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            Abstract
Malignant transformation of cells typically involves several genetic lesions, whose combined activity gives rise to cancer1. Here we analyse 1,148 patient-derived B-cell leukaemia (B-ALL) samples, and find that individual mutations do not promote leukaemogenesis unless they converge on one single oncogenic pathway that is characteristic of the differentiation stage of transformed B cells. Mutations that are not aligned with this central oncogenic driver activate divergent pathways and subvert transformation. Oncogenic lesions in B-ALL frequently mimic signalling through cytokine receptors at the pro-B-cell stage (via activation of the signal-transduction protein STAT5)2,3,4 or pre-B-cell receptors in more mature cells (via activation of the protein kinase ERK)5,6,7,8. STAT5- and ERK-activating lesions are found frequently, but occur together in only around 3% of cases (P = 2.2 × 10−16). Single-cell mutation and phospho-protein analyses reveal the segregation of oncogenic STAT5 and ERK activation to competing clones. STAT5 and ERK engage opposing biochemical and transcriptional programs that are orchestrated by the transcription factors MYC and BCL6, respectively. Genetic reactivation of the divergent (suppressed) pathway comes at the expense of the principal oncogenic driver and reverses transformation. Conversely, deletion of divergent pathway components accelerates leukaemogenesis. Thus, persistence of divergent signalling pathways represents a powerful barrier to transformation, while convergence on one principal driver defines a central event in leukaemia initiation. Pharmacological reactivation of suppressed divergent circuits synergizes strongly with inhibition of the principal oncogenic driver. Hence, reactivation of divergent pathways can be leveraged as a previously unrecognized strategy to enhance treatment responses.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Segregation of STAT5 and ERK activation in human B-ALL.[image: ]


Fig. 2: STAT5–MYC and ERK–BCL6 signalling are incompatible and define distinct stages of B-cell development.[image: ]


Fig. 3: Concurrent oncogenic STAT5 and ERK activation subverts B-cell leukaemogenesis.[image: ]


Fig. 4: Genetic deletion of alternative pathways triggers initiation of STAT5- and ERK-driven leukaemia.[image: ]
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                Data availability


Gel scans are provided in Supplementary Fig. 1. All other data are available from M.M. upon reasonable request. The Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) accession number for the gene-expression profiles of diagnostic samples from 207 patients (COG P9906) is GSE11877 (Supplementary Table 10). ChIP–seq data from human B lymphocytes (GM12878) are from ENCODE. Further information and requests for reagents can directed to and will be fulfilled by M.M. Source data are provided with this paper.



Code availability


Codes for mutual exclusivity analyses are available on GitHub at https://github.com/muschenlab/Stat5-vs-Erkunder the MIT license, which allows for reuse and distribution.
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Extended data figures and tables

Extended Data Fig. 1 Segregation of STAT5- and ERK-activating mutations in human ALL and AML.
a–e, We studied STAT5- and ERK-pathway mutations in 1,148 patient-derived B-ALL samples (Supplementary Table 1). The null hypothesis is that STAT5- and ERK-pathway mutations occur independently of each other. The expected co-occurrence of mutations in both pathways under the null hypothesis was 121. a, The observed co-occurrence of the two mutations was 35, significantly lower than expected (odds ratio (OR) = 0.13; P = 2.2 × 10−16; Fisher’s exact test). b, To analyse gene–gene co-occurrence in a more unsupervised manner, we ran a Fisher’s test for each gene pair and plotted the results as a co-occurrence network. The pathway assignment for each gene is indicated by the node colour (white, STAT5; grey, ERK), and the mutation frequency by the node size. The direction of the Fisher’s result is indicated by the line colour (green, positive/greater than expected; red, negative/lower than expected); the line width represents the strength of association (–log10 P-value × |logOR|). c, Volcano plot of gene–gene co-occurrence results. Each point represents a gene pair, coloured by the pathway assignment for the pair (green, both STAT5; red, both ERK; grey, interpathway); selected gene pairs are labelled. The overall difference in co-occurrence between pathways was tested by two complementary methods, as follows. d, First, a Fisher’s test was run over 10,000 permutations, with random shuffling of gene-pathway assignments on each iteration, to generate a null distribution for the hypothesis that the pathway does not affect co-occurrence, which we compared against the observed value from ALL patient data. e, Second, overall shifts in the distribution of logORs between pathways for Fisher’s results on individual gene pairs were tested by Welch’s two-sample t-test (left-hand part of panel; two-sided, P = 0.001) and one-way analysis of variance (ANOVA; right-hand part of panel; P = 0.0004) with Tukey’s HSD post-test (P = 0.0003 and P = 0.16). Low-frequency, non-significant gene pairs were excluded to avoid extreme odds ratios biasing results. f–j, The same analyses were carried out on 916 patient-derived AML samples (Supplementary Table 2). The expected co-occurrence of mutations in both pathways under the null hypothesis was 34; the observed co-occurrence was 24, significantly lower than expected (f; OR = 0.59, P = 0.033, Fisher’s exact test). j, Left, Welch’s two-sample t-test (two-sided, P = 0.82); right, one-way ANOVA (P = 0.57).


