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            Abstract
T-cell acute lymphoblastic leukaemia (T-ALL) is a haematological malignancy with a dismal overall prognosis, including a relapse rate of up to 25%, mainly because of the lack of non-cytotoxic targeted therapy options. Drugs that target the function of key epigenetic factors have been approved in the context of haematopoietic disorders1, and mutations that affect chromatin modulators in a variety of leukaemias have recently been identified2,3; however, â€˜epigeneticâ€™ drugs are not currently used for T-ALL treatment. Recently, we described that the polycomb repressive complex 2 (PRC2) has a tumour-suppressor role in T-ALL4. Here we delineated the role of the histone 3 lysine 27 (H3K27) demethylases JMJD3 and UTX in T-ALL. We show that JMJD3 is essential for the initiation and maintenance of T-ALL, as it controls important oncogenic gene targets by modulating H3K27 methylation. By contrast, we found that UTX functions as a tumour suppressor and is frequently genetically inactivated in T-ALL. Moreover, we demonstrated that the small molecule inhibitor GSKJ4 (ref. 5) affects T-ALL growth, by targeting JMJD3 activity. These findings show that two proteins with a similar enzymatic function can have opposing roles in the context of the same disease, paving the way for treating haematopoietic malignancies with a new category of epigenetic inhibitors.
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                    Figure 1: JMJD3 is highly expressed in T-ALL and controls the expression of important oncogenic targets.[image: ]


Figure 2: Dissecting the oncogenic role of JMJD3 in T-ALL.[image: ]


Figure 3: The demethylase UTX acts as a tumour suppressor in T-ALL.[image: ]


Figure 4: Pharmacological targeting of T-ALL through specific inhibition of the demethylase activity of JMJD3.[image: ]
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Extended data figures and tables

Extended Data Figure 1 JMJD3 is induced through activation of the NF-ÎºB pathway in a NOTCH1-dependent mode in T-ALL and binds to NOTCH1 target genes.
a, Levels of p65 (RELA) protein in control T cells and T-ALL tumour cells. A representative sample from three mice is shown. b, Schematic representation of the Jmjd3 locus showing the p65 binding site (upper) and ChIP analysis for p65 binding to the Jmjd3 locus in mouse control T cells and T-ALL tumour cells, as well as T-ALL cells upon treatment with Î³-secretase inhibitor (Î³SI), which affects NOTCH1 levels (centre). NOTCH1 binding to this region upon Î³SI treatment in T-ALL cells is also shown (right). c, Analysis of JMJD3 and HES1 messenger RNA levels upon Î³SI treatment of CUTLL1 cells. The average of three independent studies is shown. d, e, Expression levels of the JMJD3 transcript (d) and protein (e) upon treatment of human T-ALL lines (DND41 and CEM) with a NEMO binding domain (NBD) inhibitor of the NF-ÎºB pathway. f, JMJD3 levels in T-ALL cells upon inhibition of the NF-ÎºB pathway using a dominant negative form of IÎºBÎ± (DN-IÎºBÎ±). g, h, ChIP for NOTCH1 (g) and H3K27me3 (h) on the Hes1 promoter upon Î³SI treatment of mouse T-ALL cells. In d and fâ€“h, the average of three studies is shown. In e, a representative example from three studies is shown. i, Genes correlated with selected human genes (including JMJD3 and NFKB1) were tested for enrichment in loss-of-H3K27me3 genes during the transition to T-ALL in the mouse model. j, Overlap of JMJD3 peaks with peaks of important activating (H3K4me3 and H3K4me1) and repressive (H3K27me3) epigenetic marks, as well as members of the NOTCH1 complex. The percentage of TSSs containing JMJD3 peaks was used as a conservative control and is an alternative to the much lower genome-wide JMJD3 occupancy. k, Genome-wide distribution of JMJD3 peaks in human T-ALL.


