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Malignant transformation typically involves multiple genetic lesions whose combined activity gives rise 
to cancer1.  Our analysis of 1,148 patient-derived B-cell leukemia (B-ALL) samples revealed that 
individual mutations did not promote leukemogenesis unless they converged on one single oncogenic 
pathway characteristic for the differentiation status of these transformed B cells. Specifically, we show 
here the JAK/STAT5 signaling pathway supports the developmental stage-specific expansion of pro-B 
ALL whereas the ERK-pathway that of pre-B ALL. Mutations that were not aligned with the central 
oncogenic driver would activate divergent pathways and subvert malignant transformation. Oncogenic 
lesions in B-ALL frequently mimic survival and proliferation signals downstream of cytokine receptors 
(through activation of STAT5)2-7 or the pre-B cell receptor (through activation of ERK)8-13. STAT5- (372 
cases) and ERK- (386 cases) activating lesions were frequently found but only co-occurred in ~3% (37) 
of cases (P=2.2E-16).  Single-cell mutation and phosphoprotein analyses revealed that even in these rare 
cases, oncogenic STAT5- or ERK-activation were mutually exclusive and segregated to competing 
clones. STAT5 and ERK engaged opposing biochemical and transcriptional programs orchestrated by 
MYC and BCL6, respectively. Genetic reactivation of the divergent (suppressed) pathway came at the 
expense of the principal oncogenic driver and reversed malignant transformation. Conversely, Cre-
mediated deletion of divergent pathway components triggered leukemia-initiation and accelerated 
development of fatal disease. Thus, persistence of divergent signaling pathways represents a powerful 
barrier to malignant transformation while convergence on one principal driver defines a key event 
during leukemia-initiation. Proof-of-concept studies in patient-derived B-ALL cells revealed that 
pharmacological reactivation of suppressed divergent circuits strongly synergized with direct inhibition 
of the principal oncogenic driver. Hence, pharmacological reactivation of divergent pathways can be 
leveraged as a previously unrecognized strategy to deepen treatment responses and to overcome drug-
resistance. Current treatment approaches for drug-resistant cancer are focused on drug-combinations 
to suppress the central oncogenic driver and multiple alternative pathways14-17. Here, we introduce a 
concept based on inhibition of the principal driver combined with pharmacological reactivation of 
divergent pathways. 
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During the earliest stages of B-cell development, cytokine receptors (e.g. IL7R, CRLF2) initiate survival 
signals by phosphorylation of JAK2 and STAT52,3. After productive rearrangement of immunoglobulin V 
region genes and expression of a pre-B cell receptor (pre-BCR), an additional set of survival and proliferation 
signals involves the pre-B cell linker BLNK and phosphorylation of ERK kinases8,18. Mirroring their 
significance in normal B-cell development, STAT5- and ERK-mediated survival signals are frequently 
mimicked by transforming oncogenes in B-cell acute lymphoblastic leukemia (B-ALL). For instance, lesions 
in cytokine receptor genes (IL7R, CRLF2, EPOR, PDGFRA, PDGFRB)4 and cytokine receptor-associated JAK 
(JAK1, JAK2, JAK3)5 and ABL1 tyrosine kinases (BCR-ABL1, ETV6-ABL1, NUP214-ABL1)6 induce 
oncogenic STAT5-signaling and mimic constitutively active cytokine receptors. Likewise, activating lesions 
of RAS-pathway genes (NRAS, KRAS, PTPN11, NF1)9 and BRAF10 cause oncogenic ERK signaling, which 
acts as a functional mimic of pre-BCR-signaling8,11,13. Malignant transformation typically involves multiple 
genetic lesions whose combined activity gives rise to cancer. From this perspective, one would predict that 
addition of more oncogenic drivers to an existing set of mutations will invariably accelerate tumor progression. 
However, recent findings in B cell malignancies suggest that this is not always the case. For instance, loss of 
the tumor suppressor PTEN (resulting in hyperactivation of PI3K signaling) was synthetic lethal in BCR-ABL1 
and NRASG12D-driven B-ALL19. Likewise, loss-of-function of the tumor suppressors IRF4 and SPIB was 
incompatible with the oncogenic MYD88 driver in diffuse large B-cell lymphoma20. Here we studied the 
interaction of STAT5- and ERK-signaling pathways during normal B-cell development and malignant B-cell 
transformation.  
Activating mutations of STAT5- and ERK-pathways are frequent but mutually exclusive in B-ALL  
Studying genetic lesions in 1,148 cases of B-ALL from pediatric and adult clinical cohorts21-25 
(Supplementary Tables 1-4), we found STAT5-activating lesions (detailed in Supplementary Table 1) in 
372 cases (31.4%) and ERK-activating lesions (detailed in Supplementary Table 1) in 386 cases (33.6%). Of 
the 721 cases (62.8%) that carried a driver mutation in at least one of the two pathways, only 37 (3.2%) had 
activating mutations in both pathways, suggesting that concurrent activation of STAT5- and ERK- occurs 
much less frequently in B-ALL than expected by chance (odds ratio 0.13; P=2.2e-16; Fig. 1a).  
Mutual exclusivity of mutations could also reflect their functional redundancy when they affect the same 
pathway or promote survival and proliferation in similar ways. In this case, underrepresentation of 
cooccurrence reflects lack of selective advantage rather than interference between the two lesions. Hence, if 
there was similar exclusivity of lesions within the STAT5 and ERK pathways (intra-pathway) as across 
pathways (inter-pathway), this likely suggests redundancy rather than interference between two lesions. We 
therefore performed an unsupervised analysis of mutational co-occurrence between all lesion pairs to 
determine whether inter-pathway STAT5-ERK mutation combinations within the same patient were more 
strongly selected against than exclusivity of redundant of intra-pathway driver mutations. Indeed, we observed 
overall significantly stronger exclusivity between inter-pathway lesions compared to intra-pathway lesions, 
with the strongest underrepresentation of co-occurrence of ABL1 with NRAS and KRAS lesions (Fig. 1b-c). 
Permutation of overall pathway-exclusivity with random re-assignment of lesions to pathways indicates that 
concurrent mutation of multiple drivers is indeed counter-selected regardless of pathway, but that the observed 
STAT5-ERK pathway co-occurrence is significantly less frequent than this empirical distribution (P=0.014; 
Fig. 1d); this is further supported by significantly lower log odds ratios for inter- vs intra-pathway driver 
combinations (P=0.001; Fig. 1e). 
Activating STAT5- and ERK-pathway lesions are also common in acute myeloid leukemia (AML). To 
determine whether segregation of STAT5- and ERK-pathway lesions represents a unique feature of B-ALL, 
we studied co-occurrence of STAT5- and ERK-pathway lesions in 916 patient-derived AML samples. STAT5- 
(100 cases; 10.9%) and ERK- (309 cases; 33.7%) pathway lesions were frequent in AML, however, co-
occurrence was only found in 24 cases (2.6%; Supplementary Table 2). As in B-ALL, the observed co-
occurrence of STAT5- and ERK-pathway lesions in AML was significantly below random co-occurrence 
(odds ratio 0.59, P=0.033, Fisher’s exact test; Extended Data Figure 1a). Unlike in B-ALL, however, mutual 
exclusivity of inter-pathway pairs was not significantly stronger than the observed mutual exclusivity between 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2020. ; https://doi.org/10.1101/2020.03.12.989749doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.989749
http://creativecommons.org/licenses/by-nc-nd/4.0/


