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            Abstract
Similar to resting mature B cells, where the B-cell antigen receptor (BCR) controls cellular survival1,2,3, surface BCR expression is conserved in most mature B-cell lymphomas. The identification of activating BCR mutations and the growth disadvantage upon BCR knockdown of cells of certain lymphoma entities has led to the view that BCR signalling is required for tumour cell survival4,5,6,7. Consequently, the BCR signalling machinery has become an established target in the therapy of B-cell malignancies8,9. Here we study the effects of BCR ablation on MYC-driven mouse B-cell lymphomas and compare them with observations in human Burkitt lymphoma. Whereas BCR ablation does not, per se, significantly affect lymphoma growth, BCR-negative (BCR−) tumour cells rapidly disappear in the presence of their BCR-expressing (BCR+) counterparts in vitro and in vivo. This requires neither cellular contact nor factors released by BCR+ tumour cells. Instead, BCR loss induces the rewiring of central carbon metabolism, increasing the sensitivity of receptor-less lymphoma cells to nutrient restriction. The BCR attenuates glycogen synthase kinase 3 beta (GSK3β) activity to support MYC-controlled gene expression. BCR− tumour cells exhibit increased GSK3β activity and are rescued from their competitive growth disadvantage by GSK3β inhibition. BCR− lymphoma variants that restore competitive fitness normalize GSK3β activity after constitutive activation of the MAPK pathway, commonly through Ras mutations. Similarly, in Burkitt lymphoma, activating RAS mutations may propagate immunoglobulin-crippled tumour cells, which usually represent a minority of the tumour bulk. Thus, while BCR expression enhances lymphoma cell fitness, BCR-targeted therapies may profit from combinations with drugs targeting BCR− tumour cells.
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                    Figure 1: λ-MYC lymphoma cells losing BCR expression continue to grow in vitro and in vivo.[image: ]


Figure 2: BCR− lymphoma cells are outcompeted by their BCR+ counterparts.[image: ]


Figure 3: BCR improves lymphoma fitness through GSK3β inhibition.[image: ]


Figure 4: BCR-independent lymphomas potentiate GSK3β phosphorylation and MYC-controlled gene expression.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of λ-MYC;B1-8f primary B-lymphoma cells.
a, The conditional λ-MYC;B1-8f mouse B-lymphoma model. b, Immunophenotypic characterization of B220+-gated tumour B cells from a representative λ-MYC;B1-8f tumour-bearing animal (thick black line). Comparison with splenic B220+-gated B cells from wild-type mice is shown (filled grey line). Experiments are representative of three lymphomas.


Extended Data Figure 2 Acute BCR ablation leaves the growth of λ-MYC lymphoma cells unperturbed.
a, In vitro growth curves of BCR+ and BCR− lymphoma clones grown in isolation, established from TAT-Cre-transduced λ-MYC;B1-8f primary lymphomas (n = 2). b, In vitro growth curves of representative pools of BCR+ and BCR− cells purified from TAT-Cre-transduced lymphomas (n = 2), grown in isolation. c, Kaplan–Meier curves of immunocompetent mice (BCR+, n = 7; BCR−, n = 8) transplanted with BCR+ or BCR− tumour clones established from a primary λ-MYC;B1-8f lymphoma (log-rank (Mantel–Cox) test: ***P < 0.001). d, IgM status in BCR+ (top) and BCR− (bottom) tumour clones from representative lymphomas, analysed before transplantation (Pre), or retrieved from the spleen of tumour-bearing recipients, 25 days after the transfer (Post). Frequencies of gated B220+ FSChi tumour B cells are indicated within plots. Experiments were performed with cells of three (a–d) lymphomas and data are representative of at least two experiments per tumour. Data represent mean values ± s.e.m. of three or more technical replicates (a, b).

