterations in tumors. Thus, we further explored the correlation between TRP family genes and immune subtypes. TRPC4, TRPC6, TRPV2, and TRPV4 were differently expressed in BRCA and COAD (Figure 7). TRPC4, TRPC6, and TRPV2 exhibited higher expression in C6 in COAD and BRCA. TRPV4 was highly expressed in C6 and clearly less expressed in C4 in COAD. However, the expression of TRPV4 in BRCA was not significant.




3.5. Association of TRP Family Genes with Pan-Cancer Treatments


To explore the correlation between TRP family genes and drug sensitivity in various human cancer cell lines, drug sensitivity data were obtained from CellMiner. CellMiner is a database including 60 different cell lines and the sensitivity to more than 20,000 different drugs for each cell line. We mainly extracted and examined the relationship between all TRP channels and FDA−approved drugs or drugs in clinical trials. This resulted in a total of 860 kinds of drugs including, for example, Chelerythrine, Veliparib, Amuvatinib, Cytarabine, and so on. All the data downloaded from CellMiner, including the expression matrix of these cell lines, as well as the drug sensitivity, are listed in Table S8. We listed 16 TRP family genes in Figure 8 and Table S6, which were correlated with a certain drug. TRPM1 was positively correlated with the sensitivity to PLX-4720, SB-590885, and hypothemycin (Figure 8A,F,J), and negatively correlated with the sensitivity to varbulin (Figure 8G). TRPV2 was positively correlated with the sensitivity to PLX-4720, SB-590885, hypothemycin, and tipifarnib (Figure 8B,E,I,N). TRPC4 was negatively correlated with the sensitivity to sepantronium bromide, alvespimycin, and ONX-0914 (Figure 8C,D,O). Furthermore, TRPV4 exhibited positive correlation with the sensitivity to PLX-4720 and SB-590885. A negative correlation existed between the sensitivity to lexibulin and TRPV4 (Figure 8L,M,P).



In recent years, a dramatic shift has been observed from combined chemotherapy and radiotherapy to more precise immunotherapy. To further explore the correlation between TRP channels and immunotherapy response, we obtained the expression levels and immune response from the GSE78220 (Figure 9A and Figure 10A) and IMvigor210 (Figure 9B and Figure 10B) datasets. Considering the results of the differential expression of TRP family genes between tumor and para-carcinoma tissues and RNAss, DNAss, and TME scores, we selected TRPC4 and TRPV4 as the representative TRP family genes. Importantly, TRPV4 and TRPC4 were both negatively correlated with immunotherapy response.



TMB, which can be easily accessed to replace overall neoantigen detection, has been identified as a potential biomarker to predict the clinical outcome of immunotherapy [20,21,22]. In addition, MSI was reported to be correlated with immunotherapy outcomes [20,21,23]. Thus, we downloaded the TMB and MSI data from the TCGA database and explored the relationship between TMB/MSI and the expression of TRPV4 and TRPC4 (Figure 9C,D and Figure 10C,D, Table S7). A significant correlation existed between the expression of TRPV4 and various cancers including BRCA, ESCA, HNSC, KIRC, LGG, LIHC, LUAD, PCPG, PRAD, SKCM, STAD, and THYM (Figure 9C). Meanwhile, a significant correlation was observed between TRPV4 expression and MSI in various cancers, including BRCA, COAD, LAML, LUSC, MESO, PAAD, PRAD, STAD, TGCT, and UVM (Figure 9D). The positive correlation between TRPC4 and TMB/MSI is shown in Figure 10C,D.



Furthermore, we explored the coexpression of immune-activation-related genes and TRPV4 (Figure 9E) and TRPC4 (Figure 10E). A significant correlation was observed between TRPV4/TRPC4 and immune-activation-related genes in almost all 33 types of cancer. In addition, we explored the expression of TRPV4 in our own patients’ tissue, and the result was similar to the conclusions above. In comparison to para-carcinoma tissues (Figure 11A,C), TRPV4 was highly expressed in bladder cancer tissues (Figure 11B,D,E).