3 
 

multiple intra-pathway drivers (P=0.63; Extended Data Figure 1b-e). Hence, while STAT5- and ERK-
activating mutations are frequent in both B-ALL and AML, driver mutations in the two pathways are strongly 
segregated in the former but not in the latter.  
Oncogenic activation of STAT5- and ERK-signaling is mutually exclusive in B-ALL 
In addition to segregation of STAT5- and ERK-activating mutations, also biochemical activation of STAT5- 
and ERK-signaling as well as STAT5- and ERK-dependent drug-responses followed a divergent and mutually 
exclusive pattern: Western blot analyses of 20 B-ALL patient-derived xenografts (PDX) established in our 
laboratory (Supplementary Table 5) confirmed an inverse relationship between STAT5-pY694 and ERK-
T202/Y204 phosphorylation (Fig. 1f). The tyrosine kinase inhibitor (TKI) ponatinib suppresses STAT5-signaling 
in B-ALL driven by the BCR-ABL1 kinase. Intermittent treatment of 8 BCR-ABL1-driven B-ALL with 
ponatinib over three weeks resulted in gradual development of TKI-resistance in 4 cases, while the other 4 
cases remained sensitive. Two of the ponatinib-resistant cases (TXL3 and BLQ5) lost STAT5-activity and 
instead acquired de novo phosphorylation of ERK (Fig. 1g). Consistent with ponatinib-resistance and a switch 
from STAT5-phosphorylation to de novo ERK-phosphorylation, TXL3 and BLQ5 cells also acquired 
sensitivity to trametinib, a small molecule inhibitor of MAP2K1 (MEK), an essential upstream activator of 
ERK (Fig. 1h).  
Single-cell mutation and phosphoprotein analyses reveal clonal segregation of STAT5 and ERK-activation  
To test whether STAT5- and ERK-activating mutations in rare cases with dual pathway activation co-occurred 
in the same cells or were segregated to distinct clones, we studied these mutations at the single-cell level based 
on two approaches, namely single-cell amplicon sequencing (Supplementary Table 4) and single-cell 
phosphoprotein analyses for STAT5-Y694 and ERK-T202/Y204 (Fig. 1i). Immunodeficient NSG mice (n=30) 
bearing PDX from 9 patients of Ph+ B-ALL (STAT5-driven) were treated with ponatinib. After initial 
remission, mice relapsed with fatal B-ALL in 24 cases. Reflecting strong selective pressure, genomic analyses 
revealed that the relapsed B-ALLs acquired additional STAT5- or ERK-activating lesions that ultimately 
subverted ponatinib-activity (Supplementary Table 3).  In 8 cases, additional STAT5-activating mutations 
were acquired. In 13 cases, ponatinib-resistant clones emerged with ERK-activating lesions and in 3 cases, 
both STAT5- and ERK-activating lesions were found (Supplementary Tables 3-4). We selected these three 
PDX (1F10, 2B10, 2G10) for single-cell amplicon sequencing. To this end, single cells were sorted by flow 
cytometry from each PDX and subjected to rounds of nested PCR amplification and subsequent sequencing of 
cloned PCR products (Supplementary Table 4). In all three cases, target loci (ABL1, KRAS, PTPN11) were 
successfully amplified and sequenced from 71 cells (1F10), 79 cells (2B10) and 63 cells (2G10). STAT5- 
(ABL1) and ERK- (PTPN11, KRAS) activating mutations were amplified individually from single sorted B-
ALL cells. However, mutant ABL1 alleles were only co-amplified with wildtype KRAS and PTPN11 alleles 
and vice versa (Supplementary Table 4). These results demonstrate that even in the few cases that harbored 
activating mutations in both STAT5- and ERK-pathways, these mutations were segregated to distinct clones. 
To corroborate pathway segregation at the level of STAT5- and ERK-phosphorylation, we performed single-
cell phosphoprotein analyses for STAT5-pY694 and ERK-pT202/Y204 for patient-derived B-ALL samples with 
evidence of dual activation of STAT5 and ERK pathways (Fig. 1i; Extended Data Figure 2). Consistent with 
a scenario in which not only genetic STAT5- and ERK-activating lesions but also biochemical pathway 
activation was segregated to distinct clones, the single-cell phosphoprotein analysis revealed that STAT5- and 
ERK-phosphorylation was mutually exclusive and confined to separated, potentially competing clones (Fig. 
1i; Extended Data Figure 2). The few events (~2%) in which concurrent phosphorylation of STAT5 and ERK 
was detected may be attributed to a similar low frequency of two cells being loaded and analyzed in the same 
well (Extended Data Figure 2). 
Reciprocal suppression of oncogenic STAT5- and ERK-signaling results in pathway convergence 
Unsupervised mutation analyses in AML revealed that mutual exclusivity between STAT5- and ERK-
pathways was not different between mutations within the same pathway, reflecting functional redundancy 
rather than negative interference. In B-ALL, however, we observed much stronger inter- than intra-pathway 
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mutual exclusivity, indicating functional incompatibility and negative selection of concurrent STAT5- and 
ERK-activation. To determine the mechanistic basis of segregation of STAT5- and ERK-activation, we 
examined whether inducible activation of one pathway affected biochemical activity of the other. We 
developed inducible systems for STAT5- and ERK-activation and measured the impact on phosphorylation of 
Stat1, Stat3 and Stat5 proteins as well as MAP kinases Erk, p38α and Jnk (Figure 2a). Inducible expression 
of a constitutively active mutant of Stat5a in IL7-dependent pro-B cells strongly increased Stat5-
phosphorylation (Y694) and almost entirely abolished Erk-phosphorylation (T202/Y204; Fig. 2a). Like ERK, also 
JNK- and p38α- activity was suppressed by STAT5. However, only ERK but not JNK and p38α, was 
phosphorylated upon inducible activation of oncogenic NRASG12D in IL7-dependent pro-B cells. STAT1-
phosphorylation was barely detectable in B-ALL cells. Interestingly, STAT3 was strongly phosphorylated 
downstream of RAS-activation on both Y704 and S727. Phosphorylation of these sites was suppressed by 
oncogenic STAT5 signaling (Fig. 2a, Extended Data Figure 3a). In contrast to increased phosphorylation of 
Stat3, inducible expression of oncogenic NRASG12D resulted in dephosphorylation of Stat5 (Fig. 2a), 
suggesting that STAT3 and STAT5 oppose each other.  
 To confirm biochemical interference between STAT5- and ERK-signaling in an independent experimental 
model, we engineered murine pro-B cells to express (i) the human IL2 receptor β (hIL2Rβ) chain which 
enables phosphorylation of Stat5a-Y694 and Stat5b-Y699 in response to human IL2-binding and (ii) 
doxycycline-inducible NRASG12D (Fig. 2b). Tightly controlled activation of Stat5 (by addition of human IL2), 
Erk (by induction of NRASG12D) or a combination of both, confirmed biochemical interference between 
activation of STAT5 and ERK pathways (Fig. 2b). Plating of hIL2Rβ TetO-NRASG12D pro-B cells revealed 
increased colony formation by activation of Stat5 (hIL2) or Erk (Dox) alone, which was reduced by ~7-fold 
upon dual Stat5-Erk pathway activation (Fig. 2c). Likewise, activation of Stat5 or Erk alone stimulated 
proliferation of hIL2Rβ TetO-NRASG12D pro-B cells, while concurrent activation had a strong growth-
suppressive effect (Fig. 2d). These observations indicate that signal input from divergent signaling pathways 
represents a powerful barrier against malignant transformation.  
The analysis of cooccurrence networks of STAT5- and ERK-activating lesions identified a particularly strong 
negative association between BCR-ABL1 and oncogenic NRAS lesions (Fig. 1b-c). For this reason, we 
modelled concurrent activation of BCR-ABL1 with NRASG12D (Fig. 2e-f). IL7-dependent pro-B cells were 
initially transduced with either BCR-ABL1-GFP (BA-GFP) or NRASG12D-Orange (NRAS-Orange) or empty 
vector controls (EV-GFP or EV-Orange). One week later, BA-GFP B-ALL cells were transduced with NRAS-
Orange for concurrent activation of Erk and NRAS-Orange B-ALL cells were transduced with BA-GFP for 
concurrent activation of Stat5. The ability of oncogenic Stat5 (GFP+) and Erk (Orange+) signaling to contribute 
to the dominant clone was monitored by flow cytometry over time. When introduced as sole oncogenic driver 
following transduction with neutral EV-Orange or EV-GFP, both Stat5 (EV-Orange +BA-GFP) and Erk (EV-
GFP +NRAS-Orange) gave rise to large double-positive populations. In contrast, when introduced as 
secondary oncogene engaging a diverging pathway from the principal driver, the frequency of double-positive 
cells was dramatically reduced for both Stat5 (from 67% following EV to 3% following Erk) and Erk (from 
91% following EV to 6% following Stat5; Fig. 2e). The ~15-fold reduction of double-positive cells for 
secondary divergent oncogenes was mirrored by a similar (~10-fold) reduction of colony formation comparing 
single- and dual pathway activation (Fig. 2f). Hence, concurrent activation of Stat5 and Erk was not productive 
and reduced competitive fitness of double-positive clones, unless the conflict was resolved and clones 
converged on one pathway (single-positive cells). In the experiments that were performed, the conflict between 
Stat5 and Erk pathways was eventually resolved in favor of a dominant Erk-driven clone. Even when Stat5 
was introduced first, ultimately Erk (Orange+) clones prevailed. Clonal dominance of Erk- over Stat5-driven 
B-ALL in these experiments mirrored findings from recent work that traced variant allele frequencies of 
STAT5- and ERK-activating mutations in 17 B-ALL patients26. The competitive advantage of ERK- over 
STAT5-activation was confirmed in two clonal outgrowth experiments based on (i) murine pro-B cells 
transduced with either STAT5-GFP or KRASG12V-mCherry and (ii) competition between IL7R-mutant 
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(STAT5) and KRASG12V (ERK)-driven B-ALL PDX cells from the same patient (Extended Data Figure 3b-
c). 
To confirm pathway interference between BCR-ABL1 and oncogenic RAS (Fig. 1b-c) in patient-derived B-
ALL cells, we engineered PDX from BCR-ABL1- (MXP2) and KRASG12V- (LAX7R) B-ALL with doxycycline-
inducible constructs for expression of NRASG12D and BCR-ABL1, respectively (Fig 2g-h, Extended Data 
Figure 3d-i). Concurrent activation of a divergent pathway suppressed biochemical activity of the principal 
oncogenic driver and proliferation (Fig. 2g), which was paralleled by cellular senescence and cell death. Dual 
pathway activation resulted in a senescent phenotype (senescence-associated β-galactosidase activity, 
upregulation of p16 and p21) and ultimately apoptosis and cell death (Annexin V+; Extended Data Figure 
3d-i). 
Genetic deletion of divergent pathway components enables malignant transformation and leukemia-initiation 
Compared to activation of oncogenic STAT5 or ERK alone, concurrent activation of both pathways caused 
reciprocal interference of signaling, compromised colony formation and ultimately induced cellular senescence 
and apoptosis (Fig. 2, Extended Data Figure 3d-i). Hence, we tested the hypothesis that background signaling 
from pathways that diverge from the principal oncogenic driver represents a barrier against malignant 
transformation. To this end, we developed mouse models for STAT5- and ERK-driven B-ALL, in which 
tamoxifen-inducible activation of Cre resulted in genetic ablation of Stat5 (Stat5fl/fl) or Erk2 (Mapk1fl/fl). 
Consistent with reciprocal biochemical cross-inhibition, inducible deletion of Mapk1 (Erk2) resulted in loss of 
Stat3-S727 but increased Stat5-phosphorylation. Conversely, inducible Stat5-deletion increased 
phosphorylation of both Erk and Stat3-S727 (Fig. 3a-b).  As expected, genetic ablation of the principal 
oncogenic pathway (Stat5fl/fl in BCR-ABL1- and Mapk1fl/fl in NRASG12D-driven B-ALL) induced rapid 
depletion of cells from cell culture in growth competition assays (Fig. 3c-d). In contrast, Cre-mediated deletion 
of secondary divergent pathways, namely Mapk1 in Stat5-driven and Stat5 in Erk-driven B-ALL, transiently 
slowed cell growth but did not result in substantial depletion of cells from cell culture (Fig. 3c-d).  Compared 
to B-ALL cells that retained intact divergent pathway components, Cre-mediated deletion strikingly increased 
colony formation in secondary and tertiary replatings (Fig. 3e-f). To examine potential effects of deletion of 
divergent pathway components on B-ALL leukemia-initiation, we performed limiting dilution transplant 
experiments based on 100, 1,000 and 10,000 pro-B cells that carried Stat5- or Erk-driver oncogenes and 
Mapk1fl/fl (Erk) and Stat5fl/fl alleles for inducible ablation of divergent pathways. Mapk1fl/fl pro-B cells with 
BCR-ABL1 (Stat5) and Stat5fl/fl pro-B cells with NRASG12D (Erk) were studied either carrying EV, for 
retention, or tamoxifen-inducible Cre, for deletion of divergent pathway components. Five days after injection 
and engraftment, NSG recipient mice were injected with tamoxifen for activation of Cre or EV controls. At all 
three dose levels, deletion of Mapk1 accelerated the onset of overt Stat5-driven B-ALL. Likewise, deletion of 
Stat5 accelerated leukemia-initiation in Erk-driven B-ALL. At the two lower dose levels (1,000 and 100 cells), 
deletion of Stat5 was even required for initiation of Erk-driven B-ALL. Injection of 100 or 1,000 Erk-driven 
B-ALL cells failed to initiate fatal disease in transplant recipients unless Stat5 was deleted. Inducible deletion 
of Stat5 prompted the onset of lethal Erk-driven B-ALL at 100% penetrance (Fig. 3g-h). These results were 
further corroborated in experiments based on pharmacological inhibition of divergent pathways: Colony 
formation of murine pro-B cells carrying an inducible BCR-ABL1 knockin allele was substantially increased 
by Trametinib-mediated ablation of ERK-signaling. Likewise, colony formation of murine pro-B cells carrying 
an inducible KRASG12D knockin allele (Supplementary Table 6) was increased by ~6-fold when divergent 
Stat5 signaling was suppressed by Ruxolinitib (Extended Data Figure 4a-b). Together, these results indicate 
that ablation of divergent signaling and convergence on one principal oncogenic driver represents a critical 
event during early stages of B cell transformation and leukemia-initiation. In agreement with deletion of Mapk1 
as a leukemia-initiating event in Stat5-driven B-ALL, a recent Sleeping Beauty transposon screen suggested 
that truncation of the ERK-signaling activator Sos1 can precipitate the onset of STAT5-driven B-ALL27. 
Importantly, recent observations in patients suggest that prolonged pharmacological suppression of JAK2-
STAT5 signaling by Ruxolitinib could prime dormant B-cell clones to develop overt ERK-driven B-cell 
lymphoma28. 
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STAT5- and ERK-activation define distinct stages of early B-cell development 
Activation of STAT5 (downstream of cytokine receptors in pro-B cells) and ERK (downstream of the pre-
BCR in pre-B cells) are linked to distinct stages of early B-cell development that are separated by 
rearrangement of immunoglobulin heavy (Ig-HC) and light chain (Ig-LC) genes3,18,29-30. To test whether 
STAT5- and ERK-activating lesions in patient-derived B-ALL cells are linked to cellular origins from distinct 
stages of B-cell development, we studied the configuration of Ig-κ (IGKV; 2p11) and λ- (IGLV; 22q11.2) light 
chain loci and Ig-LC surface expression by flow cytometry in 22 cases of B-ALL with STAT5- and 42 cases 
with ERK-activating lesions (Extended Data Figure 5a-b). Even though aberrant RAG1/RAG2-mediated 
recombinase activity in B-ALL cells31 can randomly target Ig-LC loci, the analysis revealed a significant 
association between STAT5-driven B-ALL and germline configuration on one and ERK-driven B-ALL and 
rearranged Ig-LC loci on the other hand (P=0.008; Extended Data Figure 5a-b). Inducible activation of a 
gain-of-function variant of Stat5a (TetO-Stat5aCA) in BCR-ABL1 B-ALL cells induced upregulation of 
cytokine receptor-related genes, while inducible ablation of Stat5 (Stat5fl/fl) in BCR-ABL1 B-ALL cells resulted 
in loss of expression of these genes (Extended Data Figure 5c-d). Conversely, genetic ablation of Stat5 
upregulated the pre-B cell linker Blnk and Ptpn6, while these genes were transcriptionally repressed by 
Stat5aCA. Negative regulation of Blnk by Stat5 was confirmed by Western blot at the protein level based on 
gain and loss-of-function experiments (Extended Data Figure 5e).  Studying gene expression in patient-
derived B-ALL samples from the P9906 clinical trial, B-ALL samples with STAT5-activating lesions 
expressed immature pro-B cell antigens (CD43, KIT) and cytokine receptor components (IL7R, CRLF2) at 
high levels. In contrast, B-ALL samples carrying ERK-activating mutations expressed higher levels of Ig-LC 
genes (IGLV3-19, IGLV-1-44, IGLC2), the pre-B cell linker Blnk and PTPN6, a negative regulator of STAT5 
(Extended Data Figure 5f-h).  
Analyzing 17 B-ALL PDX as well as genetic B-ALL mouse models studied here by flow cytometry, we further 
corroborated the association between oncogenic STAT5-signaling and a pro-B cell phenotype (CD34+) and 
higher levels of cytokine receptor expression (CRLF2, IL7R), while ERK-driver lesions were associated with 
a pre-B cell phenotype (VPREB1, CD21, IgM, Ig-LC; Extended Data Figure 5b and 5i-n). Likewise, in 
mouse models for STAT5- and ERK-driven B-ALL, we observed that STAT5-activation was associated with 
a pro-B cell phenotype (Cd43+, Il7rhigh, Cd21-, pre-BCR-, Ig-LC-), whereas ERK-activation was linked to a 
more mature pre-B cell phenotype (Cd43-, Il7rLow, Cd21+, pre-BCR+, Ig-LC+; Extended Data Figure 5o). 
MYC and BCL6 as downstream effectors of STAT5- and ERK-pathways 
Hence, we examined how the pro-B to pre-B cell transition and Ig-gene rearrangement at the pre-BCR 
checkpoint affects permissiveness to oncogenic STAT5- and ERK-signaling. Since STAT5- and ERK-lesions 
were associated with pro-B cell and pre-B cell phenotypes, respectively, we studied normal activation of the 
two pathways at the pro-B to pre-B cell transition during early B-cell development. Studying Stat5- and Erk-
activation by single cell phosphoprotein analysis in sorted bone marrow pro-B cell (Hardy Fractions B and C) 
and pre-B cell/immature B-cell (Hardy Fractions E-F) populations, activation of Stat5 during pro-B cell stages 
was turned off at the pre-B cell receptor (pre-BCR) checkpoint and switched to Erk activation in more mature 
B-cell development (Figure 4a).  
While Stat5-signaling transcriptionally activated Myc and suppresses Bcl6 (Extended Data Figure 5c), Erk-
activity at the pre-BCR checkpoint induced downregulation of Myc with concurrent upregulation of Bcl6 
(Extended Data Figure 5p-q). To identify Myc- and Bcl6-expressing populations during early B-cell 
development, we generated a B-cell-specific Myc-eGFP x Bcl6-mCherry double reporter knockin mouse 
model. Protein expression of Myc and Bcl6 in these populations was validated by cell sorting and Western 
blot analysis (Extended Data Figure 5r-s). Studying Myc+ and Bcl6+ cells during B-cell differentiation in 
vivo showed a similar transition from Myc+ Bcl6- to Myc- Bcl6+ stages. Cytokine-dependent pro-B and early 
pre-B cell subsets (Hardy fractions B-C’) included double-negative and Myc-expressing cells while BCR-
dependent B-cells (Hardy fractions E-F) expressed almost exclusively Bcl6 (Fig. 4b). Late pre-B cells 
(Fraction D) that have already downregulated cytokine receptors but still undergo Ig-LC gene rearrangement 
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to express a BCR mark the intersection between Myc+ Bcl6- to Myc- Bcl6+ stages and express neither Myc 
nor Bcl6 (Fig. 4b). We induced the pro-B to pre-B-cell transition experimentally by forced expression of a 
functional Ig-HC in pro-B cells, which then gave rise to Ig-LC gene rearrangement and surface expression 
(Fig. 4c). Interestingly, activation of NRASG12D and ERK recapitulated the pro-B to pre-B cell transition and 
had a very similar effect on Ig-LC surface expression (Fig. 4c). As observed for sorted pro-B and pre-B cell 
populations (Fig. 4b), experimental induction of pro-B to pre-B-cell transition, either by forced Ig-HC 
expression or activation of oncogenic Erk signaling (NRASG12D), resulted in a phenotypic switch from Myc+ 
Bcl6- pro-B cell to Myc- Bcl6+ pre-B cell stages (Fig. 4d).  
STAT5-MYC and STAT3-BCL6 engage mutually exclusive transcriptional programs  
In a STAT5-driven B-ALL PDX, pharmacological inhibition of STAT5 had similar effects and resulted in 
strong upregulation BCL6 at the expense of MYC. Consistent with opposing roles of Stat5 and Stat3 in B-
cells32, downregulation of STAT5- was paralleled by increased STAT3-phosphorylation (Figure 4e). While 
oncogenic Stat5-signaling (BCR-ABL1) promoted strong activation of Myc and suppression of Bcl6, 
engagement of Erk-signaling (NRASG12D) had the opposite effect and caused strong activation of Bcl6-
mCherry while Myc-eGFP was reduced (Fig. 4f). Inhibition of oncogenic ERK-activation using a small 
molecule inhibitor of MAP2K1 (Trametinib) largely reduced activity of the Bcl6-reporter. Consistent with 
other observations suggesting that STAT5- and ERK-activating lesions are incompatible (Fig. 1, Fig. 2), flow 
cytometry analysis of MyceGFP-Bcl6mCherry dual reporter cells showed an L-shaped pattern (Fig. 4f) comparable 
to STAT5-ERK single-cell phosphoprotein analyses (Fig. 1i). Reflecting distinct stages of early B-cell 
differentiation, these findings suggest that Stat5-Myc+ and Erk-Bcl6+ cells represent non-overlapping 
populations and likely competing clones in B-ALL. Since oncogenic activation of kinases upstream of STAT5 
(e.g. JAK2, BCR-ABL1) and STAT3 (e.g. ERK) are not compatible, we tested whether activation of the 
STAT5- and STAT3-downstream targets, MYC and BCL6, was also mutually exclusive. Consistent with 
competitive antagonism between STAT5 and STAT332, In BCR-ABL1-driven B-ALL, we observed 
predominant activation of the STAT5-MYC pathway, while NRASG12D (ERK)-driven B-ALL mainly activates 
STAT3-BCL6 (Fig. 2a, Extended Data Figure 3c). To test whether the two pathways are compatible at the 
transcriptional level, we transduced BCR-ABL1-driven B-ALL (STAT5-MYC) with BCL6 and ERK-driven 
B-ALL (STAT3-BCL6) with MYC.  Transduction of MYC introduced a survival advantage in BCR-ABL1-
driven B-ALL (STAT5), whereas BCL6 caused depletion of cells from cell culture in growth competition 
assays (Fig. 4g). Likewise, transduction of BCL6 promoted growth advantage of NRASG12D-driven B-ALL 
(STAT3), but NRASG12D-driven B-ALL cells were not permissive to MYC and rapidly depleted from cell 
culture (Fig. 4h). These results delineate two mutually exclusive pathways and demarcate distinct stages of B-
cell development: while cytokine receptor signaling in pro-B cells or its oncogenic mimics (e.g. BCR-ABL1) 
activate JAK2 and STAT5 to promote a MYC-driven transcriptional program, pre-BCR signaling in pre-B 
cells or its oncogenic mimics (e.g. NRASG12D) activate ERK and STAT3 to engage BCL6-dependent 
transcription (Fig. 4i).  
Developmental rewiring from STAT5- to ERK-signaling at the pre-B cell receptor checkpoint 
Activity of the pre-BCR checkpoint and rearrangement of Ig-LC genes represent main differences between 
pro-B and pre-B cell stages. Interestingly, genes that are implicated in pre-BCR checkpoint function and Ig-
LC assembly are expressed at higher levels in ERK- compared to STAT5-driven B-ALL, consistent with a 
more mature phenotype in the former compared to the latter (Extended Data Figure 5a-b, 5f-o). To determine 
whether expression levels of these genes (IGLV, IGHM, BLNK, BCL6) are predictive of poor or favorable 
clinical outcomes, we compared overall and relapse-free survival of patients with B-ALL (COG P9906) that 
were segregated into two groups based on higher vs lower than median mRNA levels (top vs. bottom half) for 
these genes. When analyzed across the entire cohort, clinical outcomes were not significantly different between 
patients in the top vs. bottom half based on mRNA levels of these genes. However, when the analysis was 
performed separately for STAT5-driven (n=26) and ERK-driven (n=67) B-ALL patients, higher than median 
mRNA levels of IGLV, IGHM and BLNK predicted favorable outcomes in patients with STAT5 B-ALL but 
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poor clinical outcomes in patients with ERK B-ALL. BCL6 was found as a predictor of poor outcome in ERK 
B-ALL while no significant difference was observed for patients with STAT5 B-ALL (Extended Data Figure 
6a). These findings suggest that phenotypic differences between STAT5- and ERK-driven B-ALL likely 
extend to divergent course of disease and clinical outcome. To experimentally test if developmental rewiring 
at the pre-BCR checkpoint affects permissiveness to oncogenic STAT5 or ERK signaling, we tested activation 
of these pathways in flow-sorted mouse bone marrow pro-B cells (CD19+ CD43+ Ig-HC- VpreB-) and pre-B 
cells (CD19+ CD43- Ig-HC+ VpreB+). While pro-B cells were permissive to BCR-ABL1 (STAT5), oncogenic 
activation of ERK by the pre-BCR mimic LMP2A11 induced cellular senescence and rapid cell death 
(Extended Data Figure 6b-i). Conversely, pre-B cells that have passed the pre-BCR checkpoint were 
permissive to transformation by LMP2A (ERK) while BCR-ABL1 induced cell death and senescence. In 
agreement with these findings, BCR-ABL1 is a frequent oncogenic driver in B-ALL but never found in B-cell 
