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            Abstract
Which genetic alterations drive tumorigenesis and how they evolve over the course of disease and therapy are central questions in cancer biology. Here we identify 44 recurrently mutated genes and 11 recurrent somatic copy number variations through whole-exome sequencing of 538 chronic lymphocytic leukaemia (CLL) and matched germline DNA samples, 278 of which were collected in a prospective clinical trial. These include previously unrecognized putative cancer drivers (RPS15, IKZF3), and collectively identify RNA processing and export, MYC activity, and MAPK signalling as central pathways involved in CLL. Clonality analysis of this large data set further enabled reconstruction of temporal relationships between driver events. Direct comparison between matched pre-treatment and relapse samples from 59 patients demonstrated highly frequent clonal evolution. Thus, large sequencing data sets of clinically informative samples enable the discovery of novel genes associated with cancer, the network of relationships between the driver events, and their impact on disease relapse and clinical outcome.
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                    Figure 1: The landscape of putative driver gene mutations and recurrent somatic copy number variations in CLL.[image: ]


Figure 2: Selected novel, putative driver gene maps.[image: ]


Figure 3: Inferred evolutionary history of CLL.[image: ]


Figure 4: Associations of CLL drivers with clinical outcome.[image: ]


Figure 5: Matched pre-treatment and relapse samples reveal patterns of clonal evolution in relation to therapy.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Whole-genome sequencing of chronic lymphocytic leukemia identifies subgroups with distinct biological and clinical features
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 November 2022
                                    

                                

                                Pauline Robbe, Kate E. Ridout, … Anna Schuh

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Mutational patterns and clonal evolution from diagnosis to relapse in pediatric acute lymphoblastic leukemia
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 August 2021
                                    

                                

                                Shumaila Sayyab, Anders Lundmark, … Ann-Christine Syvänen

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Evolutionary history of transformation from chronic lymphocytic leukemia to Richter syndrome
                                        
                                    

                                    
                                        Article
                                        
                                         09 January 2023
                                    

                                

                                Erin M. Parry, Ignaty Leshchiner, … Catherine J. Wu

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Data deposits

                CLL8 WES data is deposited in dbGaP under accession code phs000922.v1.p1.

              
            

References
	Quesada, V. et al. Exome sequencing identifies recurrent mutations of the splicing factor SF3B1 gene in chronic lymphocytic leukemia. Nature Genet. 44, 47–52 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	Puente, X. S. et al. Whole-genome sequencing identifies recurrent mutations in chronic lymphocytic leukaemia. Nature 475, 101–105 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Landau, D. A. et al. Evolution and impact of subclonal mutations in chronic lymphocytic leukemia. Cell 152, 714–726 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Schuh, A. et al. Monitoring chronic lymphocytic leukemia progression by whole genome sequencing reveals heterogeneous clonal evolution patterns. Blood 120, 4191–4196 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	Lawrence, M. S. et al. Discovery and saturation analysis of cancer genes across 21 tumour types. Nature 505, 495–501 (2014)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Hallek, M. et al. Addition of rituximab to fludarabine and cyclophosphamide in patients with chronic lymphocytic leukaemia: a randomised, open-label, phase 3 trial. Lancet 376, 1164–1174 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Lawrence, M. S. et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature 499, 214–218 (2013)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Edelmann, J. et al. High-resolution genomic profiling of chronic lymphocytic leukemia reveals new recurrent genomic alterations. Blood 120, 4783–4794 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	De Paoli, L. et al. MGA, a suppressor of MYC, is recurrently inactivated in high risk chronic lymphocytic leukemia. Leuk. Lymphoma 54, 1087–1090 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Schlosser, I. et al. Dissection of transcriptional programmes in response to serum and c-Myc in a human B-cell line. Oncogene 24, 520–524 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Jiang, X. et al. Critical role of SHP2 (PTPN11) signaling in germinal center-derived lymphoma. Haematologica 99, 1834–1845 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Zhang, J. & Chen, Q. M. Far upstream element binding protein 1: a commander of transcription, translation and beyond. Oncogene 32, 2907–2916 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Tiacci, E. et al. BRAF mutations in hairy-cell leukemia. N. Engl. J. Med. 364, 2305–2315 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Brastianos, P. K. et al. Exome sequencing identifies BRAF mutations in papillary craniopharyngiomas. Nature Genet. 46, 161–165 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Heidorn, S. J. et al. Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor progression through CRAF. Cell 140, 209–221 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Cancer Genome Atlas Research Network. Integrated genomic characterization of papillary thyroid carcinoma. Cell 159, 676–690 (2014)