Extended Data Fig. 2 Single-cell phosphoprotein analyses of patient-derived B-ALL samples reveal segregation of STAT5 and ERK phosphorylation to competing clones.
a–e, For single-cell phosphoprotein analyses, scWest chips were used to capture individual cells and perform size-based protein separation. Each chip includes 16 arrays of 400-well blocks (6,400 wells) on a polyacrylamide gel. Single-cell suspensions of patient-derived B-ALL cells were loaded onto the scWest chip and inserted into Milo (ProteinSimple) for cell lysis, size-based protein separation and UV capture to immobilize protein bands. a, A representative scanned image of the scWest chip probed with histone H3 antibodies to confirm cell occupancy, followed by fluorescent secondary antibodies (n = 16 independent biological samples). b, c, Chips were probed with anti-STAT5-pY694 and anti-ERK-pT202/Y204 antibodies followed by fluorescent secondary antibodies for simultaneous detection of both phosphoproteins. At the left are representative images of signals observed for STAT5-pY694 and ERK-pT202/Y204. At the right, fluorescence intensity was plotted against distance from the well centre (peak location, in μm). In addition to histone H3, chips were stained for DNA using TOTO-1 dye to verify cell occupancy. Each signal was inspected to confirm that it was associated with a peak located at the correct distance from the well centre (n = 16 independent biological samples, each in triplicate). Chips were scanned using a microarray scanner, and peak identification was performed using Scout Software (ProteinSimple). For single-cell western analyses, optimal cell loading is achieved when 2% or fewer wells contain multiple cells (https://www.proteinsimple.com/milo.html). d, e, Single-cell phosphoprotein analyses for STAT5-pY694 and ERK-pT202/Y204 were performed for patient-derived B-ALL samples (six independent biological samples, each in triplicate) with anti-STAT5-pY694 and anti-ERK-pT202/Y204 antibodies for simultaneous detection of both STAT5 and ERK phosphorylation. scWest chips were then probed for histone H3 and TOTO-1 (DNA stain) to verify cell occupancy. Scout Software (ProteinSimple) was used for peak identification and data analysis. Each data point was inspected to confirm that the signal detected was associated with a peak located at the correct peak location (distance from the well centre). d, Heatmaps illustrating cells that express STAT5-pY694 (green) and/or ERK-pT202/Y204 (red). Sample names and genetic characteristics are shown at the top of each heatmap. e, Tables summarizing the number of cells expressing neither STAT5-pY694 nor ERK-pT202/Y204 and the number of cells expressing either STAT5-pY694 or ERK-pT202/Y204, or in rare cases, both. For single-cell western analyses, optimal cell loading is achieved when 2% or fewer wells contain multiple cells.


Extended Data Fig. 3 Phenotypic characterization of B-ALL cells driven by oncogenic STAT5 or ERK.
a–g, Eight different B-ALL PDX samples (Supplementary Table 5) were analysed by flow cytometry for surface expression of CRLF2 (a), VpreB (b), CD20 (c), IgM (d), Ig-κλ (e), CD34 (f) and IL7R (g). Normal CD19+ B-cell precursors from a normal human bone-marrow (BM) sample and mature B cells from a normal human peripheral blood (PB) sample, as well a mature B-cell lymphoma cell line (DLBCL), were used as references. Shown are representative FACS plots from three independent experiments.


