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Objective

Tumor metabolism has always been the focus of cancer research. SLC16A1, as a key factor in catalysis of monocarboxylate transport across the plasma membrane, has been found to be associated with the occurrence and metastasis of a variety of cancers, but its prognostic significance and mechanism in different tumors are still unclear.



Methods

Based on the gene expression matrix and clinical information of human cancer tissues acquired from TCGA and GTEX databases, the differential expression of SLC16A1 in different tumors and normal tissues was analyzed. To confirm the association between its expression, the mutation of MMRS gene, and the expression level of DNMTs. Univariate Cox regression was applied to analyze the association between SLC16A1 expression and patient prognosis. The effect of SLC16A1 expression on patient survival was examined by Kaplan Meier analysis. GSEA was used to identify related signaling pathways.



Results

The expression of SLC16A1 was differentially expressed in most tumors, especially in the urinary tract where it is commonly highly expressed, and differential expression of SLC16A1 in different clinical stages. SLC16A1 expression was significantly positively correlated with MMRS gene mutation and DNMTS expression. Moreover, high SLC16A1 expression was associated with poorer overall survival (OS) and progression-free survival (PFS) in urological cancers. In particular, the results of the enrichment analysis showed that SLC16A1 was associated with processes such as cell adhesion and many signaling pathways affecting cell cycle were significantly enriched in the group with high-expressed SLC16A1.



Conclusion

SLC16A1 expression was upregulated in urological cancer. SLC16A1 may promote tumor development by regulating the epigenetic process of urological cancer and demonstrated a great potential as a prognostic biomarker of urological cancer patients.
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Introduction

Urological cancer is a highly prevalent neoplastic disease with poor prognosis. Kidney cancer, bladder cancer and prostate cancer, which are the most common urological cancers, account for more than 33% of all male malignant tumors (1, 2) Different urological cancers show different morphological or genetic characteristics, which pose difficulties to the diagnosis and treatment in clinical practice (3, 4). Clinical symptoms of most urological cancers are non-specific, and a late diagnosis will increase the possibility of metastasis and adverse effects on the clinical outcome of patients (5). Although great progress had been made in the molecular study of urological tumors, the understanding of its pathological mechanism is still not satisfied (6). Identifying of certain genes and potential biological markers could improve the evaluation of the efficacy of late treatment (1) and the management of urological cancers.

Study demonstrated an important correlation among urinary system diseases, metabolic syndrome, and metabolic syndrome in endocrine system. Vascular mechanisms affect male urinary system, high insulin hematic disease, in which obesity is often involved. Therefore, discovering metabolism-related genes might provide the corresponding potential targets and improve the treatment of urinary system diseases (7). SLC16 family consists of 14 different monocarboxylate transporters, which play crucial roles in cell metabolism, nutrient transport, and pH regulation. Changes in the expression and function of some members are often reflected in serious diseases, such as cancer and nervous system diseases (8). SLC16A1 is a widely studied member of the SLC16A family. It has been found that SLC16A1 is distributed in almost all tissues in the human body, and is overexpressed in many cancers, moreover, upregulated expression of SLC16A1 is associated with the deterioration of prognosis of many cancers (9, 10).

Pan-cancer analysis is a novel bioinformatics method used to search commonalities across tumor types and organs, and could provide new adaptations for biomarkers across tumors (11). The Cancer Genome Atlas Project (TCGA) and Genotype Tissue Expression (GTEX) is currently the largest available databases for tumor genome analysis (12, 13). Based on TCGA and GTEX databases, this study applied pan-cancer analysis to detect the expression of SLC16A1 in different tumors and explored its prognostic significance. This study provided a potential molecular mechanism of the key role of SLC16A1 in urological cancer.



Materials and Method


Data Source

The TCGA database (https://www.cancer.gov/) contained gene expression profiles of tumors and adjacent normal tissues from different human cancers. In addition to GTEx (https://gtexportal.org/home/) and normal tissue expression, the TIMER 2.0 (http://timer.cistrome.org/) analysis on more than ten thousand samples of the RNA - seq TCGA database data was used and integrated into the TCGA expression. Gene expression matrices were obtained from the CCLE database (https://portals.broadinstitute.org/ccle) for cell lines of different origins, using the Human Protein Atlas (HPA) (https://www.proteinatlas.org/) database as well as the UALCAN (http://ualcan.path.uab.edu/) online website to validate the protein expression of SLC16A1 and its gene expression levels in different clinical features.



