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Background

Kidney renal clear cell carcinoma (KIRC) is a major subtype of renal cell carcinoma with poor prognosis due to its invasive and metastatic nature. Despite advances in understanding the molecular underpinnings of various cancers, the role of branched-chain amino acid transferase 1 (BCAT1) in KIRC remains underexplored. This study aims to fill this gap by investigating the oncogenic role of BCAT1 in KIRC using single-cell RNA-seq data and experimental validation.





Methods

Single-cell transcriptomic data GSE159115 was utilized to investigate potential biomarkers in KIRC. After screening, we used BCAT1 as a target gene and investigated its function and mechanism in KIRC through databases such as TCGA-GTEx, using genome enrichment analysis (GSEA), genome variation analysis (GSVA), gene ontology (GO) and Kyoto Encyclopedia of the Genome (KEGG). BCAT1 expression was detected in clinical tissue samples using Western Blotting (WB) and immunohistochemical (IHC) staining techniques. We established cell lines stably overexpressing and knocking down BCAT1 and performed WB, qRT-PCR, cell scratch assay and transwell assay.





Results

BCAT1 was highly expressed in KIRC and was associated with disease prognosis and TME. Patients with mutations in the BCAT1 gene had shorter overall survival (OS) and disease-free survival (DFS). patients with high BCAT1 expression had shorter OS, progression-free interval (PFI), and disease-specific survival (DSS). GSEA showed that BCAT1 was significantly enriched in epithelial mesenchymal transition (EMT). Bioinformatics analysis and WB and IHC staining showed that BCAT1 expression was higher in KIRC than in paracancerous tissues. In vitro experiments confirmed that BCAT1 in KIRC cells may promote EMT affecting its invasion, migration. We constructed a protein interaction network (PPI) to hypothesize proteins that may interact with BCAT1. Single-sample gene set enrichment analysis (ssGSEA) revealed the immune infiltration environment of BCAT1. Furthermore, hypomethylation of the BCAT1 promoter region in KIRC may contribute to disease progression by promoting BCAT1 expression.





Conclusion

BCAT1 promotes KIRC invasion and metastasis through EMT and has prognostic predictive value and potential as a biomarker. It may become a novel biomarker.
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1 Background

Branched-chain amino transferases 1 (BCAT1) is a cytoplasmic isoform of branched-chain amino acid transferase found in humans and a variety of organisms (1). Branched-chain amino acids (BCAAs) include valine, leucine, and isoleucine. They serve as a nitrogen source for the formation of macromolecules such as nucleotides and are also essential for cancer cell growth. The metabolic flexibility of cancer cells is determined by their ability to reprogram synthetic and catabolic pathways through altered gene expression programs and intercellular interactions in the tumor microenvironment (2, 3). In many cancers, enzymes with amino acid catabolic functions are highly expressed. These enzymes not only provide cellular energy and metabolites for anabolic processes, but also promote immune escape of cancer cells. Intracellularly, BCAA is catalyzed by branched-chain amino acid transaminase (BCAT) to branched-chain α-keto acids (BCAA), including α-keto-β-methylglutaric acid (KMV), α-ketoisocaproic acid (KIC), and α-ketoisovaleric acid (KIV), while the amino group of BCAA is transferred to α-ketoglutaric acid (α-KG) to produce glutamate. BCAA can eventually be degraded to acetyl coenzyme A and succinate coenzyme A, which enter the tricarboxylic acid (TCA) cycle (4–7). The two isoforms of BCAT, BCAT1 and BCAT2, are located in the cytoplasm and mitochondria, respectively, and metabolic reprogramming of BCAA involving BCAT1 alters the levels of important metabolites, including BCAA itself, α-KG, and glutamate, which are used to produce nutrients and essential substances, activate signaling pathways, shape the epigenetic landscape, and enhance drug resistance, ultimately leading to a rapid increase in cancer cell survival and growth (7). We have reviewed the literature and found that high expression of BCAT1 is associated with acute and chronic myeloid leukemia (4, 8, 9), glioma (10–12), hepatocellular carcinoma (1, 10, 13–15), pancreatic cancer (16), gastric cancer (17, 18), colorectal cancer (19–21), melanoma (22), breast cancer (23–27), uroepithelial cancer (28), prostate cancer (29), osteosarcoma (30), ovarian cancer (31), endometrial cancer (32), nasopharyngeal cancer (33), esophageal squamous carcinoma (34), and non-small-cell lung cancer (35–37) have been implicated in the progression and prognosis of these cancers. Currently, BCAT1 has been proposed as a prognostic marker for a variety of cancer types and has multiple functions in cancer growth and progression. However, the role and mechanism of BCAT1 in renal cancer is not clear.

Kidney cancer (KC) is the sixth most common cancer in men and the tenth most common in women, accounting for 5% and 3% of all cancer cases, respectively (38, 39). Although many epidemiologically reported data refer to KC, histologically identified renal cell carcinoma (RCC) accounts for the vast majority (90%) of KC cases, with kidney renal clear cell carcinoma (KIRC) accounting for more than 70% of RCC (40). The leading cause of death in cancer patients is reported to be metastasis, accounting for more than 90% of cases (41).

Epithelial-to-mesenchymal transition(EMT) affects the ability of tumor cells to invade and metastasize through multiple pathways and is an important process in the transition of malignancy from early to advanced stages, whereby fully differentiated cells lose their cell polarity and intercellular adhesion properties and instead acquire a migratory and invasive mesenchymal phenotype (42, 43).




2 Methods



2.1 Data collection

The gene mRNA expression data and clinicopathological information of TCGA and GTEx were downloaded from the UCSC Xena database (http://xenabrowser.net/datapages/) for analysis. The single-cell sequencing dataset GSE159115 from KIRC was used to download the single-cell level expression data matrix containing single-cell level cell type annotations via TISCH2 (44) (http://tisch.comp-genomics.org/). Protein interaction networks were constructed using GeneMANIA (https://genemania.org/) and STRING (https://cn.string-db.org/).




2.2 Processing and analysis of single-cell RNA sequencing data

The single-cell expression matrix of the KIRC single-cell dataset GSE159115 was loaded and created as “SeuratObject” via the “Seurat” package (45), which annotated 27669 single cells with cell type based on the cell meta information therein. The 2000 high-variable genes were filtered using the “FindVariableFeatures” function and the “ScaleData” function. And based on the highly variable genes, PCA was performed on single cells using “RunPCA” function to reduce the dimensionality, check the PCA binning results and select the principal components. Subsequently, the KIRC single-cell data were clustered and analyzed using the Louvain algorithm, and the data were nonlinearly dimensionalized using the “Uniform Manifold Approximation and Projection (UMAP)” function (46). Malignant cells from KIRC in GSE159115 were then extracted using the subset function in the Seurat package, and cell subclustering was performed using the “FindNeighbors” and “FindClusters” functions, followed by UMAP nonlinear dimensionality reduction visualization in the same manner as described above. Marker gene analysis was performed for subclustering of Malignant cells by the “FindAllMarkers” function, and Marker genes were analyzed using the Wilcoxon algorithm in a selected group vs rest manner. The R package Monocle2 was used for the proposed chronological analysis of subclusters of Malignant cells (47), and the cells were sorted using subcluster marker genes to determine the gene expression patterns among Malignant differentiation trajectories as a whole, and the differentiation trajectory-related genes were searched by the “differentialGeneTest” function.




2.3 The cBioPortal

cBioPortal is an online tool for tumor genomics data analysis. We selected Kidney Renal Clear Cell Carcinoma (TCGA, Firehose Legacy) as the study dataset in the cBioPortal database, which contains 538 KIRC samples with mutations, copy number variants and mRNA expression data with survival analysis, clinical characterization, etc.




2.4 GO and KEGG pathway enrichment analyses

Through Gene Ontology (GO) analysis we obtained information on the biological process, cell composition and molecular function related to BCAT1 (48). In addition, we used the Kyoto Encyclopedia of Genes and Genomes (KEGG) to analyze the role of BCAT1 in metabolic pathways (49). We used the R package “ClusterProfiler” for GO and KEGG enrichment analysis of the biological functions of BCAT1 in KIRC (50).




2.5 GSEA and GSVA

We performed the analysis using the Gene Set Enrichment Analysis (GSEA) package (4.1.0) for discovering specific biological processes and disease-associated biological pathways or gene sets associated with BCAT1 gene differential expression in the database.

Gene Set Variation Analysis (GSVA) which is a non-parametric and unsupervised algorithm was used for Bulk RNA-seq data (TCGA) using the “gsva” algorithm in the GSVA package to quantify the hallmark of each sample from KIRC gene sets for each sample of KIRC (51). The “limma” package also was used to analyze the differential genes between high and low enrichment scores (52). For scRNA-seq data, the “gsva” algorithm was performed to calculate the enrichment scores of hallmark gene sets in each cell and count the differences in the enrichment scores of the hallmark gene sets between different cell types and different differentiation trajectories of malignant cells.




2.6 TISIDB

An integrated repository portal for tumor-immune system interactions (TISIDB) integrates multiple data types including PubMed database, transcriptomic and clinical data from TCGA, exomics and RNA sequencing datasets from immunotherapy patient cohorts, and we used it to analyze the relationship between BCAT1 and lymphocyte infiltration, immunomodulators, chemokines, and immune subtypes.




2.7 UALCAN

The University of Alabama at Birmingham Cancer Data Analysis Portal (UALCAN) is an interactive public database for analyzing cancer histology data.

We analyzed the relationship between BCAT1 mRNA expression levels, promoter region methylation levels, and clinicopathological KIRC information via the UALCAN website by selecting the “TCGA” section.




2.8 Construction of prognostic signature

The R packages “survival” and “survminer” were used for Kaplan-Meier prognostic analysis of the high and low BCAT1 expression groups in the TCGA-KIRC dataset. The R package “timeROC” was utilized to evaluate the AUC values of the ROC curves over time. To obtain a more accurate nomogram, the R package “rms” was used to combine pathological staging with risk scores in order to further improve the predictive efficiency of risk scores (53).




2.9 Cell culture and specimens

The 786-o(RRID: CVCL_1051), 769-p(RRID: CVCL_1050) and 293T(RRID: CVCL_0063) cell lines used in this experiment were purchased from the cell bank of the Chinese Academy of Sciences and identified by the STR test. The cells were cultured at 37°C in a 5% CO2 humidified incubator using RPMI-1640 and DMEM/high glucose medium containing 10% FBS (Shanghai Yuanpei Biotechnology Co., Ltd., China). None of the cells used were contaminated with mycoplasma.

The 21 pairs of KIRC and paraneoplastic tissue specimens used in this study were obtained from surgically resected patients at the First Affiliated Hospital of Soochow University. Informed consent was obtained from the patients, and the ethics committee of Soochow University approved the use of the specimens. Patients had not received radiotherapy or immunotherapy prior to specimen collection, and specimens were divided after removal and stored frozen at -80°C or in formalin at room temperature until further processing.




2.10 Western blot assessment

Cells were hydrolyzed in RIPA buffer containing a mixture of protease inhibitors and phosphatase inhibitors. Protein products were separated by SDS-PAGE, transferred to nitrocellulose membranes, and cut according to the molecular weight of the target proteins. The membranes were then blocked in TBST buffer containing 3.0% BSA for 1 hour and incubated with primary antibody at 4°C overnight. The membranes were then rinsed three times for 10 minutes each with TBST buffer and incubated with the appropriate secondary antibody for 2 hours at room temperature. Protein expression was detected using an enhanced chemiluminescence system. The expression of the target protein was normalized to the expression of GAPDH or tubulin. The primary antibodies used for WB analysis were as follows: anti-mouse E-cadherin antibody, anti-mouse N-cadherin antibody (BD Biosciences, USA); anti-mouse snail antibody (Cell Signaling Technology, USA); anti-mouse vimentin antibody (Santa Cruz, USA); anti-rabbit BCAT1 antibody, anti-mouse GAPDH antibody, anti-mouse tubulin antibody (Abclonal, China). The secondary antibodies were: goat anti-mouse IgG antibody, goat anti-rabbit IgG antibody (Abclonal, China). The relative expression of proteins was normalized to the expression of the same group of lysate samples were run in parallel gels to test different proteins.




2.11 RNA extraction and qRT-PCR assays

Total RNA was extracted using the TRIzol RNA protocol, and cDNA was synthesized by reverse transcription using the HiScript® III RT SuperMix for qPCR kit (Vazyme, China). BCAT1 mRNA expression was detected by qRT-PCR and normalized to β-actin. The target gene expression levels were calculated relative to β-actin. Finally, the expression level was quantified using the ΔΔCt method (54). The primers used in the experiment included: BCAT1 (Forward primer: GTGGAGTGGTCCTCAGAGTTT; Reverse primer: AGCCAGGGTGCAATGACAG); β-actin (Forward primer. CATGTACGTTGCTATCCAGGC; Reverse primer: CTCCTTAATGTCACGCACGAT).