malignancies past the pre-BCR checkpoint. Likewise, the Epstein-Barr virus (EBV)-encoded oncoprotein 
LMP2A mimicks pre-BCR signaling11 and functions as a common oncogenic driver in mature B-cell 
malignancies while EBV+ B-ALL is exceedingly rare. 
BCL6 promotes survival at the pre-BCR checkpoint and is essential for RAS-mediated B-cell transformation 
Our experiments identified activation of BCL6 at the expense of MYC as a central determinant of the pro-B 
to pre-B cell transition. Interestingly, both initiation of normal pre-BCR signaling and activation of oncogenic 
ERK (NRASG12D) induce strong upregulation of BCL6 (Fig. 4d; Extended Data Figure 7a). Genetic 
experiments based on inducible ablation of Mapk1 (Erk2) and Stat5 showed that Erk2 is required for 
upregulation of Bcl6 while Stat5 functions as a negative regulator. On the other hand, Bcl6 is absolutely 
essential for malignant B-cell transformation by NRASG12D. Cre-mediated deletion of Bcl6 impaired colony 
formation of Bcl6fl/fl NRASG12D B-ALL cells and induced progressive depletion of B-ALL cells. Even deletion 
of one allele profoundly reduced colony formation and induced cell death, while inducible overexpression of 
Bcl6 increased colony numbers (Extended Data Figure 7d-h). In a transplant model based on murine Bcl6fl/fl 
NRASG12D B-ALL carrying tamoxifen-inducible Cre, inducible deletion of Bcl6 subverted leukemogenesis in 
vivo, highlighting the essential role of Bcl6 in Ras-mediated B-cell transformation (Extended Data Figure 
7i). These results in a murine transplant model for NRASG12D B-ALL identified BCL6 as a previously 
unrecognized vulnerability. To determine whether patient-derived B-ALL cells carrying ERK-activating 
lesions likewise depend on BCL6 function, we tested pharmacological inhibition of BCL6-function using a 
retro-inverso peptide inhibitor (RI-BPI33) and a small molecule inhibitor (FX134). Interestingly, ERK-driven 
B-ALL PDX cells were more sensitive to both RI-BPI and FX1 when compared to STAT5-driven B-ALL 
PDX cells. In addition, RI-BPI and FX1 synergized with Trametinib-induced inhibition of oncogenic ERK-
signaling (Extended Data Figure 7j-k). In patient-derived STAT5-driven B-ALL, Bcl6 expression was 
repressed but inducible by pharmacological inhibition of STAT5-signaling (Imatinib, Ruxolitinib, Pimozide; 
Extended Data Figure 7). Likewise, pharmacological activation of ERK-signaling by BCI-215 and inducible 
oncogenic activation of NRASG12D strongly induced BCL6-expression, while Trametinib repressed BCL6 
(Extended Data Figure 7l-n). BCI-215 functions as an allosteric small molecule inhibitor of DUSP635, a 
central negative feedback regulator of ERK in B-ALL36.  
Negative regulation of Stat5 by PTPN6 is essential for oncogenic ERK-signaling in B-ALL 
Previous work showed that the inhibitory phosphatase PTPN6 (SHP1) is a central negative regulator of 
STAT537. Inducible activation of a gain-of-function variant of Stat5a (TetO-Stat5aCA) repressed Ptpn6, while 
inducible ablation of Stat5 (Stat5fl/fl +Cre) increased Ptpn6 mRNA levels (Extended Data Figure 5c-d). 
Compared to STAT5-driven B-ALL, PTPN6 is expressed at higher levels in ERK-driven B-ALL (Extended 
Data Figure 5g-i). Since oncogenic ERK-signaling is directly opposed by STAT5 (Fig. 2-3), we hypothesized 
that PTPN6-mediated negative regulation of STAT5 contributes to oncogenic ERK-signaling. Consistent with 
this scenario, activation of ERK downstream of oncogenic NRASG12D not only suppressed STAT5 activity but 
also induced expression and activation of PTPN6 (Extended Data Figure 8a). The ERK-downstream 
transcription factors, ELK1, JUN, JUNB and CREB118 bound to the PTPN6 promoter, which is consistent 
with transcriptional activation of Ptpn6 by NRASG12D-ERK signaling (Extended Data Figure 8b-c). In line 
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with a central role of Ptpn6 as negative regulator of Stat5, Cre-mediated deletion of Ptpn6 increased Stat5-
phosphorylation (Y694) by >10-fold (Extended Data Figure 8d). These findings corroborate that oncogenic 
activation of Erk negatively regulates Stat5-activity by transcriptional activation of Ptpn6, which then 
dephosphorylates Stat5 (schematic Fig. 4j). Consistent with a critical function of Ptpn6 in oncogenic Erk-
signaling, Cre-mediated deletion of Ptpn6 compromised colony-forming ability of NRASG12D B-ALL cells and 
induced rapid cell death (Extended Data Figure 8e-f).  
The pre-B-cell linker BLNK functions as an insulator to separate Stat5-Myc and Erk-Bcl6 pathways 
Previous work showed that the pre-B-cell linker Blnk directly interacts with Ptpn6 and mediates its 
phosphatase activity38. Since Blnk not only induces transcriptional activation of Ptpn6 (Extended Data Figure 
8c) but also interacts with Ras proteins to promote Erk-signaling39, we examined whether Blnk, in addition to 
Ptpn6, contributes to oncogenic ERK-signaling. Studying inducible activation of pre-BCR- or oncogenic ERK-
signaling (Extended Data Figure 9a-b) in Blnk+/+ and Blnk-/- B-cell precursors revealed that Blnk was 
essential for activation of Erk downstream of the pre-BCR or oncogenic NRASG12D. In the absence of Blnk, 
inducible pre-BCR- or NRASG12D-signaling failed to activate Erk and to suppress Stat5-phosphorylation. 
Likewise, Blnk was required for upregulation of Ptpn6 in response to BCR- or oncogenic Erk-signaling 
(Extended Data Figure 9a-b). Mimicking pre-BCR-downstream signals, oncogenic NRASG12D induced the 
transition from Stat5+ Myc+ pro-B to Erk+ Bcl6+ B-cells (Fig. 4a-b). These results show that both pre-BCR- 
and NRASG12D-signaling relied on Blnk to successfully complete this transition.  
BLNK enforces convergence of oncogenic signaling on one single pathway 
Our gain-of-function experiments showed that concurrent activity of both Stat5+ and Erk+ pathways (double-
positive cells) compromised competitive fitness of leukemia clones and induced senescence and cell death 
(Extended Data 3d-i), unless the conflict was resolved and clones converged on one single pathway (single-
positive cells; Fig. 2e-f). To examine whether Blnk is required for pathway convergence, oncogenic STAT5- 
(STAT5aCA or BCR-ABL1) and ERK (NRASG12D) were concurrently activated in murine Blnk+/+ and Blnk-/- 
B-cell precursors. In the presence of Blnk, concurrent activation of Stat5-Myc (GFP+) and Erk-Bcl6 (Orange+) 
pathways largely resulted in pathway convergence and outgrowth of Erk-Bcl6 single-positive clones. 
Compared to 7% in Blnk+/+ B-cell precursors, the fraction of GFP+ Orange+ double-positive cells increased to 
up to 78% in Blnk-/- B-cell precursors (Extended Data Figure 9c), indicating that Blnk is essential for 
convergence of oncogenic signaling on one principal pathway (e.g. Erk-Bcl6) and suppression of secondary 
divergent pathways (e.g. Stat5-Myc; Extended Data Figure 9d). Since inducible activation of Stat5aCA 
suppressed Blnk, while genetic ablation and dominant-negative Stat5 increased Blnk mRNA and protein levels 
(Extended Data 5c-e), we tested whether Blnk-function differentially affects oncogenic Stat5- and Erk-
signaling. In the presence of functional Blnk, doxycycline-inducible expression of Stat5aCA failed to transform 
and Blnk+/+ B-cell precursors rapidly underwent cell death. In contrast, inducible activation of Stat5aCA in Blnk-
/- B-cell precursors induced rapid malignant transformation, in agreement with previous findings that Stat5b-
CA cooperates with defects in Blnk to promote B-ALL7. As expected, doxycycline-inducible expression of 
NRASG12D caused malignant transformation of Blnk+/+ B-cell precursors. In the absence of Blnk, however, 
inducible activation of NRASG12D only transiently accelerated proliferation of B-cell precursors. After 5 days, 
NRASG12D-transduced Blnk-/- B-cell precursors ceased to proliferate in vitro and viability progressively 
declined (Extended Data Figure 9e-h).  Colony formation assays revealed similar differences between 
oncogenic Stat5- and Erk-signaling relative to Blnk-function. Ablation of Blnk substantially increased the 
number of colonies after Stat5aCA-induction, while colony numbers were decreased in Blnk-/- B-cell precursors 
when Erk was activated downstream of NRASG12D (Extended Data Figure 9i-j). To determine whether BLNK 
differentially affects oncogenic Stat5- and Erk-signaling also in patient-derived B-ALL cells, we studied a 
matched B-ALL pair from the same patient at the time of diagnosis (LAX7) and after relapse (LAX7R). LAX7 
included a dominant STAT5 clone (IL7RSI246S) clone whereas LAX7R was driven by a dominant ERK 
(KRASG12V) clone (Fig. 5a-b). To validate observations from Blnk-/- B-ALL mouse models based on patient-
derived B-ALL cells, we used Cas9 ribonucleoproteins (RNPs) and guide RNAs targeting BLNK for genetic 
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deletion in LAX7 and LAX7R cells. In agreement with findings in murine B-ALL cells, deletion of BLNK 
provided a strong competitive advantage to STAT5-driven LAX7 (diagnosis) but induced cell death in ERK-
driven LAX7R (relapse) B-ALL cells (Extended Data Figure 9k-m). 
Rare occurrence of biclonal disease with distinct STAT5- and ERK-driven B-ALL clones 
Single-cell phosphoprotein analyses for STAT5 (Y694) and ERK (T202/Y204) showed a dramatic shift from a 
dominant Stat5+ Erk- clone in LAX7 to a dominant Stat5- Erk+ clone in LAX7R at the time of relapse (Fig. 
5). Few Stat5- Erk+ cells were detected in the diagnostic LAX7 sample, that likely gave rise to the dominant 
clone at the time of relapse (LAX7R), suggesting biclonal disease at the time of diagnosis (Figure 5g). Biclonal 
disease likely represents a rare event: In our analysis of genetic STAT5- and ERK-driver lesions in 1,148 B-
ALL samples, we only found evidence for biclonal disease in ~3% of cases (Fig. 1a). In our collection of 59 
B-ALL PDX, based on exome sequencing, Western blot and single-cell phosphoprotein analyses, we found 5 
cases (8.5%) with two distinct STAT5- and ERK-driven clones (Fig. 1i, Supplementary Table 4). The 
divergent genetic and phenotypic changes between the diagnostic (LAX7R and relapse (LAX7R) sample were 
mirrored by contrasting drug-responses. LAX7 and LAX7R samples were selectively sensitive to inhibitors of 
oncogenic JAK-STAT5 (ruxolitinib) and MAP2K1-ERK (trametinib), respectively (Extended Data Figure 
10c). Interestingly, pharmacological inhibition of the principal oncogenic pathway in LAX7 (STAT5) and 
LAX7R (ERK) resulted in reactivation of the divergent suppressed pathway (Extended Data Figure 10d). 
The finding that STAT5- and ERK-activating lesions are mutually exclusive suggests the existence of a pool 
of leukemia-initiating cells that harbored neither STAT5- nor ERK-activating lesions. Subsequent acquisition 
of STAT5- and ERK-activating lesions in distinct clones would give rise to biclonal disease. 
Pharmacological reactivation of suppressed divergent pathways as therapeutic strategy in human B-ALL 
The current paradigm of targeted therapy in cancer is mainly based on direct suppression of the principal 
oncogenic driver. For instance, inhibitors of the BCR-ABL1 and JAK2 tyrosine kinases have been developed 
to target oncogenic STAT5 signaling5,40 as well as MAP2K1 and BRAF inhibitors to target oncogenic ERK9,10. 
Direct inhibition of a principal oncogenic driver typically results in initial remission followed by development 
of subsequent drug-resistance41. As a strategy to prevent drug-resistance and relapse, we explored an 
alternative approach based on pharmacological reactivation of suppressed pathways that operate in divergent 
directions relative to the principal oncogenic driver. For proof-of-concept studies, we focused on 
pharmacological reactivation of suppressed ERK- and STAT5-signaling by two small molecule compounds. 
BCI-215 functions as an allosteric inhibitor of DUSP635, a central negative feedback regulator of ERK in B-
ALL36. The small molecule DPH functions as ABL1 kinase activator upstream of STAT5 by engaging the 
ABL1 myristoyl binding site to prevent its autoinhibitory conformation42. Treatment of patient-derived 
STAT5-driven B-ALL cells (PDX2; BCR-ABL1) with BCI-215 rapidly reactivated suppressed ERK, which 
was paralleled by increased phosphorylation of PTPN6 and dephosphorylation of its substrate STAT5 
(Extended Data Figure 10e-f). In two additional patient-derived STAT5-driven B-ALL PDX (LAX7, 
JFK125), treatment with BCI-215 had similar effects and reactivated the repressed ERK-pathway at the 
expense of STAT5-phosphorylation (Fig. 5a-c). These results suggest that pharmacological reactivation of 
divergent ERK-signaling (e.g. by BCI-215) can be leveraged for suppression of STAT5 as the principal 
oncogenic driver. In a converse experiment, we tested pharmacological reactivation of divergent STAT5 (by 
DPH) in ERK-driven B-ALL cells (LAX7R; KRASG12V). As expected, treatment of LAX7R cells with the 
STAT5-agonist DPH resulted in reactivation of suppressed STAT5-signaling. Strikingly, in addition to 
reactivation of divergent STAT5-signaling, DPH induced suppression of ERK-phosphorylation, the principal 
oncogenic driver downstream of KRASG12V (Fig. 5b). Pharmacological reactivation of suppressed divergent 
pathways is of particular interest in cases where the principal pathway has acquired on-target drug-resistance, 
e.g. mutations in BCR-ABL1 or MAP2K143 that confer resistance to ABL1 and MEK kinase inhibitors. In 
addition, this strategy may be useful when direct inhibitors of the principal oncogenic pathway are not or not 
well established (e.g. NRAS, KRAS). 
Pharmacological reactivation of divergent pathways synergizes with direct inhibition of the principal driver 
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We next tested whether pharmacological reactivation of divergent pathways can amplify the impact of direct 
inhibition of the principal oncogenic driver. For instance, BCI-215 reactivated divergent ERK-signaling and 
suppressed STAT5 to a similar degree as direct STAT5-pathway inhibition by Ruxolitinib (Fig. 5a, c). While 
BCI-215 or Ruxolitinib alone achieved a 3- to 4.5-fold reduction of STAT5-phosphorylation, a combination 
of both suppressed levels of STAT5-pY694 to near or below detection limits (Figure 5a,c). Consistent with 
biochemical inhibition of STAT5, single-agent treatment with BCI-215 or Ruxolitinib alone only achieved 
minor responses, whereas a combination of both had a profound synergistic effect in eliminating B-ALL cells 
(CI: 0.32, Fig. 5d and CI:0.35, Fig. 5f). In ERK-driven (KRASG12V) B-ALL cells (Fig. 5b), Trametinib directly 
suppressed the principal pathway, while DPH reactivated divergent STAT5-signaling. As single-agents, DPH 
and Trametinib partially suppressed ERK-phosphorylation (Fig. 5b) and had minor effects on cell viability. 
Mirroring complete suppression of ERK-phosphorylation, combinations of DPH and trametinib had profound 
cytotoxic effects on B-ALL cells (CI:0.28; Fig. 5e).  To validate efficacy and feasibility of divergent pathway 
reactivation in an in vivo transplant setting, we injected immunodeficient NSG mice with LAX7R and 
JFK125R B-ALL PDX cells. In both cases, STAT5-driven primary B-ALL had developed drug-resistance and 
relapsed with an additional KRAS-driven clone (ERK). In LAX7R, the ERK-clone had developed from a small 
population at the time of diagnosis and become dominant at the time of relapse (Fig. 5g). In JFK125R, the 
additional clone at the time of relapse was still minor (Fig. 5g).  Treatment of mice bearing LAX7R with a 
combination of DPH and Trametinib substantially extended overall survival of mice bearing ERK-driven B-
ALL (KRASG12V), compared to mice that were treated with either compound alone (Fig. 5h). DPH in 
combination with Trametinib achieved synergy based on a significantly superior survival (P=0.0001) 
compared with that expected from additivity of DPH and Trametinib applied alone. Since the STAT5-driven 
clone in JFK125R at the time of relapse was still dominant (Fig. 5g), mice bearing JFK125R were treated with 
combinations of BCI-215 and Ruxolitinib. Compared to single-agent treatment, combinations of BCI-215 and 
Ruxolitinib significantly prolonged overall survival of transplant recipients. BCI-215 in combination with 
Ruxolitinib produced a duration of survival that was significantly longer than an “additivity” model based on 
the sum of survival benefits of BCI-215 and ruxolitinib applied separately, with in vivo synergy (P=0.0009).  
Compared to inhibitors of the principal oncogenic driver alone, combinations with divergent pathway 
activation substantially deepened drug-responses and prolonged overall survival of transplant recipient mice. 
However, eventually all mice died from leukemia in both models, LAX7R (dominant ERK) and JFK125R 
(dominant STAT5). Our genetic (Fig. 1a, Supplementary Table 4) and biochemical (Fig. 1i) studies revealed 
that >90% of B-ALL cases comprise only a single population that is either STAT5- or ERK-driven. LAX7R 
and JFK125R were not only refractory but also harbored both STAT5- and ERK-driven clones. Hence, we 
examined how treatment with DPH-Trametinib and BCI-Ruxolitinib combinations affected the clonal 
composition of B-ALL that ultimately developed fatal disease. To this end, we compared STAT5- and ERK-
phosphorylation by single-cell analysis of LAX7R and JFK125R before (Fig. 5g, pre-treatment) and after 
treatment with DPH-Trametinib and BCI-Ruxolitinib combinations in vivo (Fig. 5l, post-treatment). 
Interestingly, in both B-ALL PDX, combination treatment eradicated the dominant clone, whereas the formerly 
minor clone gave rise to fatal disease driven by one single population (Fig. 5l). We also compared drug-
responses pre- and post-treatment in vivo. Compared to pre-treatment, fatal leukemia post-treatment was 
resistant to the drug-combination directed at the major clone but had become highly sensitive to the drug 
combination directed at the divergent pathway (Fig. 5j-k). For both LAX7R and JFK125R, fatal leukemia 
arose from a minor diverging clone rather than acquired drug-resistance of the major clone. In addition, 
combination treatments successfully eradicated the previously dominant clone, changing the biclonal disease 
to a single population driven by STAT5 or by ERK (Fig. 5l). In addition, the dramatic changes in drug-
sensitivity suggest that alternating treatment regimens with (i) a drug-combination targeting the major clone 
followed by (ii) a drug-combination targeting the divergent minor clone will be useful for eradication of high-
risk bi-clonal disease. 
In vivo treatment studies not only confirmed synergistic effects of BCI-215-Ruxolitinib and DPH-Trametinib 
combinations but also supported feasibility. Combinations of principal pathway inhibition with divergent 
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pathway reactivation had strong anti-leukemia effects in vitro and in vivo but did not cause any significant 
weight loss or other signs of toxicity in mice. These results indicate that convergence on one principal 
oncogenic driver represents a critical event during B cell transformation and leukemia-initiation and a 
previously unrecognized vulnerability. Hence, targeted reactivation of divergent pathways to interfere with the 
principal oncogenic driver can be leveraged as a novel strategy to disrupt oncogenic signaling and overcome 
drug-resistance. 
Discussion 
Non-transformed B-cell precursors constantly exchange information with their environment and depend on 
external cues for proliferation and survival that engage multiple divergent pathways (e.g. cytokine receptors, 
pre-BCR). Multiple cytokine receptors and the pre-BCR mainly signal through one pathway but not in a strictly 
exclusive manner. Hence, a diverse spectrum of signaling input reflects interactions of normal cells with their 
environment, while convergence on one central pathway represents a hallmark of a malignant (cancer or 
leukemia) state. In addition, signals in response to exogenous stimuli of normal growth factor receptors are 
typically transient. In contrast, genetic lesions and oncogenic mimics of cytokine receptor or pre-BCR signals 
result in persistent activation, which could explain that the signal output from these oncogenic mimics is more 
centralized on one single pathway than signal transduction from normal cytokine receptor or pre-BCR 
signaling. The dependency of normal B-cells on signaling input from a diverse repertoire of surface receptors 
is in contrast to “self-sufficiency in growth signals”, one of the hallmarks of cancer cells44. “Self-sufficiency” 
reflects that transforming oncogenes often mimic survival and proliferation signals that would emanate from 
these receptors, expression and activity of which is no longer needed in transformed B-cells. For instance, 
transforming oncogenes in B-cell leukemia and lymphoma frequently engage cytokine receptor7 or (pre-)BCR-
downstream11,45 signaling pathways. As a result of oncogenic mimicry of these pathways, “self-sufficient” 
transformed B-cells lose cytokine receptor or BCR expression and function12. Beyond the established concept 
of “self-sufficiency” and the implication that multiple cell surface receptors become dispensable in 
transformed cells, we here provide evidence that inactivation of divergent pathways that are not aligned with 
the principal oncogenic represents a critical step during malignant transformation. Tracking early stages of 
leukemia-initiation, we identified convergence on one principal oncogenic driver and inactivation of diverging 
pathways as critical events during B cell transformation. Our results support a scenario in which reactivation 
of divergent and potentially conflicting signaling pathways represents a powerful barrier to malignant 
transformation. In agreement with deletion of Mapk1 as a leukemia-initiating event in Stat5-driven B-ALL, a 
recent genetic screen identified truncation of the ERK-signaling activator Sos1 as a frequent lesion that may 
trigger the onset of STAT5-driven B-ALL27. Conversely, recent observations in patients treated with JAK1/2-
inhibitors exemplified how pharmacological suppression of (divergent) STAT5-signaling could prime dormant 
B-cell clones to develop B-cell lymphoma driven by ERK as principal oncogenic pathway28. In this clinical 
trial for patients with STAT5-driven (JAK2V617F) myeloproliferative neoplasms (MPN), pharmacological 
suppression of STAT5 by JAK1/2-inhibitors was associated with a 15-fold increased risk of mature B-cell 
lymphomas. From three of these patients, matched MPN and subsequent B-cell lymphoma samples were 
available. In all three cases, the overt lymphoma was preceded by an abnormal B-cell clone in the MPN sample, 
including one case with a KRASG13D mutation28. Based on our finding that Ruxolitinib accelerates colony 
formation of KRASG12D-driven B-ALL (Extended Data 4b-d), results from genetic screens27 and clinical 
trials28, it could be important to study if divergent pathway inhibition in other settings can initiate overt B-cell 
malignancies from silent preexisting clones. 
From a treatment-perspective, targeted reactivation of divergent pathways can interfere with the principal 
oncogenic driver and may represent a powerful strategy to amplify treatment-responses and prevent drug-
resistance. Our results show that this approach is orthogonal to direct inhibition of driver oncogenes (e.g. by 
TKI) and may represent a previously unrecognized strategy to overcome conventional mechanisms of drug-
resistance. It is likely that these pathways interact differently in other cell types. In addition, activation of other 
pathways (e.g. WNT, NF-κB, Notch, Hippo) may either coalesce into one convergent pathway or interfere and 
disrupt signaling from the principal driver oncogene. Cross-inhibition and reciprocal feedback control was 
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previously observed in multiple cancer types. For instance, in breast cancer and lung cancer, ERK-signaling 
results in suppression of oncogenic receptor tyrosine kinases (RTKs)14,15. Likewise, PI3K and androgen 
receptor signaling are engaged in a negative feedback loop16 and oncogenic mTOR signaling suppresses 
alternative growth factor signals from multiple RTKs17. In all these cases, inhibition of one pathway results in 
feedback activation of the other (Extended Data Figure 10g). Unlike B-ALL, where reactivation of a 
divergent pathway suppresses the principal pathway and compounds toxicity, activation of an alternative 
pathway in solid tumors represents a route for survival and drug resistance. Hence, dual suppression of both 
competing pathways, e.g. by inhibitor combinations, represents an effective strategy to prevent drug-resistance 
in solid tumors.  Combinations of principal pathway inhibitors with reactivation of divergent pathways has not 
been explored in solid tumors. While current treatment treatment approaches for drug-resistant cancer are 
focused on drug-combinations to inhibit multiple pathways. Here, we introduce a scenario that is based on 
inhibition of the principal pathway combined with reactivation of divergent pathways. To comprehensively 
identify targets for pharmacological reactivation of divergent (suppressed) pathways, it will be important to 
elucidate cell type-specific mechanisms of convergence and interference between principal oncogenic drivers 
and their potential detractors. 
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Figure legends 