Difference Analysis

Statistical differences in SLC16A1 expression levels between groups were calculated using the Wilcoxon test as well as the Kruskal-Wallis H-test. The chi-square test, as well as the t-test, were used to compare previous associations between gene expression and cultural characteristics and were presented visually using the R package ggplot.



Correlation Analysis Between Gene Expression and Epigenetic Regulation

Epigenetic processes are considered to be an important factor affecting gene expression, and DNA replication and DNA methylation are markers in epigenetics (14). DNA mismatch repair (MMRs) plays crucial role in maintaining DNA replication and its structural integrity and stability (15). Changes in DNA methyltransferase (DNMTs) activity could affect gene expression and DNA repair mechanism, and dysfunction of MMRs and DNMTs is the initial conditions for human cancer development (16). Based on the expression profile of TCGA, Pearson test was performed to analyze the correlation between SLC16A1 expression and MMRS gene (MLH1, MSH2, MSH6, PMS2, EpCAM) mutation and DNMTs (DNMT1, DNMT2, DNMT3A, DNMT3B) expression. When R > 0.2 and P< 0.5, SLC16A1 expression was considered to be positively correlated with MMRS and methyltransferase expression.



Survival Analysis

Univariate Cox regression analysis was performed on SLC16A1 expression level in different tumors using the survival package R, and 95% confidence intervals and corresponding hazard ratio (HR) were calculated. Forest plots were drew using the survival package Forestplot. Kaplan-Meier and timeROC was used to examine the relationship between SLC16A1 expression and the survival of urological cancer patients.



Enrichment Analysis

According to the expression of SLC16A1, the samples from TCGA database were divided into high-expression and low-expression groups. Functional enrichment analysis was performed using the R package ClusterProfile based on Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). A list of abs(log2FC) was generated based on two groups of high and low expression and this gene list was mapped GO, KEGG gene set for biological pathway analysis.




Results


Expression of SLC16A1 in Urological Cancers and Other Tumors

We found that the expression level of SLC16A1 was different in most urological cancers (Figure 1A). The expression level of SLC16A1 in tumor tissues of BRCA, CHOL, COAD, UCEC and other cancer patients was lower than that in their corresponding paracancerous normal tissues (P<0.001). SLC16A1 expression was upregulated in metastatic SKCM when compared with carcinoma in situ (P<0.01). However, SLC16A1 was significantly overexpressed in tumor tissues of most other cancers (ESCA, GBM, HNSC, etc.) (P<0.05), and this feature was more strongly present in urinary tract tumors (Kich, Kirc, Prad) (P<0.05). However, normal samples in the TCGA database were generally few and even absent in some cancers. We also analyzed the normal samples in GTEX and tumor samples in TCGA and found that the high expression pattern of SLC16A1 was more obvious in urological cancers (ACC,KICH,Kirc,PRAD,TGCT) (Figure 1B). As shown in Figure 1C, SLC16A1 expression was present in cell lines of renal and prostate as well as bladder urogenital origin in the CCLE database. HPA for immunohistochemical staining on SLC16A1 protein in testicular cancer (Figure 1D), and prostate (Figure 1E) were found to have a high signal intensity, and this was also the same in Renal cancer (Figure 1F), uroepithelial cancer (Figure 1G). It is also shown that in comparison with the corresponding normal tissues, SLC16A1 was upregulated in the urinary diseases.




Figure 1 | SLC16A1 expression levels in different types of human cancers. (A) Based on the TCGA database, the expression level of SLC16A1 between different cancers was analyzed using Timer 2.0; (B) The expression data of normal tissues in GTEX database were supplemented to analyze the expression levels of SLC16A1 in tumor tissues and normal tissues of different cancers. (C) SLC16A1 expression in each cell line obtained through the CCLE database. Immunohistochemical staining of SLC16A1 protein in (D) testicular cancer; (E) prostate cancer; (F) kidney cancer; (G) bladder uroepithelial cancer tissues and corresponding normal tissues was obtained from the HPA database. TCGA, Cancer Genome Atlas Project; GTEX, genotype tissue expression; HPA, Human Protein Atlas. *P < 0.05, **P < 0.01, ***P < 0.001.





