







    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 Genetics]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature genetics

	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 27 July 2015



                    Genomics and drug profiling of fatal TCF3-HLF−positive acute lymphoblastic leukemia identifies recurrent mutation patterns and therapeutic options

                    	Ute Fischer1 na1, 
	Michael Forster2 na1, 
	Anna Rinaldi3 na1, 
	Thomas Risch4 na1, 
	Stéphanie Sungalee5 na1, 
	Hans-Jörg Warnatz4 na1, 
	Beat Bornhauser3, 
	Michael Gombert1, 
	Christina Kratsch6, 
	Adrian M Stütz5, 
	Marc Sultan4, 
	Joelle Tchinda3, 
	Catherine L Worth4, 
	Vyacheslav Amstislavskiy 
            ORCID: orcid.org/0000-0002-1384-75994, 
	Nandini Badarinarayan2, 
	André Baruchel7, 
	Thies Bartram8, 
	Giuseppe Basso9, 
	Cengiz Canpolat10, 
	Gunnar Cario8, 
	Hélène Cavé11, 
	Dardane Dakaj3, 
	Mauro Delorenzi12,13, 
	Maria Pamela Dobay13, 
	Cornelia Eckert14, 
	Eva Ellinghaus 
            ORCID: orcid.org/0000-0003-2914-33822, 
	Sabrina Eugster3, 
	Viktoras Frismantas3, 
	Sebastian Ginzel1,15, 
	Oskar A Haas16, 
	Olaf Heidenreich 
            ORCID: orcid.org/0000-0001-5404-648317, 
	Georg Hemmrich-Stanisak2, 
	Kebria Hezaveh1, 
	Jessica I Höll1, 
	Sabine Hornhardt18, 
	Peter Husemann1, 
	Priyadarshini Kachroo2, 
	Christian P Kratz19, 
	Geertruy te Kronnie9, 
	Blerim Marovca3, 
	Felix Niggli3, 
	Alice C McHardy6, 
	Anthony V Moorman17, 
	Renate Panzer-Grümayer16, 
	Britt S Petersen 
            ORCID: orcid.org/0000-0001-9022-90172, 
	Benjamin Raeder 
            ORCID: orcid.org/0000-0002-9494-88845, 
	Meryem Ralser4, 
	Philip Rosenstiel2, 
	Daniel Schäfer1, 
	Martin Schrappe8, 
	Stefan Schreiber2, 
	Moritz Schütte20, 
	Björn Stade2, 
	Ralf Thiele15, 
	Nicolas von der Weid21, 
	Ajay Vora22, 
	Marketa Zaliova19,23, 
	Langhui Zhang1,24, 
	Thomas Zichner 
            ORCID: orcid.org/0000-0001-9848-75985, 
	Martin Zimmermann19, 
	Hans Lehrach4,20,25, 
	Arndt Borkhardt 
            ORCID: orcid.org/0000-0002-6121-47371 na2, 
	Jean-Pierre Bourquin3 na2, 
	Andre Franke2 na2, 
	Jan O Korbel 
            ORCID: orcid.org/0000-0002-2798-37945 na2, 
	Martin Stanulla19 na2 & 
	…
	Marie-Laure Yaspo 
            ORCID: orcid.org/0000-0002-9555-99794 na2 

Show authors

                    

                    
                        
    Nature Genetics

                        volume 47, pages 1020–1029 (2015)Cite this article
                    

                    
        
            	
                        9105 Accesses

                    
	
                        147 Citations

                    
	
                            149 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Acute lymphocytic leukaemia
	Personalized medicine


    


                
    
    

    
    

                
            


        
            Abstract
TCF3-HLF−positive acute lymphoblastic leukemia (ALL) is currently incurable. Using an integrated approach, we uncovered distinct mutation, gene expression and drug response profiles in TCF3-HLF−positive and treatment-responsive TCF3-PBX1−positive ALL. We identified recurrent intragenic deletions of PAX5 or VPREB1 in constellation with the fusion of TCF3 and HLF. Moreover somatic mutations in the non-translocated allele of TCF3 and a reduction of PAX5 gene dosage in TCF3-HLF ALL suggest cooperation within a restricted genetic context. The enrichment for stem cell and myeloid features in the TCF3-HLF signature may reflect reprogramming by TCF3-HLF of a lymphoid-committed cell of origin toward a hybrid, drug-resistant hematopoietic state. Drug response profiling of matched patient-derived xenografts revealed a distinct profile for TCF3-HLF ALL with resistance to conventional chemotherapeutics but sensitivity to glucocorticoids, anthracyclines and agents in clinical development. Striking on-target sensitivity was achieved with the BCL2-specific inhibitor venetoclax (ABT-199). This integrated approach thus provides alternative treatment options for this deadly disease.
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                    Figure 1: Genetic lesions identified in pediatric TCF3-HLF– and TCF3-PBX1–positive ALL.[image: ]