2.12 RNA interference and overexpression plasmid

The sequences of siRNAs(GenePharma, China) were as follows: si-BCAT1-1(5’-CCCAAUGUGAAGCAGUAGAUA-3’) and si-BCAT1-2(5’-CCUGUGUUGUUUGCCCAGUUU-3’). The shRNAs used the same sequence as the siRNAs and were synthesized into the pLKO3.1 plasmids (Tsingke Biotechnology, China). The overexpression plasmid pCDH-BCAT1-3xFlag (Tsingke Biotechnology, China) was synthesized based on the coding sequence of BCAT1 (NM_005504.7). 786-o and 769-p cells were transfected with Lipofectamine 3000 (Invitrogen, USA) using the aforementioned siRNA and plasmids.




2.13 Wound-healing (cell migration) assay

The 786-o and 769-p cells were evenly spread on the well plates, and when the cells reached 95% density, the cells were gently scraped along a straight line with the tip of a sterilized pipette, with 5 lines through each well, each line kept parallel and equally spaced. Serum-free medium was added and incubated in a 37°C, 5% CO2 incubator for 12 hours (55). Microscopic photographs of the cells were taken at five randomly scratched areas, and then the distance of cell migration to the scratched areas was analyzed using ImageJ software. The experiment was repeated three times.




2.14 Transwell(cell migration and invasion) assays

Transwell chambers (BD Biosciences, USA) were placed in 24-well culture plates. The surface of the chambers used in the invasion assay must be covered with a layer of matrix gel. In each upper chamber, 786-o and 769-p cells were added with 1% FBS medium, and 20% FBS medium was placed in the lower chamber as a chemoattractant. The 24-well plates were incubated in a 37°C, 5% CO2 incubator for 24 hours, and the upper surfaces of the chambers were cleaned with a swab. The cells in the bottom layer were stained with 1% crystal violet stain, three microscopic images were taken, and the cells were counted. Results were tested in triplicate.




2.15 Immunohistochemistry

Paraffin-embedded tumors and paracancerous tissues were sectioned for IHC assays (15), and the following antibodies were used: anti-rabbit BCAT1 antibody (Proteintech, USA); EnVision™ FLEX+ Rabbit (LINKER) (Dako, Denmark) was chosen as the secondary antibody.




2.16 Statistical analysis

The analysis of all data and graphs was performed using the Sento Academic Platform software(www.xiantaozi.com) and R software (version number 3.6.3). Differences between two sample means were analyzed using the t-test, and one-way ANOVA was applied to the analysis of differences between more than two samples. We considered p values <0.05 as statistically significant(*p < 0.05, **p < 0.01,***p<0.001).





3 Results



3.1 scRNA-seq and cell annotation of KIRC samples

To analyze the cellular composition of the tumor microenvironment(TME) in KIRC, the most predominant subtype in renal cell carcinoma, we extracted eight quality controlled and standardized KIRC single-cell gene expression profiles from the single-cell transcriptome sequencing dataset GSE159115 to characterize the cellular populations of human KIRC. The samples from these eight patients were quality-controlled to contain a total of 27,669 cells. To detect possible batch effects in single-cell RNA sequencing (scRNA-seq) data, we performed principal component analysis (PCA) and demonstrated that there were no significant batch effects for cells in different samples (Figure 1A).




Figure 1 | Annotation of single-cell data and extraction of malignant epithelial cells. (A) PCA plot showing no significant batch effect between cells from different samples. (B) UMAP plot showing that all cells in the 8 KIRC samples can be categorized into 33 cell clusters. (C) UMAP plot showing that the KIRC samples can be annotated into 8 cell types in the tumor microenvironment. (D) malignant cells were categorized into 11 subclusters. (E) Bubble diagram showing genes characterized by different subclusters.



We used the R package “Seurat” to perform UMAP downscaling and clustering of these cells, and classified the cells in the KIRC tumor microenvironment into 33 clusters based on the similarities and differences in their expression patterns (Figure 1B).

Further cell annotation results showed that the 33 cell clustering subgroups could be annotated into 8 classes of cells, namely CD8+ T cells, endothelial cells, epithelial cells, erythroblasts, malignant cells, monocytes/macrophages, pericytes, and plasma (Figure 1C).

To better understand the heterogeneity of malignant epithelial cells in the TME of KIRC and their potential value for prognosis and drug therapy screening, we extracted malignant epithelial cell types at the single cell level and further subdivided them into subpopulations using the “Seurat” package. The results showed that malignant epithelial cells could be classified into 11 subpopulations (0-10) based on different molecular markers (Figures 1D, E).

This indicates that there is heterogeneity of gene expression in different clusters of malignant epithelial cells in KIRC patients, and these findings suggest that the heterogeneity of malignant epithelial cells in the tumor microenvironment of KIRC may play a crucial role in the development of KIRC.




3.2 Malignant epithelial cell trajectory analysis and EMT-related gene screening

Gene expression heterogeneity among KIRC malignant epithelial cells may be involved in differences in the biological behavior of cancer cells, and to further identify cell subpopulations and molecular markers that are closely associated with KIRC progression, we performed an analysis of differentiation trajectories (Figure 2A). The results revealed that the 11 malignant epithelial cell subpopulations could be divided into five differentiation stages.




Figure 2 | Identification of heterogeneous genes associated with differentiation trajectories of malignant cells. (A) Analysis of differentiation trajectories of malignant cells. (B) Distribution of different subclusters of malignant cells on differentiation trajectories. (C, D) Pseudotime analysis of malignant cells. (E) GSVA analysis showing the enrichment levels of eight cell types in different Hallmark pathways in KIRC samples. (F) GSVA analysis of the differentiation status of malignant epithelial cells. (G) Heatmap showing malignant cells can exhibit 3 expression patterns after differentiation. (H) GO enrichment analysis of heterogeneous genes associated with malignant cells differentiation. (I) Differentially expressed genes between high EMT and low EMT groups. (|Fold Change| > 2, p.adjust < 0.05) (J) Comprehensive scRNA-seq-GeneCluster1, bulkRNA-seq EMT-related upregulated genes, intersecting genes of proteogenomic upregulated proteins and prognostic conditions. (K) Association between BCAT1 expression levels and Hallmark-EPITHELIAL-MESENCHYMAL-TRANSITION gene set enrichment score correlation.



We found that different subpopulations of malignant epithelial cells were differentially distributed in differentiation trajectories (Figure 2B). We then performed pseudotime analysis of malignant epithelial cells (Figures 2C, D), the purple part is the initial state of differentiation while the yellow is the terminal state of differentiation, and it can be found that cell state 4 is located at the terminal stage of differentiation.

GSVA analysis demonstrated the activation levels of 50 Hallmark pathways associated with cancer in different cell types in the TME of KIRC (Figure 2E). GSVA also demonstrated the activation levels of Hallmark pathways associated with cancer in different differentiation states of malignant epithelial cells (Figure 2F), in which transforming growth factor-β (TGF-β), PI3k-AKT-mTOR, Wnt-β-Catenin, reactive oxygen species (ROS), angiogenesis and other important signaling pathway activation levels were significantly upregulated.

In addition, we found that the heterogeneous genes associated with the differentiation trajectory of malignant epithelial cells showed three expression patterns after clustering (Figure 2G), and we divided three geneclusters accordingly. genecluster1 showed a high upregulation at the terminal stage of the proposed time sequence. We performed GO enrichment analysis of gencluster1 (Figure 2H), which showed that these genes were significantly enriched in signaling pathways related to cell adhesion, epithelial cell migration and development, such as Focal adhesion, Cell adhesion molecules, and tight junction. In addition, signaling pathways such as phosphatidylinositol-3-kinase-protein kinase B (PI3K-Akt) and mitogen-activated protein kinase (MAPK) were also significantly activated.

We performed GSVA analysis of the HALLMARK- EPITHELIAL-MESENCHYMAL-TRANSITION gene set using KIRC mRNA expression data from the TCGA database to obtain differentially expressed genes in samples with high versus low EMT levels (Figure 2I). 1370 genes were upregulated in the high EMT-enriched subgroup from the bulk RNA-seq level these genes are participating in the EMT process in KIRC.

On the other hand, we introduced proteins that had been reported to be significantly upregulated in KIRC in a proteogenomic study by Clark et al (56). Genes with remarkable significance in scRNA-seq, bulk RNA-seq, proteogenomics and prognostic analysis were jointly intersected and screened for seven key genes affecting the EMT process in KIRC including BCAT1, CTHRC1, GPX8, RUNX1, SERPINE1, SERPINH1 and TGFBI (Figure 2J).

We traversed the literature and observed that BCAT1 is significantly upregulated during progression of various types of cancer and has emerged as an essential biomarker, but its role in KIRC is poorly understood. Correlation analysis demonstrated that BCAT1 expression was highly correlated with the HALLMARK-EPITHELIAL-MESENCHYMAL-TRANSITION gene set (r=0.562, p<0.001) (Figure 2K). Thus, we decided to further explore the role and mechanism of BCAT1 in KIRC metastasis and development.




3.3 Genetic alteration of BCAT1 gene in KIRC

We used the cBioPortal tool to analyze mutations in the BCAT1 gene in KIRC using the Kidney Renal Clear Cell Carcinoma (TCGA, Firehose Legacy) dataset, which contains 538 KIRC samples (Figure 3A).




Figure 3 | BCAT1 genetic alterations in KIRC. (A) Mutations in BCAT1 in 538 KIRC samples. (B) Somatic mutations of BCAT1. (C, D) BCAT1 mRNA expression levels did not differ significantly between CNV copy numbers, nor did they differ significantly between mutations. (E) The mRNA expression level of BCAT1 was negatively correlated with the methylation level of the promoter region of BCAT1. methylation level of the BCAT1 promoter region. (F, G) Correlation of prognosis between BCAT1 and mutations in KIRC.



We found that the overall genetic variation rate of BCAT1 in KIRC was 5%, with alterations at the mRNA level being the predominant form (Figure 3B). There was one somatic mutation site in the amino acid sequence of BCAT1 where missense mutations occurred. Analysis revealed no significant differences in BCAT1 mRNA expression levels between CNV copy number amplification and deletion, nor between mutation and non-mutation (Figures 3C, D). However, we found that methylation of the promoter region of BCAT1 was negatively correlated with BCAT1 mRNA expression (r=-0.17, p<0.05) (Figure 3E).

We further investigated the effect of BCAT1 gene mutation on patient prognosis. The results showed that overall survival (OS) and disease-free survival (DFS) were significantly decreased in the mutated group compared with the non-mutated group of KIRC patients (Figures 3F, G). Taken together, these data suggest that mutations in BCAT1 may have an impact on tumor progression and thus patient prognosis.




3.4 Expression levels of BCAT1 in KIRC and prognosis of patients

We obtained the structure of the protein encoded by BCAT1 gene from The Human Protein Atlas database (Figure 4A). We identified BCAT1 expression levels in KIRC tumor tissues and paraneoplastic tissues in the TCGA database and found that BCAT1 expression was significantly elevated in tumor tissues (Figure 4B). We also found elevated levels of BCAT1 expression in multiple KIRC cell lines through the cBioPortal tool (Figure 4C).




Figure 4 | BCAT1 expression in KIRC and prognostic value. (A) The protein encoded by BCAT1.
(B) Relative expression levels of BCAT1 between KIRC and paracancerous tissues in the TCGA database. (C) Expression levels of BCAT1 in different cell lines. (D) Western Blotting to detect the protein expression level of BCAT1 in clinical specimens and paracancerous tissues. (Uncropped images of blots are presented in Supplementary File 1) (E) Immunohistochemical staining to detect the protein expression of BCAT1
(Five pairs of results are shown herewith and the rest are shown in Supplementary File 2). (F) ROC curve of BCAT1 in KIRC. (G) Kaplan-Meier survival curves showing the effect of BCAT1 on overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI) in KIRC patients. (H) Expression of BCAT1 in different molecular subtypes, gender, tumor grade, N-stage, and tumor stage in the TCGA database.



We have performed Western Blot on tumor tissue and paracancerous tissue from 21 pairs of clinical specimens (Figure 4D) and immunohistochemical staining on 20 of them (Figure 4E), all of which showed significant overexpression of BCAT1 in KIRC. This validated the results in the database.

The ROC curve we plotted as well revealed that BCAT1 was used for single gene diagnosis of KIRC with high accuracy (AUC=0.806, 95% CI: 0.756-0.856) (Figure 4F).

We used the Kaplan-Meier method to analyze the prognostic value of BCAT1. The results (Figure 4G) showed that among KIRC patients, the BCAT1 high expression group had a shorter progression free interval (PFI) compared to patients in the low expression group, and OS and disease-specific survival (DSS) were similarly significantly lower.