Association Between SLC16A1 Expression and Clinical Features of Urological Tumors

To further compare the expression of SLC16A1 in urological cancers, patients were grouped according to clinical characteristics such as age, gender, race, TNM stage and clinical stage. As shown in Table 1, SLC16A1 overexpression was more prevalent in female patients in ACC, KICH, and KIRP, and that Caucasians had a higher proportion of SLC16A1 overexpression than other races in BLCA. High SLC16A1 expression was associated with higher T-staging in BLCA and KIRP, and with lymphatic metastases in ACC, KICH, KIRP, TGCT, and distant metastases in ACC and TGCT. Remarkably, SLC16A1 is closely associated with the clinical staging of most urological cancers. Differential expression of SLC16A1 in urological cancers of different clinical stages was also verified by the UALCAN database, as PRAD was missing clinical stage data, but significant differences in SLC16A1 expression were also found in patients with different Gleason scores, as detailed in Figure 2.


Table 1 | Comparison of clinical characteristics of urological cancers patients with high and low expression of SLC16A1.






Figure 2 | SLC16A1 expression correlates with different periods of urological cancer. SLC16A1 expression in (A) ACC, (B) BLCA, (C) KICH, (D) KIRC, (E) KIRP, (F) TGCT in different clinical stages and (G) PRAD in different Gleason.





The Expression of SLC16A1 in Urological Cancers Promoted MMRS Mutations and DNMTs Activity

SLC16A1 expression was significantly positively correlated with gene mutations of MMRs in majority of tumors (Figure 3A). In particular, the three MMR genes (MLH1, MSH2, and MSH6) were significantly associated with almost all urinary tumors (ACC, BLCA, KICH, Kirc, Kirp, PRAD, TGCT). As shown in Figure 3B, SLC16A1 expression was positively correlated with DNMTs expression in all human tumors. KICH, Kirc, and Prad were significantly correlated with the expression of four DTMTs (Figure 3B). The results showed that SLC16A1 could promote the occurrence and development of tumor by inducing MMRS mutation and up-regulating the activity of DNMTs.




Figure 3 | SLC16A1 expression in urological cancers promotes MMRS mutations and DNMTs activity. SLC16A1 expression and (A) ML H1, MSH2, MSH6, PMS2, EpCAM mutations; (B) Correlation between DNMT1, DNMT2, DNMT3A and DNMT3b expression. Note: MMRS: DNA mismatch repair; DNMTs: DNA methyltransferase. *P < 0.05, **P < 0.01, ***P < 0.001.





High Expression of SLC16A1 Suggested a Poor Prognosis of Urological Cancers

The association between SLC16A1 expression and overall survival (OS) in urological cancers was explored as shown in Figure 4A. SLC16A1 expression is a prognostic risk factor for ACC, KICH, and KIRP. To further analyze the impact of disease progression on prognostic outcomes, we also analyzed the effect of SLC16A1 expression on progression-free survival (PFS) of patients. SLC16A1 expression was significantly associated with ACC and PFS in the three renal cancers (Figure 4B). The prognostic value was also tested using Kaplan Meier as well as timeROC analysis. The results showed that overall survival was lower in urological patients with high SLC16A1 expression than in those with its low expression, except for two cancers, PRAD and TGCT (Figures 4C–I). Notably, SLC16A1 expression had a higher degree of impact on PFS in these urological patients (Figures 4J–P), and high SLC16A1 expression may suggest a poor prognosis for urological cancer patients.