	Yang, H. et al. RG7204 (PLX4032), a selective BRAFV600E inhibitor, displays potent antitumor activity in preclinical melanoma models. Cancer Res. 70, 5518–5527 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Jebaraj, B. M. et al. BRAF mutations in chronic lymphocytic leukemia. Leuk. Lymphoma 54, 1177–1182 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Landau, D. A. & Wu, C. J. Chronic lymphocytic leukemia: molecular heterogeneity revealed by high-throughput genomics. Genome Med. 5, 47 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Sashida, G. et al. ELF4/MEF activates MDM2 expression and blocks oncogene-induced p16 activation to promote transformation. Mol. Cell. Biol. 29, 3687–3699 (2009)
Article 
    CAS 
    
                    Google Scholar 
                

	Park, J. et al. Dyrk1A phosphorylates p53 and inhibits proliferation of embryonic neuronal cells. J. Biol. Chem. 285, 31895–31906 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Gazda, H. T. et al. Ribosomal protein L5 and L11 mutations are associated with cleft palate and abnormal thumbs in Diamond-Blackfan anemia patients. Am. J. Hum. Genet. 83, 769–780 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	Ferreiros-Vidal, I. et al. Genome-wide identification of Ikaros targets elucidates its contribution to mouse B-cell lineage specification and pre-B-cell differentiation. Blood 121, 1769–1782 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Billot, K. et al. Deregulation of Aiolos expression in chronic lymphocytic leukemia is associated with epigenetic modifications. Blood 117, 1917–1927 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Nückel, H. et al. The IKZF3 (Aiolos) transcription factor is highly upregulated and inversely correlated with clinical progression in chronic lymphocytic leukaemia. Br. J. Haematol. 144, 268–270 (2009)
Article 
    
                    Google Scholar 
                

	Beà, S. et al. Genetic imbalances in progressed B-cell chronic lymphocytic leukemia and transformed large-cell lymphoma (Richter’s syndrome). Am. J. Pathol. 161, 957–968 (2002)
Article 
    
                    Google Scholar 
                

	Carter, S. L. et al. Absolute quantification of somatic DNA alterations in human cancer. Nature Biotechnol. 30, 413–421 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	Papaemmanuil, E. et al. Clinical and biological implications of driver mutations in myelodysplastic syndromes. Blood 122, 3616–3627 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Wang, J. et al. Tumor evolutionary directed graphs and the history of chronic lymphocytic leukemia. Elife 3, (2014)

	Stilgenbauer, S. et al. Gene mutations and treatment outcome in chronic lymphocytic leukemia: results from the CLL8 trial. Blood 123, 3247–3254 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Rossi, D. et al. Integrated mutational and cytogenetic analysis identifies new prognostic subgroups in chronic lymphocytic leukemia. Blood 121, 1403–1412 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Damm, F. et al. Acquired initiating mutations in early hematopoietic cells of CLL patients. Cancer Discov. 4, 1088–1101 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Winkelmann, N. et al. Low frequency mutations independently predict poor treatment-free survival in early stage chronic lymphocytic leukemia and monoclonal B-cell lymphocytosis. Haematologica 100, e237–e239 (2015)
Article 
    
                    Google Scholar 
                

	Puente, X. S. & Lopez-Otin, C. The evolutionary biography of chronic lymphocytic leukemia. Nature Genet. 45, 229–231 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Nowak, M. A. et al. The role of chromosomal instability in tumor initiation. Proc. Natl Acad. Sci. USA 99, 16226–16231 (2002)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Bozic, I. et al. Accumulation of driver and passenger mutations during tumor progression. Proc. Natl Acad. Sci. USA 107, 18545–18550 (2010)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Davoli, T. et al. Cumulative haploinsufficiency and triplosensitivity drive aneuploidy patterns and shape the cancer genome. Cell 155, 948–962 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Hallek, M. Chronic lymphocytic leukemia: 2015 Update on diagnosis, risk stratification, and treatment. Am. J. Hematol. 90, 446–460 (2015)
Article 
    CAS 
    