By performing analysis through the UALCAN database, we obtained the expression of BCAT1 in different molecular subtypes, different genders, different grades, different N-stages and different tumor stages of KIRC. The results (Figure 4H) showed that among the different molecular subtypes, it was significantly more expressed in the ccB molecular subtype than in the ccA subtype. And the expression was higher in male patients than in females. Among the tumor grades, the highest BCAT1 expression was found in KIRC of Grade 4. BCAT1 expression was higher in patients with lymph node metastasis. There was a slight difference in BCAT1 expression in patients with different stages of KIRC.




3.5 BCAT1 co-expression network construction and enrichment analysis by GSEA

We constructed a protein-protein interaction (PPI) network to find BCAT1 co-expressed or interacting genes. Using the GeneMANIA database, we identified the top 20 interacting genes (Figure 5A). And in the STRING database, we visualized the top 50 interacting genes (Figure 5B). The PPI network covers seven types of linkage types: physical interactions, co-expression, predicted, co-localization, genetic interactions, pathway, and shared protein domains. it stands to reason that BCAT2 is closely related to BCAT1, and these genes may play a joint role with BCAT1 in the development of KIRC.




Figure 5 | PPI network and GSEA enrichment analysis. (A) PPI network of BCAT1 (top 20) created by GeneMania. (B) Visualization by STRING showing the top 50 interacting genes. (C) GSEA results showing the pathway of BCAT1 enrichment in KIRC.



Enrichment analysis was performed by GSEA software, and cell adhesion-related pathways such as Focal Adhesion, N-cadherin, PI3K-AKT and WNT signaling pathways were enriched in KIRC. All these pathways are closely associated with EMT. Further suggesting that we BCAT1 may be involved in the regulation of EMT in KIRC thereby affecting its metastasis (Figure 5C).




3.6 Overexpression of BCAT1 promotes EMT in KIRC and facilitates cell migration and invasion

We transiently transfected BCAT1 overexpression into 786-o and 769-p cells, and then examined the mRNA and protein expression levels of BCAT1 by qRT-PCR and Western blot. As shown in Figure 6A, we detected the expression of EMT-related markers by Western blot, and the expression levels of N-cadherin and Snail were significantly increased, and the expression levels of E-cadherin were significantly decreased.




Figure 6 | Overexpression of BCAT1 promotes EMT in 786-o and 769-p cells. (A) After transient
overexpression of BCAT1 in 786-o and 769-p cells, the expression of BCAT1 and EMT-related marker proteins were detected by Western Blotting, and the mRNA expression of BCAT1 was detected by qPCR. (Uncropped images of blots are presented in Supplementary File 1) (B) After stable overexpression of BCAT1, the overexpression effect was
detected by qPCR and Western Blotting. (Uncropped images of blots are presented in Supplementary File 1) (C) Scratch healing assay was performed on 786-o and 769-p cells stably overexpressing BCAT1, showing enhanced cell migration. (D) Transwell assay on 786-o and 769-p cells stably overexpressing BCAT1 showed enhanced cell migration and invasion ability.



We then performed stable BCAT1 overexpression in 786-o and 769-p cell lines using pCDH-BCAT1-3x Flag. We similarly validated the overexpression effect (Figure 6B).

The 786-o and 769-p cells overexpressing BCAT1 had enhanced migratory ability (Figure 6C), and the Transwell assays showed that these cells had significantly enhanced migratory and invasive abilities (Figure 6D).




3.7 Knockdown of BCAT1 inhibits EMT in KIRC and suppresses cell migration and invasion

In addition, we transiently knocked down BCAT1 in 786-o and 769-p using siRNA. We verified the effect at the mRNA level using qRT-PCR and at the protein level using Western blot (Figure 7A). After BCAT1 was successfully knocked down, the protein expression levels of EMT-related markers changed, with a significant decrease in N-cadherin and Snail expression levels and a significant increase in E-cadherin expression levels. After constructing BCAT1 stably knocked-down cells by the above method (Figure 7B), scratch healing assays showed a significant decrease in the migratory ability of these cells (Figure 7C). Transwell assays also showed that BCAT1 knockdown significantly inhibited the migratory and invasive ability of the cells (Figure 7D).




Figure 7 | Knockdown of BCAT1 inhibits EMT in 786-o and 769-p cells. (A) BCAT1 was transiently
knocked down in 786-o and 769-p cells, and the expression of BCAT1 and EMT-related marker proteins was detected by Western Blotting, and the mRNA expression of BCAT1 was detected by qPCR. (Uncropped images of blots are presented in Supplementary File 1) (B) After stable knockdown of BCAT1, the knockdown effect was detected by qPCR
and Western Blotting. (Uncropped images of blots are presented in Supplementary File 1) (C) Scratch assay showed that the migration ability of 786-o and 769-p cells with stable knockdown of BCAT1 was weakened. (D) Transwell assay showed that 786-o and 769-p cells with stable knockdown of BCAT1 had decreased migration and invasion ability.






3.8 Correlation of BCAT1 with immune cells

Using the TISIDB database, we investigated the correlation between BCAT1 expression and various immune cell infiltrations based on pan-cancer samples (Figure 8A), and found that BCAT1 was closely associated with various immune cell infiltrations in most cancers. BCAT1 was differentially expressed in different immune subtypes of KIRC, with the highest expression in the c5 immune subtype (Figure 8B). In 534 KIRC samples, the infiltration abundance of most immune-associated cells showed a positive correlation with the mRNA expression level of BCAT1 (Figure 8C), including Th1 cells, Th2 cells, regulatory T cells (Treg), natural killer (NK) cells, and macrophages. These results suggest that BCAT1 expression may be involved in the regulation of immune infiltration in the KIRC tumor microenvironment.




Figure 8 | Correlation between BCAT1 and immune cells. (A) Correlation between BCAT1 expression and immune cell infiltration. (B) Relative expression of BCAT1 between different KIRC immune subtypes. (C) Positive correlation between the infiltration abundance of multiple immune cells in KIRC and BCAT1 expression. (D, E) ssGSEA showing the correlation between BCAT1 reach and common immune cell enrichment in KIRC. (F) Differences in immune cell infiltration between groups with high and low levels of BCAT1 mRNA expression. (G–I) Correlation of immune activation checkpoints, immune suppression checkpoints and MHC molecules with BCAT1 expression.



To further determine the relationship between BCAT1 expression and immune cell infiltration in KIRC, we used the ssGSEA algorithm to enrich the gene set of 24 characteristic immune cell markers (Figure 8D) and analyzed the correlation between BCAT1 expression and the degree of enrichment of common immune cells in KIRC, in which macrophages and Th2 cells were significantly enriched with increased BCAT1 expression enrichment, while the opposite was true for cytotoxic cells and the CD56bright subpopulation of NK cells (Figure 8E).

We also compared the differences in immune cell infiltration between the high and low BCAT1 mRNA expression groups, which showed significant differences in macrophages, Th2 cells, Th1 cells, T cells, and the CD56bright subpopulation of NK cells (Figure 8F). In addition, radargrams visualized the correlation of immune activation checkpoints, immune suppression checkpoints and major histocompatibility complex (MHC) molecules with BCAT1 expression levels (Figures 8G–I).




3.9 Univariate analysis of the prognostic value of BCAT1 and the prognostic model

We performed univariate analysis on the KIRC samples from the TCGA database. The results showed that BCAT1 had significant prognostic predictive significance on DSS, OS and PFI, as well as pathological stage, TMN stage, pathological grading, immunotherapy outcome and serum calcium (Figures 9A–C).




Figure 9 | Univariate analysis and prognostic modeling of the prognostic value of BCAT1. (A–C) BCAT1 possesses significant prognostic predictive value in DSS, OS, and PFI indicators in KIRC. (D) Nomogram was used to predict the prognosis of KIRC patients.



We also included pathological grading, age, pathological staging, immunotherapy outcome, and gender combined with BCAT1 mRNA expression levels to establish a risk prognosis model using multifactorial regression analysis and plotted a nomogram, and the higher the score, the worse the prognosis as measured by the nomogram. The calibration curve showed that the nomogram has good performance in predicting prognosis (Figure 9D). It can be used to comprehensively predict the prognosis of KIRC patients.




3.10 Correlation of BCAT1 promoter region methylation with KIRC clinical factors and BCAT1 mRNA level expression

As mentioned above, the methylation level of BCAT1 promoter region was significantly and negatively correlated with the mRNA expression of BCAT1, and hypomethylation of BCAT1 promoter region might promote the expression of BCAT1. Therefore, we further analyzed the correlation between the methylation levels of BCAT1 promoter region and clinical factors by UALCAN (Figure 10A). The analysis showed significant differences in the methylation level of this promoter region between different ages, grades and stages, while there were no significant differences between different genders and different N stages. Overall, the methylation level of BCAT1 promoter region was significantly lower in KIRC tumor tissues than in normal kidney tissues. Subsequently, our further analysis showed that the promoter region methylation levels of cg07259733, cg21500300, cg12371924, cg19008597, cg07537523, cg04011247, cg10764357, and cg13980808 were significantly negatively correlated with BCAT1 mRNA expression (Figure 10B).




Figure 10 | Factors associated with low methylation levels in the BCAT1 promoter region. (A) Reduced methylation levels of BCAT1 promoter regions were associated with high mRNA expression of BCAT1, advanced age of patients, higher Grade, and later Stage. (B) BCAT1 mRNA levels were negatively correlated with methylation levels in these promoter regions.







4 Discussion

Kidney cancer has the highest mortality rate of the three major urologic tumors. Renal cell carcinoma accounts for more than 90% of renal cancer cases. The mortality rate of renal cell carcinoma is slowly decreasing worldwide, benefiting from the development of treatment modalities and increased frequency of medical screening (40). KIRC, the predominant type of renal cell carcinoma, has a well-established immunotherapy system (57, 58), but the search for new targets or valuable biomarkers is of great value for both the treatment and prognosis of KIRC.

In the present study, we first profiled KIRC at the single-cell level using publicly available bioinformatics data. Based on information from the GSE159155 database, heterogeneity in the differentiation trajectory of KIRC malignant epithelial cells was revealed, with high activation of key signaling pathways such as EMT, TGF-β, Notch, IL2-STAT5, WNT-β-catenin, ROS, and angiogenesis in cells at the end of the differentiation trajectory. GO analysis revealed that high expression of terminal differentiation genes was enriched in EMT and cell adhesion-related pathways such as PI3K-AKT and MAPK. Combining prognostic information, proteogenomic data, bulk rna-seq and scRNA-seq data, we screened the target gene of interest, BCAT1.

BCAT1, as a member of the branched-chain amino acid transferases, is an important component of amino acid metabolism. BCAT1 is highly expressed in a variety of cancers, promotes cancer cell migration and invasion, and has received much attention in recent years.

BCAT1 has been reported to be highly expressed in a variety of cancers and to be associated with poor progression and prognosis. Renal cancer has seldom been linked to BCAT1. Only one researcher found that BCAT1 was co-expressed in hypertension and renal cell carcinoma by bioinformatic analysis and may be a key gene in hypertension-associated renal cell carcinoma (59).

The pro-carcinogenic mechanism of BCAT1 varies in different tumors. BCAT1 may drive the ammonification of BCAA in the circulation, causing these cancer cells to accumulate BCAA (8), bind to Sestrin2, activate the mTORC1 signaling pathway, phosphorylate downstream effector molecules, and regulate important cellular biological processes (60). It has been reported that EZH2 inactivation and oncogenic NRAS mutations together activate BCAT1, enhance BCAA metabolism and mTOR signaling, and promote the development of myeloid leukemia (9). Luo et al. also reported that BCAT1 induces mTOR-mediated autophagy and reduces the sensitivity of hepatocellular carcinoma cells to cisplatin (15). In gastric cancer, BCAT1 acts as an oncogene by activating the PI3K/AKT/mTOR signaling pathway to promote proliferation, invasion, and angiogenesis (61). BCAT1 activates the mTORC1 pathway to play a pro-oncogenic role in breast and endometrial cancers, while BCAT1 inhibits mitochondrial reactive oxygen species (ROS) production in breast cancer cells (25, 27, 32).

In the present study, we found that BCAT1 was enriched in pathways such as PI3K/AKT and WNT in KIRC by GSEA pathway enrichment analysis. Several reports have shown that EMT can be regulated by regulating PI3K/AKT/mTOR or WNT signaling pathways (62–66), thereby affecting tumor invasion and metastasis.

Increased BCAA levels promote tumor growth, while increased BCAA catabolism also promotes tumor growth. In glioma cells, BCAA degradation by BCAT1 and increased glutamate formation provide the necessary nitrogen source for the synthesis of some non-essential amino acids (aspartate, serine, and alanine) as well as nucleotides, leading to increased proliferation, migration, and invasiveness of tumor cells in vitro (12). In contrast, in acute myeloid leukemia, glioma, and lung cancer, massive expression of BCAT1 reduces the level of its substrate α-KG and promotes tumor progression (4, 11, 12, 36). This may be due to the fact that a significant decrease in a-KG affects the activity of α-KG-dependent dioxygenases, which play an important role in hypoxic response and epigenetics.

