







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 08 November 2017



                    BCAT1 restricts αKG levels in AML stem cells leading to IDHmut-like DNA hypermethylation

                    	Simon Raffel1,2,3 na1, 
	Mattia Falcone1,2 na1, 
	Niclas Kneisel4 na1, 
	Jenny Hansson5, 
	Wei Wang4, 
	Christoph Lutz3, 
	Lars Bullinger6, 
	Gernot Poschet7, 
	Yannic Nonnenmacher8,9, 
	Andrea Barnert1,2, 
	Carsten Bahr1,2, 
	Petra Zeisberger1,2, 
	Adriana Przybylla1,2, 
	Markus Sohn1,2, 
	Martje Tönjes4, 
	Ayelet Erez10, 
	Lital Adler10, 
	Patrizia Jensen11, 
	Claudia Scholl12,20, 
	Stefan Fröhling11,13,20, 
	Sibylle Cocciardi6, 
	Patrick Wuchter3,14, 
	Christian Thiede15, 
	Anne Flörcken16,17, 
	Jörg Westermann16,17, 
	Gerhard Ehninger16,17, 
	Peter Lichter4,20, 
	Karsten Hiller8,9, 
	Rüdiger Hell7, 
	Carl Herrmann18,19, 
	Anthony D. Ho3, 
	Jeroen Krijgsveld5, 
	Bernhard Radlwimmer4,20 na2 & 
	…
	Andreas Trumpp1,2,20 na2 

Show authors

                    

                    
                        
    Nature

                        volume 551, pages 384–388 (2017)Cite this article
                    

                    
        
            	
                        24k Accesses

                    
	
                        229 Citations

                    
	
                            90 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Acute myeloid leukaemia
	Cancer stem cells
	DNA methylation
	Metabolomics
	Proteomic analysis


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    An Author Correction to this article was published on 01 August 2018

                
            
        

    

    
        
            
                
                    
                        
                    
                
            
            This article has been updated

        

    
    

                
            


        
            Abstract
The branched-chain amino acid (BCAA) pathway and high levels of BCAA transaminase 1 (BCAT1) have recently been associated with aggressiveness in several cancer entities1,2,3,4,5,6. However, the mechanistic role of BCAT1 in this process remains largely uncertain. Here, by performing high-resolution proteomic analysis of human acute myeloid leukaemia (AML) stem-cell and non-stem-cell populations, we find the BCAA pathway enriched and BCAT1 protein and transcripts overexpressed in leukaemia stem cells. We show that BCAT1, which transfers α-amino groups from BCAAs to α-ketoglutarate (αKG), is a critical regulator of intracellular αKG homeostasis. Further to its role in the tricarboxylic acid cycle, αKG is an essential cofactor for αKG-dependent dioxygenases such as Egl-9 family hypoxia inducible factor 1 (EGLN1) and the ten-eleven translocation (TET) family of DNA demethylases7,8,9,10. Knockdown of BCAT1 in leukaemia cells caused accumulation of αKG, leading to EGLN1-mediated HIF1α protein degradation. This resulted in a growth and survival defect and abrogated leukaemia-initiating potential. By contrast, overexpression of BCAT1 in leukaemia cells decreased intracellular αKG levels and caused DNA hypermethylation through altered TET activity. AML with high levels of BCAT1 (BCAT1high) displayed a DNA hypermethylation phenotype similar to cases carrying a mutant isocitrate dehydrogenase (IDHmut), in which TET2 is inhibited by the oncometabolite 2-hydroxyglutarate11,12. High levels of BCAT1 strongly correlate with shorter overall survival in IDHWTTET2WT, but not IDHmut or TET2mut AML. Gene sets characteristic for IDHmut AML13 were enriched in samples from patients with an IDHWTTET2WTBCAT1high status. BCAT1high AML showed robust enrichment for leukaemia stem-cell signatures14,15, and paired sample analysis showed a significant increase in BCAT1 levels upon disease relapse. In summary, by limiting intracellular αKG, BCAT1 links BCAA catabolism to HIF1α stability and regulation of the epigenomic landscape, mimicking the effects of IDH mutations. Our results suggest the BCAA–BCAT1–αKG pathway as a therapeutic target to compromise leukaemia stem-cell function in patients with IDHWTTET2WT AML.
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                    Figure 1: BCAT1 is overexpressed in human LSCs and required for their proliferation in vitro and engraftment capacity in vivo.[image: ]