Extended Data Figure 2 JMJD3 is vital for T-ALL growth through participation in NOTCH1 transcriptional programs.
a, NOTCH1 interaction analyses for JMJD3, MAML1 and WDR5 proteins in 293T cells. Interaction with JMJD3 was confirmed in a reciprocal way (right-most lane, immunoprecipitation (IP) using an anti-haemagglutinin (HA) antibody). b, Expression of JMJD3 and WDR5 in 293T cells, followed by immunoprecipitation using the anti-HA antibody against HAâ€“JMJD3. An anti-Flag antibody was used for the detection of both proteins. c, NOTCH1 interaction studies for JMJD3 and MAML1 proteins in mouse T-ALL cells expressing a Flag/Strep form of intracellular NOTCH1. StrepTactin beads were used for NOTCH1 precipitation in the absence of detectable intracellular NOTCH1, and different antibodies were used for the detection of JMJD3, MAML1, EZH2 and UTX. Extracts from green fluorescent protein (GFP)-expressing cells were used as negative control. All experiments were repeated three times (biological replicates), and a representative example is shown. d, mRNA expression of JMJD3 and UTX upon treatment with shRNA against JMJD3 or UTX. The expression after treatment of CEM cells with two shRNAs against JMJD3 and one shRNA against UTX and one control (Renilla) is shown. e, The effects on cell proliferation as measured by the loss of GFP-expressing shRNA. HL-60 is an acute promyelocytic leukaemia cell line (APL), which is a subtype of acute myeloid leukaemia (AML) and is used as control in this study. For both cell lines, the average results from three representative studies are shown. f, Annexin V staining upon shJMJD3 and shRenilla treatment of CUTLL1 cells (top) and HPB-ALL cells (bottom).


Extended Data Figure 3 JMJD3 binds to genes with important oncogenic functions and is vital for T-ALL growth.
a, JMJD3 but not UTX genetic inactivation impairs the expression of important oncogenic genes. NOTCH1, MYC and MAZ, as well as JMJD3, expression levels are shown. shUTX treatment results in significant upregulation of JMJD3 compared with shRenilla (control)-treated cells. The average results from three studies are shown. b, Significant expression changes in NRARP transcript levels upon JMJD3 knockdown. c, ChIP for H3K27me3 on the NRARP locus. d, e, Binding of JMJD3 to the NOTCH1 (d) and MAZ (e) promoters upon shJMJD3 and shRenilla (control) treatment. The average results from three studies are shown. f, Numbers of upregulated and downregulated genes are shown for shJMJD3- and shUTX-treated cells compared with shRenilla-treated cells. g, Scatter plot showing the expression levels of important genes in shJMJD3- and shUTX-treated CUTLL1 T-ALL cells. Emphasis is given to the NOTCH1 pathway and apoptosis-related genes. This is a scatter plot representation of an expression analysis comparing three independent studies for shJMJD3 and two for shUTX. h, i, Scatter plots showing the expression levels of important genes in shJMJD3- and shRenilla-treated CCRF-CEM T-ALL cells (h) and in shUTX-treated CCRF-CEM T-ALL cells (i). CCRF-CEM cells exhibit increased NOTCH1 levels through mutations in the heterodimerization (HD) domain of NOTCH1 and in the NOTCH1-associated ligase FBXW7. Emphasis is given to the NOTCH1 pathway and apoptosis-related genes. This is a scatter plot representation of an expression analysis comparing two studies for shJMJD3, two for shUTX and two for shRenilla.


Extended Data Figure 4 In vivo studies of the role of JMJD3 in T-ALL using luciferase analysis of CEM-, P12- and CUTLL1-based xenograft models in immunocompromised (NRG) mouse recipients.
a, b, In vivo growth of CEM T-ALL cells in subcutaneous xenograft studies upon genomic ablation of JMJD3 and UTX (red and green circles denote shJMJD3-expressing cells (two different shRNAs); blue denotes shUTX-expressing cells; and black circles denote shRenilla-expressing cells). One million CEM cells were injected into the animals, and representative graphs from five mouse recipients and an image of a representative mouse on days 0 and 6 are shown (a). Representative graphs from five mouse recipients and the average luciferase intensity on days 0 and 6 are shown (b). c, Results for growth of CEM cells at different time points post transplantation in subcutaneous xenograft studies (n = 5). d, Comparison of in vivo cell growth in the subcutaneous model of shJMJD3-, shUTX- and shRenilla-expressing P12 cells (n = 5). One million P12 cells were injected into sublethally irradiated NRG (immunocompromised) recipients, and the mice were monitored every day for luciferase activity. Day 0 was the first day that a substantially detectable luciferase intensity was measured. The last day of the experiment was the day that either luciferase intensity reached saturation or the mice were euthanized for humanitarian reasons. Red and green circles denote shJMJD3-expressing cells (two different shRNAs, shJMJD3A and shJMJD3B); blue denotes shUTX-expressing cells; and black circles denote shRenilla-expressing cells. e, Monitoring the change in luciferase intensity over a period of seven days in the subcutaneous xenograft model using CUTLL1 T-ALL cells (n = 4). f, g, Intravenous xenograft studies using CUTLL1 cells injected into sublethally irradiated NRG (immunocompromised) recipients (n = 8 or 6, as indicated in the figure). In eâ€“g, 0.5Â Ã—106 CUTLL1 cells were transplanted, and the mice were monitored every day for luciferase activity.