Epigenetically, the pattern of methylation that occurs in the promoter region of BCAT1 is highly correlated with disease onset and progression. In colorectal cancer, researchers found significantly higher levels of BCAT1 methylation in circulating tumor DNA (ctDNA) than in normal controls (19, 20, 67–70). In a related study in ovarian cancer, BCAT1 was significantly hypermethylated in low malignant potential (LMP) and high grade (HG) plasmacytoid epithelial ovarian tumors (31). And investigators studying adverse outcomes in non-alcoholic fatty liver disease showed that high BCAT1 expression and hypomethylation predicted an increased incidence of adverse outcomes such as hepatocellular carcinoma (HCC) (71). Other investigators have reported increased BCAT1 expression and decreased BCAT1 promoter methylation levels in most hepatocellular carcinomas (72).

In our study, the results of cBioPortal analysis showed that the methylation level of the promoter region of BCAT1 was significantly and negatively correlated with the mRNA expression of BCAT1. And by using the UALCAN tool, we found that the methylation level of BCAT1 was decreased in KIRC tumor tissues. Hypomethylation of BCAT1 was also highly correlated with factors such as tumor progression and advanced age in various clinical features.

The cBioPortal analysis showed that BCAT1 gene mutation caused a significant decrease in OS and DFS in KIRC patients, making the prognosis worse. In contrast, among KIRC patients in the TCGA database, we plotted Kaplan-Meier curves showing shorter OS, PFI and DSS in the BCAT1 high-expression group compared with the low-expression group. ROC curves showed excellent prognostic predictive value of BCAT1. Elevated BCAT1 expression is associated with poor prognosis in KIRC patients, as evidenced by shorter OS, PFI and DSS. As a prognostic biomarker, BCAT1 could be used to stratify patients based on risk and guide personalized treatment strategies. Additionally, targeting BCAT1 may offer new therapeutic avenues for combating KIRC progression and metastasis.

In our analysis of TCGA data using UALCAN, we found that BCAT1 was highly expressed in the tumor tissues of KIRC patients and that patients with high BCAT1 expression had higher tumor grades and more lymph node metastases. BCAT1 expression also differed between sexes and molecular subtypes. cBioPortal also showed that BCAT1 expression was upregulated in KIRC cell lines. We collected clinical tissue samples and verified the high expression of BCAT1 in KIRC by Western blot and immunohistochemical staining.

Then, we verified the relationship between BCAT1 and EMT pathway in KIRC by in vitro experiments. EMT was promoted in KIRC cells after BCAT1 overexpression, and both migration and invasion abilities were significantly enhanced. EMT was inhibited in KIRC cells after BCAT1 silencing, and migration and invasion abilities were decreased.

We constructed the PPI network. The 20 and 50 genes that most significantly interacted with BCAT1 were identified using GeneMANIA and STRING databases, respectively.

In this study, we also analyzed the role of BCAT1 in the immune microenvironment. High BCAT1 expression was highly correlated with the activation of several immune-related cells in tumors. The immune system became more active in BCAT1 mutant cancers. We also found that BCAT1 expression was strongly associated with increased abundance of Treg cells, Th2 cells, and other cells. ssGSEA analysis showed the correlation between high BCAT1 expression in KIRC and the degree of enrichment of common immune cells, which was positively correlated with the enrichment of macrophages, Treg, and Th2 cells, while cytotoxic cells and the CD56bright subpopulation of NK cells were negatively correlated.

Treg cells have been reported to suppress aberrant immune responses against autoantigens and anti-tumor immune responses. Large infiltration of Treg cells in tumor tissue is usually associated with poor prognosis (73). There is a drift in the Th1/Th2 balance in a variety of cancers, often to a Th2-dominant state, which may be associated with immune escape (74). M2-type macrophages have also been reported to be involved in immune escape of tumor cells (75). In contrast, NK cells and cytotoxic cells are thought to kill cancer cells (76, 77).

BCAT1 has been shown to enhance EMT by activating key signaling pathways such as PI3K/AKT and WNT (35, 61). The PI3K/AKT pathway plays a crucial role in cell proliferation, survival, and migration. Overexpression of BCAT1 activates this pathway, leading to upregulation of N-cadherin and Snail, and downregulation of E-cadherin, thus promoting the EMT process. Our study confirms this through Western Blot experiments. The WNT pathway is another key pathway regulating EMT. BCAT1 likely modulates components of the WNT signaling pathway, further promoting tumor cell invasion and migration. Our Gene Set Enrichment Analysis (GSEA) shows significant enrichment of BCAT1 in EMT-related gene sets, supporting its critical role in the EMT process.

While we identified the involvement of PI3K/AKT and WNT pathways in BCAT1-mediated EMT, the specific molecular mechanisms remain to be elucidated. Future studies should focus on identifying the direct and indirect targets of BCAT1 within these pathways and elucidating their roles in EMT and tumor progression.

Besides PI3K/AKT and WNT pathways, BCAT1 may also interact with other signaling pathways such as TGF-β, MAPK, and Notch pathways. Investigating these interactions will provide a comprehensive understanding of BCAT1’s role in KIRC.

While our in vitro experiments provide strong evidence, in vivo studies are crucial for validating the role of BCAT1 in KIRC. Future research should include animal models to confirm the efficacy and safety of targeting BCAT1 as a therapeutic strategy.

Developing BCAT1-targeting therapies holds promise not only for treating KIRC but also for other cancers where BCAT1 plays a critical role. Targeting BCAT1 in KIRC could be achieved through small molecule inhibitors, monoclonal antibodies, or RNA interference technologies. Preclinical studies are needed to evaluate the efficacy of these strategies in reducing tumor growth and metastasis. Combining BCAT1 inhibitors with existing therapies may enhance treatment outcomes for KIRC patients. Future research should focus on the preclinical validation of these therapeutic strategies in relevant KIRC models. Successful preclinical studies should lead to the initiation of clinical trials to evaluate the safety, efficacy, and optimal dosing of BCAT1-targeting therapies in patients with KIRC. Additionally, understanding the molecular mechanisms underlying BCAT1’s role in KIRC progression and its interaction with other oncogenic pathways will help refine and optimize therapeutic approaches.

Our study is limited by the lack of in vivo validation, which is crucial for confirming the role of BCAT1 in KIRC. Future research should include animal studies and clinical trials to further explore BCAT1 as a therapeutic target. Additionally, investigating the interplay between BCAT1 and the immune microenvironment in KIRC could provide deeper insights into its role in cancer progression.




5 Conclusions

Our study reveals that BCAT1 is significantly overexpressed in kidney renal clear cell carcinoma (KIRC) and promotes epithelial-mesenchymal transition (EMT), enhancing the migratory and invasive capabilities of KIRC cells. High BCAT1 expression correlates with poor prognosis, including shorter overall survival (OS), progression-free interval (PFI), and disease-specific survival (DSS).

BCAT1 could serve as a prognostic biomarker and a therapeutic target. Future research should focus on in vivo validation and developing BCAT1-targeted therapies to improve KIRC patient outcomes. Our findings highlight BCAT1’s crucial role in KIRC invasion and metastasis.





Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: GSE159115 https://pubmed.ncbi.nlm.nih.gov/34099557/.





Ethics statement

The studies involving humans were approved by The Ethics Committee of Soochow University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

SL: Validation, Writing – original draft, Writing – review & editing, Conceptualization, Formal analysis. YG: Data curation, Writing – original draft. GZ: Data curation, Writing – original draft. LS: Validation, Writing – original draft. FZ: Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the grants from Key Research and Development Program (Social Development), Jiangsu Province, China (BE2021651); Fund for Developmental Topics, State Key Laboratory of Radiation Medicine and Radiation Protection, China (GZK1202017); Gusu Health Talent Program, Suzhou City, Jiangsu Province, China (GSWS2020021).




Acknowledgments

We thank the experts who carefully read our manuscript and the editors who gave our article a chance to be published.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1446324/full#supplementary-material

Supplementary File 1 Uncropped images of blots of Figures 4D, 6A, 6B, 7A and 7B.

Supplementary File 2 | All 20 pairs of immunohistochemical stained images.




References

1. Ananieva, EA, and Wilkinson, AC. Branched-chain amino acid metabolism in cancer. Curr Opin Clin Nutr Metab Care. (2018) 21:64–70. doi: 10.1097/MCO.0000000000000430

2. Lyssiotis, CA, and Kimmelman, AC. Metabolic interactions in the tumor microenvironment. Trends Cell Biol. (2017) 27:863–75. doi: 10.1016/j.tcb.2017.06.003

3. DeBerardinis, RJ, and Chandel, NS. Fundamentals of cancer metabolism. Sci Adv. (2016) 2:e1600200. doi: 10.1126/sciadv.1600200

4. Raffel, S, Falcone, M, Kneisel, N, Hansson, J, Wang, W, Lutz, C, et al. BCAT1 restricts αKG levels in AML stem cells leading to IDHmut-like DNA hypermethylation. Nature. (2017) 551:384–8. doi: 10.1038/nature24294

5. Eden, A, and Benvenisty, N. Involvement of branched-chain amino acid aminotransferase (Bcat1/Eca39) in apoptosis. FEBS Lett. (1999) 457:255–61. doi: 10.1016/S0014-5793(99)01054-6

6. Ben-Yosef, T, Eden, A, and Benvenisty, N. Characterization of murine BCAT genes: Bcat1, a c-Myc target, and its homolog, Bcat2. Mamm Genome. (1998) 9:595–7. doi: 10.1007/s003359900825

7. Peng, H, Wang, Y, and Luo, W. Multifaceted role of branched-chain amino acid metabolism in cancer. Oncogene. (2020) 39:6747–56. doi: 10.1038/s41388-020-01480-z

8. Hattori, A, Tsunoda, M, Konuma, T, Kobayashi, M, Nagy, T, Glushka, J, et al. Cancer progression by reprogrammed BCAA metabolism in myeloid leukaemia. Nature. (2017) 545:500–4. doi: 10.1038/nature22314

9. Gu, Z, Liu, Y, Cai, F, Patrick, M, Zmajkovic, J, Cao, H, et al. Loss of EZH2 reprograms BCAA metabolism to drive leukemic transformation. Cancer Discov. (2019) 9:1228–47. doi: 10.1158/2159-8290.CD-19-0152

10. Li, GS, Huang, HQ, Liang, Y, Pang, QY, Sun, HJ, Huang, ZG, et al. BCAT1: A risk factor in multiple cancers based on a pan-cancer analysis. Cancer Med. (2022) 11:1396–412. doi: 10.1002/cam4.4525

11. Zhang, B, Peng, H, Zhou, M, Bao, L, Wang, C, Cai, F, et al. Targeting BCAT1 combined with α-ketoglutarate triggers metabolic synthetic lethality in glioblastoma. Cancer Res. (2022) 82:2388–402. doi: 10.1158/0008-5472.CAN-21-3868

12. Tönjes, M, Barbus, S, Park, YJ, Wang, W, Schlotter, M, Lindroth, AM, et al. BCAT1 promotes cell proliferation through amino acid catabolism in gliomas carrying wild-type IDH1. Nat Med. (2013) 19:901–8. doi: 10.1038/nm.3217

13. Qi, LN, Xiang, BD, Wu, FX, Ye, JZ, Zhong, JH, Wang, YY, et al. Circulating tumor cells undergoing EMT provide a metric for diagnosis and prognosis of patients with hepatocellular carcinoma. Cancer Res. (2018) 78:4731–44. doi: 10.1158/0008-5472.CAN-17-2459

14. Zheng, YH, Hu, WJ, Chen, BC, Grahn, TH, Zhao, YR, Bao, HL, et al. BCAT1, a key prognostic predictor of hepatocellular carcinoma, promotes cell proliferation and induces chemoresistance to cisplatin. Liver Int. (2016) 36:1836–47. doi: 10.1111/liv.13178

15. Luo, L, Sun, W, Zhu, W, Li, S, Zhang, W, Xu, X, et al. BCAT1 decreases the sensitivity of cancer cells to cisplatin by regulating mTOR-mediated autophagy via branched-chain amino acid metabolism. Cell Death Dis. (2021) 12:169. doi: 10.1038/s41419-021-03456-7

16. Zhu, Z, Achreja, A, Meurs, N, Animasahun, O, Owen, S, Mittal, A, et al. Tumour-reprogrammed stromal BCAT1 fuels branched-chain ketoacid dependency in stromal-rich PDAC tumours. Nat Metab. (2020) 2:775–92. doi: 10.1038/s42255-020-0226-5

17. Xu, Y, Yu, W, Yang, T, Zhang, M, Liang, C, Cai, X, et al. Overexpression of BCAT1 is a prognostic marker in gastric cancer. Hum Pathol. (2018) 75:41–6. doi: 10.1016/j.humpath.2018.02.003

18. Zhan, P, Shu, X, Chen, M, Sun, L, Yu, L, Liu, J, et al. miR-98-5p inhibits gastric cancer cell stemness and chemoresistance by targeting branched-chain aminotransferases 1. Life Sci. (2021) 276:119405. doi: 10.1016/j.lfs.2021.119405

19. Xu, F, Yu, S, Han, J, Zong, M, Tan, Q, Zeng, X, et al. Detection of circulating tumor DNA methylation in diagnosis of colorectal cancer. Clin Trans Gastroenterol. (2021) 12:e00386. doi: 10.14309/ctg.0000000000000386

20. Young, GP, Symonds, EL, Nielsen, HJ, Ferm, L, Christensen, IJ, Dekker, E, et al. Evaluation of a panel of tumor-specific differentially-methylated DNA regions in IRF4, IKZF1 and BCAT1 for blood-based detection of colorectal cancer. Clin Epigenet. (2021) 13:14. doi: 10.1186/s13148-020-00999-y

21. Ye, J, Yan, Y, Xin, L, Liu, J, Tang, T, and Bao, X. Long non-coding RNA TMPO-AS1 facilitates the progression of colorectal cancer cells via sponging miR-98-5p to upregulate BCAT1 expression. J Gastroenterol Hepatol. (2021) 37:144–53. doi: 10.1111/jgh.15657

22. Zhang, B, Xu, F, Wang, K, Liu, M, Li, J, Zhao, Q, et al. BCAT1 knockdown-mediated suppression of melanoma cell proliferation and migration is associated with reduced oxidative phosphorylation. Am J Cancer Res. (2021) 11:2670–83.