Figure 1: Segregation of STAT5- and ERK-activating oncogenic lesions in human B-ALL 
(a) STAT5- and ERK-pathway mutations were studied in 1,148 patient-derived B-ALL samples 
(Supplementary Table 1).  Null hypothesis is that STAT5- and ERK-pathway mutations occur independently 
of each other.  The expected co-occurrence of the two mutations under the null hypothesis was 125.  The 
observed co-occurrence of the two mutations was 37, significantly lower than the expected (P<2.2e-16, Fisher’s 
exact test). (b) To analyze gene-gene co-occurrence in a more unsupervised manner, Fisher’s test was run for 
each gene-pair and plotted as a co-occurrence network – pathway assignment for each gene is indicated by 
node color (grey = STAT5, white = ERK), and mutation frequency by node size. Direction of Fisher’s result 
is indicated by line color (green = positive/greater than expected, red = negative/less than expected), line width 
represents strength of association (–log10 p-value * |logOR|). OR: odds ratio. (c) Volcano plot of gene-gene 
co-occurrence results. Each point represents a gene-pair, colored by pathway assignment for the pair (green = 
both STAT5, red = both ERK, gray = interpathway), selected gene pairs are labeled. (d) As an alternative 
method to test for overall difference in co-occurrence between pathways, Fishers test was run over 10, 000 
permutations with random shuffling of gene-pathway assignments on each iteration to generate null 
distribution for the hypothesis that pathway does not affect co-occurrence, and observed value was compared. 
(e) Distribution on logOR values from Fisher’s test grouped by gene-pair pathway assignment. Overall shifts 
in odds ratio are tested by Welsh t-test (left panel; P=0.0009), Tukey HSD (P=0.0003 and P=0.16, right panel) 
and ANOVA (overall; P=0.0004). Low frequency, non-significant gene-pairs were excluded to avoid extreme 
odds ratios from biasing results. (f) Western blot analyses were performed to evaluate correlation between 
phospho-ERK-T202/Y204 and phospho-STAT5-Y694 levels as determined by densitometry in patient-derived B-
ALL cells (n=20).  Shown is the correlation plot (P=0.001, two-tailed t-test; r=-0.657, Pearson r). (g) Levels 
of phospho-STAT5-Y694, STAT5, phospho-ERK-T202/Y204 and ERK were assessed by Western blot in patient-
derived B-ALL cells (n=8, left), BCR-ABL1 B-ALL PDX before (n=8, middle) and after intermittent treatment 
with ponatinib (n=8, right).  (h) Patient-derived Ph+ B-ALL cells were treated with increasing concentrations 
of trametinib or ponatinib. Percentage growth inhibition at each concentration of trametinib (top) and ponatinib 
(bottom) is presented (means of 3 independent experiments). (i) Single-cell phosphoprotein analyses for 
phospho-STAT5-Y694 and phospho-ERK-T202/Y204 were performed for patient-derived B-ALL samples. The 
scWest chips were first simultaneously probed with phospho-STAT5-Y694 and phospho-ERK-T202/Y204 
antibodies, followed by fluorescent secondary antibodies. To confirm identified peaks were associated with 
cell occupancy, scWest chips were then probed for Histone H3, followed by TOTO-1 DNA staining.  
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Figure 2:  Concurrent oncogenic STAT5- and ERK-activation subverts B-cell leukemogenesis  
(a) Levels of NRAS, Stat5-pY694, Stat5, phospho-Stat1-Y701, Stat1, phospho-Stat3-Y704, phospho-Stat3-S727, 
Stat3, Erk-pT202/Y204, Erk1/2, p38α-pT180/Y182, p38α, JNK-pT183/Y185 and JNK were assessed by Western 
blotting following Dox-induced expression of Stat5aCA or NRASG12D in IL7-dependent mouse pro-B cells. (b) 
IL7-dependent Tet-on NRASG12D mouse pro-B cells expressing hIL2Rβ were induced with Dox (24 hr), hIL2 
(15 minutes, 50 ng/µL) or a combination of both. Levels of Stat5-pY694, Stat5, Erk-pT202/Y204 and Erk were 
assessed by Western blotting. FACS analysis was performed to measure surface expression of hIL2Rβ and 
mCd19. (c-d) IL7-dependent hIL2Rβ-Tet-on NRASG12D mouse pro-B cells were induced with Dox, hIL2 (10 
ng/µL), or a combination of both. 50,000 cells were seeded in methylcellulose for colony formation assays (10 
days, n=3, c). Viable cell counts (d) were measured at various time points. Dox and hIL2 were replenished 
every other day. Shown are average values from 3 independent experiments. (e) IL7-dependent B-cell 
precursors were retrovirally transduced with EV, BCR-ABL1-GFP (BA-GFP), EV- Orange, or NRASG12D-
Orange. Following the first round of transductions, cells were transduced with NRASG12D-Orange or BCR-
ABL1-GFP as indicated.  Flow cytometry was performed to monitor the proportions of GFP+, Orange+, and 
double-positive cells at various time points following transductions.  Representative FACS plots from 3 
independent experiments. (f) Cells from (e) 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). P=0.003 (left 
panel) and P=0.007 (right panel; two-tailed t-test). (g) 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 Dox.  Levels of STAT5-pY694, STAT5, ERK-pT202/Y204 and ERK (left) as well as 
viable cell counts (right) were measured upon induction with doxycycline (Dox).  
 