4. Discussion


Cancer is one of the main causes of rising morbidity and mortality worldwide and has become a major burden and medical challenge in recent decades. Data obtained from experimental models and preclinical and clinical trials demonstrated the correlation between classical clinicopathological tumor markers and partial TRP channel expression in pan-cancer tissues. This suggested that TRP channels are valuable diagnostic and prognostic markers. At the same time, the inhibition or enhancement of various TRP channels have been reported to exhibit good antitumor effects in vitro and in vivo [24,25]. Some targeted drugs have a close relationship with TRP family genes [26,27,28]. Thus, TRP channels are expected to be studied for developing pan−cancer-targeted therapy. With the in-depth understanding of the role of TRP channels in pan−cancer tissues, they have been reported to be the therapeutic targets in certain tumors [27] and are correlated with tumor progression and metastasis [26,29,30]. For example, TRPV4 is one of the members of the TRPV channel, which can detect mechanical pressure, osmotic pressure (hypotonic), medium temperature (>27 °C), and chemical stimulation and is a nonselective cation channel. Its expression is detected in the esophagus, kidneys, liver, lungs, and bladder [31,32,33,34,35]. Li M et al. reported that the stimulation of native TRPV4 or transiently transfected TRPV4 in A375 cells (human melanoma cell line) could induce significant extracellular secretion, which acquired TRPV4-mediated calcium influx, as well as a series of key regulators of exocytosis including lysosome-associated proteins and multiple folding and vesicular transporters. By identifying a series of intracellular events after TRPV4 activation, Li M et al. demonstrated a critical role of TRPV4 in extracellular processes and calcium-mediated ferroptosis [36]. Additionally, administration of 4α-PDD (agonist of TRPV4) downregulated adhesion−related tumor suppressor genes in 4T07 (mouse breast cancer cell line). This indicated that TRPV4 increased the metastatic potential of tumors [37]. In bladder cancer, the inhibition of overexpressed TRPV4 significantly reduced E-cadherin expression. TRPV4-induced activation of AKT and FAK further affected E-cadherin expression [38].



In this study, we obtained the expression level of TRP family genes from the TCGA database and reported the differentially expressed TRP family genes in 33 types of cancer. We further explored the correlation of each TRP channel with prognosis using KM survival curves and Cox regression analysis and reported the prognostic value of TRP family genes. Moreover, we explored the correlation of the TRP family with TME and stemness scores in each cancer. We evaluated the distribution of the TRP family in C1–C6 pan-cancer immune subtypes and observed that TRPC4, TRPC6, TRPM4, TRPV2, TRPV4, MCOLN1, and PKD2L1 had the potential to predict the immune subtype. Thus, we further analyzed the correlation of TRPV4 and TRPC4 with drug sensitivity, immunotherapy response, TMB, MSI, and immune-activation-related genes. Therefore, our study provided insights into the use of TRP family genes as prognostic markers in cancer and contributed to the potential development of therapeutics involving TRP family genes.



In recent years, several studies were performed on single TRP channels; however, the role of the TRP family in pan-cancer tissues was still relatively unexplored. In our study, we comprehensively analyzed the expression levels of TRP family genes in various tumors (Figure 1). The expressions of TRPC1, TRPC4, TRPC6, TRPM2, TRPM4, TRPM7, TRPV2, TRPV4, MCOLN1, MCOLN2, MCOLN3, PKD2, and PKDL1 were generally high in pan-cancer tissues. TRPM4 was widely highly expressed in almost all the cancers (Figure 1C). This is consistent with previous studies on various tumors including colorectal cancer, breast cancer, and prostate cancer [39,40,41]. Moreover, it was shown to be a potential prognostic marker for cancer and a promising anticancer drug target candidate. Since TRPM4 is a Ca2+-activated monovalent cation channel, its ion conductivity can decrease intracellular Ca2+ signaling, leading to further interaction with different partner proteins. Thus, TRPM4 enabled many interventions in signaling pathways, increasing the possibility of drug development targeting TRPM4 [42,43]. TRPM2 exhibited similar results; higher expression of TRPM2 had been proven in various cancers including breast cancer, prostate cancer, pancreatic cancer, leukemia, and neuroblastoma [44]. Lin R et al. added PKC/MEK inhibitor to BxPC-3 cells overexpressing TRPM2 and demonstrated that TRPM2 might directly activate PKCα via calcium or indirectly activate PKCε and PKCδ by increasing DAG in pancreatic cancer, which promoted pancreatic cancer by the activation of the downstream MAPK/MEK pathway [45]. Ji D et al. analyzed TRPM2 as an ion channel in terms of oxidative stress and reported that it was essential for cellular function and played an important role in oxidative stress and inflammation; they summarized the current understanding of TRPM2 in brain tumors and reviewed potential pharmacotherapeutic roles of TRPM2. The importance of TRPM2, as a potential therapeutic target for brain tumors, in ion channels and pharmacology was reported in a previous study [46]. In our study, the differential expression of TRPM2 and TRPM4 in tumor and para-carcinoma tissues was extremely clear (Figure S1), indicating the important role of these TRP family genes in the tumorigenicity in various cancers. Moreover, KM survival curves indicated that the expression of TRP family genes was closely correlated with the prognosis of patients.