23. Song, Y, Zhao, B, Xu, Y, Ren, X, Lin, Y, Zhou, L, et al. Prognostic significance of branched-chain amino acid transferase 1 and CD133 in triple-negative breast cancer. BMC Cancer. (2020) 20:584. doi: 10.1186/s12885-020-07070-2

24. Thewes, V, Simon, R, Hlevnjak, M, Schlotter, M, Schroeter, P, Schmidt, K, et al. The branched-chain amino acid transaminase 1 sustains growth of antiestrogen-resistant and ERα-negative breast cancer. Oncogene. (2017) 36:4124–34. doi: 10.1038/onc.2017.32

25. Zhang, L, and Han, J. Branched-chain amino acid transaminase 1 (BCAT1) promotes the growth of breast cancer cells through improving mTOR-mediated mitochondrial biogenesis and function. Biochem Biophys Res Commun. (2017) 486:224–31. doi: 10.1016/j.bbrc.2017.02.101

26. Thewes, V, Simon, R, Hlevnjak, M, Schlotter, M, Schroeter, P, Schmidt, K, et al. The branched-chain amino acid transaminase 1 sustains growth of antiestrogen-resistant and ERalpha-negative breast cancer. Oncogene. (2017) 36:4124–34. doi: 10.1038/onc.2017.32

27. Oktyabri, D, Ishimura, A, Tange, S, Terashima, M, and Suzuki, T. DOT1L histone methyltransferase regulates the expression of BCAT1 and is involved in sphere formation and cell migration of breast cancer cell lines. Biochimie. (2016) 123:20–31. doi: 10.1016/j.biochi.2016.01.005

28. Chang, IW, Wu, W-J, Wang, Y-H, Wu, T-F, Liang, P-I, He, H-L, et al. BCAT1 overexpression is an indicator of poor prognosis in patients with urothelial carcinomas of the upper urinary tract and urinary bladder. Histopathology. (2016) 68:520–32. doi: 10.1111/his.12778

29. Zhu, W, Shao, Y, and Peng, Y. MicroRNA-218 inhibits tumor growth and increases chemosensitivity to CDDP treatment by targeting BCAT1 in prostate cancer. Mol Carcinogen. (2017) 56:1570–7. doi: 10.1002/mc.22612

30. Martin, SB, Reiche, WS, Fifelski, NA, Schultz, AJ, Stanford, SJ, Martin, AA, et al. Leucine and branched-chain amino acid metabolism contribute to the growth of bone sarcomas by regulating AMPK and mTORC1 signaling. Biochem J. (2020) 477:1579–99. doi: 10.1042/BCJ20190754

31. Wang, ZQ, Faddaoui, A, Bachvarova, M, Plante, M, Gregoire, J, Renaud, MC, et al. BCAT1 expression associates with ovarian cancer progression: possible implications in altered disease metabolism. Oncotarget. (2015) 6:31522–43. doi: 10.18632/oncotarget.v6i31

32. Wang, P, Wu, S, Zeng, X, Zhang, Y, Zhou, Y, Su, L, et al. BCAT1 promotes proliferation of endometrial cancer cells through reprogrammed BCAA metabolism. Int J Clin Exp Pathol. (2018) 11:5536–46.

33. Zhou, W, Feng, X, Ren, C, Jiang, X, Liu, W, Huang, W, et al. Over-expression of BCAT1, a c-Myc target gene, induces cell proliferation, migration and invasion in nasopharyngeal carcinoma. Mol Cancer. (2013) 12:53. doi: 10.1186/1476-4598-12-53

34. Zeng, B, Zhang, X, Zhao, J, Wei, Z, Zhu, H, Fu, M, et al. The role of DNMT1/hsa-miR-124-3p/BCAT1 pathway in regulating growth and invasion of esophageal squamous cell carcinoma. BMC Cancer. (2019) 19:609. doi: 10.1186/s12885-019-5815-x

35. Lin, X, Tan, S, Fu, L, and Dong, Q. BCAT1 overexpression promotes proliferation, invasion, and wnt signaling in non-small cell lung cancers. OncoTargets Ther. (2020) 13:3583–94. doi: 10.2147/OTT.S237306

36. Mao, L, Chen, J, Lu, X, Yang, C, Ding, Y, Wang, M, et al. Proteomic analysis of lung cancer cells reveals a critical role of BCAT1 in cancer cell metastasis. Theranostics. (2021) 11:9705–20. doi: 10.7150/thno.61731

37. Yu, M, Zhao, Q, Li, J, Xu, F, Zhang, Z, Liu, Y, et al. BCAT1 promotes lung adenocarcinoma progression through enhanced mitochondrial function and NF-κB pathway activation. J Zhejiang University-SCIENCE B. (2022) 23:760–9. doi: 10.1631/jzus.B2100985

38. Capitanio, U, Bensalah, K, Bex, A, Boorjian, SA, Bray, F, Coleman, J, et al. Epidemiology of renal cell carcinoma. Eur Urol. (2019) 75:74–84. doi: 10.1016/j.eururo.2018.08.036

39. Siegel, RL, Miller, KD, Wagle, NS, and Jemal, A. Cancer statistics, 2023. CA Cancer J Clin. (2023) 73:17–48. doi: 10.3322/caac.21763

40. Bukavina, L, Bensalah, K, Bray, F, Carlo, M, Challacombe, B, Karam, JA, et al. Epidemiology of renal cell carcinoma: 2022 update. Eur Urol. (2022) 82:529–42. doi: 10.1016/j.eururo.2022.08.019

41. Stuelten, CH, Parent, CA, and Montell, DJ. Cell motility in cancer invasion and metastasis: insights from simple model organisms. Nat Rev Cancer. (2018) 18:296–312. doi: 10.1038/nrc.2018.15

42. Piva, F, Giulietti, M, Santoni, M, Occhipinti, G, Scarpelli, M, Lopez-Beltran, A, et al. Epithelial to mesenchymal transition in renal cell carcinoma: implications for cancer therapy. Mol Diagn Ther. (2016) 20:111–7. doi: 10.1007/s40291-016-0192-5

43. He, H, and Magi-Galluzzi, C. Epithelial-to-mesenchymal transition in renal neoplasms. Adv Anat Pathol. (2014) 21:174–80. doi: 10.1097/PAP.0000000000000018

44. Sun, D, Wang, J, Han, Y, Dong, X, Ge, J, Zheng, R, et al. TISCH: a comprehensive web resource enabling interactive single-cell transcriptome visualization of tumor microenvironment. Nucleic Acids Res. (2021) 49:D1420–D30. doi: 10.1093/nar/gkaa1020

45. Hao, Y, Hao, S, Andersen-Nissen, E, Mauck, WM 3rd, Zheng, S, Butler, A, et al. Integrated analysis of multimodal single-cell data. Cell. (2021) 184:3573–87:e29. doi: 10.1016/j.cell.2021.04.048

46. Becht, E, McInnes, L, Healy, J, Dutertre, CA, Kwok, IWH, Ng, LG, et al. Dimensionality reduction for visualizing single-cell data using UMAP. Nat Biotechnol. (2019) 37:38–44. doi: 10.1038/nbt.4314

47. Zhou, W, Bai, Y, Chen, J, Li, H, Zhang, B, and Liu, H. Revealing the critical regulators of modulated smooth muscle cells in atherosclerosis in mice. Front Genet. (2022) 13:900358. doi: 10.3389/fgene.2022.900358

48. The Gene Ontology, C. The Gene Ontology Resource: 20 years and still GOing strong. Nucleic Acids Res. (2019) 47:D330–D8. doi: 10.1093/nar/gky1055

49. Kanehisa, M, Furumichi, M, Sato, Y, Ishiguro-Watanabe, M, and Tanabe, M. KEGG: integrating viruses and cellular organisms. Nucleic Acids Res. (2021) 49:D545–D51. doi: 10.1093/nar/gkaa970

50. Wu, T, Hu, E, Xu, S, Chen, M, Guo, P, Dai, Z, et al. clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. Innovation (Camb). (2021) 2:100141. doi: 10.1016/j.xinn.2021.100141

51. Hanzelmann, S, Castelo, R, and Guinney, J. GSVA: gene set variation analysis for microarray and RNA-seq data. BMC Bioinf. (2013) 14:7. doi: 10.1186/1471-2105-14-7

52. Ritchie, ME, Phipson, B, Wu, D, Hu, Y, Law, CW, Shi, W, et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

53. Balachandran, VP, Gonen, M, Smith, JJ, and DeMatteo, RP. Nomograms in oncology: more than meets the eye. Lancet Oncol. (2015) 16:e173–80. doi: 10.1016/S1470-2045(14)71116-7

54. Schmittgen, TD, and Livak, KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. (2008) 3:1101–8. doi: 10.1038/nprot.2008.73

55. Bo, Y, Yang, L, Liu, B, Tian, G, Li, C, Zhang, L, et al. Exosomes from human induced pluripotent stem cells-derived keratinocytes accelerate burn wound healing through miR-762 mediated promotion of keratinocytes and endothelial cells migration. J Nanobiotechnol. (2022) 20:291. doi: 10.1186/s12951-022-01504-8

56. Clark, DJ, Dhanasekaran, SM, Petralia, F, Pan, J, Song, X, Hu, Y, et al. Integrated proteogenomic characterization of clear cell renal cell carcinoma. Cell. (2019) 179:964–83 e31. doi: 10.1016/j.cell.2019.10.007

57. Barata, PC, and Rini, BI. Treatment of renal cell carcinoma: Current status and future directions. CA Cancer J Clin. (2017) 67:507–24. doi: 10.3322/caac.21411

58. Pontes, O, Oliveira-Pinto, S, Baltazar, F, and Costa, M. Renal cell carcinoma therapy: Current and new drug candidates. Drug Discovery Today. (2022) 27:304–14. doi: 10.1016/j.drudis.2021.07.009

59. Huang, W, Wu, K, Wu, R, Chen, Z, Zhai, W, and Zheng, J. Bioinformatic gene analysis for possible biomarkers and therapeutic targets of hypertension-related renal cell carcinoma. Transl Androl Urol. (2020) 9:2675–87. doi: 10.21037/tau

60. Wolfson, RL, Chantranupong, L, Saxton, RA, Shen, K, Scaria, SM, Cantor, JR, et al. Sestrin2 is a leucine sensor for the mTORC1 pathway. Science. (2016) 351:43–8. doi: 10.1126/science.aab2674

61. Shu, X, Zhan, PP, Sun, LX, Yu, L, Liu, J, Sun, LC, et al. BCAT1 activates PI3K/AKT/mTOR pathway and contributes to the angiogenesis and tumorigenicity of gastric cancer. Front Cell Dev Biol. (2021) 9:659260. doi: 10.3389/fcell.2021.659260

62. Wang, C, Yang, Z, Xu, E, Shen, X, Wang, X, Li, Z, et al. Apolipoprotein C-II induces EMT to promote gastric cancer peritoneal metastasis via PI3K/AKT/mTOR pathway. Clin Transl Med. (2021) 11:e522. doi: 10.1002/ctm2.522