 
Figure 3: Genetic deletion of alternative pathways triggers STAT5- and ERK-driven leukemia-initiation 
(a) Levels of phospho-Stat5-Y694, Stat5, phospho-Stat3-S727, Stat3, phospho-Erk1/2-T202/Y204 and Erk1/2 
were measured by Western blotting in BCR-ABL1-driven B-ALL cells upon Cre-mediated ablation of Stat5. 
(b) Levels of phospho-Stat5-Y694, Stat5, phospho-Stat3-S727, Stat3, phospho-Erk1/2-T202/Y204 and Erk1/2 in 
NRASG12D-driven B-ALL cells upon Cre-mediated deletion of Mapk1 (Erk2). (c) Stat5fl/fl or Mapk1fl/fl BCR-
ABL1 B-ALL cells were transduced with ERT2-GFP or Cre-ERT2-GFP.  Enrichment or depletion of GFP+ cells 
was monitored by flow cytometry upon 4-OHT induction (n=3). (d) Stat5fl/fl or Mapk1fl/fl NRASG12D B-ALL 
cells were transduced with ERT2-GFP or Cre-ERT2-GFP. Flow cytometry was performed to measure 
enrichment or depletion of GFP+ cells upon 4-OHT induction (n=3). (e and f) Mapk1fl/fl BCR-ABL1-driven B-
ALL cells (e) and Stat5fl/fl NRASG12D-transformed B-ALL cells (f) were sorted for GFP+ populations, and 10, 
000 sorted cells were seeded in semi-solid methylcellulose in the presence of 4-OHT and monitored for colony 
formation for 10-14 days.  Serial re-plating was performed (n=3). P-values shown were determined by two-
tailed t-test. (g and h) Kaplan-Meier analyses (Mantel-Cox log-rank test) of recipient mice (n=4 per group) 
injected with BCR-ABL1- (g) or NRASG12D-driven (h) B-ALL cells following 4-OHT-induced deletion of 
Mapk1 (g; 24 hr) or Stat5 (h; 24 hr).   
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Figure 4:  STAT5-MYC and ERK-BCL6 signaling are incompatible  
and define distinct stages of B cell development 