In recent years, the focus of cancer research has gradually shifted from tumor cell metastasis to surrounding core cancer cells, termed TME [47,48,49]. Immune and stromal cells are the two major nontumor components of TME and have been recognized as important in the diagnosis and prognostic assessment of tumors. The cells in TME and degree of infiltration of immune and stromal cells in the tumor have a significant impact on prognosis. The calculation of immune and stromal scores based on the ESTIMATE algorithm helps to quantify immune and stromal components in tumors. In this algorithm, immune and stromal scores are calculated by analyzing specific gene expression signatures of immune and stromal cells to predict nontumor cell infiltration. To better understand the prognostic correlation of immune and stromal cells with the TRP family, we systematically analyzed the expression of TRP family genes with the immune and stromal scores calculated. The expression of TRPV2 was clearly positively correlated with immune and stromal scores in most cancers (Figure 4), except KIRP, PCPG, THYM, and UCS, in which the correlation between stromal score and TRPV2 was not significant.



We assessed tumor stemness scores of TRP family genes in various cancers using DNAss and RNAss. The results indicated the negative role of the TRP family in characterizing cancer stem cells. To further explore the association between the TRP family and TME, stemness scores in certain types of cancer (BRCA and COAD) was analyzed. We conducted correlation analysis. The expression of TRP family genes (including TRPC1, TRPC4, TRPC6, TRPV2, TRPV4, MCOLN1, and PKD2L2) exhibited a significant positive correlation with stromal, immune, and ESTIMATE scores and negative correlation with DNAss and RNAss in BRCA and COAD (Figure 5 and Figure 6).



The CellMiner database is based on 60 cancer cell-types listed by the National Cancer Institute’s Center for Cancer Research (NCI). The NCI-60 cell line is currently the most widely used cancer cell sample population for anticancer drug testing. CellMiner is a free online tool that provides a centralized source of molecular and pharmacological characterization data for the widely studied NCI-60 cancer cell population [50]. In our study, we explored the correlation between the expression of TRP family genes and drug sensitivity through the data downloaded from CellMiner. Several drugs that were correlated with TRP family genes were obtained. Further, we observed that TRPC4 and TRPV4 correlated with immunotherapy response according to the data of the GSE78200 and IMvigor210 datasets, indicating the potential role of the TRP family in predicting immunotherapy outcomes. Furthermore, we confirmed the role of TRPV4 and TRPC4 in predicting immunotherapy prognosis by examining the correlation between the TRP family and immune-activation-related genes.