                          Source data
                        


Extended Data Figure 3 Effects of BCR ablation on competitive growth of MYC-transformed B cells.
a, IgH Southern blot analysis of representative λ-MYC;B1-8f lymphoma cells analysed at the indicated days of in vitro culture after TAT-Cre transduction. Bands correspond, respectively, to conditional (B1-8f) and Cre-recombined (B1-8∆) B1-8 alleles, and to the IgH germline (GL) allele. b, Average frequency of BCR+ and BCR− lymphoma cells assessed by flow cytometry at the onset, and 4 days after in vitro competition of representative lymphoma clones (n = 4). c, In vitro competitions of representative pools of BCR+ and BCR− lymphoma cells from three lymphomas followed for 6 days. Frequencies of BCR+ and BCR− lymphoma cells are represented. d, IgH Southern blot analysis of purified BCR+ and BCR− lymphoma pools, before (Day 0) transplantation into recipients as a 1:1 mixture, and in the spleen of tumour-bearing animals 14 days later. Tail-tip DNA from B1-8f homozygous mice (B1-8f/f) was included in the analysis as control. e, Representative flow cytometric analysis of CFSE-labelled BCR+/BCR− tumour mixtures from the indicated lymphomas before transplantation (Pre-injection), and present in the bone marrow (BM) of recipient animals 2 h after injection. Frequencies of gated FSChi CD19+ CFSE+ transplanted tumour cells (n = 2 per tumour) are shown. f, Strategy of IgH complementation in BCR− lymphoma cells. g, Average frequency of retrovirally complemented (GFP+) tumour B cells with the indicated surface BCR phenotype, before injection (Day 0) of IgMbGFP+/IgM−GFP+ tumour cell mixtures (2487, n = 2), and retrieved from the bone marrow and spleen (SPL) of transplanted mice 27 days after transfer. h, Quantification by qRT–PCR of spliced Xbp1 (Xbp1s) transcripts in pools of BCR+ and BCR− lymphoma cells purified from acutely transduced lymphomas grown in isolation. Data are relative to total Xbp1 (Xbp1t) messenger RNA levels. Representative BCR+ lymphoma cells treated with DTT to trigger the unfolded protein response were used as positive control. Experiments were performed on one (a, d, f, g), two (b, e) or more (c, h) lymphomas, and reproduced once (a, d), twice (e–h) or more (b, c). Boxes represent the 25th–75th percentiles and median (horizontal line), whiskers correspond to the 1.5 interquartile range added to the 75th percentile, or subtracted to the 25th percentile, respectively (b, c). Unpaired t-test (b, c) ***P < 0.001.

                          Source data
                        


Extended Data Figure 4 BCR loss impairs cell-cycle progression and survival of MYC-transformed B cells during competition with BCR+ tumour cells.
a, Summary of cell-cycle distribution analysis data (n = 12) on BCR+ and BCR− lymphoma cells from four tumours grown in isolation. b, Representative flow cytometric determination of caspase activation (VAD-FMK+) among gated IgM+ and IgM− B-lymphoma cells (2676), retrieved after 5 days of in vitro competition. Numbers indicate frequency of VAD-FMK+ cells. c, Frequencies of VAD-FMK+ apoptotic lymphoma cells in BCR+ and BCR− populations of the indicated lymphomas, retrieved from days 4/5 of in vitro competition. d, Average frequency of apoptotic cells with subG1 DNA content among BCR− tumour B cells from four lymphomas (2646, 2676, 2564 and 2487), grown, respectively, in competition (n = 20) and isolation (n = 11). e, Numbers of BCR+ and BCR− tumour B cells measured from matched Transwell compartments were used to determine BCR−/BCR+ ratios at the indicated days of in vitro competitions. Clones from two lymphomas were analysed. f, Growth curves of BCR− lymphoma cells from two tumours (2646 and 2567) cultured in isolation for the indicated days in the presence of 50% conditioned medium/supernatant (SN) harvested from cultures of BCR+ and BCR− cells grown in isolation or from 1:1 mixtures (SN BCR+/−). Mean values ± s.e.m. of three technical replicates are shown. Experiments were performed on two (e) or more (a–d, f) lymphomas, and reproduced once (b, c, f), twice (e) or more (a, d) for each tumour. Boxes represent the 25th–75th percentiles and median (horizontal line), whiskers correspond to the 1.5 interquartile range added to the 75th percentile, or subtracted to the 25th percentile, respectively (a, d). Unpaired t-test (a, c, d), ***P < 0.001, NS, not significant.