63. Wang, J, Jiang, C, Li, N, Wang, F, Xu, Y, Shen, Z, et al. The circEPSTI1/mir-942-5p/LTBP2 axis regulates the progression of OSCC in the background of OSF via EMT and the PI3K/Akt/mTOR pathway. Cell Death Dis. (2020) 11:682. doi: 10.1038/s41419-020-02851-w

64. Jin, X, Wang, D, Lei, M, Guo, Y, Cui, Y, Chen, F, et al. TPI1 activates the PI3K/AKT/mTOR signaling pathway to induce breast cancer progression by stabilizing CDCA5. J Transl Med. (2022) 20:191. doi: 10.1186/s12967-022-03370-2

65. Wei, CY, Zhu, MX, Yang, YW, Zhang, PF, Yang, X, Peng, R, et al. Downregulation of RNF128 activates Wnt/beta-catenin signaling to induce cellular EMT and stemness via CD44 and CTTN ubiquitination in melanoma. J Hematol Oncol. (2019) 12:21. doi: 10.1186/s13045-019-0711-z

66. Yang, S, Liu, Y, Li, MY, Ng, CSH, Yang, SL, Wang, S, et al. FOXP3 promotes tumor growth and metastasis by activating Wnt/beta-catenin signaling pathway and EMT in non-small cell lung cancer. Mol Cancer. (2017) 16:124. doi: 10.1186/s12943-017-0700-1

67. Pedersen, SK, Musher, BL, LaPointe, LC, Tuck, MK, Symonds, EL, Loayza, N, et al. Detection of recurrent colorectal cancer with high specificity using a reporting threshold for circulating tumor DNA methylated in BCAT1 and IKZF1. Cancer. (2022) 128:1921–8. doi: 10.1002/cncr.34159

68. Pedersen, SK, Symonds, EL, Baker, RT, Murray, DH, McEvoy, A, Van Doorn, SC, et al. Evaluation of an assay for methylated BCAT1 and IKZF1 in plasma for detection of colorectal neoplasia. BMC Cancer. (2015) 15:654. doi: 10.1186/s12885-015-1674-2

69. Symonds, EL, Pedersen, SK, Murray, D, Byrne, SE, Roy, A, Karapetis, C, et al. Circulating epigenetic biomarkers for detection of recurrent colorectal cancer. Cancer. (2020) 126:1460–9. doi: 10.1002/cncr.32695

70. Symonds, EL, Pedersen, SK, Yeo, B, Al Naji, H, Byrne, SE, Roy, A, et al. Assessment of tumor burden and response to therapy in patients with colorectal cancer using a quantitative ctDNA test for methylated BCAT1/IKZF1. Mol Oncol. (2022) 16:2031–41. doi: 10.1002/1878-0261.13178

71. Wegermann, K, Henao, R, Diehl, AM, Murphy, SK, Abdelmalek, MF, and Moylan, CA. Branched chain amino acid transaminase 1 (BCAT1) is overexpressed and hypomethylated in patients with non-alcoholic fatty liver disease who experience adverse clinical events: A pilot study. PloS One. (2018) 13:e0204308. doi: 10.1371/journal.pone.0204308

72. Zou, H, Liao, M, Xu, W, Yao, R, and Liao, W. Data mining of the expression and regulatory role of BCAT1 in hepatocellular carcinoma. Oncol Lett. (2019) 18:5879–88. doi: 10.3892/ol

73. Tanaka, A, and Sakaguchi, S. Regulatory T cells in cancer immunotherapy. Cell Res. (2017) 27:109–18. doi: 10.1038/cr.2016.151

74. Thorsson, V, Gibbs, DL, Brown, SD, Wolf, D, Bortone, DS, Ou Yang, TH, et al. The immune landscape of cancer. Immunity. (2018) 48:812–30 e14. doi: 10.1016/j.immuni.2018.03.023

75. Chen, Z, Yang, J, Li, Y, Zeng, W, Bai, Y, Ding, C, et al. Integration of single-cell and bulk RNA-seq to establish a predictive signature based on the differentiation trajectory of M2 macrophages in lung adenocarcinoma. Front Genet. (2022) 13:1010440. doi: 10.3389/fgene.2022.1010440

76. Xia, J, Minamino, S, and Kuwabara, K. CAR-expressing NK cells for cancer therapy: a new hope. Biosci Trends. (2020) 14:354–9. doi: 10.5582/bst.2020.03308

77. Myers, JA, and Miller, JS. Exploring the NK cell platform for cancer immunotherapy. Nat Rev Clin Oncol. (2021) 18:85–100. doi: 10.1038/s41571-020-0426-7




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Li, Guo, Zhu, Sun and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-14-1446324-g004.jpg
L
%,
4.,
Fo.
4, .
[ <. 8 _ . .
u 2 ®T ¢ — ol "
ﬁ%U%@* € m - — ................. % _(n\
" 5]
) ~ —_—
<y g 5 g -
> ELerw £ b N N O _ 39
5 9 8° = S ¥ _. ....... o
, 92y = ] St
o.b\ 82 » s .
w o @
. oo € 2 e
ey, 8- s o N B
*@% g 5L H oRE
2 ex & 7 — ................... ....._ g N3
Fq&; o &t Lo [v4 (G5 <+
o M 4 J— | .
Ny © ® © ¥ o o c o [SR— 2%
9, K < 6 o o o o £ e gL
%@J Ayjgeqoud jeaining gl — 31 ¢ -
&, o o= =3 > 8
o, My ° g A _ 28
= = 5 L 2%
g2 ER - » £
N c
- 5 T m _w i m, t
. ~ Qo
- == g% S5t
82 R -3 S - ik
Py - £ X © v o o ®© © ¥ ~ o -2 Scq
”w& 15 u uoljjiw 43d jduosuel) _m s w
" £ O® —F
% w = me Qs .
% a2 0 o H «s ] 2
s 3935 B -] 63 S
sy €338 E £ v £ 3
(2 R 2 o3 82
mwu oo W . O — | £ 5 % _
WoCT 2 © 5 ® oL @ | 8
0, @ L . A
.QO\V m nor M m _ E _(m\
; w SE3 % 8 [} z
o aTrS|lo 3 g,
\NNU ; 5 T T T T T -,;. s
0. Qu&v o © © < ~ o z g o m & : L i L
%, 1 -~ ©o o o©o o o 3 £ B 52 uoljiw sad jdosues)
2 o
o Aunigeqod [eAinng & | e
&&a ) 2 /n\m
= %, ) Q 3 _
3 ) ’ g o
Hidcac % < e B *NF
- < " :
-
°
- - -
& —~ < - @
g i 82 2 I
g - - s ‘ ..... * sL o£* 2
= o o =2 £ s g
o o o e 5 | 5 5 23 !
= ~ ~ .w .5 ° M E
" NS 2 a En L | 1Z9 o
} b S m 2 T T T T < m\A
5 T 5 3 o T T T -8
) gSerd i 5 o 2 © © v & o =% 3
: 5 T e o uoljiw 1od jduosues) m 8 o
" ﬂ E % 9 g3
T - - <|F 5y ¢ R 53
= Z X o ] & g
e E I~ = - | = N = 3 S|lo W 2 5% .
2 2 3 £~
z o g8 [ —:\ _ EN
© * o 9 ER= ] + .......................... 2T 8 L
= ol 0_ 3 28 38 3 8 8 92 o 2t s =
«
“lz 1z z Aungeqoid [eAnng g 8~ &
© © < o~ - - [ G uM H : - - |
e o S o 2
(L+INdL) %607 0 _ & z -| =z — S % g & . r—
m 1 L¥Dg 4O UOISsaidxe ay | z T5 : s
= s o © 59E
- - = S8 2 T IR
< o) - 88 ° 20
4 -1z 4 <3 Tl S w
= s 3
- = P o o ¥
© = = =
z Tl= = 25
U EEE B E I
n @ h S1% 5%
=z =z z (= 5h
5]
= | %
- -
® v [ —
Tz = = 5 o © ° © °
] o )
o uoljjiw 43d jduosuel)
Ll - T b I
s 5 < B T B o s s @3 s
o o o - o
2 2 g ) Anyisusg
< a @ 3 O o o o (ddL) Auam =






OEBPS/Images/fonc-14-1446324-g010.jpg
Promoter methylation level of BCAT1 in KIRC Promoter methylation level of BCAT1 in KIRC Promoter methylation level of BCAT1 in KIRC
085 * 0.85 * 0.85 ) *
r 1 '—*‘ —
— - —_ == — - -
0.8 ] ] . n — 0.8 H ! i s 0.8 ] i T S
© 075 - - i i © S| e T . - © 075 - i i .
E . E] - E o
© ! = 07 ; ; E
> 07 i > i | ] > 07 !
] i i £ 065-] —— i | i S 1 : i
[ i i ] i -5 i [ i i |
0 65 | i ] - i 0 65 i ! !
- i i 0] i i i |
0.6 —i— - 0.55 - _L 0.6 - L
0.55 0.5 0.55
Normal 21-40Yrs 41-60 Yrs 61-80 Yrs 81-100Yrs Normal  Grade 1 Grade2 Grade3 Grade4 Normal  Stage 1 Stage 2 Stage3  Stage 4
(n=160)  (n=12) (n=141)  (n=154) (n=17) (n=160) (n=9) (n=138)  (n=123) (n=50) (n=160)  (n=160) (n=31) (n=73) (n=58)
TCGA samples TCGA samples TCGA samples
Promoter methylation level of BCAT1 in KIRC Promoter methylation level of BCAT1 in KIRC Promoter methylation level of BCAT1 in KIRC
085 *kkk 0.85 ns 0.85

08 0.8 0.8

°
5
]
1

°
@
&
I
o
@
&
I
g
@
&
I

Beta value
o
2
Il

Beta value
s g
2 3
Il Il

Beta value
s g
]
L Il

0.6 0.6 0.6
0.55 0.55 0.55
Normal Primary tumor Normal Male Female Normal NO N1
(n=160) (n=324) (n=160) (n=210) (n=114) (n=160) (n=135) (n=8)
TCGA samples TCGA samples TCGA samples

0.8
P Pearson 08 Pearson 0.6 Pearson
g 6 r=-0.169 r=-0237 r=-0249

) g s P=0003| © P <0.001 )
i § = 3 1 D N j= 3
2 P =0.003 2 06 206 2
> > > > 4
s s s g™
o o © o
Q Q. Q04 Q
© o 04 ~ ~
© = 0 <
N~ 0 I} o 0.2
[} =] < -~
e} ] © -
N o] ~ 02 o
~ 152} © <
o — 0.2 = S
8 8 8 8

0.0

0.0
0.0
2 4 6 2 4 6 2 4 6 2 4 6

BCAT1 (Log, (TPM+1))

B > 1.0 1.0
B e(a)r(s)gr; e egr:;:l ® ¢ o Pearson Pearson
O Peoms| TO° Feopi| ® T 3 =082
= . S - S S
= = % 08 & 08 » P <0.001
> > > >
© © © ©
° © 06 ° °
a 9, ) a
o ~ < 06 S 06
I [} N S
I} 0 o @
~ © 0.4 ~ o
© o ~ o
%) =} © s}
S 2 o o4 S04
D =3 =3 D
o o o o

&
[N

0.2 0.2
2 4 6 2 4 6 2 4 6 2 4 6






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identify BCAT1 plays an oncogenic role and promotes EMT in KIRC via single cell RNA-seq and experiment

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Background

        



        		

          2 Methods

        

          		

            2.1 Data collection

          



          		

            2.2 Processing and analysis of single-cell RNA sequencing data

          



          		

            2.3 The cBioPortal

          



          		

            2.4 GO and KEGG pathway enrichment analyses

          



          		

            2.5 GSEA and GSVA

          



          		

            2.6 TISIDB

          



          		

            2.7 UALCAN

          



          		

            2.8 Construction of prognostic signature

          



          		

            2.9 Cell culture and specimens

          



          		

            2.10 Western blot assessment

          



          		

            2.11 RNA extraction and qRT-PCR assays

          



          		

            2.12 RNA interference and overexpression plasmid

          



          		

            2.13 Wound-healing (cell migration) assay

          



          		

            2.14 Transwell(cell migration and invasion) assays

          



          		

            2.15 Immunohistochemistry

          



          		

            2.16 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 scRNA-seq and cell annotation of KIRC samples

          



          		

            3.2 Malignant epithelial cell trajectory analysis and EMT-related gene screening

          



          		

            3.3 Genetic alteration of BCAT1 gene in KIRC

          



          		

            3.4 Expression levels of BCAT1 in KIRC and prognosis of patients

          



          		

            3.5 BCAT1 co-expression network construction and enrichment analysis by GSEA

          



          		

            3.6 Overexpression of BCAT1 promotes EMT in KIRC and facilitates cell migration and invasion

          



          		

            3.7 Knockdown of BCAT1 inhibits EMT in KIRC and suppresses cell migration and invasion

          



          		