Extended Data Fig. 4 Phenotypic differences between B-ALL cells driven by oncogenic STAT5 or ERK reflect developmental rewiring during early B-cell development.
a, Mouse B-cell precursors, STAT5-driven B-ALL cells, BCR–ABL1-driven B-ALL cells and NRASG12D-driven B-ALL cells were analysed by flow cytometry for surface expression of CD43, IL7R, VpreB, IgM, Ig-κ, IgD and CD21. Normal CD19+ B-cell precursors from bone-marrow (BM) cells and CD19+ spleen B cells from wild-type mice were used for reference. Shown are representative FACS plots from three independent biological replicates. b, For STAT5-driven B-ALL cases (n = 26) and ERK-driven B-ALL cases (n = 67), mRNA levels of IGLV, IGHM, IKZF1 and BCL6 were analysed in microarray results and associated with clinical outcome (COG P9906) at the time of diagnosis. Patients in each group were segregated into two subgroups on the basis of higher- versus lower-than-median mRNA levels for each of these four genes. Overall survival and relapse-free survival for the Kaplan–Meier plots are shown. Mantel–Cox log-rank tests (two-sided) were used to determine statistical significance. y-axes indicate time (years). 


Extended Data Fig. 5 Concurrent activation of STAT5 and ERK signalling induces B-cell senescence and cell death.
a, Levels of NRASG12D, STAT5-pY694, STAT5, STAT3-pS727, STAT3, ERK1/2-pT202/Y204 and ERK1/2 upon doxycycline-induced expression of NRASG12D or STAT5ACA (n = 3 independent experiments). b, c, IL7-dependent mouse pro-B cells (b) or pre-B cells (c) were transduced with empty vector (EV), BCR–ABL1–GFP or LMP2A–GFP. Changes in proportions of GFP+ cells were monitored by flow cytometry (n = 3 independent experiments; means ± s.d.). d, e, FACS analysis of annexin V/7AAD (left) and senescence β-galactosidase staining (centre) were performed with pro-B cells (d) and pre-B cells (e) expressing EV, LMP2A or BCR–ABL1 as indicated. Right, levels of p16 and p21 were examined (n = 3 independent experiments). Shown are representative FACS plots and images from three independent experiments. P-values were determined by two-tailed t-test. β-Galactosidase staining for senescent cells is quantified as the mean percentage of cells positive for staining ± s.d. f, As in normal B-cell development, B-ALL subtypes can be traced to specific differentiation stages with distinct requirements for survival and proliferation signals. For instance, pro-B cells depend on cytokine-receptor signalling and activation of STAT5 but not ERK. Conversely, pre-B cells depend on pre-BCR signalling and activation of ERK but not STAT5. STAT5-driven B-ALL cells (left) depend on oncogenic mimics of cytokine-receptor signalling and resemble pro-B cells that depend on STAT5 activation downstream of cytokine receptors. Mimicking pre-BCR signalling at the pro-B-cell to pre-B-cell transition (right), oncogenic RAS signalling suppresses STAT5 signalling and induces de novo expression of BCL6. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 6 Pharmacological inhibition of divergent pathways facilitates B-leukaemogenesis.
a, IL7-dependent pro-B cells were first retrovirally transduced with EV–GFP (left), BCR–ABL1–GFP (second from left), EV–Orange (second from right), or NRASG12D–Orange (right). One week later, GFP+ B-ALL cells were transduced with NRASG12D–Orange for concurrent activation of ERK, and Orange+ B-ALL cells were transduced with BCR–ABL1–GFP for concurrent activation of STAT5. The ability of oncogenic STAT5 (GFP+) and ERK (Orange+) signalling to contribute to the dominant clone was monitored by flow cytometry over time. Flow cytometry was performed to monitor the proportions of GFP+, Orange+ and double-positive cells at various time points following transductions. Shown are representative FACS plots from three independent biological replicates. BA–GFP, BCR–ABL1–GFP. b, Cells from a were sorted for double-positive (GFP+ and Orange+) populations, and 10, 000 cells were seeded in methylcellulose for colony-formation assays (10 days; n = 3 independent biological replicates; means ± s.d.). P = 0.003 (left) and P = 0.007 (right) (two-tailed t-test). c–e, Patient-derived BCR–ABL1 B-ALL cells (MXP2) expressing Tet-On NRASG12D and patient-derived KRASG12V B-ALL cells (LAX7R) expressing Tet-On BCR–ABL1 were induced with doxycycline. Viable cell counts (c) were measured upon induction with doxycycline. Annexin V/7AAD and senescence β-galactosidase (d, e) staining were also performed, and levels of p16 and p21 were assessed (n = 3 independent experiments). Shown are representative FACS plots and images. P-values were determined by two-tailed t-tests. Quantification for senescence β-galactosidase staining: mean percentage of cells positive for staining ± s.d. f, Murine wild-type BCR–ABL1 B-ALL cells were primed with vehicle control, DPH (1 μM), trametinib (1 nM) or both for 10 days before colony-forming assays were carried out (n = 3 independent biological replicates; means ± s.d.) g, Mouse wild-type NRASG12D B-ALL cells cultured in the presence of IL7 were primed with vehicle control, BCI-215 (50 nM), ruxolitinib (10 nM), or both for 10 days before colony-forming assays were carried out (n = 3 independent biological replicates; means ± s.d.). P-values were determined by two-tailed t-test (f, g). For gel source data, see Supplementary Fig. 1.