Figure 2: BCAT1 controls the level of intracellular αKG.[image: ]


Figure 3: Knockdown of BCAT1 decreases HIF1α protein levels via the αKG-dependent dioxygenase EGLN1.[image: ]


Figure 4: High BCAT1 expression in IDHWTTET2WT AML is associated with poor prognosis and DNA hypermethylation similar to IDHmut AML, and BCAT1 overexpression alone is sufficient to drive DNA hypermethylation.[image: ]
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Change history
	01 August 2018
In Extended Data Fig. 1a of this Article, the FACS plot depicting the surface phenotype of AML sample DD08 was a duplicate of the plot for AML sample DD06. Supplementary Data 4 has been added to the Supplementary Information of the original Letter to clarify the proteome data acquisition and presentation. The original Letter has been corrected online.
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Extended data figures and tables

Extended Data Figure 1 Design and quality control of proteome analysis and engraftment capacity of AML populations in NSG mice.
a, Flow cytometric analysis of CD34 and CD38 expression (pre-gated on live, lineage-negative cells) of primary AML samples used for proteome. Experiment was repeated three times with similar results. b, Level of chimaerism based on human CD45 expression. Bone marrow of NSG mice was analysed 10–14 weeks after xenotransplantation of patient samples used for proteome analysis. Each dot represents an individual mouse (n = 56). All engrafted populations were CD33+ in more than 95% of human cells, except for DD13, which aberrantly expressed CD19 (not shown). c, Outline of the proteomic workflow. d, Experimental design of proteomic runs. e, Pearson’s correlation coefficient for each comparison defined in column 4 or 6 of d. f, Sample to sample Pearson’s correlation coefficient comparing CD34+CD38– LSC with CD34–CD38+ non-LSC populations. g, The additional chromosome 13 present in sample HD48 does not affect LSC proteins. Pearson’s correlation coefficient for the log2(fold change) of CD34+CD38− LSC to CD34−CD38+ non-LSC proteins comparing HD48 (46,X,-Y,+13, x axis) with DD13 (46,XX, y axis) for all proteins (left) or proteins encoded on chromosome 13 (right).

                          Source data
                        


Extended Data Figure 2 Differentially expressed proteins between LSC and non-LSC populations.
a, Protein types identified in the proteome analysis. b, Volcano plot of proteins comparing CD34+CD38– LSC with CD34–CD38+ non-LSC populations for individual patients. Coloured dots and numbers represent hits significantly regulated (Padj < 0.01) in this comparison and over-represented in the remaining LSC or non-LSC population (see Methods). c, The log2(fold change) between CD34+CD38– LSC and CD34–CD38+ non-LSC in FLT3ITD, NPM1mut AML (x axis) versus FLT3WT, NPM1WT AML samples (y axis). d, Unsupervised clustering and heat map representation of differentially expressed proteins between LSC and non-LSC populations; one missing value per patient allowed per protein, average log2(fold change) colour-coded.


Extended Data Figure 3 BCAA pathway, knockdown of BCAT1, and subsequent xenotransplantation of primary AML samples.
a, Differentially expressed proteins between LSC and non-LSC populations for indicated AML (n = 6) of KEGG_Valine_Leucine_Isoleucine_Degradation pathway; grey, not quantified or not significantly enriched in LSCs. b, RT–qPCR analysis to determine BCAT1 expression (mean ± s.e.m.) in n = 9 primary AML samples 48 h after transduction with shBCAT1-2 or shNT lentiviral vector. BCAT1 values are relative to ABL and GAPDH expression, normalized to shNT. Two-sided, paired t-test. c, Representative picture of a suspension culture 7 days after transduction of shBCAT1-2 or shNT lentiviral vector of HD72 cells, 20× magnification. Experiment was repeated with at least n = 5 other AML samples showing similar results. d, Representative FACS plots after xenotransplantation of primary AML transduced with shBCAT1-2 or shNT. Top row is pre-gated on live cells; middle and bottom rows are pre-gated on live, human CD45+ cells. Numbers indicate percentage per boxed event. The experiment was repeated with n = 7 AML samples showing similar results. e, Chimaerism of huCD45+mCherry+ cells and relative fraction of myeloid (huCD33+), or lymphoid (huCD19+) cells 12 weeks after xenotransplantation of mobilized peripheral CD34+ HSPCs transduced with either shBCAT1-2 or shNT lentiviral vector. The experiment was repeated with two individual HSPC samples; each dot represents one mouse.