            3.8 Correlation of BCAT1 with immune cells

          



          		

            3.9 Univariate analysis of the prognostic value of BCAT1 and the prognostic model

          



          		

            3.10 Correlation of BCAT1 promoter region methylation with KIRC clinical factors and BCAT1 mRNA level expression

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2024.1446324_cover.jpg
& frontiers | Frontiers in Oncology

Identify BCAT1 plays an oncogenic
role and promotes EMT in KIRC via
single cell RNA-seq and experiment





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-14-1446324-g002.jpg
r - -""""F"-""--"F"N"--N"F""F-"F"FF"""-"--"F"""

A B C o Cluster0 « Cluster2 e Cluster5+ Cluster8

_ seurat_clusters ¢ Cluster! ¢ Cluster3 e Cluster6 « Cluster9
State ¢ 1 ¢ 2 o 3 o 4 o 5 Pseudotime * Cluster10e Cluster4 « Cluster7

0 5 10 15 20 25

@
o
o

Component 2

o

Component 2

Component 2

- b = 3 75 0
C:Jmponent 1 Component 1 Component 1

[ HALLMARK DNA REPAIR

i T HALLMARK”PI3K_AKT MTOR SIGNALING 15
HALLMARK_HEME _METABOLISM

HALLMARK”HEDGEHOG_SIGNALING 1

HALLMARK_TGF_BETA_SIGNALING

HALLMARK”IL2_STAT5 SIGNALING 05

=3 —1 HALLMARK”NOTCH_SIGNALING -

HALLMARK_MITOTIC_SPINDLE

HALLMARK_WNT BETA CATENIN_SIGNALING 0

HALLMARK"ANGIOGENESIS

HALLMARK“UV RESPONSE DN -05

HALLMARK”APICAL_JUNCTION

HALLMARK_APICAL_SURFACE I

HALLMARK”COMPLEMENT
% HALLMARK”EPITHELIAL MESENCHYMAL_TRANSITION
0 HALLMARK"KRAS_ SIGNAL ING_UP
B HALLMARK-MYOGENESIS
HALLMARK“REACTIVE_OXYGEN_SPECIES_PATHWAY
HALLMARK_PROTEIN_SECRETION
(. HALLMARK“ALLOGRAFT_REJECTION
HALLMARKILS JAK. STATS_SIGNALING
HALLMARK-APOPTOSIS
HALLMARK-INFLAMMATORY_RESPONSE
f 'HALLMARK“UV_RESPONSE "UP
— HALLMARK_ESTROGEN_RESPONSE_EARLY
HALLMARK"ESTROGEN RESPONSE_LATE
| HALLMARK_INTERFERON ALPHA RESPONSE
| HALLMARK_INTERFERON_GAMMA_RESPONSE
| HALLMARK™P53 PATHWAY"
I 1L  HALLMARK"TNFA SIGNALING VIA_NFKB
Syl ‘ = EA MARKCORGULATION.
_SPECIES_PATHWAY : HALLMARICUNFOLDED PROTEIN_ RESPONSE
HALLMARK”E2F TARGI
 HALLMARK”G2NT_ CHECKPOlNT
HAULMARK"MYC_TARGETS V1
HALLMARK-ADIPOGENESIS™
HALLMARK-OXIDATIVE PHOSPHORYLATION
aﬁ& HALLMARK”ANDROGEN_RESPONSE
HALLMARK”FATTY_ACID_METABOLISM
HALLMARK-GLYCO{YSIS™
HALLMARK-HYPOXIA
HALLMARK"KRAS SIGNALING_DN
HALLMARK_PANCREAS BETA TELLS
HALLMARK™XENOBIOTIC_METABOLISM
HAULMARK-CHOLESTEROL HOMEOSTASIS
HALLMARK BILE ACID METABOLISM
— HALLMARK-PEROXISOVIE

= HALLMARK_MTORCT SIGNALING I
G 3 Cluster H I |
: I
2
I3 PI3K-Akt signaling pathway 60 |
MAPK signaling pathway
Focal adhesion
Cell adhesion molecules |
EGFR tyrosine kinase inhibitor resistance i
cell adhesion molecule binding . . |
cell adhesion mediator activity
focal adhesion ! : |
cell-cell junction &

.25 =TS

Oo0Od

0 5 10 15 20 25
Pseudotime

ali

I

PSS S5 5555 S SIS SIS SIS SIS S II SIS SIS I D DI DI IS5

1800
|eleyiopu3

ewseld

Jueubiiepy
sajkouiad

siseiqoyhig
OIOBN/OUOI

N
o

HALLMARK_MYC_TARGETS_V2
tight junction

ameboidal-type cell migration
regulation of angiogenesis
positive regulation of cell adhesion

epithelial cell proliferation
cell-substrate adhesion
epithelium migration
epithelial cell migration
positive regulation of angiogenesis 0
epithelial cell development
mesenchymal cell differentiation -2 -1 0 1 2
002 004 006 0.08 |_og2 (Fold Change)
GeneRatio

-Logq (P.adj)

N
o

J

Unicox(HR> genomic-UP

-
o

<
3

& o ©°°

=
o

Spearman
r=0.562
o

1
-
3

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION





OEBPS/Images/fonc-14-1446324-g008.jpg
C

Th1_abundance

NKT_abundance

A

Act CD8 |
Tem CD8
Tem CD8~

ActCD4 ]
Tem CD4
Tem CD4~

Th ]
Tgd |
Th’
Thi7 ]
Tha |
Treg ]
ActB’
ImmB~
MemB ]
NK
CDS6bright
CDS6dim |
MDsC
NKT |
ActDC
pDC ]
inc’|
Macrophage ~
Eosinophil 11
Mast
Monocyte |
Neutrophil |

m

i

- =
-—

e |

KIRC (534 samples)

¢ O
i R

KIRC (534 samples)

el

PN R e (DD 0 0RO A Pei o
AR IR PR TRRQEE IS

KIRC (534 samples)

KIRC :: BCAT1_exp
Kruskal-Wallis Test: Pv=4.69e-03
n=C1 7,C2 20,C3 445,C4 27,C5 3,C6 13

12

[o¢]
1

i
1

o
1

~~
=
o
O
AN
(@)
ks)
N—r
=
S
[7)]
(9}
(]
S
=
x
M

KIRC (534 samples)

C

050+ 0g
.4
o 0.34
0.25- § 8 0.4 3
8 _§ g
€ 0o s £ oof
0.00- ; a8
%‘ -3‘ 0.0 .‘%l
o g ~
- = e 0.3
-0.25- - B 0.
-0.50- 0.6-
25 50 75 25 5.0 75 25 5.0 75 25 5.0 5
BCAT1_exp BCAT1_exp BCAT1_exp BCAT1_exp
Spearman Correlation Test: Spearman Correlation Test: Spearman Correlation Test: Spearman Correlation Test:
rho = 0.384, p < 2.2e-16 rho = 0.499, p < 2.2e-16 rho = 0.531, p < 2.2e-16 tho = 0.43, p < 2.2e-16
KIRC (534 samples) KIRC (534 samples) KIRC (534 samples) KIRC (534 samples)
0.87 0.8
0.8
8
03 £ om 8 oa! .
] g g
c 5 2
5 2 s
2 5 ]
o E E
0.0 % 0.0 EI 0.0 €| 0.0-
& o g
<) |
g 0.4 g =
-0.3 g0 <.04 04
-0.8 :
25 5.0 75 25 5.0 75 25 5.0 75 25 5.0 75
BCAT1_exp BCAT1_exp BCAT1_exp BCAT1_exp

Spearman Correlation Test:
rho = 0.435, p < 2.2e-16

Spearman Correlation Test:
rho =0.537, p < 2.2e-16

Spearman Correlation Test:
rho = 0.361, p = 2.81e-18

E

o
'S
o

b
»
o

o
w
o

Spearman

Enrichment of Macrophages

0.30

0.25

0.20

Enrichment of Th2 cells

Spearman

Spearman Correlation Test:
rho = 0.451, p < 2.2e-16

[P —

NS wxx *

1 C2 C3 C4 C5 C6
Subtype

D

Macrophages
Th2 cells

Tem

Mast cells
Tem

iDC

T helper cells
DC

Tgd

Th1 cells
Eosinophils
TFH
Neutrophils

B cells

Tcells

abC

NK cells

pDC

TReg

NK CD56dim cells
CD8T cells
Cytotoxic cells
Th17 cells

NK CD56bright cells

P value

06
0.4
02
0.0
Correlation

T
02
Correlation

0.0 0.4

wkk doxx wak 1S NS NS sokx kak sk kkx xkk dkx *xx NS NS xx #

r=0.612 r=0.408 8
A
020 P <0.001 0.15 P <0.001 §
6 2 4 6 I3
The expression of BCAT1 The expression of BCAT1 =
Log, (TPM+1) Log, (TPM+1) g
0.45 © '(C.)
2 8 035 K2,
4 £ c
§ 0.40 g T
i) 5 0.30
3035 8
k<) a
> O 025
3 :
S o030 <
5 z
b
S 025 5 0.20
£ k<
S S £
2 0.20 e e 0.15
g r=-0.098 5 r=-0239
0.15 =0.023 < P <0.001
§ W10
2 4 6 2 4 6
The expression of BCAT1 The expression of BCAT1
Log, (TPM+1) Log, (TPM+1)
G 100rf5: H ADORA2A I B2M
E&F#@PF ACD%'D%ZS VTCN1 BTLA TAPBP HLA-A
TNFSF4 06 28 05 03
TNFSF15 Cbao TIGIT 0 CD160 TAP2 b HLA-B
TNFSF14 CD40LG s i
TNFSF138B CD48 TGFBR1 ot CD244 TAP1 0.1 HLA-C
TNFSF13 cD70 Vi
TNFRSF9 cogo Teref : £o2r4 HLA-G HLA-DMA
TNFRSF8 cD86
PVRL2 cD96
TNFRSF4 cXcLi2 HLA-F HLA-DMB
"NFRSF25 CXCR4
'DCD1LG2 CSF1R
TNFRSF18 ENTPD1 HLA-E HLA-DOA
TNERSE17 HHLA2 PDCD! CTLA
TNFRSF14 Icos HLA-DRB1 HLA-DOB
TMIGD2 ICOSLG LGALSS HAVCR2
TMEM173 IL2RA HLA-DRA HLA-DPA1
RAET1E IL6 LAG3 IDO1
PV R HLA-DQB1 HLA-DPB1
Trsfiice LTA Pt KDR jL1org  IL10 HLA-DQA2 HLA-DQAT
% BCAT1 Correlation with BCAT1 @ BCAT1 @ BCAT1

0.6

- _ _ _ 1





OEBPS/Images/fonc-14-1446324-g006.jpg
o 786-0 769-P
1960 769-P
VC BCAT1 40 VC BCAT1 160
")
") 0
o kk o
BCAT1 E o BCAT1 E :
° 30 <_f. 140
N-cadherin EI <Z): N-cadherin IEI E
(14
E-cadherin [s= «.] E 20 E-cadherin [===] E 120 i
) )
. > : 2
Snail EI "3 10 Snail = 4
© )
Tubulin (14 Tubulin E w
== & ;
VC BCAT1 VC BCAT1
B C 786-0
Vector BCAT1
786-0 769-P s 08
(=]
30 40 oh '% 0.6
© 0 8
g 2 & 04
2 2 30 2
< 20 Fokk < %
Z 4 Yy 2 0.2
04 X 5 12h : 2
E E B Y g
_g 1 0 'g 00 Vector BCAT1
® ® 10
) )
o (12
0 0
VC BCAT1 VC BCAT1

BCATA E BCATA
GAPDH E GAPDH

=
=

Would healing precentage to Oh

0.8 ek
0.6
0.4
0.2
0.0

Vector BCAT1

786-0 769-P
600 800
3 Vector BCAT1 3
< = ® 600
S 400 s
e ) c K}
o 3 o T 400
= o s ©
o o o kS
> g 200 2 g 200
= : = 5
= s
0 0
Vector BCAT1
250 Vector BCAT1 250
T * k] ok
-— c —;
S £ 200 o £ 200
7] ra 2] I
g & S S 450
> 9 150 £ o
3 ]
8 100 © 100
4 2
2z 2
5 50
g £
0 0

Vector  BCAT1 Vector  BCAT1





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-14-1446324-g007.jpg
% ©

o > d ~ . :
Py m \V& Y o o =) o o
©
N~ Vf’v yo o} abejuasaud Buleay pjnop N s
%, %% T pa
% 3
) ) 0 o Q

sh-BCAT1-2
sh-BCAT1-2

S|9A3] YNYW aApejoy

769-P
sh-BCAT1-1

769-P
sh-BCAT1-1

769-P
& L
S

& & &
[ ]
[ |
[~ eeml
L.
(===
786-0

sh-BCAT1-1

E £ £ % £ Q e
< 5 5 & 3 Z z
o £ £ » 18 S S 1
2§ §F P
? 9
= (&)
n.fo\ D.l *
. o E:
Q £ 2, . 0
© H 4 ~
© <b.
~ O,
% %,
w\ﬁ. By ) _” T ol
0 o 0 o - < m m §
- - o o m A O |
S|oAd] YNYW aAnejey o 2
»