Figure 2: TCF3-HLF programs leukemia to a hybrid hematopoietic transcriptional state.[image: ]


Figure 3: The genomic landscape of TCF3-HLF– and TCF3-PBX1–positive ALL is preserved in patient-derived leukemia xenografts.[image: ]


Figure 4: Major components of the gene expression signature of TCF3-HLF− and TCF3-PBX1–positive ALL are conserved in patient-derived xenografts.[image: ]


Figure 5: Drug activity profiling of TCF3-translocated leukemia reveals relevant differences in drug sensitivity.[image: ]


Figure 6: The BCL2 antagonist ABT-199 (venetoclax) shows promising anti-leukemic activity in TCF3-HLF–positive xenografts.[image: ]
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Integrated supplementary information

Supplementary Figure 1 TCF3 breakpoints of TCF3-PBX1 (patients 1a−5a) and TCF3-HLF (patients 6a−9a and11a) translocations.
The CpG motifs closest to the breakpoints are highlighted in red boxes and the closest cac motifs in blue.


Supplementary Figure 2 The TCF3-HLF translocation is only detected in the lymphoid progenitor gate.
Experiments, combining sorting of specific cell populations using flow cytometry (a) and subsequent detection of the fusion gene in sorted cells employing FISH probes or real-time PCR (b), were performed using bone marrow from the TCF3-HLF-positive patients 15, 16, and 17 of the validation cohort. Bone marrow cells were sorted into HSC (CD34+CD38-CD90+CD45RA-) and MLP (CD34+CD38-CD90neg-lowCD45RA+) populations as previously described (Doulatov et al. Nature Immunology 11, 585-593 (2010)). Leukemic cells (CD34-CD38+CD19+CD10+) were sorted according to standard diagnostic markers. Sorted cell populations were analyzed by FISH and real-time PCR as described in the Online Methods section. All sorted leukemia cells carried the translocation (FISH signals 2R, 1G, 1B, 2B/G fusion) while none of the scored HSC or MLP (2R, 2G, 2B) populations were positive. The TCF3-HLF fusion was detected only in blast populations and not in myeloid cells indicating that the TCF3-HLF-positive leukemia originated in committed lymphoid cells. For patient 15, the results were confirmed using a TCF3-HLF-fusion-specific quantitative real-time PCR on a fraction of sorted cells as described in the supplementary online methods section. Leukemic cells were 100% positive for the TCF3-HLF-fusion, whereas the MLP and the HSC fractions were negative. As a positive control the reference gene β-globin was employed. The TCF3-HLF fusion was detected by real-time PCR only in the blast population, but not in myeloid cells, indicating that the TCF3-HLF-positive leukemia may have originated from committed lymphoid cells.


Supplementary Figure 3 BTG1 deletions.
(a) Whole genome sequencing (WGS) read ratio plot showing a BTG1 deletion identified in the diagnostic sample of patient 8. This BTG1 deletion was present in a subclonal population of ~14% of leukemia cells. (b) WGS read ratio plot showing a BTG1 deletion identified in the diagnostic sample of patient 9. (c) Exome sequencing read ratio plot for a xenograft (7b_X) derived from the remission sample of patient 7 showing a BTG1 deletion. (d) The BTG1 deletion in xenograft 7b_X ia also visible in the SNP allele frequency data from exome sequencing, inspecting the SNP rs709222 in BTG1 exon 2.


Supplementary Figure 4 KHDRBS1-LCK fusion gene in patient 6a.
(a) A heterozygous deletion encompassing 223 kb of genomic DNA on chromosome 1 fused intron 1 of KHDRBS1 to the promoter region of the LCK proto-oncogene. (b) Transcriptome sequencing showed a decrease of KHDRBS1 expression after exon 1. (c) LCK expression was induced starting from exon 2. (d) Analysis of chimeric fusion reads showed the fusion of KHDRBS1 exon 1 with LCK exon 2, confirmed by 14 chimeric reads spanning the fusion border. (e) Amino acid sequence of the in-frame fusion protein encoded by the KHDRBS1-LCK fusion transcript.