                          Source data
                        


Extended Data Figure 5 BCR controls lymphoma cell fitness through GSK3β inactivation.
a, Representative flow cytometric analysis of BCR+/BCR− tumour mixtures (2676) cultured in vitro for 7 days in the presence of vehicle (DMSO) or CHIR99021. Numbers indicate frequency of cells within the corresponding quadrants. b, Frequencies of BCR− cells obtained from BCR+/BCR− tumour mixtures from two lymphomas, grown in vitro in the absence (−) or presence (+) of CHIR99021. Each symbol represents the average value of three measurements (unpaired t-test, **P < 0.01). c, Quantification by immunoblotting analysis of GSK3β levels in lymphoma cells (2567) after lentiviral expression of control (CTRL) or GSK3β targeting shRNAs (sh1 and sh2). Numbers indicate normalized GSK3β levels relative to control infected cells. d, Flow cytometric quantification of GSK3β levels in lymphoma cells (2567) after GSK3β knockdown using the indicated shRNAs. e, Histogram of the variation in BCR− tumour cell frequency 3 days after in vitro competition of BCR+/BCR− tumour cell mixtures (2567) infected with viruses expressing the indicated GSK3β-specific shRNAs, or with control virus. f, Effects of concomitant pharmacological inhibition of PI3Kδ and GSK3β on in vitro growth of BCR+ lymphoma cells (2646). Data refer to numbers (± s.e.m.) of treated tumour B cells relative to control cells grown in medium-containing carrier (DMSO). g, Frequency of viable (propidium-iodide-negative, PI−) lymphoma cells (± s.e.m.) from a representative tumour (2646) grown in vitro under concomitant inhibition of GSK3β (CHIR99021) and/or PI3Kδ (CAL-101). Frequencies are relative to vehicle (DMSO)-treated tumour cells. Unpaired t-test, ***P < 0.001). Data represent, respectively, one (c–g) and two (a, b) lymphomas, and were reproduced once (c, d), twice (e) or more (a, b, f, g) for each tumour.

                          Source data
                        


Extended Data Figure 6 Gene networks regulated by the BCR–GSK3β axis in MYC-driven B lymphomas.
a, Number of genes differentially expressed (fold change > 1.3) between BCR+ and BCR− lymphoma cells. b, Number of genes whose expression is corrected (>30%) in BCR− tumour cells of three lymphomas retrieved from in vitro competitions treated with CHIR99021. c, Hierarchical clustering and heat map of genes controlled by the BCR through GSK3β inhibition in three lymphomas. Expression values are relative to the median expression value across all samples (log2 scale). d, Venn diagram of the number of genes differentially expressed between BCR+ and BCR− tumour B cells of three lymphomas (fold change > 1.3), which were corrected by pharmacological GSK3β inhibition. e, Top 15 ENCODE Transcription Factor ChIP-seq gene-set libraries significantly enriched (Fisher’s exact test, adjusted P < 0.05) for genes controlled by the BCR (fold change > 1.3) through GSK3β inhibition in three lymphomas (2646, n = 1,290; 2564, n = 750; 2676, n = 375), as revealed by the Enrichr software tool. Bioinformatic analyses were performed on transcriptome data obtained from tumour cells of three lymphomas purified from ongoing in vitro competitions (a–e).