                          Source data
                        


Extended Data Figure 4 BCAA tracing experiments.
a, Fraction of labelled TCA cycle metabolites (mean ± s.e.m.) in HL-60, SKM-1, and MOLM-13 cells after 24 h of tracer supplementation (n = 3 independent cultures). b, Total levels (mean) of indicated TCA cycle metabolites, relative to control (n = 3 independent cultures; two-sided, unpaired t-test, only P values less than 0.05 are shown). c, Fraction of M + 1 labelled amino acids (mean ± s.e.m.) after 24 h of BCAA tracing in HL-60, SKM-1, and MOLM-13 (n = 3 independent cultures; two-sided, unpaired t-test). d, Total levels (mean) of glutamate, relative to control (n = 3 independent cultures; two-sided, unpaired t-test, only P values less than 0.05 are shown).

                          Source data
                        


Extended Data Figure 5 Nucleotide measurements upon BCAT1 knockdown and nucleotide rescue experiments.
a, Abundance of individual nucleotides (mean ± s.e.m.) in HL-60, SKM-1, and MOLM-13 transduced with shBCAT1-2 or shNT lentiviral vector (n = 3 independent cultures; unpaired, two-sided t-test, only P values less than 0.05 are shown). b, Relative cell viability (mean ± s.e.m., measured by CellTiter-Blue assay) of shBCAT1-2 or shNT lentiviral vector transduced cell lines, cultivated in media supplemented with nucleotides or carrier (see Methods) (n = 3 independent cultures, normalized to shNT without carrier). c, Relative cell viability (mean ± s.e.m., measured by CellTiter-Blue assay) of shBCAT1 or shNT transduced cell lines, cultivated in media supplemented with nucleosides (see Methods) (n = 3 independent cultures, normalized to shNT without nucleosides).

                          Source data
                        


Extended Data Figure 6 Cell differentiation upon BCAT1-KD, HIF1α response to exogenous αKG, and validation of knockdown and overexpression constructs.
a, Left: representative FACS plots of HL-60 cells induced with shNT or shBCAT1-2 (top row) and treatment with 2 mM DM-αKG or DMSO (bottom row), respectively. Numbers indicate percentage of cells in CD11b+ gate. Right: quantification of CD11b+ cells (mean, after isotype-subtraction) (n = 3 independent cultures; paired, two-sided t-test). b, GSEA of V$PU.1 gene signature in indicated cell lines transduced with shBCAT1-3 versus shNT expression profile. c, Ratio of cell viability (mean, measured by CellTiter-Blue assay) of shBCAT1-2 versus shNT transduced cells without (control) or with (BCAT1-shRESISTANT) stable overexpression of a mutant-BCAT1 resistant to shBCAT1-2 (n = 3 independent cultures, measured 8 days after transduction). d, GSEA plot of enrichment of V$HIF1 gene signature in shBCAT1-2 versus shNT expression profiles of indicated samples from patients with AML. e, Western blot of indicated cell line treated with octyl-αKG or control (methylacetate). Experiment was repeated three times with similar results. For gel source data, see Supplementary Fig. 1. f–j, Gene expression (mean) of BCAT1 (f–h), HIF1α (i), and EGLN1(j) in indicated cell lines, measured by RT–qPCR relative to the expression of ACTB and GAPDH. shNT and shBCAT1-2 (f–h, n = 2 independent experiments in HL-60, n = 5 in SKM-1, n = 4 in MOLM-13), shcontrol_shNT and shcontrol_shBCAT1-2 (f, n = 4 independent experiments in HL-60), control (i, n = 3 independent experiments in HL-60, n = 5 in SKM-1, n = 5 in MOLM-13), HIF1α-OE (i, n = 2 independent experiments in HL-60, n = 3 in SKM-1, n = 2 in MOLM-13), and shcontrol and shEGLN1 (j, n = 4 independent experiments in HL-60) were all measured 48 h after transduction; HIF1α-OE_shNT and HIF1α-OEsh_BCAT1-2 (f–h, n = 2 independent experiments in HL-60, n = 3 in SKM-1, n = 2 in MOLM-13), shEGLN1_shNT and shEGLN1_shBCAT1-2 (f, n = 4 independent experiments in HL-60) were measured 10 days after transduction to confirm knockdown of BCAT1 in rescued cells, k, l, Western blot of indicated cell lines with stable HIF1α overexpression (k) or shEGLN1 (l). The experiment was repeated three times with similar results. For gel source data, see Supplementary Fig. 1. m, Gene expression (mean) of BCAT1 in BCAT1-OE cell lines 3 days after induction (–DOX and +DOX) by RT–qPCR relative to the expression of ACTB and GAPDH (n = 3 independent cultures).