Supplementary Figure 5 Recurrent fusion of the genes KHDRBS1 and LCK in ALL.
RNA was isolated from samples of a cohort of 74 unselected pediatric ALL and transcribed into cDNA. Nested PCR was performed using specific primers for the KHDRBS1-LCK fusion transcript detected in patient 6a. (a) The gel electrophoresis presents the expected specific PCR product of 226 bp in the sample 6a and three patient samples of the validation cohort as well as controls. The negative control is representative of the 71 patient samples of this validation cohort tested negative. (b) The chromatograms display the sequencing result for patient 6a (upper panel) and a patient of the validation cohort (patient D3, lower panel) as an example. The fusion of KHDRBS1 exon 1 to LCK exon 2 was confirmed by Sanger sequencing in all positive cases (3/74).


Supplementary Figure 6 Pattern of recurrent genomic lesions and model of leukemogenesis in TCF3-HLF−positive leukemia.
Left panel: Recurrent genetic lesions identified in TCF3-HLF-positive ALL affect transcription factors regulating lymphoid differentiation, the Ras pathway and cell cycle regulation. Besides the 12 cases analyzed in the present study, a single case reported in a recent study is included (Ma et al. Nature Communications 6, 6604 (2015), DOI: 10.1038/ncomms7604) (x indicates a KRAS mutation that was detected only in a patient derived xenograft sample, not in the primary tissue. Note that the cases 16 and 17 have not been analyzed by next generation sequencing and besides PAX5 deletion, NRAS and KRAS hotspot mutations other genetic alterations possibly present are not yet analyzed). Right panel: The TCF3-HLF gene fusion probably occurs in an early B cell progenitor. B cell differentiation is blocked by mutations in transcription factors playing key roles in lymphoid development. Secondary mutations involving the Ras pathway and cell cycle regulators lead to leukemia development.


Supplementary Figure 7 Engraftment of TCF3-PBX1− and TCF3-HLF−positive ALL samples.
ALL cells were recovered from cryopreserved samples and transplanted into NSG mice. The percentage of mCD45-hCD19+hCD45+ leukemic cells was monitored by flow cytometry every 4 weeks. Upper panels: Primary and secondary transplantation of diagnostic TCF3-PBX1-positive samples. Middle panels: Primary and secondary transplantation of diagnostic TCF3-HLF-positive samples. Lower panels: Primary and secondary transplantation of MRD and relapse TCF3-HLF-positive samples. MRD samples were successfully amplified only for the TCF3-HLF-positive subtype. Patient samples were transplanted intrafemorally (primary transplantation). Xenograft-samples were transplanted intravenously (secondary transplantation). Mean and SD of 2-3 mice is shown when available. The number of living cells transplanted is indicated in the legend.


Supplementary Figure 8 Expression of PAX5 in primary and patient derived xenografts (PDX) of TCF3-PBX1− and TCF3-HLF−positive ALL samples.
The significant differential expression of PAX5 between TCF3-PBX1-positive and TCF3-HLF-positive primary ALL is preserved in patient derived xenograft samples.


Supplementary Figure 9 Cell survival and cell cycle analysis of TCF3-PBX1− and TCF3-HLF−positive ALL cells in coculture on hMSCs.
Upper panel: ALL cell viability comparing co-cultures to ALL cell suspension cultures after 72 h by flow cytometry using 7-AAD staining. The percentage of living cells normalized to the input cells seeded on day 0 is shown (mean with SD of duplicates). Lower panel: Percentage of cells of the population in the G0–G1, S and G2–M phases of the cell cycle. Flow cytometric analysis was performed at day 1 of co-culture with hMSC after 20 h of EdU incubation. Mean and SD of at least 2 independent experiments performed in triplicates are shown.


Supplementary Figure 10 Drug profiling of TCF3-PBX1 and TCF3-HLF ALL xenografts derived from diagnostic, MRD and relapse samples.
Unsupervised clustering of xenograft samples according to their response (log IC50) to 98 compounds in co-culture on hMSC after 72 h. Xenografts derived from diagnostic „a“, MRD „b“ and relapse „c“ samples are included. Fitted values are provided in the supplementary section (absolute IC50). Compounds are arranged based on the family of the targets. Numbers identify the compounds shown in Figure 5c.