Extended Data Figure 5 UTX is a tumour suppressor and is genetically inactivated in T-ALL but is dispensable for physiological T-cell development.
a, b, Study of lymphoid development in Utxâˆ’/Y compared with Utx+/+ (or Utx+/Y, data not shown) background mice. Flow cytometric analyses of CD4+ and CD8+ expression (a), and the relative proportions of CD4+CD8+ (double-positive) thymocytes across different genotypes (b) are shown. A representative example from three independent samples (biological replicates) is shown. c, Illustration of the transplantation scheme for the in vivo leukaemia studies. d, e, T-ALL progresses faster in the male Utx knockout background (Utxâˆ’/Y) than in the female wild-type background (Utx+/+) in recipients transplanted with NOTCH1-ICâ€“GFP-expressing haematopoietic progenitors, as is demonstrated by the white blood cell counts in the peripheral blood (d), as well as the percentage of GFP+ leukaemic cells in the peripheral blood upon transplantation of wild-type progenitors (e) from female mice (Utx+/+) compared with the corresponding knockout cells (Utxâˆ’/Y). f, Survival study of the recipients of cells from male wild-type (Utx+/Y, n = 7) and knockout (Utxâˆ’/Y, n = 5) mice expressing NOTCH1-deltaE(Î”E)â€“GFP (an allele with weaker oncogenic action than NOTCH1-IC). g, h, Survival analysis of recipients upon transplantation of wild-type progenitors from female mice (Utx+/+) compared with the corresponding knockout cells (Utxâˆ’/Y) carrying NOTCH1-IC (g) or NOTCH1-Î”E (h). i, Quantitative PCR (qPCR) validation of the expression levels of one downregulated gene (Suz12) and one upregulated gene (Il7r) in Utxâˆ’/Y (compared with UTX+/Y) mice. The average results from three independent samples (studies) are presented. j, Targeted Sanger sequencing in paediatric T-ALL led to the identification of three cases with frameshift mutations. The positions of the mutations are indicated by dashed lines in the electropherograms. k, Identification of one in-frame deletion (p.Ala14_Ala17del, #1, top panel), one splice acceptor site (#2, second panel) and one missense mutation (#3, third panel) in adult T-ALL. Case #4 is an adult T-ALL case with wild-type UTX (control, bottom panel). Mutations are indicated by red characters. l, The levels of UTX in CUTLL1 T-ALL cells in the absence (âˆ’dox) or presence (+dox) of doxycycline. m, n, Apoptosis analysis through measuring annexin V staining using control LacZ-expressing and UTX-expressing CUTLL1 cells in the absence or presence of doxycycline. Representative plots (l, n), as well as the average results (l, m), from three independent experiments are shown.