                    Google Scholar 
                

	Alexandrov, L. B. et al. Signatures of mutational processes in human cancer. Nature 500, 415–421 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Vogelstein, B. et al. Cancer genome landscapes. Science 339, 1546–1558 (2013)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank all members of the Broad Institute’s Biological Samples, Genetic Analysis and Genome Sequencing Platforms, who made this work possible (NHGRI-U54HG003067). We further thank all patients and their physicians for CLL8 trial participation and donation of samples; M. Mendila, N. Valente, S. Zurfluh, M. Wenger and J. Wingate for their support in conception and conduct of the CLL8 trial. D.A.L. is supported by an ACS Postdoctoral Fellowship, ASH Scholar Award, and the Burroughs Wellcome Fund Career Award for Medical Scientists and by the NIH Big Data to Knowledge initiative (BD2K, 1K01ES025431-01). J.G.R. was supported by the European Research Council (ERC) start grant 279307: Graph Games, Austrian Science Fund (FWF) grant no. P23499-N23, and FWF NFN grant no S11407-N23 RiSE. S.B. is supported by the German Jose Carreras Leukemia Foundation (project R 06/03v). M.H. is supported by the Deutsche Forschungsgemeinschaft (KFO 286, Project 6). S.S. is supported by the Else Kröner-Fresenius-Stiftung (2010_Kolleg24, 2012_A146), Virtual Helmholtz Institute (VH-VI-404), CLL Global Research Foundation (Alliance), and Deutsche Forschungsgemeinschaft (SFB 1074 projects B1, B2). C.J.W. acknowledges support from the Blavatnik Family Foundation, AACR (SU2C Innovative Research Grant), and NIH/NCI (1R01CA182461-02, 1R01CA184922-01, 1U10CA180861-01).


Author information
Author notes	Dan A. Landau, Eugen Tausch and Amaro N. Taylor-Weiner: These authors contributed equally to this work.

	Michael Hallek, Donna Neuberg, Gad Getz, Stephan Stilgenbauer and Catherine J. Wu: These authors jointly supervised this work.


Authors and Affiliations
	Broad Institute of Harvard and MIT, Cambridge, 02142, Massachusetts, USA
Dan A. Landau, Amaro N. Taylor-Weiner, Chip Stewart, Johannes G. Reiter, Mike Lawrence, Scott L. Carter, Kristian Cibulskis, Carrie L. Sougnez, Mara Rosenberg, Julian M. Hess, Stacey Gabriel, Eric S. Lander, Gad Getz & Catherine J. Wu

	Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, 02115, Massachusetts, USA
Dan A. Landau, Johannes G. Reiter & Catherine J. Wu

	Department of Internal Medicine, Brigham and Women’s Hospital, Boston, 02115, Massachusetts, USA
Dan A. Landau & Catherine J. Wu

	Harvard Medical School, Boston, 02115, Massachusetts, USA
Dan A. Landau & Catherine J. Wu

	Department of Internal Medicine III, Ulm University, Ulm, 89081, Germany
Eugen Tausch, Daniel Mertens, Jennifer Edelmann, Sabrina Kless, Hartmut Döhner & Stephan Stilgenbauer

	IST Austria (Institute of Science and Technology Austria), Klosterneuburg, 3400, Austria
Johannes G. Reiter

	Program for Evolutionary Dynamics, Harvard University, Cambridge, 02138, Massachusetts, USA
Johannes G. Reiter, Ivana Bozic & Martin A. Nowak

	Department I of Internal Medicine and Center of Integrated Oncology Cologne Bonn, University Hospital, Cologne, 50937, Germany
Jasmin Bahlo, Sandra Kluth, Anna Fink, Kirsten Fischer & Michael Hallek

	Department of Mathematics, Harvard University, Cambridge, 02138, Massachusetts, USA
Ivana Bozic & Martin A. Nowak