Supplementary Figure 11 In vitro dose response curves to ABT-199 (venetoclax) comparing xenografts derived from TCF3-HLF-positive ALL patients at the time point of diagnosis 'a', MRD 'b' and relapse 'c'.
ALL co-cultures were treated with ABT-199 for 72 hours, the responses were normalized against DMSO-treated controls.


Supplementary Figure 12 Drug activity profiling of two additional TCF3-HLF−translocated leukemia cases of the validation cohort (15, 17) reveals similar patterns of drug sensitivities and high responsiveness to ABT-199 (venetoclax) compared to the TCF3-HLF−positive patients of the discovery cohort.
Selection of drugs based on differences in sensitivity or resistance in TCF3-PBX1-positive compared to TCF3-HLF-positive patients (Figure 5c). Similar patterns of drug sensitivity were observed testing patient derived primary (patient 15, 17) and xenograft cells (other TCF3-PBX1- and TCF3-HLF-positive cases shown). Drugs active across both patient cohorts include doxorubicin, idarubicin, mitoxantrone, bortezomib, and ABT-199 (venetoclax).


Supplementary Figure 13 In vitro dose response co-titration curves to ABT-199/dexamethasone (top) and ABT-199/vincristine (bottom) for patient derived xenografts from TCF3-HLF−positive (6a−11a) ALL patients.
Xenograft cells were seeded on a layer of stroma cell and treated with the indicated combinations and concentrations of ABT-199, vincristine and dexamethasone, respectively, for 72 h. Drug concentrations used in these assays are provided in Supplementary Table 26. The response was normalized against DMSO-treated controls. The co-titration curves indicate that ABT-199 combined with either vincristine or dexamethasone likely exhibits synergistic activity in the patients marked with (*); combination indices (see Table) were calculated based on the Chou-Talaly method (Chou and Talaly JBC 252: 6438-6442, (1977)).





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–13 and Supplementary Tables 1–4 and 8. (PDF 2415 kb)


Supplementary Tables 5–7 and 9–27
Supplementary Tables 5–7 and 9–27. (XLSX 685 kb)





Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4

Source data to Fig. 5

Source data to Fig. 6




Rights and permissions
Reprints and permissions


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



Cite this article
Fischer, U., Forster, M., Rinaldi, A. et al. Genomics and drug profiling of fatal TCF3-HLF−positive acute lymphoblastic leukemia identifies recurrent mutation patterns and therapeutic options.
                    Nat Genet 47, 1020–1029 (2015). https://doi.org/10.1038/ng.3362
Download citation
	Received: 02 December 2014

	Accepted: 29 June 2015

	Published: 27 July 2015

	Issue Date: September 2015

	DOI: https://doi.org/10.1038/ng.3362


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

                
                    	
                            
                                
                                    
                                        Novel Biomarkers and Molecular Targets in ALL
                                    
                                

                            
                                
                                    	Hong De Sa
	Jessica Leonard


                                
                                Current Hematologic Malignancy Reports (2024)

                            
	
                            
                                
                                    
                                        International Consensus Classification of acute lymphoblastic leukemia/lymphoma
                                    
                                

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


                                
                                Virchows Archiv (2023)

                            
	
                            
                                
                                    
                                        Pharmacotypes across the genomic landscape of pediatric acute lymphoblastic leukemia and impact on treatment response
                                    
                                

                            
                                
                                    	Shawn H. R. Lee
	Wenjian Yang
	Jun J. Yang


                                
                                Nature Medicine (2023)

                            
	
                            
                                
                                    
                                        An alternative CYB5A transcript is expressed in aneuploid ALL and enriched in relapse
                                    
                                

                            
                                
                                    	Lorenz Bartsch
	Michael P. Schroeder
	Martin Neumann


                                
                                BMC Genomic Data (2022)

                            
	
                            
                                
                                    
                                        Potent, p53-independent induction of NOXA sensitizes MLL-rearranged B-cell acute lymphoblastic leukemia cells to venetoclax
                                    
                                

                            
                                
                                    	Klaudyna Fidyt
	Agata Pastorczak
	Malgorzata Firczuk


                                
                                Oncogene (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                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]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