Source data



Extended Data Fig. 7 Central role of PTPN6 in enabling oncogenic ERK signalling.
a, Levels of NRAS, PTPN6-pY564, PTPN6, ERK1/2-pT202/Y204 and ERK1/2 were assessed by western blotting following doxycycline-induced expression of NRASG12D in mouse B-cell precursors (n = 3 independent experiments). b, ChIP–seq analyses of human B lymphocytes GM12878 (ENCODE) revealed binding of ERK-dependent transcription factors ELK1, CREB1, c-JUN and JUNB to the PTPN6 locus. c, Patient-derived B-ALL cells (PDX2) were treated with BCI-215 (1 μmol l−1) for various times. Levels of STAT5-pY694, STAT5, ERK1/2-pT202/pY204 and ERK1/2 were then measured by western blotting (n = 3 independent experiments). d, Patient-derived B-ALL cells (PDX2) were treated with BCI-215 (1 μmol l−1) for various times, and levels of STAT5-pY694, STAT5, PTPN6-pY564 and PTPN6 were measured by western blotting (n = 3 independent experiments). e, Ptpn6fl/fl B-cell precursors were transduced with 4-OHT-inducible Cre or EV and then induced with 4-OHT for various times and levels of STAT5-pY694, STAT5, ERK1/2-pT202/Y204, ERK1/2 and PTPN6 were measured (n = 3 independent experiments). f, Ptpn6fl/fl B-cell precursors expressing NRASG12D were transduced with GFP-tagged, 4-OHT-inducible Cre or EV. Following induction with 4-OHT, enrichment or depletion of GFP+ cells was monitored by flow cytometry. Shown are average relative changes (means ± s.d.) of GFP+ cells following induction (n = 6 independent biological replicates). g, Quantification (n = 3 independent experiments; means ± s.d.) and representative images from serial replating assays of pre-B cells transformed with NRASG12D following Cre-mediated deletion of Ptpn6. We seeded 10, 000 cells in semisolid methylcellulose and monitored colony formation for 14 days. P-values were determined by two tailed t-test. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 8 BLNK enables oncogenic ERK signalling at the expense of STAT5–MYC.
a, Blnk+/+ and Blnk−/− mouse B-cell precursors expressing doxycycline-inducible Ig-HC were treated with doxycycline for 48 h. Levels of ERK1/2-pT202/pY204, ERK1/2, PTPN6-pY564, PTPN6, STAT5-pY694, STAT5, MYC, BCL6 and BLNK were measured by western blotting (n = 3 independent experiments). b, Blnk+/+ and Blnk−/− B-cell precursors expressing doxycycline-inducible NRASG12D were treated with doxycycline for 48 h. Levels of NRAS, ERK1/2-pT202/pY204, ERK1/2, PTPN6-pY564, PTPN6, STAT5-pY694, STAT5, MYC, BCL6 and BLNK were measured by western blotting (n = 3 independent experiments). c–f, Viable cell counts (c, d) and viability changes (e, f) were measured upon doxycycline-induced expression of STAT5ACA or of NRASG12D in Blnk+/+ and Blnk−/− B-cell precursors at various time points (n = 3 independent experiments; means ± s.d.). g, h, The colony-forming ability of Blnk+/+ and Blnk−/− B-cell precursors was assessed upon doxycycline-induced expression of STAT5ACA (g) or NRASG12D (h). We plated 10,000 cells; shown are mean ± s.d. values of three independent experiments and representative images. P-values were determined by two tailed t-test. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 9 Divergent drug responses in a STAT5- and ERK-driven pair of primary and relapse B-ALLs.
a, c–d, LAX7 (at diagnosis; STAT5-driven, IL7RSI246S) and LAX7R (relapsed; ERK-driven, KRASG12V) cells were transfected with Cas9/RNPs carrying NT or BLNK guide RNAs and then mixed with GFP+ LAX7 and GFP+ LAX7R competitor cells, respectively. a, d, Enrichment or depletion of GFP+ cells was monitored by flow cytometry (n = 3 independent experiments). Data are means ± s.d. (note that the direction of the y-axis in a is reversed, starting from a fold change of 2.5 at the bottom). b, Levels of ERK1/2-pT202/Y204, ERK1/2, STAT5-pY694 and STAT5 in patient-derived B-ALL cells (IL7RSI246S LAX7, at diagnosis; KRASG12V LAX7R, relapsed) were examined by western blotting (n = 3 independent experiments, shown are two of the technical replicates from an independent experiment). c, Efficiency of CRISPR/Cas9-mediated deletion of BLNK was assessed by western blot (crRNAs, CRISPR RNAs). e, Western blotting analyses were performed to assess levels of STAT5-pY694, STAT5, STAT3-pS727, STAT3, ERK1/2-pT202/Y204 and ERK1/2 upon overnight treatment of LAX7 cells with ruxolitinib (left) or of LAX7R cells with trametinib (right); n = 3 independent experiments. f, Patient-derived B-ALL cells (LAX7 and LAX7R) were treated with increasing concentrations of ruxolitinib or trametinib for 72 h. Relative viability (n = 3; mean ± s.d.) was measured. The x-axes indicate the concentrations of ruxolitinib or trametinib used. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 10 Pharmacological reactivation of suppressed divergent pathways as a therapeutic strategy in B-ALL.