Figure 4 | High SLC16A1 expression suggests a poor prognosis for urological cancer. Univariate Cox analysis of patients with different tumors (A) OS and (B) PFS; Kaplan Meier and timeROC analysis to detect the effect of SLC16A1 expression on OS in (C) ACC, (D) BLCA), (E) KICH, (F) KIRC, (G) KIRP, (H) PRAD, (I)TGCT patients and PFS in (J) ACC, (K) BLCA, (L) KICH, (M) KIRC, (N) KIRP, (O) PRAD, (P) TGCT patients. OS, total survival; PFS, progression-free survival; HR, Hazard ratio.





SLC16A1 Expression Was Associated With Carcinogenic Signaling Pathways

GOChord diagram visualizing the interconnection between GO terms and genes. As shown in Figure 5A, SLC16A1 was associated with cell activation, biological processes such as cell adhesion (BP), and was significantly enriched in intercellular-related cellular components such as focal adhesion (CC) (Figure 5B) and binding-related molecular functions such as glycosaminoglycan binding (MF) (Figure 5C). The results of KEGG analysis showed that slc16a1 expression was correlated with signals including cytokine cytokine receptor interaction, proteoglycans in cancer, and cell adhesion molecules. Using GSEA to look for signals that are activated in cancer, the most significantly enriched GO and KEGG signaling pathways have been listed in the top right corner of Figures 5E, F. High SLC16A1 expression was associated with cell cycle, PI3K-Akt and other signaling pathways, which may suggest that high SLC16A1 expression may be involved in tumor progression through regulation of the cell cycle.




Figure 5 | SLC16A1 expression is associated with carcinogenic signaling pathways. In GOChord plots showing the top 10 GO terms enriched in (A) BP, (B) CC, (C) MF and genes positively associated with SLC16A1; (D) bubble plots to show the top 10 pathways in KEGG analysis; GSEA analysis showing the set of (E) GO and (F) KEGG genes associated with SLC16A1 expression. GSEA, single gene set enrichment analysis; GO, Gene Ontology; BP, Bioengineering; CC, Cellular Component; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and Genomes.






Discussion

Tumor cells show a much higher growth activity than normal cells. In recent years, it has been suggested that tumor cells metastasize to escape metabolic stress, which is a process that often involves metabolic reprogramming. Rewriting of energy metabolism pattern will confer tumor cells the ability to escape normal apoptotic process and to grow, proliferate and migrate (17). Since Warburg found that cancer cells tend to produce energy through glycolysis, many studies have been carried out on the energy metabolism of tumors. Studies have found that cancer cells still obtain energy through glycolysis despite the presence of oxygen (18). Lactic acid as the main product of anaerobic metabolism is considered to be one of the most important energies. The continuous production and accumulation of lactic acid can lead to metabolic gene expression changes, result in abnormal cell signal, weaken the function of mitochondria, upregulate SLC16 protein expression, thereby leading to cell migration and immune escape, and the promotion of cancerous cell process (19). SLC16A1 plays an important role in cancer metabolism. Lactic acid itself can rapidly upregulate SLC16A1 expression, which maintains glycolysis efficiency by regulating pH value in cells and interstitium. SLC16A1 plays a major role in lactate inflow, and cancer cells transport lactic acid inward through overexpression of SLC16A1, increasing carcinogenicity and invasion. Thus, targeting SLC16A1 may be a promising therapeutic strategy for some cancers (20, 21).

Based on TCGA and GTEX databases, we compared SLC16A1 expression in 27 different human cancers using TIMER and differential analysis. The results showed that SLC16A1 was differentially expressed in most solid cancers, particularly concentrated in urological cancers. This is also supported by the results of the CCLE database: SLC16A1 is significantly expressed in cell lines of urological origin. Further analysis of SLC16A1 expression in urological cancers showed that SLC16A1 protein expression was significantly stronger in pathological tissues of the kidney, prostate, and bladder than in the corresponding normal tissues, and that there was an association between high and low SLC16A1 expression and the different clinical features of urological cancers. SLC16A1 was differentially expressed between the different clinical stages of seven different urological cancers, and it is therefore conjectured that SLC16A1 may be involved in the disease progression of urological cancers.