                          Source data
                        


Extended Data Figure 7 BCAT1 expression and survival in patients with or without mutations in IDH or TET2.
a, Normalized BCAT1 expression in WT (IDHWTTET2WT), IDHmut, or TET2mut of CN-AML samples of the TCGA (WT: n = 52, IDHmut: n = 19, TET2mut: n = 9), GSE16432 (WT: n = 80, IDHmut: n = 35, TET2mut: n = 31), and GSE14468 datasets (WT: n = 147, IDHmut: n = 40). Boxes represent median and 25th–75th percentiles, whiskers are minimum to maximum; unpaired, two-sided t-test. b, Western blot of BCAT1 protein expression in primary AML samples showing IDH1/IDH2 mutational status. The experiment was repeated twice with similar results. For gel source data, see Supplementary Fig. 1. c, Kaplan–Meier plots showing overall survival. TCGA dataset CN-AML, IDHWTTET2WT (left, n = 52) or IDHmut or TET2mut (right, n = 28) are stratified for BCAT1 expression above (red line) or below (blue line) the median. Two-sided log-rank (Mantel–Cox) test.

                          Source data
                        


Extended Data Figure 8 GSEA of IDHWTTET2WTBCAT1high versus IDHWTTET2WTBCAT1low AML samples, BCAT1 expression in paired diagnosis/relapse AML samples, and DNA hypermethylation in AML samples and BCAT1-OE cells.
a, Overlap of hypermethylated probes (P < 0.001, Δmeth >0.25) between IDHWTTET2WTDNMT3AWTBCAT1Q1 (n = 6) versus IDHWTTET2WTDNMT3AWTBCAT1Q4 (n = 6) patients, and IDHmut (n = 13) versus IDHWTTET2WTDNMT3AWTBCAT1Q4 (n = 6) patients, with CN-AML in the TCGA dataset. b, GSEA plots of enrichment of CN-AML from GSE14468 (n = 146), GSE16432 (n = 80), and TCGA (n = 46) patient cohorts comparing IDHWTTET2WTBCAT1high with IDHWTTET2WTBCAT1low expression profiles. ES, enrichment score. c, BCAT1 expression levels (reads per kilobase per million reads) in paired diagnosis/relapse AML samples (n = 19) from GSE83533 (ref. 40). Two-sided paired t-test. d, Histogram of differentially methylated 5mC probes (Δmeth < −0.025 or > 0.025) in MOLM-13 BCAT1-OE cells +DOX versus –DOX cultured for 10 (n = 2 independent cultures) or 20 weeks (n = 3 independent cultures). e, Paired analysis of DNA methylation for 10 or 20 weeks of BCAT1-OE cells. The common probes from a, which were, in addition, more methylated (Δ β > 0) after 20 weeks of BCAT-OE, are shown (n = 779 in HL-60, n = 834 in MOLM-13). Two-sided, paired t-test.

                          Source data
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