	Department of Internal Medicine II, University Hospital of Schleswig-Holstein, Campus Kiel, Kiel, 24105, Germany
Sebastian Böttcher, Michael Kneba & Matthias Ritgen

	Joint Center for Cancer Precision Medicine, Dana-Farber Cancer Institute, Brigham and Women’s Hospital, Harvard Medical School, Boston, 02215, Massachusetts, USA
Scott L. Carter

	Mechanisms of Leukemogenesis, German Cancer Research Center (DKFZ), Heidelberg, 69121, Germany
Daniel Mertens

	Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, 02138, Massachusetts, USA
Martin A. Nowak

	Cologne Cluster of Excellence in Cellular Stress Responses in Aging-associated Diseases (CECAD), Cologne, 50931, Germany
Michael Hallek

	Biostatistics and Computational Biology, Dana-Farber Cancer Institute, Boston, 02115, Massachusetts, USA
Donna Neuberg

	Cancer Center and Department of Pathology, Massachusetts General Hospital, Boston, 02129, Massachusetts, USA
Gad Getz


Authors	Dan A. LandauView author publications
You can also search for this author in
                        PubMed Google Scholar



	Eugen TauschView author publications
You can also search for this author in
                        PubMed Google Scholar



	Amaro N. Taylor-WeinerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chip StewartView author publications
You can also search for this author in
                        PubMed Google Scholar



	Johannes G. ReiterView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jasmin BahloView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sandra KluthView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ivana BozicView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mike LawrenceView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sebastian BöttcherView author publications
You can also search for this author in
                        PubMed Google Scholar



	Scott L. CarterView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kristian CibulskisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Daniel MertensView author publications
You can also search for this author in
                        PubMed Google Scholar



	Carrie L. SougnezView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mara RosenbergView author publications
You can also search for this author in
                        PubMed Google Scholar



	Julian M. HessView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jennifer EdelmannView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sabrina KlessView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michael KnebaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Matthias RitgenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Anna FinkView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kirsten FischerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stacey GabrielView author publications
You can also search for this author in
                        PubMed Google Scholar



	Eric S. LanderView author publications
You can also search for this author in
                        PubMed Google Scholar



	Martin A. NowakView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hartmut DöhnerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michael HallekView author publications
You can also search for this author in
                        PubMed Google Scholar



	Donna NeubergView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gad GetzView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephan StilgenbauerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Catherine J. WuView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
All authors contributed extensively to the work presented in this paper. D.A.L., D.N., G.G., E.T., S.S. and C.J.W. contributed to study conception and design. E.T., S.B., J.E., S.K., M.K., M.R., A.F., K.F., H.D., M.H. and S.S. performed patient selection, provided the DNA samples, and prior matched clinical and genetic data sets. C.L.S., S.G. and E.S.L. enabled sample sequencing. D.A.L., A.N.T., C.S., M.L., K.C., M.R., J.M.H., S.L.C. and G.G. contributed to the computational genomics analysis. D.A.L., E.T., J.G.R., J.B., S.K., I.B., D.M., M.A.N., D.N., G.G., S.S. and C.J.W. contributed to additional data analysis as well as manuscript preparation. All authors contributed to the writing of the manuscript.
Corresponding authors
Correspondence to
                Gad Getz, Stephan Stilgenbauer or Catherine J. Wu.


Ethics declarations

              
                Competing interests

                S.B., S.S. and M.H. have received research support and honoraria from F. Hoffmann-La Roche. S.B. is a recipient of honoraria and research support from AbbVie and of research support from Celgene. All other authors have no conflicts of interest.

              
            

Extended data figures and tables

Extended Data Figure 1 Candidate CLL cancer genes discovered in the combined cohort of 538 primary CLL samples.
Significantly mutated genes identified in 538 primary CLL. Top panel: the rate of coding mutations (mutations per megabase) per sample. Centre panel: detection of individual genes found to be mutated (sSNVs or sIndels) in each of the 538 patient samples (columns), colour-coded by type of mutation. Only one mutation per gene is shown if multiple mutations from the same gene were found in a sample. Right panel: Q-values (red, Q < 0.1; purple dashed, Q < 0.25) and Hugo symbol gene identification. New candidate CLL genes are marked with asterisks. Left panel: the percentages of samples affected with mutations (sSNVs and sIndels) in each gene. Bottom panel: plots showing allelic fractions and the spectrum of mutations (sSNVs and sIndels) for each sample.


