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            Abstract
Chronic lymphocytic leukaemia (CLL) is a frequent disease in which the genetic alterations determining the clinicobiological behaviour are not fully understood. Here we describe a comprehensive evaluation of the genomic landscape of 452 CLL cases and 54 patients with monoclonal B-lymphocytosis, a precursor disorder. We extend the number of CLL driver alterations, including changes in ZNF292, ZMYM3, ARID1A and PTPN11. We also identify novel recurrent mutations in non-coding regions, including the 3′ region of NOTCH1, which cause aberrant splicing events, increase NOTCH1 activity and result in a more aggressive disease. In addition, mutations in an enhancer located on chromosome 9p13 result in reduced expression of the B-cell-specific transcription factor PAX5. The accumulative number of driver alterations (0 to ≥4) discriminated between patients with differences in clinical behaviour. This study provides an integrated portrait of the CLL genomic landscape, identifies new recurrent driver mutations of the disease, and suggests clinical interventions that may improve the management of this neoplasia.
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                    Figure 1: Significantly mutated genes and pathways.[image: ]


Figure 2: Activating mutations in the 3′ UTR non-coding region of NOTCH1.[image: ]


Figure 3: Identification of somatic mutations in a PAX5 enhancer.[image: ]


Figure 4: Prognostic effects of individual alterations and number of drivers.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Molecular characterization of CLL and MBL subtypes.
a, CLL and MBL cases are divided according to the somatic hypermutation mutational status of their clonotypic IGHV genes into IGHV-MUT (black) and IGHV-UNMUT (grey) subgroups. Clinical and molecular data from 506 cases profiled with four different platforms are shown. Chromosome 13 is shown in detail. Und, undetermined. b, Box plot showing the total number of somatic mutations identified in IGHV-MUT and IGHV-UNMUT cases by WGS (*P < 3 × 10−8). c, Main mutational signatures identified by WGS. d, Relationship between total number of mutations and contribution of signature 2 and the IGHV-status of tumours (red: IGHV-MUT; blue: IGHV-UNMUT; grey: undetermined).


Extended Data Figure 2 Distribution of CNAs and structural variants in 506 cases of CLL and MBL.
a, The total number of CNAs detected per case is indicated on top. Clinicobiological characteristics of patients (CLL/MBL and IGHV status) are shown on the middle row (MBL and IGHV-UNMUT depicted with green lines), together with the presence of chromothripsis. The main DNA copy number alterations identified are shown on the bottom. The presence of a deletion is indicated by a red line, homozygous deletion by a Bordeaux colour, blue lines indicate the presence of a gain, translocation t(14;18) is shown in green, grey lines represent the absence of alteration, and white lines indicate that no information is available for the t(14;18) for that particular case. b, Circular diagram representation of the distribution of structural variants detected in 148 WGS CLL samples. Displayed in the outer layer we show recurrence in CNAs, followed by all the breakpoints derived from large ( > 100 bp) intra- and inter-chromosomal rearrangements (dark blue) in the inner layer. For clarity, we have set the scale of CNAs to 20%, as the maximum, showing sequence gains and losses, as positive (blue) and negative (red) values, respectively. Rearrangements are displayed in absolute counts, indicating that the values in each of the regions do not reflect the recurrence among samples, as some regions with high values derive from one or two cases, normally with complex karyotypes. We highlighted with dashed squares those regions (3p21, 11q23, 13q14, 14q32 and 18q21) with rearrangements observed in more than 5% of cases with WGS. As to rearrangement events, of a total of 358 breakpoints were detected across all 148 samples, 41% of them correspond to interchromosomal translocations, while 59% occurred within chromosomes. Chromosomes 11 and 13 appear as the most rearranged, entailing 25% of all the breaks, followed by chromosomes 3 and 6 (with 8% each). Regarding interchromosomal rearrangements chromosomes 6, 8, 13 and 14 appear as the most translocated, being involved in 32% of all translocations observed. Recurrent breakpoints are indicated by arrows: black arrows for rearrangements affecting 18q21 and BCL2 (four cases with 14q32 and one case with 2p11) and blue arrows for rearrangements affecting 13q14 (nine cases with different chromosomes).


Extended Data Figure 3 Schematic view of the translocations involving BCL2 and patterns of complex structural variants in the WGS of a CLL case.
a, A total of nine translocations t(14;18)(q32;q21) were identified, resulting in the fusion of the IGH enhancer on the 3′ UTR of BCL2, as well as one translocation between the IGK locus on chromosome 2, t(2;18)(p11;q21), which affected the promoter region of BCL2. Cases with these translocations had multiple somatic mutations in the 5′-region of BCL2 (arrowheads and lollipops). RNA-seq data analysis revealed an allelic imbalance, with the rearranged allele usually much more expressed that the germline allele (pie-charts within lollipops showing in red the mutant allele fraction detected by RNA-seq for each somatic mutation), probably reflecting the effect of the translocation on the expression of BCL2 and recruitment of the SHM machinery to this locus. b, Gene expression analysis revealed that the presence of the t(14;18)(q32;q21) resulted in overexpression of BCL2 in these cases when compared with other CLL or MBL cases. c, FISH analysis of CLL cells from case 151 using a dual colour fusion probe for IGH (green) and BCL2 (red). Fusion signals are indicated with arrows. d, Case numbers and genomic coordinates for the detected translocations between immunoglobulin genes and BCL2. e, Circular representation of structural variants detected in six CLL tumours with complex rearrangements including four cases with chromoplexia (samples 16, 141, 294 and 753), chromothripsis (sample 880) and combined (sample 853). Chromosomes are represented in the outer layer, regions lost (red) and gained (blue) detected by SNP arrays are shown in the inner layer. Inter and intrachromosomal rearrangements are represented as black and blue lines, respectively. f, Reconstruction at base pair resolution of the resulting reorganized chromosomes in case 853 including der(X) in yellow, der(2) in dark blue, der(8) in green, and der(11) in red. In these reconstructions, only reorganized fragments larger than 100 bp are represented unless they involve interchromosomal translocations. Rearranged regions are not drawn to scale. Arrows denote inverted fragments relative to their normal and original orientation. Flanking portions of the derivative chromosomes without detected rearrangements are collapsed and shown as broken boxes. Estimated sizes (in Mb) for the resulting derivative chromosomes are shown on the left side, including the fraction (percentage) relative to the corresponding normal chromosome size. Asterisks indicate breakpoints that have been experimentally studied and verified. Genes disrupted by breakpoints are displayed on the left side of each of the proposed derivative chromosomes in purple. g, Whole-chromosome painting confirmed the sequencing reconstruction proposed in b. Simultaneous painting of chromosome 8 (green) and 11 (red) shows a normal chromosome 11 and a shorter chromosome der(11) as well as a normal chromosome 8 and der(8) that contains a fragment of chromosome 11 inserted below the centromeric region. In addition, a small fragment of chromosome 8 is detected in the telomeric region of derivative chromosome 2.