Extended Data Figure 6 Physiological development of the haematopoietic system in the absence of JMJD3.
a, b, Targeting scheme for the generation of the Jmjd3âˆ’/âˆ’ mouse (a) and PCR-based quantification of the wild-type and mutant transcripts (b) using a specific primer set for the 3â€² end of Jmjd3 cDNA. c, d, Analysis of the fetal liver for lineage markers (c), as well as the bone marrow (d) of recipients for haematopoietic progenitors (the Linâˆ’c-Kit+Sca1+ (LSK) population), for the Jmjd3+/+ and Jmjd3âˆ’/âˆ’ genotypes. Representative plots from three independent experiments are shown. eâ€“g, Analysis of major thymic subsets in Jmjd3+/+ (n = 7) and Jmjd3âˆ’/âˆ’ (n = 7) mice. Schematic representation of the flow cytometric analysis performed (e). Relative proportions of the major cell populations in the thymi of Jmjd3+/+ and Jmjd3âˆ’/âˆ’mice (f). The mRNA expression of the Jmjd3 gene at different stages of thymic development (g). h, The expression of NOTCH1 target genes (such as Hes1, n = 7) in CD4+CD8+ (double positive) and CD4âˆ’CD8âˆ’CD25+ lymphocyte progenitor cells. Representative plots (e), as well as average results (g, h), from seven independent thymi are shown.


Extended Data Figure 7 JMJD3 is necessary for disease initiation in an animal model of T-ALL.
Initiation of the disease was studied by transplanting c-Kit+ haematopoietic progenitors. a, b, Blood analysis of the recipients for NOTCH1-ICâ€“GFP leukaemic blasts (Jmjd3+/âˆ’, n = 8; Jmjd3âˆ’/âˆ’, n = 8; a) and white blood cells (WBCs, Jmjd3+/âˆ’, n = 4; Jmjd3âˆ’/âˆ’, n = 6; b). câ€“e, Comparison of the organ size (c), histochemistry (haematoxylin and eosin staining) (d) and flow-cytometry-based analysis (e) of the leukaemic cell infiltration of the spleen. f, Survival studies of recipients. Eight recipients for the Jmjd3+/âˆ’ and eight for the Jmjd3âˆ’/âˆ’ background were used in câ€“f.


Extended Data Figure 8 GSKJ4 inhibitor induces apoptosis and cell cycle arrest of T-ALL but not myeloid leukaemia or physiological LSK cells.
a, Effect of GSKJ4 (at 2Â Î¼M concentration) on a panel of T-ALL and myeloid lines. The average results from three representative studies are shown. bâ€“d, Effects on cell growth (b), apoptosis (c) and the cell cycle (d) in three primary T-ALL lines. The average results from three representative studies are shown. e, f, Measurement of apoptosis (e, n = 3) and cell cycle effects (f, representative study from three experiments) on CUTLL1 cells 72Â h post treatment with the inhibitor. g, h, Apoptosis assays using annexin V staining of CEM cells (g) after a period of 72Â h of treatment and measuring caspase 7/9 activity upon treatment of CUTLL1 T-ALL cells with GSKJ5 or GSKJ4 over a period of 24Â h (h). i, Time course studies of annexin V (top) and cell cycle analysis (bottom) of CUTLL1 cells over a period of 72Â h during GSKJ4 treatment according to the scheme on top of the figure. j, Expression of the wild-type and catalytic mutant of JMJD3 in T-ALL (CEM) cells. k, Cell growth analysis of T-ALL cells overexpressing wild-type JMJD3 or a catalytic mutant of JMJD3 upon GSKJ4 treatment over a period of 72Â h. Average results from three independent experiments are shown. l, Cell growth of LSK cells upon treatment with the control (2Â Î¼M) and different concentrations of the inhibitor GSKJ4. m, Annexin V staining of THP-1 (AML) cells after a period of 72Â h of GSKJ4 or GSKJ5 (control) treatment at 2Â Î¼M concentration. The average results from three independent experiments are shown. n, The mRNA levels are shown for three classical NOTCH1 targets (HEY1, NRARP and NOTCH1) over a period of 72Â h during GSKJ4 treatment. The average results from three independent experiments are shown.


Extended Data Figure 9 GSKJ4 treatment leads to increased H3K27me3 levels on NOTCH1 target genes through specific inhibition of JMJD3 activity.
aâ€“c, Analysis of the promoter area of HEY1 (a), NOTCH1 (b) and NRARP (c) for H3K27me3, H3K27me1, NOTCH1 and JMJD3 enrichment over a period of 24Â h during GSKJ4 treatment. The average results from three independent experiments are shown. d, Analysis of the total protein extracts from CUTLL1 cells for JMJD3 and NOTCH1. e, Analysis of the chromatin fraction from CUTLL1 cells for the repressive mark H3K27me3, the activating marks H3K27me1 and H3K4me3, as well as total histone H3 levels. Representative plots from three independent experiments are shown. f, Snapshots of GSKJ4-associated H3K27me3 changes in major NOTCH1 and JMJD3 targets. g, ChIP-qPCR analyses for UTX binding to the NOTCH1 target genes HEY1, NRARP and NOTCH1. (RBBP6 was used as positive control). The average results from three independent experiments are shown.