Extended Data Figure 2 Cellular networks and processes affected by putative CLL drivers.
Putative CLL cancer genes cluster in pathways that are central to CLL biology such as Notch signalling, inflammatory response and B-cell receptor signalling. In addition, proteins that participate in central cellular processes such as DNA damage repair, chromatin modification and mRNA processing, export and translation are also recurrently affected. New CLL subpathways highlighted by the current driver discovery effort are shown in yellow boxes. Red circles indicate putative driver genes previously identified3; purple circles indicate genes newly identified in the current study.


Extended Data Figure 3 RNA-seq expression data for candidate CLL genes and targeted candidate driver validation.
a, Matched RNA-seq and WES data were available for 156 CLLs (103 CLLs previously reported3 and 53 CLLs from the ICGC studies1). From the WES of these 156 cases, we identified 318 driver mutations (sSNVs and sIndels). For each site, we quantified the number of alternative reads corresponding to the somatic mutation in matched RNA-seq data. We subsequently counted the number of instances in which a mutation was detected (‘detected’) and compared it to the number of instances in which mutation detection had >90% power based on the allelic fraction in the WES and the read depth in the RNA-seq data (‘powered’). Overall, we detected 78.1% of putative CLL gene mutations at sites that had >90% power for detection in RNA-seq data. b, Targeted orthogonal validation (Access Array System, Fluidigm) was performed for 71 mutations (sSNVs and sIndels) in putative CLL genes, affecting 47 CLLs from the CLL8 cohort (selected on the basis of sample availability). With a mean depth of coverage of 7,472×, 65 of the 71 mutations (91.55%) validated, with a higher variant allele fraction compared with normal sample DNA (binomial P < 0.01).


Extended Data Figure 4 Gene mutation maps for candidate CLL genes.
a–v, Individual gene mutation maps are shown for all newly identified candidate CLL cancer genes not included in Fig. 2. The plots show mutation subtype (for example, missense, nonsense) and position along the gene.


Extended Data Figure 5 CLL copy number profiles.
Copy number profile across 538 CLLs detected from WES data from primary samples (see Supplementary Methods).


Extended Data Figure 6 Annotation of drivers based on clinical characteristics and co-occurrence patterns.
a, Putative drivers affecting greater than 10 patients were assessed for enrichment in IGHV mutated versus unmutated CLL subtype (Fisher’s exact test, magenta line denotes P = 0.05). b, Putative drivers affecting greater than 10 patients were assessed for enrichment in samples that received therapy before sampling (Fisher’s exact test). Putative drivers affecting greater than 10 patients were tested for co-occurrence. c, d, Significantly high (c) or low (d) co-occurrences are shown (Q < 0.1, Fisher’s exact test with Benjamini Hochberg, false discovery rate, after accounting for prior therapy and IGHV mutation status, see Supplementary Methods).


Extended Data Figure 7 Mutation spectrum analysis, clonal versus subclonal sSNVs.
The spectrum of mutation is shown for the clonal and subclonal subsets of coding somatic sSNVs across WES of 538 samples. The rate is calculated by dividing the number of trinucleotides with the specified sSNVs by the covered territory containing the specified trinucleotide. Both clonal and subclonal sSNVs were similarly dominated by C > T transitions at CpG sites. Thus, this mutational process that was previously associated with ageing39 not only predates oncogenic transformation (since clonal mutations will be highly enriched in mutations that precede the malignant transformation40) but also is the dominant mechanism of malignant diversification after transformation in CLL.


Extended Data Figure 8 The CLL driver landscape in the CLL8 cohort.
Somatic mutation information shown across the 55 candidate CLL cancer genes and recurrent somatic CNAs (rows) for 278 CLL samples collected from patients enrolled on the CLL8 clinical trial primary that underwent WES (columns). Recurrent somatic CNA labels are listed in blue, candidate CLL cancer genes are listed in bold if previously identified in Landau et al.3, and with an asterisk if newly identified in the current study.