(a) Hardy Fractions B-F analysis was performed with MyceGFP/+ Bcl6mCherry/+ bone marrow cells (n=3). 
Single-cell Western blot analyses for phospho-Stat5-Y694 and phospho-Erk-T202/Y204 were performed for the 
indicated fractions. (b) Hardy Fraction B-F analysis was performed with MyceGFP/+ Bcl6mCherry/+ bone marrow 
cells. Expression of eGFP and mCherry was monitored by flow cytometry in each fraction (B-F; n=3). (c)  
Surface expression of Igκ light chain (LC) was measured by flow cytometry in IL7-dependent pro-B cells 
(left), and upon Dox-inducible expression of μHC (middle) or NRASG12D (right). Shown are representative 
results from 3 independent experiments. (d) IL7-dependent MyceGFP/+ Bcl6mCherry/+ B-cell precursors were 
induced to differentiate or were transduced with NRASG12D.  Expression of eGFP and mCherry was measured 
by flow cytometry.  Shown are representative results from 3 independent experiments. (e) Patient-derived Ph-
like B-ALL cells were treated with increasing concentrations of ruxolitinib (µM), and Western blot analyses 
were performed to assess levels of phospho-STAT5-Y694, STAT5, MYC, phospho-STAT3-S727, STAT3 and 
BCL6. (f) MyceGFP/+ Bcl6mCherry/+ B-cell precursors were transduced with EV, BCR-ABL1 or NRASG12D, and 
were subsequently treated with vehicle control, imatinib (1 µM) or trametinib (10 nM) as indicated.  
Expression of eGFP and mCherry was monitored by flow cytometry. Shown are representative results from 
3 independent experiments. (g) BCR-ABL1-driven B-ALL cells were transduced with EV control, GFP-tagged 
MYC or GFP-tagged BCL6. Enrichment or depletion of GFP+ populations were monitored by flow cytometry 
(n=3). (h) NRASG12D-transformed B-ALL cells were transduced with EV control, GFP-tagged MYC, or GFP-
tagged BCL6. Enrichment or depletion of GFP+ populations were monitored by flow cytometry (n=3). (i) Like 
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 
signaling and activation of STAT5 but not ERK. Conversely, pre-B cells depend on pre-BCR signaling and 
activation of ERK but not STAT5. STAT5-driven B-ALL cells depend on oncogenic mimics of cytokine 
receptor signaling and resemble pro-B cells that depend on STAT5-activation downstream of cytokine 
receptors.  Mimicking pre-BCR signaling at the pro-B to pre-B cell-transition, oncogenic RAS-signaling 
suppresses STAT5-signaling and induces de novo expression of BCL6.  
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Figure 5:  Pharmacological reactivation of suppressed divergent pathways as therapeutic strategy in B-ALL 
Patient-derived B-ALL cells (STAT5-driven, LAX7) were treated with vehicle control, BCI-215 (1 µM), 
ruxolitinib (500 nM), or a combination of BCI-215 and ruxolitinib. Western blotting was performed to measure 
levels of phospho-STAT5-Y694, STAT5, phospho-ERK1/2-T202/Y204 and ERK1/2. (b) Patient-derived B-ALL 
cells (ERK-driven, LAX7R) were treated with vehicle control, DPH (1 µM), trametinib (500 nM), or a 
combination of DPH and trametinib. Levels of phospho-STAT5-Y694, STAT5, phospho-ERK1/2-T202/Y204 and 
ERK1/2 were assessed. (c) Patient-derived B-ALL cells (STAT5-driven, JFK125R) were treated and studied 
by Western blot analysis as described in (a). Patient-derived B-ALL cells, LAX7 (d), LAX7R (e) and JFK125R 
(f) were treated with increasing concentrations of BCI-215, ruxolitinib, a combination of both, DPH, 
trametinib, or a combination of both. Percentage growth inhibition at each concentration is shown as heatmaps 
(n=3). CI values were calculated to determine synergy for treatment combinations. (g) Single-cell 
phosphoprotein analyses for phospho-STAT5-Y694 and phospho-ERK-T202/Y204 were performed for patient-
derived B-ALL cells LAX7, LAX7R and JFK125R prior to in vivo treatment. (h-i) Patient-derived LAX7R 
and JFK125R B-ALL cells were injected into sublethally irradiated (2Gy) NSG mice. Recipient mice injected 
with LAX7R were treated 6 times a week for 4 weeks with 2 mg/kg DPH, 0.5 mg/kg trametinib or a 
combination of both (h).  Recipient mice injected with JFK125R were treated 5 times a week for 4 weeks with 
2 mg/kg BCI-215, 30 mg/kg ruxolitinib or a combination of both (i).  Mice were euthanized when they showed 
signs of overt leukemia (hunched back, weight loss and inability to move).  Kaplan-Meier survival analyses 
(Mantel-Cox log-rank test) are shown. To assess additive vs synergistic activity of single vs combination 
treatments in vivo, the Bliss independence model was adapted to 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]} was fitted to survival 
data for each condition, and distributions of survival benefits (treated survival time − untreated survival time) 
were computed for each treatment. Survival benefits of drug-1 and drug-2 were summed and added to the 
untreated survival distribution to compose a “sum of benefits” survival distribution. Confidence intervals were 
based on 10,000 such simulations, in which each treatment’s survival distribution was a likelihood-weighted 
sample of Weibull parameters (α, β) based on the relative likelihood of having made the survival observations 
O = (t1, t2,…ti) given those parameters: L(O | α, β) = Πi{exp[−(ti/β)α] × tiα−1 × α × β−α}. The P value for 
synergy between drug-1 and drug-2 was the probability to draw data from the sum of benefits model ensembles 
with median survival duration equal to or greater than was experimentally observed for drug-1 and drug-2. 
While combination treatments prolonged overall survival, transplant recipient mice ultimately developed overt 
leukemia. B-ALL that developed in mice with LAX7R (after treatment with DPH-trametinib; j) and in mice 
with JFK125R (after treatment with BCI-215-ruxolitinib; k) were isolated from bone marrow, suspended in 
cell culture medium and treated with increasing concentrations of BCI-215, ruxolitinib, a combination of both, 
DPH, trametinib, or a combination of both. Percentage growth inhibition at each concentration is shown as 
heatmaps (n=3). CI values were calculated to determine synergy for treatment combinations. To elucidate the 
clonal composition of LAX7R and JFK125R B-ALL post-treatment, single-cell phosphoprotein analyses for 
phospho-STAT5-Y694 and phospho-ERK-T202/Y204 were performed (l). 
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Figure 1: Segregation of STAT5- and ERK-activating oncogenic lesions in human B-ALL
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Figure 2: Concurrent oncogenic STAT5- and ERK-activation subverts B-cell leukemogenesis
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Figure 3: Genetic deletion of alternative pathways triggers STAT5- and ERK-driven leukemia-initiation
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STAT5-activating ERK-activating

