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            Abstract
The oncogenic mechanisms underlying acute lymphoblastic leukemia (ALL) in adolescents and young adults (AYA; 15â€“39 years old) remain largely elusive1,2,3. Here we have searched for new oncogenes in AYA-ALL by performing RNA-seq analysis of Philadelphia chromosome (Ph)-negative AYA-ALL specimens (n = 73) with the use of a next-generation sequencer. Interestingly, insertion of D4Z4 repeats containing the DUX4 gene into the IGH locus was frequently identified in B cell AYA-ALL, leading to a high level of expression of DUX4 protein with an aberrant C terminus. A transplantation assay in mice demonstrated that expression of DUX4-IGH in pro-B cells was capable of generating B cell leukemia in vivo. DUX4 fusions were preferentially detected in the AYA generation. Our data thus show that DUX4 can become an oncogenic driver as a result of somatic chromosomal rearrangements and that AYA-ALL may be a clinical entity distinct from ALL at other ages.
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                    Figure 1: Gene fusions in AYA-ALL.[image: ]


Figure 2: Chromosome rearrangements involving DUX4.[image: ]


Figure 3: Transforming ability of DUX4-IGH.[image: ]


Figure 4: Leukemogenic potential of DUX4, ZNF384 and MEF2D fusion oncogenes.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Screening of fusion genes by RNA-seq data.
(a) Schematic of the structure of the proteins encoded by novel fusion genes detected in the screening cohort. Amino acid numbers are indicated below each structure. (b) The 54 cases of B cell AYA-ALL in the screening cohort plus 3 Ph+ ALL cases (indicated by asterisks) were clustered according to the expression values for 187 genes9 (Supplementary Table 6) with the use of Ward correlation algorithms. Patients were clustered into two large branches, one of which contains Ph+ cases as well as those with CRLF2 fusions (Ph-like group). Patient ID and fusion genes are depicted at the bottom. The expression level of each gene is color-coded. (c) Survival curves are shown for the Ph-like and non-Ph-like groups. The P value was determined with the log-rank test. (d) The 47 patients with non-Ph-like AYA-ALL were clustered with the group average method according to the expression level of the top 1% of genes (n = 237) in the rank-ordered gene list for the s.d. value of gene expression. Individuals harboring DUX4, ZNF384 or MEF2D fusions are differentially colored.


Supplementary Figure 2 Genomic rearrangements involving D4Z4 repeats.
(a) The entire translocated segment containing DUX4 was amplified by PCR from the genomic DNA of leukemic blasts from patient JALSG-002 and was then subjected to Sanger sequencing. A fragment of mitochondrial DNA (Chr. M) and two copies of D4Z4, flanked by unknown sequences, was inserted at a position between IGHJ6 and IGHV3-15. (b) A similar analysis to that in a was conducted for leukemic blasts from patient JALSG-006. A fragment of chromosome 15 and one copy of D4Z4, flanked by unknown sequences, was inserted at a position between IGHJ4 and IGHV3-66. (c) The structures of the genomic regions of D4Z4 translocation in JALSG-004, JALSG-006, TUH-005 and TUH-007 are schematically shown as in Figure 2a. (d) The fusion point between DUX4 and IGH was amplified by PCR from the genomic DNA of bone marrow mononuclear cells from patient TUH-005 before treatment (Primary), at the first complete remission (CR), the first relapse and the second complete remission. The fusion point of DUX4-MIR3697 was similarly analyzed for patient TUH-007 at the first relapse of leukemia and at the second complete remission for a duration of 3 or 7 months. A no-template control (â€“) was included in each analysis, and ACTB was amplified as an internal control.