Aberrations in epigenetic mechanisms have now been recognized as an important cause of human cancer progression (22). The continuous accumulation of MMRS gene mutations throughout the genome will allow the malignant transformation of cell signals, and promote the carriers of MMRS mutation to develop cancer (23). DNA methylation is critical for maintaining cellular phenotypes during DNA replication and is involved in defining when and where genes are expressed in normal and disease environments (24, 25). Currently, DNMTs inhibitors are the most widely studied compounds that inhibit epigenetic processes and have also been used in the treatment of cancer (26). Our results showed that SLC16A1 expression was significantly positively correlated with MMRs mutation and expression of DNMTs in urological tumors, indicating that SLC16A1 was related to the occurrence and development of urological tumors.

Besides, high expression in urological cancers appears to be with an increased prognostic risk. Our study found that SLC16A1 could serve as a biomarker for the prediction of OS and PFS of urological cancers and identifying cancer subtypes with higher prognostic risk, especially in several cancers of ACC, KIRC and KICH. SLC16A1 plays a key role in promoting cancer progression and metastasis. It has been found that SLC16A1 and SLC16A1-AS1 may together form a “head-to-head” complex unit with E2F1 promoter in muscle-infiltrating bladder cancer cells. E2F1 activates SLC16A1 and SLC16A1-AS1 to cooperatively regulate the corresponding targets related to cell migration and promote metabolic reprogramming and cell migration (27). High-expressed SLC16A1 has also been found to be associated with lymph node metastasis and distant metastasis of bladder cancer, thereby showing a negative impact on the overall survival of patients. Inhibiting SLC16A1 can significantly suppress the proliferation, migration and invasion of bladder cancer cells, and SLC16A1 promotes the progression of bladder cancer by affecting epithelial mesenchymal transformation and glycolysis (28). Fuhrman grade is a histological grade of renal cancer based on tumor nuclear morphology, and has been widely applied as the most effective prognostic parameter for predicting DSS (29). Ambrosetti et al. (30) conducted a semi-quantitative and qualitative analysis on 45 Kirc cases, and found that SLC16A1 is positively correlated with higher Fuhrman grade. All the above studies suggested that SLC16A1 is a risk factor for evaluating the prognosis of urological cancers.

On the other hand, to further study the role of SLC16A1 in tumors, We found by enrichment analysis that SLC16A1 expression is associated with cell activation, cell adhesion and other functions, and may be involved in signaling pathways such as the cell cycle. During tumor progression, metabolic reprogramming is often accompanied by cytoskeletal remodeling and the activation of transduction of mechanical signaling in cancer cells. Cancer cells induce metabolism-related signaling by continuously altering intercellular adhesions and finally by glycolysis to meet the increased motility as well as aggressiveness of cancer cells (31, 32). We speculate that the high expression of SLC16A1 in urological cancers may also suggest a metabolic reprogramming mediated by altered intercellular adhesion.

In Pereira’s study, to maintain a high glycolytic phenotype, prostate cancer is effectively transported to the breast via SLC16A1 and SLC16A4.The expression level of SLC16A1 in metastatic prostate cancer cells is significantly higher than that in more restricted prostate cancer cell lines. Silencing SLC16A1 can significantly inhibit the growth and motor characteristics of cancer cells (33), high expression of SLC16A1 may stimulate prostate cancer cell activation. Feng et al. (34) also speculated that SLC16A1-AS1 might be involved in the occurrence and metastasis of cancer through regulation of cell cycle through three different algorithms of WGCNA, GSEA and GSVA, and verified at the cellular level that SLC16A1-AS1 silencing could inhibit the expression of cyclin D1, promote cell stagnation in G0/G1 phase, and suppress the proliferation of oral squamous cell carcinoma cells. In Addition, we also found that SLC16A1 is associated with signaling pathways such as P13K-Akt, which is also a key factor in the cell cycle, and targeting PI3K-Akt signaling may induce cell cycle arrest (35, 36). This also suggests that SLC16A1 is involved in tumor development from another perspective.

To sum up, this research showed that SLC16A1 expression was present in urological tumors and found that the high expression of SLC16A1 was related to poor prognosis of patients with urological cancer and abnormal epigenetic processes, providing clinically useful biological markers.
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Significant p values (p < 0.05) are in bold font.