5. Conclusions


In summary, our study elucidated the expression profile of TRP family genes that correlated with disease prognosis, TME, stemness score, and the treatment outcome of various cancers. In addition, the expression level of TRP family genes in tumor cells correlated with the sensitivity to various drugs and the outcome of immunotherapy. These results can provide reference for further study on TRP family genes as potential pan-cancer targets to develop diagnostic and therapeutic strategies.
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Figure 1. Expression levels and correlations between TRP family genes in various cancers from TCGA database. (A) Over- or underexpression of TRP family genes in various cancers. (B) Correlations between TRP family genes. Blue and red dots represent positive and negative correlations, respectively. (C) Expression data from TCGA database showing the expression of TRP family genes in various types of cancer. The color of each small rectangle represents high or low expression of TRP family genes in each cancer. Red and green indicate high and low expression, respectively. 
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Figure 2. Different expression and Kaplan–Meier survival curves of TRPC4 and TRPV4 in pan-cancer (A). Differential expression of TRPC4, Kaplan–Meier survival curves of TRPC4 in (B) BLCA, (C) BRCA, and (D) KIRP. (E) Differential expression of TRPV4, Kaplan–Meier survival curves of TRPV4 in (F) KIRC and (G) UCEC. The red and blue rectangular boxes represent gene expression levels in tumor and normal tissues, respectively. * p < 0.05, ** p < 0.01, and *** p < 0.001. Red- and blue-colored names indicate high and low expressions of the corresponding TRP family genes, respectively. 
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Figure 3. Cox regression analysis of the correlation between the expression of TRP family genes and survival. Lines with different colors represent the risk values for different genes within the tumor, with a hazard ratio <1 and >1 indicating low and high risk, respectively. 
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Figure 4. Correlation of the expression of TRP family genes with TME and stemness score in pan-cancer tissues. (A,B) I expression of TRP family genes correlated with various mesenchymal and immune cancer scores. Red and green dots indicate a positive and negative correlation between the gene expression and mesenchymal score, respectively. (C,D) The correlation between the expression of TRP family genes and RNAss and DNAss in pan-cancer tissues. Red and blue dots indicate a positive and negative correlation between the gene expression and immune score, respectively. 
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Figure 5. Correlation analysis of the expression of TRP family genes with RNAss, DNAss, stromal score, immune score, and ESTIMATE score in BRCA. 
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Figure 6. Correlation analysis of the expression of TRP family genes with RNAss, DNAss, stromal score, immune score, and ESTIMATE score in COAD. 






Figure 6. Correlation analysis of the expression of TRP family genes with RNAss, DNAss, stromal score, immune score, and ESTIMATE score in COAD.



[image: Biomolecules 13 00282 g006]







[image: Biomolecules 13 00282 g007 550] 





Figure 7. Correlation between the expression of TRP family genes and immune subtypes in BRCA and COAD. The significantly different expression of TRP family genes in various immune subtypes in (A) BRCA and (B) COAD. (A) TRPC1, TRPC4TRPC6, TRPV1, TRPV2, and TRPV4 were all differently expressed among the immune subtypes. (B) TRPC4TRPC6, TRPV2, and TRPV4 were differently expressed among the immune subtypes, especially the C6 subtype. X-axis represents immune subtype, and y-axis represents gene expression. C1, wound healing; C2, IFN-g dominant; C3, inflammatory; C4, lymphocyte depleted; C5, immunologically quiet; C6, TGF-β dominant. ** p < 0.01, and *** p < 0.001. 
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Figure 8. Drug sensitivity analysis of TRP family genes. The x-axes are the sensitivity of certain drugs and the y-axes are the expression level of certain TRP family members. 
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Figure 9. Correlation of immunotherapy outcome, TMB, MSI, and immune-activation-related genes with the expressions of TRPV4. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 10. Correlation of immunotherapy outcome, TMB, MSI, and immune-activation-related genes with the expressions of TRPC4. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 11. Immunohistochemical analysis of bladder cancer and para-carcinoma tissues. (A,C) Expression of TRPV4 in para-carcinoma tissues. (B,D) Expression of TRPV4 in bladder cancer tissues. (E,F) Negative control of para-carcinoma and bladder cancer tissues. (G) Paired comparison of TRPV4 in bladder cancer and para-carcinoma tissues. 






Figure 11. Immunohistochemical analysis of bladder cancer and para-carcinoma tissues. (A,C) Expression of TRPV4 in para-carcinoma tissues. (B,D) Expression of TRPV4 in bladder cancer tissues. (E,F) Negative control of para-carcinoma and bladder cancer tissues. (G) Paired comparison of TRPV4 in bladder cancer and para-carcinoma tissues.



[image: Biomolecules 13 00282 g011]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
TME scores and Stemness scores

Cancer: BRCA

TRPCH TRPC4

TRPCE.