Extended Data Figure 9 CLL8 patient cohort clinical outcome (from 278 patients) information by CLL cancer gene.
Kaplan–Meier analysis (with logrank P values) for putative drivers not associated with significant impact on progression-free survival (PFS) or overall survival (OS) in the cohort of 278 patients that were treated as part of the CLL8 trial. For candidate CLL genes tested here for the first time regarding impact on outcome, a Bonferroni P value is also shown.


Extended Data Figure 10 Comparison of pre-treatment and relapse cancer cell fraction (CCF) for non-silent mutations in candidate CLL genes across 59 CLLs.
For each CLL gene mutated across the 59 CLLs that were sampled longitudinally, the modal CCF is compared between the pre-treatment and relapse samples. CCF increases (red), decreases (blue) or stable CCF (grey) over time are shown (in addition to CLL genes shown in Fig. 5). A significant change in CCF over time (red or blue) was determined if the 95% CI of the CCF in the pre-treatment and relapse samples did not overlap.





Supplementary information
Supplementary Information
This file contains Supplementary Tables 1, 5, 7, 8 and 9, Supplementary Methods and a Supplementary Bibliography. (PDF 386 kb)


Supplementary Data
This file contains Supplementary Table 2. (XLSX 328 kb)


Supplementary Data
This file contains Supplementary Table 3. (XLSX 2452 kb)


Supplementary data
This file contains Supplementary Table 4. (XLSX 19704 kb)


Supplementary Data
This file contains Supplementary Table 6. (XLSX 49 kb)


Supplementary Data
This file contains Supplementary Table 10. (XLSX 246 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


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



Cite this article
Landau, D., Tausch, E., Taylor-Weiner, A. et al. Mutations driving CLL and their evolution in progression and relapse.
                    Nature 526, 525–530 (2015). https://doi.org/10.1038/nature15395
Download citation
	Received: 29 March 2015

	Accepted: 11 August 2015

	Published: 14 October 2015

	Issue Date: 22 October 2015

	DOI: https://doi.org/10.1038/nature15395


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

                
                    	
                            
                                
                                    
                                        Activation-induced cytidine deaminase causes recurrent splicing mutations in diffuse large B-cell lymphoma
                                    
                                

                            
                                
                                    	Maria S. Benitez-Cantos
	Carlos Cano
	Pedro P. Medina


                                
                                Molecular Cancer (2024)

                            
	
                            
                                
                                    
                                        CXCR4 overexpression in chronic lymphocytic leukemia associates with poorer prognosis: A prospective, single-center, observational study
                                    
                                

                            
                                
                                    	Xinran Xue
	Zhihao Wen
	Hongyan Liao


                                
                                Genes & Immunity (2024)

                            
	
                            
                                
                                    
                                        Targeting Pim kinases in hematological cancers: molecular and clinical review
                                    
                                

                            
                                
                                    	Marcia Bellon
	Christophe Nicot


                                
                                Molecular Cancer (2023)

                            
	
                            
                                
                                    
                                        Immuno-regulatory malignant B cells contribute to Chronic Lymphocytic Leukemia progression
                                    
                                

                            
                                
                                    	Arsène Mékinian
	Anne Quinquenel
	Christine Le Roy


                                
                                Cancer Gene Therapy (2023)

                            
	
                            
                                
                                    
                                        del(8p) and TNFRSF10B loss are associated with a poor prognosis and resistance to fludarabine in chronic lymphocytic leukemia
                                    
                                

                            
                                
                                    	Ludovic Jondreville
	Lea Dehgane
	Florence Nguyen-Khac


                                
                                Leukemia (2023)

                            


                

            

        
    

            
                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
Genes expressed in chronic lymphocytic leukaemia
The results of whole-exome sequencing (WES) of samples from 538 individuals with chronic lymphocytic leukaemia (CLL), including 278 collected as part of a prospective clinical trial, identify recurrently mutated genes and highlight pathways involved in the cancer, including RNA processing and export, MYC activity and MAPK signalling. Comparisons of samples from before and after exposure to a uniform treatment demonstrate a high frequency of clonal evolution in individuals with disease relapse.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (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: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter — what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        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 cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