Supplementary Figure 3 Functional characterization of DUX4 fusion proteins.
(a) The protein structure of the DUX4 fusions is shown as in Figure 2c. The C termini of the DUX4 fusion protein from patients JALSG-007 and TUH-005 are encoded by a genomic fragment from IGH, whereas those for patients JALSG-002, JALSG-006, JALSG-008, JALSG-009, JALSG-010 and TUH-007 are encoded by a genomic fragment other than the IGH locus (Non-IGH). Amino acid numbers are indicated below each structure. (b) The abundance of DUX4 mRNA normalized by that of ACTB mRNA was determined by TaqMan RT-PCR analysis for 16 normal human tissues (leukocytes, lung, placenta, small intestine, colon, liver, spleen, heart, ovary, kidney, skeletal muscle, prostate, pancreas, brain, thymus and testis) as well as for 5 B cell ALL lines and 90 B cell ALL specimens from the screening and validation cohorts. The abundance of DUX4 was further normalized with that of normal testis. Data are shown as means + s.d. for three independent experiments. The asterisk denotes the NALM6 cell line. (c) The total cell lysates of NIH3T3 cells expressing DUX4 or DUX4-IGH fusion proteins as in Figure 3a were immunoblotted with antibody to DUX4-N or ACTB. NIH3T3 cells infected with an empty virus (Mock) were similarly analyzed. The asterisks indicate non-specific bands with antibody to DUX4-N. (d) The same NIH3T3 cells in c were stained with Hoechst 33258, and the number of nuclei was counted in a surface area of 90,000 Î¼m2. Data are shown as means + s.d. for three independent experiments. The P values for the indicated comparisons were determined with the Welchâ€™s t test. (e) Mouse NIH3T3 cells were infected with a recombinant retrovirus expressing GFP alone (Mock) or GFP with DUX4 or the DUX4-IGH fusions identified in patients with ALL. The GFP+ cell fraction was evaluated by flow cytometry at the indicated times. Data were normalized by the value for day 2 and are shown as means Â± s.d. for three independent experiments (left). Note that only wild-type DUX4 markedly suppressed cell growth. Right, HEK293T cells (1 Ã— 105) were transiently transfected with 600 ng of expression plasmid for wild-type DUX4 or the DUX4 fusions, and the enzymatic activity of CASP3 and CASP7 was measured at 36 h after transfection with the Caspase-Glo 3/7 Assay. Enzymatic activities were normalized by that of the mock-transfected cells. Data are shown as means + s.d. of three independent experiments. The P value was calculated by Welchâ€™s t test. As shown here, only wild-type DUX4 induces CASP3 and CASP7 activities.


Supplementary Figure 4 DUX4 in NALM6.
(a) The entire translocated segment containing DUX4 was amplified by PCR from the genomic DNA of NALM6 cells. Sanger sequencing of the PCR product demonstrated translocation of two copies of D4Z4 flanked by unknown sequences to a position between IGHJ4 and IGHD2-15. (b) Long-read sequencing of the NALM6 genome. Top, the structure of the D4Z4 translocation region. Middle, three SMRT subreads that fully or partly cover the rearranged region are illustrated. Bottom, three dot plots showing that the fused sequence is supported by each of the three SMRT subreads, confirming the presence of the fused sequence. (c) The 3â€² end of the DUX4-IGH mRNA was determined by 3â€² RACE with mRNA isolated from NALM6 cells. The sequencing electrophoretogram shows the presence of a putative polyadenylation signal (ATTAAA; red box) derived from the IGHD2-15 sequence followed by a poly(A) sequence. (d) Total cell lysates prepared from NALM6 cells infected with retroviruses encoding DUX4-IGH shRNA (DUX4-sh) or a control shRNA (Control-sh) were subjected to immunoblot analysis with antibody to DUX4-C or ACTB. (e) CCRF-SB cells were infected with recombinant retroviruses encoding both GFP and either a control shRNA (Control-sh) or DUX4-IGH shRNA (DUX4-sh). The GFP+ cell fraction was evaluated by flow cytometry after incubation of the cells for the indicated times. Data were normalized by the value for day 3 and are shown as means Â± s.d. for three independent experiments.


Supplementary Figure 5 Structures of ZNF384 and MEF2D fusion proteins.
(a) The protein structures of various ZNF384 fusions are shown schematically, with amino acid numbers indicated below. (b) An RT-PCR product encompassing the fusion point of SYNRG-ZNF384 mRNA from patient JALSG-019 was subjected to Sanger sequencing, demonstrating an in-frame fusion between exon 14 of SYNRG and exon 3 of ZNF384. (c) The protein structures of various MEF2D fusions are shown schematically, with amino acid numbers indicated below. (d) Genomic DNA from the bone marrow of patient NUH-004 before chemotherapy (Primary) or at complete remission (CR) was subjected to PCR to amplify the fusion point of EP300-ZNF384 (upper left). RT-PCR was conducted for patient NUH-026 at various clinical stages to amplify the fusion point of EP300-ZNF384 (upper right). The fusion point of MEF2D-BCL9 was similarly amplified from genomic DNA and RNA from patients TUH-004 and TUP-014, respectively. A no-template control (â€“) was included in each analysis, and ACTB was amplified as an internal control. Primer sequences are shown in Supplementary Table 11.