TRPVI

g ompeom

Gene expression

Reompeiy

SNy

ssvng

wosgewors

BIOSIVNILSS | Sioseunu





media/file13.png
A

Gene expression
o

Cancer: BRCA

TRPC1***

TRPCA4"**

TRPCE***

TRPV1***

TRPV2***

TRPV4***

Wl

HITH

B Cancer: COAD

o

Gene expression

"]

Tisdas

TRPC1

TRPC4**

TRPCB**

TRPV1

TRPV2**

TRPV4**

i

Iy

‘iiﬁﬁ

| ER

Immune Subtype

B3 ct
Bl c
BE c3
B3 ca
B3 cs

Immune Subtype

B3 c1
BE c2
BE c3
BE cs
B3 ce





media/file12.jpg
‘Gene exprossion »

N £ > ko

Mihg;;;

bt






media/file18.jpg
Cosxpression across cancer types

HRIINS e





media/file9.png
TME scores and Stemness scores

Cancer: BRCA

TRPCA1 TRPC4 TRPC6 TRPVA1 TRPV2 TRPV4
‘e 0?9,p<2.2><10"° =°:?47,p<2.2x1o*f =026, p=1.1%10" R.i.;oéi:,.,é-s..eﬂof

SSYNY

f=-0098,p=00062 R=-0.18p=7.7x10"

81055 ewo)S

8J00Saunww|

8J00G3IVINILSS

Gene expression





media/file14.jpg





media/file20.jpg





media/file5.png
TRPC4 TRPC5 TRPC7
—
-+
b
—T
—lbzGr— —.—
—_— = &
——
— -
= [ S
it
f =
-r
4
il
=
—
——

£

——

-—

——

TRPM1

i

A
k3

-
——

)

i-

—+

1 1 | I
10 1%10* 0.01

1 L
1000 1x10¢  0.01

L
1 10

I 1 r T T
1000 1=10* 0.01

1

|

T 1 | I
1000 001 04

1 T T T T T T 17
100 1=10< 0.01 1 100 0.01





media/file15.png
A

E TRPv2, sB-590885

M

o =2 N W
| I

o =2 N W
| I E—

TRPM1, PLX-4720
Cor=0.725, p<0.001

Cor=0.647, p<0.001

TRPV2, HYPOTHEMYCIN

Cor=0.594, p<0.001

TRPV4, PLX-4720
Cor=0.514, p<0.001

B TRPV2, PLX-4720
Cor=0.681, p<0.001

F TRPM1, SB-590885

Cor=0.646, p<0.001

J TRPM1, HYPOTHEMYCIN

Cor=0.578, p<0.001

N TRPV2, Tipifamib

Cor=0.506, p<0.001

C TRPC4, Sepantronium bromide

Cor=-0.668, p<0.001

0.0 0.5 1.0

(S TRPMA1, Varbulin
Cor=-0.637, p<0.001

0_‘ L] L
_1-.
-24
-3
-4
-5, ]

TRPV3, SR16157
Cor=0.557, p<0.001

=MW

O TRPC4, ONX-0914

Cor=-0.504, p<0.001

D TRPC4, Alvespimycin
Cor=-0.664, p<0.001

-3 0.0 0.5 1.0 15

H TRPCs, E-7820

Cor=0.602, p<0.001

0.0 0.5 1.0 15

TRPV4, SB-590885
Cor=0.521, p<0.001

P TRPV4, Lexibulin

Cor=-0.494, p<0.001






media/file19.png
. Non-response ‘ Response C . E .
A xR 0T UM Coexpression across cancer types

0.00075 CESC™ o0& UCEC

T ] CHOL THYM TNFRSF‘g |

A A A e

0.751 ouBC TGCT TIGIT : 3 -

1

o
8
P
n
o
w
L4
nN
o

=

&

(2]