No ERK ERK [%]

No STAT5 531 [58.0] 285 [31.1] 816 [89.1]

STAT5 76 [8.3] 24 [2.6] 100 [10.9]

P=0.033 607 [66.3] 309 [33.7] 916

(a) STAT5- and ERK-pathway mutations were studied in 916 patient-derived AML samples (Supplementary Table 2). Null
hypothesis is 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. The observed co-occurrence of the two mutations was 24, significantly lower than the
expected (odds ratio 0.59, P=0.033, Fisher’s exact test).

(b) To analyze co-occurrence of genetic lesions in a less supervised manner, Fisher’s test was run for each gene-pair and plotted as a
co-occurrence network – pathway assignment for each gene is indicated by node color (grey = STAT5, white = ERK), and mutation
frequency by node size. Direction of Fisher’s result is indicated by line color (green = positive/greater than expected, red =
negative/less than expected), line width represents strength of association (–log10 p-value * |logOR|). (c) Volcano plot of gene-gene
co-occurrence results – each point represents a gene-pair, colored by pathway assignment for the pair (green = both STAT5, red =
both ERK, grey = interpathway), selected gene pairs are labelled. (d) Distribution of logOR values from Fisher’s test grouped by
gene-pair pathway assignment. Overall shifts in odds ratio were tested by Welch two sample t-test (Left panel; p = 0.82), or one way
ANOVA (Right panel; p = 0.57), significance indicated for pairwise-comparisons tested with Tukey HSD. Low frequency, non-
significant gene-pairs were excluded to avoid extreme odds ratios from biasing result. (e) As an alternative method to test for overall
difference in co-occurrence between pathways, Fishers test was run over 10,000 permutations with random shuffling of gene-to-
pathway assignments on each iteration to generate a null distribution for the hypothesis that pathway does not affect co-occurrence.
The observed deviation from expected co-occurrence calculated in (a) was compared against the null distribution to calculate exact p-
value, as indicated by red line.

Extended Data Figure 1: Segregation of STAT5- and ERK-activating mutations in human AML
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For single-cell phospho-protein 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) 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 scanned image of the scWest chip probed with Histone H3 antibodies to confirm cell occupancy, followed by fluorescent
secondary antibodies (b).

Chips were probed with STAT5-pY694 and ERK-pT202/Y204 antibodies followed by fluorescent secondary antibodies for simultaneous detection
of both phosphoproteins. Shown are representative images of signals observed for STAT5-pY694 and ERK-pT202/Y204.. Fluorescence intensity
was plotted against distance from well center (peak location, 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 it was associated with a peak located at the correct distance from the well center
(c). Chip was scanned using a microarray scanner, and peak identification was performed using the 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).
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Extended Data Figure 2: Single-cell phosphoprotein analyses of patient-derived B-ALL samples reveal segregation of 
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Extended Data Figure 2 (continued): Single-cell phosphoprotein analyses of patient-derived B-ALL samples reveal 
segregation of STAT5- and ERK-phosphorylation to competing clones 
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Single-cell phosphoprotein analyses for STAT5-pY694 and ERK-pT202/Y204 were performed for 6 patient-derived B-ALL samples (g) with
STAT5-pY694 and 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 the signal detected was associated with a peak located at the correct peak
location (distance from the well center). Shown on the left are heatmaps illustrating cells that express STAT5-pY694 (green) and/or ERK-
pT202/Y204 (red). On the right are tables that summarize 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 (see validation experiment for dual signal
detection, d-f).
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Extended Data Figure 3: Concurrent activation of STAT5 and ERK signaling induces B-cell senescence and cell death 
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were measured (i). Shown are representative FACS plots from 3 independent experiments. P-values were determined by two-
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P=0.00011
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Extended Data Figure 4: Pharmacological inhibition of divergent pathways facilitates B-leukemogenesis

Mb1-Cre x LSL-KRASG12D

Control: 85±7 Ruxolitinib: 526±19

P=2.8e-06

a b

c d

(a) Bone marrow cells harvested from Mb1-Cre x LSL-BCR-ABL1 knockin mice cultured in the presence of IL7 were
primed with vehicle control or trametinib (1 nmol/L) for 10 days prior to colony forming assays. (b) Bone marrow cells
harvested from Mb1-Cre x LSL-KRASG12D knockin mice cultured in the presence of IL7 were primed with vehicle control
or ruxolitinib (10 nmol/L) for 10 days prior to colony forming assays. (c) Murine wild-type BCR-ABL1 B-ALL cells were
primed with vehicle control, DPH (1 µM), trametinib (1 nM) or DPH in combination with trametinib for 10 days prior to
colony forming assays. (d) Murine wild-type NRASG12D B-ALL cells cultured in the presence of IL7 were primed with
vehicle control, BCI-215 (50 M), ruxolitinib (10 nM), or BCI-215 in combination with ruxolitinib for 10 days prior to
colony forming assays. Shown are representative images for 3 independent experiments. P-values were determined by
two-tailed t-test.
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(b) 17 B-ALL PDX were analyzed by flow cytometry for Ig-light chain surface expression. Normal CD19+ B-cell precursors from a
normal bone marrow sample and mature B-cells from a normal peripheral blood sample, as well as three mature B-cell lymphoma cell
lines were used as reference. JFK125R and LAX7R PDX are ERK-driven, ICN12 is TCF3-PBX1, NCL4, JFK125 and LAX7 are Ph-
like and all other PDX are Ph+ B-ALL. Fisher's exact test was used to test whether STAT5-activating mutations were enriched in B-
ALL patients with germline IGKV and IGLV, and ERK-activating mutations in B-ALL patients with rearranged IGKV and/or IGLV
loci.

(a) Genomic Target phase II data set
(all_phase2_target_2018_pub.tar.gz) was analyzed for
rearrangement of 2p11.2 (IGKV, V-J) and 22q11.22
(IGLV, V-J) immunoglobulin light chain loci in 47 B-
ALL cases. Fisher’s exact test was computed.

Extended Data Figure 5: Phenotypic differences between B-ALL cells driven by oncogenic STAT5 or ERK reflect 
developmental rewiring during early B-cell development  
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(c) Stat5fl/fl pre-B cells were transformed with BCR-ABL1 and B-ALL
cells were subsequently transduced with tamoxifen-inducible Cre (Cre-
ERT2) or an empty vector control. Stat5fl/fl B-ALL cells carrying EV or
Cre were treated with tamoxifen for 24 hours and gene expression
changes upon deletion of Stat5 were measured by Affymetrix gene chip
analysis (GSE24814).

(d) B-ALL cells were transduced with doxycycline-inducible vectors
for expressed of constitutively active Stat5a (Stat5aCA). TetO-Stat5aCA
B-ALL cells were treated with our without doxycycline and mRNA
was isolated at the times indicated for RNA-seq analysis.
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(e) Levels of phospho-Stat5-Y694, Stat5 and Blnk protein
expression were measured by Western blot in BCR-ABL1
B-ALL cells upon Dox-inducible expression of
constitutively active (Stat5CA) or a dominant-negative
(DN-Stat5) mutant of Stat5.
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(g) Gene expression data from patients in a pediatric high-risk B-ALL trial (COG P9906) were plotted as a heat map. Patients
were segregated into two groups based on whether they carried genetic lesions in the ERK-pathway (NRAS, KRAS, BRAF,
PTPN11 or NF1) or STAT5-pathway lesions (SH2B3, ABL1, JAK2, CRLF2, EPOR or PDGFR). (h and i), mRNA expression
levels of molecules involved in cytokine receptor signaling, STAT5-feedback (h), pre-B cell receptor (pre-BCR) signaling and
ERK-feedback (i) in children with high-risk B-ALL (COG P9906) carrying genetic lesions in the ERK- or STAT5-pahtway. P-
values were determined by two-tailed t-test.
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Extended Data Figure 5 (continued): Phenotypic differences between B-ALL cells driven by oncogenic STAT5 or ERK
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Extended Data Figure 5 (continued): Phenotypic differences between B-ALL cells driven by oncogenic STAT5 or ERK
reflect developmental rewiring during early B-cell development

k

l

m

n

(i-n) B-ALL PDX were analyzed by flow cytometry for CD34 (i), IL7R (j), CRLF2 (k), VpreB (l), CD21 (m) and IgM (n) surface
expression. Normal CD19+ B-cell precursors from a normal bone marrow sample and mature B-cells from a normal peripheral blood
sample, as well as three mature B-cell lymphoma cell lines were used as reference.
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Extended Data Figure 5 (continued): Phenotypic differences between B-ALL cells driven by oncogenic STAT5 or ERK
reflect developmental rewiring during early B-cell development
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ALL cells, BCR-ABL1-driven B-ALL cells
and NRAS-driven B-ALL cells were analyzed
by flow cytometry for CD43, IL7R, VpreB,
IgM, Ig-κ, IgD and CD21 surface expression.
Normal CD19+ B-cell precursors from bone
marrow cells and CD19+ spleen B-cells from
wild-type mice were used as reference.