a, h, Patient-derived B-ALL cells (STAT5-driven) LAX7 (a) and JFK125R (h) were treated overnight with vehicle control (DMSO), BCI-215 (1 μM), ruxolitinib (500 nM), or a combination of both. Western blotting was performed to measure levels of STAT5-pY694, STAT5, ERK1/2-pT202/pY204 and ERK1/2 (n = 3 independent experiments). b, Patient-derived B-ALL cells (ERK-driven, LAX7R) were treated overnight with vehicle control, DPH (1 μM), trametinib (500 nM), or a combination of both. Levels of STAT5-pY694, STAT5, ERK1/2-pT202/Y204 and ERK1/2 were assessed (n = 3 independent experiment). c, i, Patient-derived B-ALL cells (LAX7 and LAX7R (c) and JFK125R (i)) were treated with increasing concentrations of BCI-215, ruxolitinib or both, or DPH, trametinib, or both for three days. Percentage growth inhibition at each concentration is shown as heatmaps (n = 3 independent experiments). Combination indices (Cis) were calculated to determine synergy for treatment combinations. DPH and trametinib concentrations used for LAX7, LAX7R and JFK125R (in μM): DPH, 0, 0.16, 0.31, 0.63,1.3, 2.5, 5; trametinib, 0, 0.032, 0.063, 0.13, 0.25, 0.5, 1. Ruxolitinib and BCI-215 concentrations used for LAX7 (in μM): ruxolitinib, 0, 0.125, 0.25, 0.5, 1, 2; BCI-215, 0, 0.04, 0.08, 0.16, 0.31, 0.63. Ruxolitinib and BCI-215 concentrations used for LAX7R and JFK125R (in μM): ruxolitinib, 0, 0.063, 0.125, 0.25, 0.5, 1, 2; BCI-215, 0, 0.02, 0.04, 0.08, 0.16, 0.31, 0.63. d, j, Single-cell phosphoprotein analyses for STAT5-pY694 and ERK-pT202/Y204 were performed for patient-derived B-ALL cells LAX7 and LAX7R (d) and JFK125R (j) before in vivo treatment (n = 3 independent experiments). e, k, Patient-derived LAX7R (e) or JFK125R (k) B-ALL cells were injected into sublethally irradiated (2 Gy) NSG mice. Recipient mice injected with LAX7R were treated six times a week for four weeks with 2 mg kg−1 DPH, 0.5 mg kg−1 trametinib or both (e). Recipient mice injected with JFK125R were treated five times a week for four weeks with 2 mg kg−1 BCI-215, 30 mg kg−1 ruxolitinib or both (k). Mice were killed when they showed signs of overt leukaemia (hunched back, weight loss and inability to move). The y-axes indicate overall survival (%).Survival curves are shown (n = 6 per group). To assess additive versus synergistic activity of single versus combination treatments in vivo, we adapted the Bliss independence model for survival analysis. With this approach, treatments are Bliss ‘independent’ if the fraction of cells surviving combination therapy equals the product of fractions that survive the individual treatments. A Weibull distribution, {exp[−(t/β)α]}, is fitted to survival data for each condition, and distributions of survival benefits (treated survival time minus untreated survival time) are computed for each treatment. Survival benefits of drugs 1 and 2 are summed and added to the untreated survival distribution to compose a ‘sum of benefits’ survival distribution (see Methods). f, g, l, m, Although combination treatments prolonged overall survival, transplant-recipient mice ultimately developed overt leukaemia. B-ALLs that developed in mice bearing LAX7R (after treatment with DPH plus trametinib; e) and JFK125R (after treatment with BCI-215 plus ruxolitinib; k) were isolated from bone marrow, suspended in cell culture medium and treated with increasing concentrations of BCI-215, ruxolitinib or both, or DPH, trametinib, or both. f, l, Percentage growth inhibition at each concentration is shown as heatmaps (n = 3 independent experiments). Combination indices were calculated to determine synergy of treatment combinations. g, m, To elucidate the clonal composition of LAX7R B-ALL post-treatment (e) and that of JFK125R post-treatment (k), we performed single-cell phosphoprotein analyses for STAT5-pY694 and ERK-pT202/Y204 (n = 3 independent experiments). For gel source data, see Supplementary Fig. 1.
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Supplementary information
Supplementary Figure 1
The original source images for all data obtained by electrophoretic separation with molecular weight markers and controls. Blots are labeled according to the corresponding Figure panel within the main or Extended Data Figures.