2

Ed

a

8358
AARNL9E
o~ o
A'A AR

~
o
N
I
N
N

TRPC4 expression

0.251

BTNL2 ’
TNFSF18 - Yl i

0 Pvalue

2
[+
g
KK
A'|
1

NANYNNY
NN

Nm-résponse Resﬁonse

Bl Non-response Bl Response CD160 -7V

g
NN

B 0.078 . D e= 03 ucec KIR3DL1

-
2
2

O

=}

o
KAKKRK

0.8

o
o

°8§
a

NNNNMN

~N
-~
N

NN NN N
NI
AARAAARN |
\'|
N
A'A |
NN

MNANNNN

ANKRKN

AARAAAAAAAN
SMNNNN

A A

O

2
aME
e A
KKK

N

-
N\ A\

TRPC4 expression
NN NN
OIS
1
AN
A

NRP1 &
TNFRSF14 ”
CD200 » 7

BTLA

-0.5 Cor

'

-JOQQUOSQ 00O Qs
OLIZD D a €50
$S95338°208058658

Cancer types

KIRC
KIRP

LGG
0 LHC | p Lusc-ME

SO

Non-re‘sponse Resp'onse





media/file2.jpg





nav.xhtml


  biomolecules-13-00282


  
    		
      biomolecules-13-00282
    


  




  





media/file11.png
Cancer: COAD

TRPCA1

TME scores and Stemness scores

TRPC4

'-‘Ao‘ss,p < 2.2x106

TRPC6 TRPV1

'.'10..‘51 ,p<2.2%x107

Gene expression

R065,p=027 _

TRPV4

7*-0.65, p<22x10"
d

2100Saunwiw| 2100S|ewols SSYNQ SSYNY

9J00S3IVINILST





media/file6.jpg
A ImmuneScore

. SR

‘StromalScore:

DNAss.

'd
. s gaeE, BREEE

D dbsssssmmass





media/file1.png
2
1
0
-1
-2

= -] Q
2 2 2
Q - -

UCEC
BLCA
PRAD
COAD
READ
KIRP
GBM
BRCA
KICH
LIHC
THCA
ESCA
HNSC
STAD

I“II“IIGRC
-
A
T
Q

A I I . TRPV2

1| TRPC6
| TRPM6

| PKD2L2

| TRPV1

| TRPM1

| TRPC7

| TRPMS5
] TRPV3
i . TRPC5
. PKD2L1

S B B N TRC
S A -
B N -
S N P2
TRPVS
TRPM3
TRPV6
MCOLN3
TRPM7
TRPV4
MCOLN2
MCOLN1
TRPM4

o =r w o0 o
2 2 8 2 3 o °© € 9 g =<
EE 0 T
H
k- W\WVQ ZNd¥HL o
bommmnnes - | Sop  end ¢
e m | S o o>
bocooooonn N HA¥L ®
A - ] Mvvw.u@ LNTOOW LI
F---- %%&u@ ENTOON ®
1 %o@u\v ZAdHL ®
S B | o v ®
k- - - X 1 12aMd ®
A - 4 @omm\ A °0 ®
| 2o zavid @ 00 @
-0 %Mwomw. LV @
bom e o ------ y D, e - @
| ool andL o
! | 6.@0‘%\ EWdYL © @
............... I - - - -4 | S eoaw @
Hi @voﬁ\ LOdYL o
R /- 4 nwvo.@x 5OdHL o
i L% 9odul ®
| <058 roau o
bo----- | 99 saduL [
V| o9& voaul o
- | A% gwaw °00
| B S @
Presmeesen=s N - - - NDQAM — o
F-- -l \h.W&‘ WML ®
: : : _ : _ _ &, ZNnoon @
B T 0@ TN MEOWn e MO T TN — o O N
s ¢ v & 7z 1 o DN ::3::0:088RPcz5a58838823%z2z8%2
A mmmmmmmmmmmmmmTTwaTmmmmmmm

uoissaldxs auan)





media/file10.jpg
Cancer: COAD

TME scores and Stemness scores

TRPC4

o83 peazmo

Gene expression

TRPVA

ssvna s

aogiewons

SIOSIUVILLS3 | oIoogounu)





media/file7.png
A

TRPA1
TRPC1
TRPC3
TRPC4
TRPCS
TRPC6E
TRPC7
TRPM1
TRPM2
TRPM3
TRPM4
TRPM5
TRPM6
TRPM7
TRPM8
TRPV1
TRPV2
TRPV3
TRPV4
TRPVS
TRPVE