Extended Data Figure 4 Effect of activating mutations in the 3′ UTR non-coding region of NOTCH1.
a, Proportion of RNA-seq reads supporting an aberrant splicing in cases with or without mutations in the 3′ UTR of NOTCH1 (**P < 0.01). b, Immunohistochemistry of CLL cells with antibodies against NOTCH1 showing the nuclear accumulation of NOTCH1 in cells with coding or non-coding mutations in NOTCH1 (case numbers are indicated inside). Original magnification, ×100. c, Clinical and biological features of patients with NOTCH1 mutations. Characteristics of patients with truncating mutations in the coding region of NOTCH1, in the 3′ UTR of NOTCH1, or without mutations in NOTCH1 for Binet, ZAP70, CD38, IGHV status and trisomy 12.


Extended Data Figure 5 Effect of mutations in the PAX5 enhancer on gene expression.
Comparative analysis of gene expression between IGHV-MUT CLL tumours with or without (WT) mutations in the PAX5 enhancer for 15 genes located around the recurrently mutated enhancer in CLL and MBL samples.


Extended Data Figure 6 PAX5 enhancer deletion downregulates PAX5 expression in human B cell lines.
a, PCR analysis of CRISPR/Cas9 deletion of PAX5 enhancer in lymphoblastoid B cells (left) and RAMOS cells (right). b, Quantitative RT–PCR (RT–qPCR) analysis of PAX5 expression in PAX5 enhancer deleted lymphoblastoid B cells (left) and RAMOS cells (right). Bars represent mean relative PAX5 mRNA levels after normalization to GAPDH expression and relative to wild-type cells. Errors bars represent the s.d. between technical triplicates of CRISPR/Cas9-induced mutations in PAX5 enhancer in lymphoblastoid B cells (left) and RAMOS cells (right). c, PCR analysis of CRISPR/Cas9-introduced mutations in the PAX5 enhancer in lymphoblastoid B cells (left) and RAMOS cells (right). d, RT–qPCR analysis of PAX5 expression in PAX5-enhancer-mutated lymphoblastoid B cells (left) and RAMOS cells (right). Bars represent mean relative PAX5 mRNA levels after normalization to GAPDH expression and relative to wild-type cells. Error bars represent the s.d. between technical triplicates (*P < 0.05; **P < 0.01).


Extended Data Figure 7 Distribution of genetic, epigenetic and expression features in CLL.
Distribution of genetic features, family of IGHV rearrangements and BCR stereotypes in naive cell-like CLL cases, intermediate CLL and memory-cell-like CLL cases. a, Frequency of driver mutations. b, c, Copy number alterations (b) and contribution of signature 2 (c) according to the epigenetic classification (green: naive-like; red: memory-like; yellow: intermediate). MBL patients were excluded from this analysis. d, Usage of IGHV families. e, Proportion of cases with stereotyped IGHV sequences. f, Number of cases of each of the stereotyped subsets identified in our series. For the analysis shown in e and f, both CLL and MBL patients were merged. The asterisk on the top of the bars in a and b indicates that the frequency of the genetic feature is higher than expected by chance in one particular epigenetic subgroup (P < 0.05). CP, chromoplexy; CT, chromothripsis. g, Relationship between genetic and epigenetic alterations in CLL. Correlation between the total number of somatic mutations detected by WGS per case and the number of CpGs showing differential methylation per case as compared to naive B cells (r = 0.64, P < 0.001). h, Correlation between the contribution of signature 2 mutations and the number of differential CpGs as in a. Tumours are coloured according to their IGHV status. i, Comparative analysis of CLL and MBL. Principal component analysis of differential methylation (up) and gene expression (bottom) data derived from either CLL tumours or MBL samples, reveals that MBL samples usually clustered with their corresponding IGHV-status CLL samples.


Extended Data Figure 8 Kaplan–Meier plot of time to first treatment stratified by the type of aberration in ATM, BIRC3, TP53 and ZNF292 genes.
TTT curves of the 386 untreated patients with Binet stage A or B. Cases are stratified according to the gene mutation status: wild type (green line), mutated and mutated+deleted (Mut, blue line) or deleted (Del, red line). The log-rank P-;values comparing the mutated (blue line) and the deleted (red line) cases are shown.


Extended Data Table 1 Clinical information at the time of sampling of 452 patients with CLL and 54 with MBLFull size table


Extended Data Table 2 Recurrently mutated genes in CLL and MBL by WGS, WES or CNAsFull size table
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