(q) Gene-expression analysis of mouse B
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Extended Data Figure 6: Permissiveness to oncogenic STAT5 or ERK signaling depends on B-cell differentiation stage
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(a) For STAT5-driven B-ALL cases (n=26) and ERK-driven B-ALL cases (n=67; Supplemental Table 1), mRNA levels of IGHM, IGLV,
BCL6 and IKZF1 were studied from microarray results and associated with clinical outcome (COG P9906) at the time of diagnosis. Patients in
each group were segregated into two based on higher vs lower than median mRNA levels for each of the four genes. Overall survival and
relapse-free survival for the Kaplan-Meier plots are shown to compare relapse-free or overall survival for the higher- vs lower than median
groups for IGHM, IGLV, BCL6 and IKZF1 as potential outcome predictors. Mantel-Cox log-rank test was used to determine statistical
significance.
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GFP. Changes of viability of GFP+ cells were monitored by flow cytometry (n=3, b). Annexin V-7AAD (c) and senescence β-galactosidase
(d) staining were performed with pro-B cells expressing EV or LMP2A. Levels of CDKN1A and CDKN2A were examined (e). (f-i) Human
pre-B-cells (CD19+ CD34- Ig-HC+ Ig-LC+) were transduced with EV control, BCR-ABL1-GFP or LMP2A-GFP. Changes of viability of
GFP+ cells were monitored by flow cytometry (n=3, f). Annexin V/7AAD (g) and senescence β-galactosidase (h) staining were performed
with B-ALL cells expressing EV or LMP2A. Levels of CDKN1A and CDKN2Awere examined (i). Shown are representative FACS plots and
images from 3 independent experiments. P-values were determined by two-tailed t-test.
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Extended Data Figure 7: BCL6 is essential for RAS-mediated B-cell transformation
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(a) Murine pre-B cells expressing Dox-inducible NRASG12D were treated with Dox. Bcl6 mRNA levels at various time points
following induction were assessed by qRT-PCR. Protein levels of Bcl6, Nras or NRASG12D were assessed by Western
blotting. (b) Mapk1(Erk2)fl/fl BCR-ABL1-driven B-ALL cells expressing 4-OHT-inducible Cre or empty vector control (EV)
were induced with 4-OHT for 48 hours, followed by treatment with imatinib (1μmol/L) or vehicle control for 24 hours.
Levels of Bcl6, phospho-Erk1/2-T202/Y204, and Erk1/2 were examined by Western blotting. (c) Levels of phospho-Stat5-Y694,
Stat5 and Bcl6 were assessed by Western blot analysis upon Cre-mediated deletion of Stat5 in BCR-ABL1-driven B-ALL
cells with or without treatment of imatinib (1 µmol/L). (d and e) Bcl6fl/+ (d) or Bcl6fl/fl (e) NRASG12D B-ALL cells 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 (± SD) of GFP+ cells following induction
(n=3).
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(f) IL7 dependent B-cell precursors from Tg(tetO-BCL6) mice were treated with Dox to induce expression of BCL6 and
were subsequently transduced with NRASG12D-Orange. Following cell sorting, NRASG12D-Orange+ cells were plated for
colony forming assays (n=3). (g and h) Representative images and quantification (mean values ± SD, n=3) of the colony-
forming ability of NRASG12D B-ALL cells following Cre-mediated heterozygous (g) or homozygous (h) deletion of Bcl6.
10, 000 cells were seeded in semi-solid methylcellulose and monitored for colony formation for 14 days. P-values were
determined by two tailed t-test.
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Extended Data Figure 7: BCL6 is essential for RAS-mediated B-cell transformation
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48 hours. Levels of BCL6, phospho-ERK1/2-T202/Y204, ERK1/2, phospho-STAT5-Y694, and STAT5 were assessed. (m) Patient-derived
Ph+ B-ALL cells were treated with vehicle control, BCI (5 µmol/L) or pimozide (5 µmol/L) for 20 hours. Levels of BCL6, phospho-
ERK1/2-T202/Y204, ERK1/2, phospho-STAT5-Y694 and STAT5 were assessed. (n) Levels of NRASG12D, Bcl6, phospho-Erk1/2-T202/Y204,
Erk1/2, phospho-Stat5-Y694, and Stat5 were assessed by Western blotting following overexpression of NRASG12D or empty vector (EV)
control in murine B-cell precursors (n=2).
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Extended Data Figure 8  : Central role of PTPN6 in enabling oncogenic ERK-signaling
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(a) Levels of NRAS, Ptpn6-pY564, Ptpn6, Erk1/2-pT202/Y204 and Erk1/2 were assessed by Western blotting following Dox-induced
expression of NRASG12D in murine pre-B cells.

(b) ChIP-seq analyses in human B lymphocytes (ENCODE GM12878) revealed binding of ERK-dependent transcription factors
ELK1 and CREB1 to the PTPN6 locus.

(c) Pre-BCR signaling was reconstituted in Ighm−/− (left) and Blnk−/− (right) B-ALL cells by retroviral expression of Ig-HC, BLNK
or empty vectors, respectively. mRNA expression levels of Ptpn6 were measured (n=3). P-values determined by two tailed t-test.

(d) Ptpn6fl/fl B-cell precursors were transduced with 4-OHT-inducible Cre or EV. Levels of Stat5-pY694, Stat5, Erk1/2-pT202/Y204,
Erk1/2 and Ptpn6 were measured at various time points following induction.

(e) Quantification and representative images from serial replating assays of pre-B cells transduced with NRASG12D following Cre-
mediated deletion of Ptpn6. 10, 000 cells were seeded in semi-solid methylcellulose and monitored for colony formation for 14
days. P-values were determined by two tailed t-test.

(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 (± SD) of GFP+ cells following induction and representative FACS plots (n=3 biological replicates, each in duplicate).
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(a) Blnk+/+ and Blnk-/- B-cell precursors expressing Dox-inducible
Ig-HC were treated with Dox for 48 hr. Levels of phospho-Erk1/2-
T202/Y204, Erk1/2, Ptpn6-pY564, Ptpn6, Stat5-pY694, Stat5, Myc, Bcl6
and Blnk were measured by Western blotting. (b) Blnk+/+ and Blnk-/-

B-cell precursors expressing Dox-inducible NRASG12D were treated
with Dox for 48 hr. Levels of NRAS, phospho-Erk1/2-T202/Y204,
Erk1/2, phospho-Ptpn6-Y564, Ptpn6, phospho-Stat5-Y694, Stat5, Myc,
Bcl6 and Blnk were measured by Western blotting.
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(c) Blnk+/+ and Blnk-/- B-cell precursors were
retrovirally transduced with NRASG12D-Orange and
Stat5aCA-GFP or BCR-ABL1-GFP. Flow cytometry
was performed to assess expression of GFP and
Orange at various time points following transductions.
Shown are representative FACS plots from 3
independent experiments.

(d) Levels of NRAS, phospho-Erk1/2-T202/Y204, Erk1/2, phospho-
Stat5-Y694, Stat5, Myc and Blnk were measured by Western blotting
upon expression of EV or NRASG12D in Blnk+/+ and Blnk-/- pre-B
cells. Three independent repeat experiments are shown. -actin was
used as loading control.
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Extended Data Figure 9: BLNK enables oncogenic ERK-signaling at the expense of STAT5-MYC
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Viable cell counts (e-f) and viability changes
(g-h) were measured upon doxycycline
(Dox)-induced expression of Stat5aCA or of
NRASG12D in Blnk+/+ and Blnk-/- B-cell
precursors at various time points (n=3).
Colony forming ability of Blnk+/+ and Blnk-/-

B-cell precursors was assessed upon Dox-
induced expression of Stat5aCA (i) or
NRASG12D (j). 10,000 cells were plated,
shown are mean values (percentage colonies)
of 3 independent experiments and
representative images.

Electroporation of Cas9 ribonucleoproteins
(RNPs), complexes of recombinant Cas9 with
non-targeting (NT) guide RNAs or guide RNAs
targeting BLNK, was performed to transfect
patient-derived B-ALL cells (LAX7 and
LAX7R; k-m). Efficiency of CRISPR/Cas9-
mediated deletion of BLNK was assessed by
Western blot analysis using -actin as loading
control (l). LAX7 and LAX7R cells transfected
with Cas9/RNPs carrying NT or BLNK guide
RNAs were mixed with GFP+ LAX7 and GFP+

LAX7R cells, respectively. Enrichment or
depletion of GFP+ cells was monitored by flow
cytometry (n=3; m). P-values were determined
by two tailed t-test.

Extended Data Figure 9 (continued): BLNK enables oncogenic ERK-signaling at the expense of STAT5-MYC
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Extended Data Figure 10: Divergent drug-responses in a STAT5- and ERK-driven pair of primary and relapse B-ALL
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(a) 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. (b) Volcano plot (top) of
differentially expressed cell surface proteins in
patient-derived B-ALL cells (LAX7 vs
LAX7R). The mean difference of protein
intensity (LFQ = label-free quantification) is
plotted against the p-value (Welch’s T-test).
Dashed lines show a cutoff of significantly
different proteins. Log2 fold change > 2 and –
log10(p-value) >1.3 (equivalent to a p-value
<0.05). Flow cytometry analysis (bottom) of
CRLF2 and IL7R cytokine receptors in patient
derived B-ALL cells (LAX7 and LAX7R).
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(c) Patient-derived B-ALL
cells (LAX7 and LAX7R)
were treated with
increasing concentrations
of ruxolitinib or
trametinib for 72 hours.
Relative viability (n=3)
was measured.
(d) Western blotting
analyses were performed
to assess levels of STAT5-
pY694, STAT5, STAT3-
pS727, STAT3, ERK-
pT202/Y204 and ERK upon
treatment of LAX7 cells
with ruxolitinib (left) or
LAX7R cells with
trametinib (right).
(e-f) Patient-derived B-
ALL cells (PDX2) were
treated with BCI [1
mol/l]. Levels of
phospho-STAT5-Y694,
STAT5, phospho-ERK1/2-
T202/Y204 and ERK1/2
were measured by
Western blotting upon
treatment with BCI for
various time points.

(g) Cross-inhibition and reciprocal feedback control was previously observed in multiple
cancer types. For instance, in triple-negative breast cancer (TNBC) and lung cancer,
ERK-signaling results in suppression of oncogenic receptor tyrosine kinases (RTKs)14-15.
Likewise, PI3K and androgen receptor signaling are engaged in a negative feedback
loop16 and oncogenic mTOR signaling suppresses alternative growth factor signals from
multiple RTKs17. In all these cases, inhibition of one pathway results in feedback
activation of the other (g). Unlike B-ALL, where reactivation of a divergent pathway
suppresses the principal pathway and compounds toxicity, activation of an alternative
pathway in solid tumors represents a route for survival and drug resistance.
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