MCOLN1
MCOLN2
MCOLN3
PKD2
PKD2L1
PKD2L2

C

TRPA1
TRPC1
TRPC3
TRPC4
TRPCS
TRPC6
TRPC7
TRPM1
TRPM2
TRPM3
TRPM4
TRPM5
TRPME6
TRPM7
TRPM8
TRPV1
TRPV2
TRPV3
TRPV4
TRPVS
TRPVE

MCOLN1
MCOLN2
MCOLN3
PKD2
PKD2L1
PKD2L2

ImmuneScore
-
3509283828508 200208 98330525582
2Emooooﬂo:22259:3320&&&:5w5&5533:
o @ o o] ® o0
09 o0 ® ol o9+ 0 e @
o0  eoe [ ] o] o |e® I
o @ o L[ ®
Q [
o o0 o ®* o0 Ll
o
® *00 0000020000000 L L) @-e00
o]
e e o ®
e o a Ie] o
e @ ® @ o o
o o C
o 0 @ o L ] [of
000000000200 020000000 2.0 0.00.0:
o o0 e o0 o0 0 @
O o® [
ol o] o] LI L
e 00 00 e e 0 o0 00000
0000 00002000000 o 000°
O L @
®c000c 0000000 0000020000000 000
DNAss
-
4538028528500 200988 9832982552 00s
gEmOOO3&012225933320&&&m%w5855333
8 o @
& o ®® a L ]
O O o @ o @ @ o0
@ - e e @
® ®
@0 L ]
o o] o ®
o] [ ]
e @ L J
o ® ®
® o
o a o
o] @ @ oo 0 [ ]
[ ) (180
[ o
[ ] a
o o o ®
e @ ® o @
s o] o0 e [ ]
. ® o
o a 0 o o O
®
o o o @ o
Q @ @ e o
o ®
o @ ® ®
] 0 o

08

06

0.4

0.2

08

06

04

0.2

PKD2L2

D

TRPA1
TRPC1
TRPC3
TRPC4
TRPC5
TRPC6E
TRPC7
TRPM1
TRPM2
TRPM3
TRPM4
TRPM5
TRPMB6
TRPM7
TRPMS8
TRPV1
TRPV2
TRPV3
TRPV4
TRPVS
TRPVE

MCOLN1
MCOLN2
MCOLN3
PKD2
PKD2L1
PKD2L2

StromalScore

-
3350928828508 200208 283308255882
gﬁmooooﬂOI2225933328&&&1%w5&&5333
O [ O ] o e @00 @ O
o0 00+ Q 000 O
00000000 ® o 00 00 o0 e0e
o000 000 "0 0000 o0 ooeo0Oe oo o0
9]
o000 0°0000 0 o 000000000 ®*0
o
!
o o o @ 000000 o+ 00 L) L)) .
o090 e @ LI ) ®e O
] [} o o
Q ®
] 100 o
T
o @
[ 0 e
00000000000 0000000 00 ©0°0 000
O ® o ] ®
® o0 o 0 ) »
O
o} ee0
@ o0 ® e ®
(10 @] eele 00 0 ®
o o
@ oe0 o o o 00 o0 L ] o
@00 RO L o o000 000 @ [ ]
0 a
RNAss
-
4538028528508 200988 9832952552 8as
25m0003$0122259:3320&&&1%m59&5333
® [l [l ® o
oco0000 o 000 o0 OO0 00
ooeeoeoeef o O eoe0@® OG0 0000
200000 o 000 & *000% 20000
o0
o000 O 0® - 0++@® 000000002000 00
o @ el
o] o
® o o o0
00 1000 C o9 000
o] o o] ® Oe
[0
o o oo O~ e e @
o) 2 [ ]
e (@
o o o0
o 0000000 0000 oo OO e+ 00
o [ ] o]
@ -0 100 200 @
o el|®
o aQ o e O o
Q o) o o a
[}