SI9A3] YNYW 8Aledy

786-0
&
&
v.
(CPPXS) O
SF
786-0
o N
> <N
S v
)
& &
g &
786-0
sh-BCAT1-1

= 0 e 0 S
C s £ 3 E - - o = - =
< © © £ 3 < [a] e
(&) < £ (7] Qo o T
B 5§ " B 9 g §
Q Q S|9Ad Ww dAlje|s
A 2 9 m | | VNS ey (V) ()

Oh
12h






OEBPS/Images/fonc-14-1446324-g001.jpg
Patient
® 0 e 17
® 1 e 18
® 2 o 19
20 o3 o2
® 4 o 21
i6 ® SS_2005 ® CDsT ®5 o 22
® SS_2006 ® Endothelial ®6 o 23
~ ® SS_2007 @ Epithelial o7 o 24
| ® SS_2014
EJ_ 0 ® S5 2017 L] Eryt.hroblas(s ® 38 @ 25
® SS_2022 ® Malignant ®e9 e 26
® SS_2023 ® Mono/Macro ® 10 & 27
-10 ® SS_2026 ©® Pericytes ® 11 ® 28
® Plasma ® 12 ® 29
® 13 ® 30
20 e 14 @ 31
. . . ® 15 @ 32
-20 -10 0 10 20 -10 0 10 e 18
PC_1 UMAP_1

10
® 0 9
‘ o 1 s
10 e 2 7
~ e 3 6
% -+ ;
0 4
= ’ 56 3
® 7 2
-10 ® 8 1
' ® 9 0

® 10

-10 -5 0 5 10 15
UMAP_1 o






OEBPS/Images/fonc-14-1446324-g003.jpg
Mutation spectrum I @ el miz
Profiled in Mutations LR 1 RRR Ty

Profiled in Putative copy-number alterations from GISTIC 0 000000 OO O

Frofied \n MRNA SXpreselonz-acorss felatve toalisammintes 0
# §qamples per Patient e e |
Overall Survival (Months) el st bt MLl 110 e L e e O L e, i 00 e 1t et s .o b 0 o B, ...
BCAT1 5%* (NN

Genetic Alteration # Missense Mutation (unknown significance) || mRNA High |]mRNA Low No alterations  Not profiled

Mutation spectrum Ic>AlCc>G C>T T>A |T>C [T>G Nodata

Profiled in Mutations IYes No

Profiled in Putative cogy-numher IYes No
alterations from GISTI!

Profiled in mRNA expression IYes No
2z-scores relative to all samples
(log RNA Seq V2 RSEM)

# Samples per Patient Ol 2

Overall Survival (Months) 0l 149.05

o

# BCAT1 Mutations
°
4
.8
S

0 100 200 300 386aa

®m Unaltered group ® Unaltered group

c D ° E- |
] Q ; 14
=2 = S o Spearman: -0.26
E ° sm ° £ o (o2 5.0020-6) |
D 13 o BCAT1 [T ° BCAT1 g Pearson: -0.25
] . Missense (VUS) £ - Gain S, " (p = 8.235¢-6) |
E 12 Not mutated s 12 o, Diploid s 8 BC(;\T‘
Not profiled w . D 11 o o o o Gain
2 1 for mutations 2 n o ° ﬁh?nov‘l{_lDz'e“O” = o Diploid |
0 o Gain 2 ® forCNA 2ol %P o o o Shallow Deletion
g ° & o G o & gheno o Not profiled
3 ° Diploid © < g % for CNA
9 7 0 z 9%
< o Shallow Deletion P 4 P20 |
= z s = & O o
x 8 o x 8 & S 8 o o o
c = 5 3 R, °
9 S 7 So S, £ o2 8 o
2 ‘2 ° g K °
26 8 2 ®
53 5 ® Z 6 °
o é DEC
<5 o w 5 o o ° |
4 F s
E 4 E 4 S
o D %/ 6},/ = 1, 1 1, @ 0 01 02 03 04 05 06 07 08 |
e %ﬁ % K = % 2, %, BCAT1: Methylation (HM450)
S o, < KN %, %
@ 8. 8 % > |
%
BCAT1: Putative cogy-number alterations from GISTIC BCAT1: Mutations |
F G [ |
100% Logrank Test P-Value: 1.374e-4 100% Logrank Test P-Value: 7.688e-3 |
90% |
__80%
: |
2
> 70%
Z |
© 60%
: |
L 50%
3 |
5 40%
z |
S 30%
©
Q
©20% |
o
10% |
|
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 0 10 20 30 40 5 60 70 8 90 100 110 120 130
Overall Survival (Months) Disease Free (Months) |
Overall Disease Free
u Altered group m Altered group |





OEBPS/Images/fonc-14-1446324-g009.jpg
| Characteristics Total(N) HR(95% CI) Univariate analysis P value Characteristics ~ Total(N) HR(95% CI) Univariate analysis P value
e e e O — . =
| Age 528 . Age 539 !

<=60 265 Reference 1 <=60 269 Reference 1
| >60 263 1.335 (0.914-1.950) Ib 0.135 >60 270 1.765 (1.298-2.398) :0 <0.001
| Gender 528 \ Gender 539 |

Female 180 Reference ! Female 186 Reference !
| Male 348 1.220 (0.807-1.845) + 0.346 Male 353 0.930 (0.682-1.268) + 0.648
Pathologic stage 525 1 Pathologic stage 536 1
| Stage | 270 Reference : Stage | 272 Reference :
| Stage Il 58 4.219 (1.675-10.631) 19— 0.002 Stage Il 59 1.207 (0.650-2.241) L 0.551
Stage IlI 119 7.897 (3.738-16.684) : o— <0.001 Stage llI 123 2.705 (1.800-4.064) : L gl <0.001
| Stage IV 78 31.304 (15.527-63.112) —— <0.001 Stage IV 82 6.692 (4.566-9.808) | e <0.001
| T stage 528 : T stage 539 :

T 276 Reference | T 278 Reference |
| T2 70 4.434 (2.185-8.997) @~ <0.001 T2 71 1.515 (0.908-2.526) L 2 0.112

T3 172 8.802 (4.951-15.649) : o <0.001 T3 179 3.354 (2.373-4.742) : - <0.001
| T4 10 33.485 (14.458-77.551) 1 —> <0.001 T4 1 10.829 (5.467-21.451) 1 —> <0.001
| M stage 495 X M stage 506 X

MO 421 Reference 1 MO 428 Reference 1
| M1 74 9.108 (6.209-13.361) | @~ <0.001 M1 78 4.389 (3.212-5.999) | e <0.001
| N stage 255 1 N stage 257 1

NO 240 Reference : NO 241 Reference :
| N1 15 3.852 (1.825-8.132) 2 <0.001 N1 16 3.453 (1.832-6.508) | Fo— <0.001

Histologic grade 520 ! Histologic grade 531 !

| G18G2 248 Reference : G18G2 249 Reference :
| G3&G4 272 4.793 (2.889-7.952) L 2] <0.001 G3&G4 282 2.702 (1.918-3.807) 1@ <0.001

Primary therapy outcome 147 : Primary therapy outcome 147 :

| PD&SD 17 Reference 1 PD&SD 17 Reference 1
PR&CR 130 0.024 (0.003-0.215) ‘I <0.001 PR&CR 130 0.195 (0.061-0.627) .: 0.006

| Serum calcium 360 | Serum calcium 366 1

| Normal 151 Reference ! Normal 153 Reference !

Low 199 0.754 (0.486-1.168) + 0.206 Low 203 0.807 (0.569-1.144) + 0.228
| Elevated 10 4.501(2.003-10.113) 1@~ <0.001 Elevated 10 3.958 (1.954-8.016) I—— <0.001
| Hemoglobin 451 : Hemoglobin 459 :

Normal 189 Reference 1 Normal 191 Reference 1
| Low 257 2467 (1.568-3.883) o <0.001 Low 263 2.363 (1.652-3.380) jo <0.001
Elevated 5 6.612 (1.561-28.006) ro— 0.01 Elevated 5 6.320 (1.949-20.489) |——> 0.002
| Laterality 527 : Laterality 538 :
| Left 248 Reference | Left 252 Reference |

Right 279 0.637 (0.435-0.932) o 0.02 Right 286 0.706 (0.523-0.952) [ ] 0.023
| BCAT1 528 1.320 (1.089-1.600) 0.005 BCAT1 539 1.219 (1.041-1.428) 0.014
| 0 10 20 30 40 0.02.55.07.510.02.5

Characteristics ~ Total(N) HR(95% CI) Univariate analysis P value
—_— e
| Age 537 i
| <=60 268 Reference 1 0 20 40 60 80 100
i | SPEFEFE EPEFEF EPEPE P PSR B B S S S |
>60 269 1.275 (0.934-1.742) Ib 0.126 Points G38G4
| Gender 537 | Histologic grade | aNEE ARBEBRRSSERASREEREEE RERE AR
| Female 185 Reference : AGE G1&G2 >60
Male 352 1515 (1.067-2.151)  p 0.02 9 <=60 Stage Il Stage IV
i Pathologi
| Pathologic stage 534 ! athologic stage -l Ry gy cn ey
Stage | 272 Reference I Primary therapy outcome 6—[?
Stage Il 59 2.348 (1.231-4.480) o 0.01 PR& 'B !
| Stage Il 123 4670 (2.907-7.503) |+ <0.001 Gender Maiel ST
Stage IV 80 19.671 (12.544-30.849) —s> <0.001 BCAT1 Wl_l_l_l_z_!_é_l_é
1
| T stage 537 1 Total Points e
| T 278 Reference | . . 0 100 200 300

T 71 3.338(1.089-5602) 1o~ <0.001 Linear Predictor B I R P e i e
| T3 177 6.178 (4.126-9.251) o <0.001 1-year Survival Probability i . E . W a8

T4 1 17.604 (8.613-35.983) 1 e <0.001 3- Survival Probabil 0.95090.850.8
| M stage 504 : year Suival Fiobabiity 0.9 0807 06
| Mo 428 T : 5-year Survival Probability om4

M1 76 8.968 (6.464-12.442) : - <0.001 : ’ ’
| N stage 256 1

NO 240 Reference : 1.00
| N1 16 3.682 (1.891-7.167) o <0.001 - ’
| Histologic grade 529 ! =

G18G2 249 Reference ' 095
| G3&G4 280 3.646 (2.503-5.310) 18 <0.001 g
| Primary therapy outcome 147 : & 0.90
PD&SD 17 Reference | s
| PR&CR 130 0.106 (0.053-0.213) o <0.001 g
Serum calcium 365 | 2 0.85
| Normal 153 Reference ! =]
| Low 202 0.769 (0.532-1.113) 0.163 8 0.80
Elevated 10 3.499 (1.585-7.723) H— 0.002 ".6 ’
| Hemoglobin 457 : e
| Normal 190 Reference 1 8075 — 1-Year
Low 262 1736 (1.222-2462) b 0.002 8 — g'ieaf
—Year
| Elevatgd 5 2.894 (0.702-11.942)  yo—— 0.142 70 \deal line
Laterality 536 : :
| Left 250 Reference I 070 075 080 085 090 095 1.00
| BR(,:Ii:a 22(73 ?'gi; 2?'323_?338 . g'gg; Nomogram predicted survival probability
| 0 5 10 15 20





OEBPS/Images/fonc-14-1446324-g005.jpg
Networks
Physical Interactions
Co-expression
Predicted
Co-localization
Genetic Interactions
Pathway

Shared protein domains

Ranked list metric

10000
Rank in Ordered Dataset

20000 30000

& UAPL:

RISIE TP5313
ﬂ@@ B p——
ASNS
BCKDK
ALl BLVRA
SDSL
SLCTAL
PSATL
BCKDHA
ACADM
clioy [N\ \ g [ 4 AN\ EiFss THRB
PANK4
HIBAGH
COASY. . ks
BCKDHB
CRE SUV420HL
DHL DBET
o SLC25A1 GOT
o]
(&) GRPEL2
w
- CATL BOLAZ
c
[ ABDAT
& ADK
PEDCL
ﬁ DA BOLAZB
— CMPKI:
c +— WP_FOCAL_ADHESION LRMP.
L KEGG FOCAL ADHESlON -~ ST61 GRPELT
) SUVA20H2
X ENOPHI)
— WP_| P|3KAKT SlGNALlNG PATHWAY CNDPZ
— WP, WNT SlGNALlNG R SERPINEZ
[ \II \III \IIII I I gt
ADIL
Ill @ JAP1LL e
pUsaL
GSs