Supplementary Figure 6 Transforming ability of ZNF384 and MEF2D fusions.
(a) Total cell lysates prepared from HEK293T cells transfected with expression vectors for wild-type ZNF384, EP300-ZNF384 or SYNRG-ZNF384 were subjected to immunoblot analysis with antibodies to ZNF384 and ACTB. Total cell lysates of the mock-transfected HEK293T cells were similarly analyzed. (b) A reporter plasmid for ZNF384, in which expression of firefly luciferase is driven by the human MMP7 promoter, was transiently introduced into HEK293T cells together with the internal control plasmid pGL-TK and expression plasmids for wild-type ZNF384, EP300-ZNF384 and SYNRG-ZNF384 (or the corresponding empty vector; Mock). Luciferase activities were measured 2 d after transfection, and the activity of firefly luciferase was normalized by that of Renilla reniformis luciferase. Data are shown as means + s.d. for three independent experiments. (c) Total cell lysates prepared from HEK293T cells transfected with expression vectors for wild-type MEF2D, MEF2D-BCL9 or MEF2D-HNRNPUL1 were subjected to immunoblot analysis with antibodies to MEF2D and ACTB. Total cell lysates of the mock-transfected HEK293T cells were similarly analyzed. (d) A reporter plasmid for MEF2D was transiently introduced into HEK293T cells together with the internal control plasmid pGL-TK and expression plasmids for wild-type MEF2D, MEF2D-BCL9 and MEF2D-HNRNPUL1 (or the corresponding empty vector; Mock). Luciferase activities were measured as in b. Data are shown as means + s.d. for three independent experiments. (d) Mouse NIH3T3 fibroblasts were infected with recombinant retroviruses encoding wild-type ZNF384, EP300-ZNF384, SYNRG-ZNF384, wild-type MEF2D, MEF2D-BCL9 or MEF2D-HNRNPUL1 or with the corresponding empty virus (Mock). The infected cells were cultured for 12 d in the presence of 5% bovine serum and then examined by phase-contrast microscopy. Scale bars, 100 Î¼m.


Supplementary Figure 7 In vivo expansion of pro-B cells expressing the fusion genes.
(a) Mouse pro-B cells were infected with recombinant retroviruses encoding GFP and DUX4-IGH (n = 10), EP300-ZNF384 (n = 6), MEF2D-BCL9 (n = 15) or wild-type DUX4 (n = 7) or the corresponding empty virus (Mock; n = 9) and were then transplanted into sublethally irradiated immunocompromised mice. At 28 d after transplantation, the GFP+ fraction of bone marrow cells was quantified by flow cytometry and expressed as a ratio relative to the fraction in the original infected pro-B cells. Data are presented as box-and-whisker plots. The P values for the indicated comparisons were determined with the Mann-Whitney U test. Note that expression of wild-type DUX4 was driven by the IRES fragment. (b) The bar graphs show the percentage of the GFP+ fraction for the surface markers analyzed with flow cytometry in Figure 4a,c,d.


Supplementary Figure 8 Differentiation arrest induced by the fusion genes.
(a) Expression plasmids for FLAG epitopeâ€“tagged DUX4-IGH (identified in patient JALSG-003) and its truncation mutants (top) were introduced into HEK293T cells that were subjected to immunoblot analysis with antibody to DUX4-C or FLAG. Note that antibody to DUX4-C can recognize DUX4-IGH from patient JALSG-003 and that the epitope for the antibody presumably maps to amino acids 371â€“399 of DUX4. (b) The GFP+ pro-B cell fractions of bone marrow from mice transplanted with DUX4-IGHâ€“expressing pro-B cells were subjected to immunoblot analyses with antibody to DUX4-C or tubulin (left). Total cell lysates of NALM6 cells and pro-B cells from leukemic mice were similarly examined (right). (c) The GFP+ fraction of bone marrow from mice transplanted with infected pro-B cells as in Supplementary Figure 7 was evaluated by flow cytometry at 28 d after transplantation. For recipients with â‰¥1% GFP+B220+ cells in bone marrow, the cell surface expression of the indicated differentiation markers was measured by flow cytometry. The P values for the indicated comparisons were determined with the Mann-Whitney U test. (d) Mouse pro-B cells infected with a recombinant retrovirus encoding GFP alone (Mock) or GFP plus DUX4 were transplanted into irradiated immunocompromised mice. At 28 d after transplantation, the B220+GFP+ fraction of bone marrow was examined for the cell surface expression of differentiation markers by flow cytometry.