-

08

06

0.4

0.2

08

06

0.4

0.2





media/file16.jpg
Coexpression across cancor types

R O O
et





media/file3.png
TRPC4 exprassion

TRPV4 expression

e e
-
-
-
.
' -

Type $ Marmal $ Tumor

of

PP
5§

T .o
Moof — T F——
—{I+—

Cancer:; BLCA
TRPCA lovels == high 5= low

1.00
Fors
4
# 0.50
E 025
000
] ? ] [ 10 1 14
Tirme{years)
gmgh frara ) a7 b i ] ] 3 0
Q low { 03 n EL] 11 4 o 0 0
[ ? 4 [ [] 10 1 14
[ Tirme{years)

Cancer: KIRC
TRPYA levels == high == jow

Crverall survival
- a o -
2 2 3 B2

Cancer: BRCA
TRPCA levals == high == low

D

Cancer: KIRP
TRPCA lavels == high == low

1.00
go.rs
=1
os0
035
‘g p=0.003
0.00
0 2 4 @ 0 12 14 16 18 20 22 24 v} 2 4 -] -] 10 1 14 16
Time{years) Tirre(years)
o
B41 267 1% 92 47 18 & & 4 2z 1 0 O Ehlgh:Iua T4 » 15 [] z 1 1 1
1M1m1?11mmn1391?53u lrwi{ 143 40 17 5 F3 o Q o
o 2 4 @& i 12 14 16 18 20 22 24 g o 2 4 -] 8 0 1 14 18
Time(years) = Tirne{years)

Cancer: UCEC
TRPV4 lovals == high == low

TRPV4 levels
=
I
Iﬁ
=138
i

p=0.012
D 2 4 & 8 10 12 14 16 18 20
Time{years)
a1 12 3 1 [+] 0 =] o
M iz a2 3 110
0 &

a 10 12 14 16 18 0
meqyears)





media/file17.png
TRPV4 expression

N
A

TRPV4 expression
2 -z

N

Bl Non-response [l Response < BLcA ACC uvm
BRCA" ucs
CESC 0€ UCEC
0.037 cHOL THYA
f 1 0z
- COAD THCA
0
DLBC TGCT
-
ESCA™ STAD™
-
GBW SKCW
HNSCT SARC
KICH READ
KIRC™™ PRAD™
KIRP PCPG*
LAaA PAAD
LGG* ov
UHC™ papr usc MESO

Non-response Response

‘ Non-response . Response

BLCA ACC v

0.055

=S ov
LHC | uap Lusc- MBSO

Non-response Response

E

TNFRSF9
CD44

CD86
CD274

TIGIT
TNFSF15
TNFRSF18
CD40 L
TNFRSF4
TNFRSF25
cD27
TNFRSF8
TNFSF9
CD70

BTNL2
TNFSF18 [

N

A AR ARA'A RTARA AR
NNKNNIKN

Coexpression across cancer types

PDCD1LG2
1DO1
VTCN1

b

>

<

T
a7

KN

oA\ A\

AN NN N

A

NYUNY
N

NN\

NN
NN

N

A |

N
|

TMIGD2
ICOSLG

WA

I\

A |
K
N

NI\

N
AN N

A |

NN NN

NN
AMA'A'R'A A'A |
NN IS

%
NN N

ISR\

N

I NN

NYNN
K

h AR

AN N

A Al
A Al
NN\

AN NN

NRP1
TNFRSF14 L~12
CD200 L~1~

BTLA =1~

A'A'A |
N
AR

” g
>

WA
NEKAKNK
§W
NN

3
<

BLCA

CHOL

2899
S"-‘_J

Cancer

Q
w
2
rty

pes

S meso [§

3

3

PCPG
PRAD

READ
SARC

UCEC
ucs
uvMm

1

0 Pvalue

B |
0.8

-0.7 Cor





media/file4.jpg
Bica
BRcA
cesc
cHoL
o
otac
Esca
o
e
ey
KR
e
o
L6
e
wo
wse
Meso

PerG
PRAD
RerD

skou
S0
ToeT

T
weee
wes
o

TRPC!

TRPC4.

TRPCT. TRPV4 TRPM1  MCOLN1

{






media/file0.jpg





media/file21.png
1400
1200
1000

Relative Expression
— (=2 o
S © o
o o o

N
o
o

Para-carcinoma