Extended Data Figure 10 JMJD3 as a pivotal factor in NOTCH1-mediated oncogenic activation in T-cell leukaemia.
a, Schematic representation of the H3K27me3 writer (the polycomb complex, left) and eraser (JMJD3, right). EZH2 contains the catalytic subunit of the complex through its SET domain, whereas the EED subunit recognizes the H3K27me3 mark and aids in polycomb binding. JmjC domain activity is inhibited by the small molecule inhibitor GSKJ4. b, The main idea about the key role of JMJD3 in the NOTCH1 transcriptional complex. Before activation of the NOTCH1 signalling pathway, the promoters of classical NOTCH1 target genes are bound by RBP-JÎº, together with components of the co-repressor complexes and PRC2, leading to low gene expression. After the binding of NOTCH1 and its co-activator MAML1, the genes are activated through the recruitment of JMJD3 and the MLL complex, with simultaneous eviction of PRC2, which leads to the demethylation of H3K27me3 and the methylation of H3K4me3.





Supplementary information
Supplementary Information
This file contains Supplementary Text and References. (PDF 467 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Ntziachristos, P., Tsirigos, A., Welstead, G. et al. Contrasting roles of histone 3 lysine 27 demethylases in acute lymphoblastic leukaemia.
                    Nature 514, 513â€“517 (2014). https://doi.org/10.1038/nature13605
Download citation
	Received: 25 August 2013

	Accepted: 18 June 2014

	Published: 17 August 2014

	Issue Date: 23 October 2014

	DOI: https://doi.org/10.1038/nature13605


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Polycomb-mediated silencing of miR-8 is required for maintenance of intestinal stemness in Drosophila melanogaster
                                    
                                

                            
                                
                                    	Zoe Veneti
	Virginia Fasoulaki
	Aristides G. Eliopoulos


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        KDM6B protects T-ALL cells from NOTCH1-induced oncogenic stress
                                    
                                

                            
                                
                                    	Nancy Issa
	Hassan Bjeije
	Grant A. Challen


                                
                                Leukemia (2023)

                            
	
                            
                                
                                    
                                        UTX inactivation in germinal center B cells promotes the development of multiple myeloma with extramedullary disease
                                    
                                

                            
                                
                                    	Ola Rizq
	Naoya Mimura
	Atsushi Iwama


                                
                                Leukemia (2023)

                            
	
                            
                                
                                    
                                        KDM6 demethylases integrate DNA repair gene regulation and loss of KDM6A sensitizes human acute myeloid leukemia to PARP and BCL2 inhibition
                                    
                                

                            
                                
                                    	Liberalis Debraj Boila
	Subhadeep Ghosh
	Amitava Sengupta


                                
                                Leukemia (2023)

                            
	
                            
                                
                                    
                                        Therapeutic potential of inhibiting histone 3 lysine 27 demethylases: a review of the literature
                                    
                                

                            
                                
                                    	Jeries Abu-Hanna
	Jigisha A. Patel
	Mohammad M. R. Eddama


                                
                                Clinical Epigenetics (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Targeting acute lymphoblastic leukaemia
Two histone H3 lysine 27 demethylases, JMJD3 and UTX, are shown here to have contrasting roles in human T-cell acute lymphoblastic leukaemia (T-ALL) cells and a mouse model of the disease. JMJD3 is overexpressed in T-ALL and essential for initiation and maintenance of disease, whereas UTX is a target of inactivating mutations in human T-ALL and acts a tumour suppressor. A small-molecule demethylase inhibitor inhibits the growth of T-ALL cell lines, introducing a potential therapeutic avenue for an acute leukemia that has a poor prognosis and no currently available targeted therapies.
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