Extended Data Figure 7 MYC-driven B-lymphoma cells select Ras mutations to bypass BCR requirement for optimal fitness.
a, Flow cytometric analysis of a representative BCR− clonal variant (2646 clone 7) resisting in vitro competition with BCR+ tumour cells (top), analysed at the indicated days after onset of competition. As a comparison, BCR− lymphoma cells succumbing to competition with their BCR+ counterparts were analysed (bottom). Numbers indicate frequency of viable tumour cells. b, Representative cell-cycle distribution analysis of, respectively, BCR+, BCR− and BCR-independent lymphoma clones (2646). Numbers indicate frequency of boxed cells. c, Cell-cycle distribution analysis of BCR+ and BCR-independent lymphoma clones from two tumours after 4 days of in vitro competition. d, Comparison of in vitro growth curves between BCR+ and BCR-independent lymphoma clones from a representative tumour (2646) grown in isolation. Mean values ± s.e.m of three replicates are shown. e, Numbers of BCR+ and BCR-independent lymphoma cells (2646) grown in isolation for 4 days in the presence of CAL-101. Data are relative to vehicle (DMSO)-treated control tumour cells. f, Frequency of viable (propidium-iodide-negative, PI−) BCR+ and BCR-independent tumour cells from representative lymphoma clones (2646) treated in vitro for 4 days with the indicated doses of CAL-101. Percentages of viable tumour cells are relative to vehicle-treated controls (DMSO). g, Venn diagram of number of differentially expressed genes between the indicated tumour subset comparisons of a representative lymphoma (2676). h, Gene categories significantly enriched (Fisher’s exact test, q < 0.05) among, respectively, upregulated (grey bars) and downregulated (black bars) genes in BCR-independent lymphoma cells compared with receptor-less tumour cells succumbing to the BCR+ counterparts (2646 and 2676). Dashed lines indicate threshold of significance (adjusted P = 0.05). i, Heat map of quantities of selected 13C-labelled metabolites measured, respectively, in BCR+, BCR− and BCR-independent lymphomas through pSIRM, derived from the catabolism of exogenous glutamine (Gln). j, Overlap of MYC target genes regulated by the BCR (BCR− versus BCR+) with those distinguishing BCR− lymphoma cells from BCR-independent tumour variants. k, Heat map of transcript levels of MYC target genes controlled by the BCR in lymphoma cells, measured in BCR-independent lymphoma cells. Expression values are relative to the median expression value across all samples (log2 scale). l, Sanger sequencing validation of Nras and Kras mutant alleles in BCR-independent clones established from three primary lymphomas. Arrows indicate single-nucleotide variants. m, Immunoblotting analysis of phospho-ERK (T202/Y204) levels in BCR+, BCR− and BCR-independent clones isolated from three lymphomas, including one lacking Ras mutations (2676 clone 1). n, Effect of activated RAS complementation on the in vitro out-competition of BCR− tumour B cells from three lymphomas analysed at the indicated days after TAT-Cre transduction. Competitions with BCR+/BCR− tumour mixtures infected with an empty virus (EV) acted as control. o, Growth curves of representative BCR-independent lymphoma cells cultured for 4 days in presence of the MEK inhibitor U0126 (10 μM), or vehicle (DMSO) (two-way analysis of variance, *P < 0.05; **P < 0.01). Mean values ± s.e.m of three replicates are shown. Experiments were performed on one (e, f), two (b–c, g–k, o) or three (a, d, l, m, n) independent lymphomas, and reproduced twice (b–f, m–o) or more (a) for each tumour.

                          Source data
                        


Extended Data Figure 8 A subset of Burkitt lymphoma cases consists of Ig-negative lymphoma cells.
a, Immunohistochemical analysis of IgM (brown) and c-MYC (blue) expression in tissue sections of representative Burkitt lymphoma cases classified, respectively, as type 1, type 2 and type 3 tumours according to the frequency of IgM− tumour cells. Scale bar, 50 μm. b, Immunohistochemical validation of BCR negativity in representative cases of type 1, type 2 and type 3 Burkitt lymphoma. Tumour sections were immunostained for IgA, IgG and IgD isotypes. Staining for TdT expression was performed to exclude a progenitor B-cell origin of the tumours. Sections of human intestinal lamina propria were included as positive controls for IgA and sections of spleen as positive controls for IgG and IgD, respectively. A section from infiltrated testis with lymphoblastic B-cell lymphoma was used as positive control for TdT staining. Scale bar, 50 μm. c, Nucleotide sequence of clonal IGLV (lambda) and IGHV gene rearrangements amplified by PCR from a Burkitt lymphoma case consisting primarily of BCR− cells (case 4), as revealed by Sanger sequencing. Tumour IG V gene sequences are matched to the closest germline V gene identified by IgBLAST. Dots represent shared nucleotides. Asterisk (*) refers to a termination codon. Amino-acid changes resulting from nucleotide substitutions are shown in magenta. d, Sanger sequencing of a heterozygous NRASG12D hotspot mutation (arrow) identified in tumour material from a Burkitt lymphoma case with IgM-negative tumour B cells.
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