Supplementary Figure 9 In vivo effects of the fusion genes.
(a) Bone marrow (BM) cells, spleen and liver were isolated after mice transplanted with pro-B cells expressing DUX4-IGH (left) or EP300-ZNF384 (right) had developed leukemia. Genomic DNA prepared from the samples was subjected to PCR to amplify the immunoglobulin D-J gene region as previously described (Immunity 12, 441â€“450, 2000). PCR was also performed with pro-B cells before retrovirus infection. Note that expansion of B cells with monoclonal D-J recombination was apparent in all tested organs of the leukemic mice. (b) Survival probability of the secondarily transplanted mice with DUX4-IGH+ pro-B cells (left). Note that all mice (n = 4) died within 22 d of transplantation. May-GrÃ¼nwald Giemsa staining of the CytoSpin preparations of bone marrow as well as spleen from those mice demonstrated that such organs were filled with immature blasts (right).


Supplementary Figure 10 Copy number analysis of the fusion genes.
The relative gene dosage of DUX4-IGH, EP300-ZNF384 or MEF2D-BCL9 with respect to the corresponding wild-type gene was examined with droplet digital PCR (QX200, Bio-Rad) for the patients indicated below. Data are shown as means Â± s.d. of three independent experiments, and the primer sequences are shown in Supplementary Table 12. Note that karyotype analyses indicated that chromosome number was 46 or 47 for the leukemic blasts of all patients (Supplementary Tables 1 and 4). The fact that the gene dosage of the fusion genes is mostly 0.8â€“1.0 indicates, therefore, that the allele frequency of the fusion genes is 40â€“50%.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“10 and Supplementary Note. (PDF 4989 kb)


Supplementary Tables 1â€“13
Supplementary Tables 1â€“13 (XLSX 84 kb)





Rights and permissions
Reprints and permissions


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



Cite this article
Yasuda, T., Tsuzuki, S., Kawazu, M. et al. Recurrent DUX4 fusions in B cell acute lymphoblastic leukemia of adolescents and young adults.
                    Nat Genet 48, 569â€“574 (2016). https://doi.org/10.1038/ng.3535
Download citation
	Received: 23 September 2015

	Accepted: 02 March 2016

	Published: 28 March 2016

	Issue Date: May 2016

	DOI: https://doi.org/10.1038/ng.3535


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

                
                    	
                            
                                
                                    
                                        Promoter swapping of truncated PDGFRB drives Ph-like acute lymphoblastic leukemia
                                    
                                

                            
                                
                                    	Bunpei Miyazaki
	Toshihide Ueno
	Yosuke Tanaka


                                
                                npj Precision Oncology (2023)

                            
	
                            
                                
                                    
                                        Gastrointestinal cancer occurs as extramuscular manifestation in FSHD1 patients
                                    
                                

                            
                                
                                    	Takashi Kurashige
	Hiroyuki Morino
	Hirofumi Maruyama


                                
                                Journal of Human Genetics (2023)

                            
	
                            
                                
                                    
                                        EBF1â€“JAK2 inhibits the PAX5 function through physical interaction with PAX5 and kinase activity
                                    
                                

                            
                                
                                    	Yukino Kojima
	Fumika Kawashima
	Fumihiko Hayakawa


                                
                                International Journal of Hematology (2023)

                            
	
                            
                                
                                    
                                        International Consensus Classification of acute lymphoblastic leukemia/lymphoma
                                    
                                

                            
                                
                                    	Amy S. Duffield
	Charles G. Mullighan
	Michael J. Borowitz


                                
                                Virchows Archiv (2023)

                            
	
                            
                                
                                    
                                        Clinical characteristics and outcomes of B-cell precursor ALL with MEF2D rearrangements: a retrospective study by the Ponte di Legno Childhood ALL Working Group
                                    
                                

                            
                                
                                    	Kentaro Ohki
	Ellie R. Butler
	Atsushi Manabe


                                
                                Leukemia (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