Reporting Summary

Supplementary Table 1| Identification of STAT5- and ERK-activating lesions in 1148 B-ALL patient samples.
 1148 B-ALL samples were studied for STAT5-activating (CRLF2, IL3RA, IL7R, PDGFRA, PDGFRB, EPOR, ABL1, JAK1, JAK2, JAK3, TYK2 and STAT5A) and ERK-activating (NRAS, KRAS, PTPN11, NF1, RAF1 and FLT3) mutations. The samples originate from six different sources, including the St. Jude Children's Research Hospital Pecan Data Portal (https://pecan.stjude.cloud/proteinpaint/heatmap/HM,BALL), published studies (Nikolaev et al., 2014, Herold et al., 2017, Jerchel et al., 2018) as well as samples analyzed in the Müschen and Weinstock laboratories. Null hypothesis for this analysis was that STAT5- and ERK-pathway mutations occur independently of each other. The expected co-occurrence of the two mutations under the null hypothesis was 121 in 1148 B-ALL samples. The observed co-occurrence of mutations in the two pathways was 35, significantly lower than the expected (odds ratio 0.13, P=2.2e-16, Fisher’s exact test, two-sided).


Supplementary Table 2| Identification of STAT5- and ERK-activating lesions in 916 AML patient samples.
 916 AML samples were studied for STAT5-activating (CALR, CBL, JAK1, JAK2, JAK3, KIT, MPL, PDGFRA, PDGFRB and STAT5A) and ERK-activating (RAF1, FLT3, KRAS, NF1, NRAS and PTPN11) mutations. The samples originate from the Catalogue of Somatic Mutations in Cancer (COSMIC; date of access: 2019-07-27). Null hypothesis for this analysis was that STAT5- and ERK-pathway mutations occur independently of each other. The expected co-occurrence of the two mutations under the null hypothesis was 34 in 916 AML samples. The observed co-occurrence of mutations in the two pathways was 24, significantly lower than the expected (odds ratio is 0.59, P=0.033, Fisher’s exact test, two-sided).


Supplementary Tables 3-11
This file contains a description of Supplementary Tables 1 and 2 (provided as separate Excel files), and Supplementary Tables 3-11.
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