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                                                            Optimization of treatment protocols and improved risk stratification have enhanced event-free survival rates in pediatric precursor-B acute lymphoblastic leukemia (BCP-ALL) up to 80%–90%.1 Remarkably, these results are obtained without changing the core chemotherapeutic drugs that have been used for decades, including prednisolone, L-asparaginase and vincristine. To cure the remaining 20% of patients and to reduce long-term side-effects in survivors, more personalized targeted therapy is warranted. Optimized high throughput screening has brought tailored therapy a step closer. Recently, high throughput sequencing in 187 high-risk BCP-ALL cases identified a high frequency of recurrent alterations in crucial signaling pathways.2
Novel targeted drugs will most likely serve as adjuvants to current chemotherapy regimens. Prednisolone has been shown to be the most pivotal in treating pediatric BCP-ALL, as in vivo and in vitro response to prednisolone is an important predictor for long-term clinical outcome,43 and relapsed leukemic cells gain prednisolone resistance. Hence, to improve clinical outcome, drugs need to be found which reverse resistance to prednisolone. Prednisolone is a glucocorticoid that binds the glucocorticoid receptor, which acts as a transcription factor regulating the expression of numerous genes eventually leading to apoptosis. In this study, we hypothesized that prednisolone resistance in BCP-ALL may be caused by dysregulation of prednisolone responsive survival proteins.
To study our hypothesis, we analyzed phosphorylation levels of 18 key-signaling proteins in leukemic cells obtained from in vitro prednisolone-sensitive and prednisolone-resistant ALL patients (Online Supplementary Table S1a, column 2) using reverse-phase protein arrays. We observed that there was no difference in basal phosphorylation levels of these 18 proteins between prednisolone-resistant and prednisolone-sensitive patients’ cells (Online Supplementary Figure S1). Exposure to prednisolone for 48 h induced discrepant (phosphorylation) changes in 7 out of 18 proteins between prednisolone-resistant and prednisolone-sensitive cases (Figure 1). Remarkably, exposure to prednisolone down-regulated phosphorylation of the RAS-RAF-MEK pathway in prednisolone-sensitive patients cells but not in prednisolone-resistant patients (Figure 1A–E). Levels of RAS, pRAS-GRF1, pARAF, pBRAF, pMEK1/2 and also pSTAT6 were, respectively, 1.5-fold, 2.5-fold, 8.1-fold, 2.3-fold, 2.9-fold and 3.1-fold (P<0.01) higher in prednisolone-resistant compared to prednisolone-sensitive patients’ cells after prednisolone exposure (Figure 1A–F). In contrast, a 3.8-fold induction of cMET phosphorylation was observed in resistant patients’ cells after prednisolone exposure, whereas no change was observed in sensitive cells (Figure 1G).
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Figure 1.Prednisolone-mediated regulation of pivotal tyrosine-kinase pathway proteins is impaired in prednisolone-resistant primary patient cells. (A–G) Protein phosphorylation was analyzed by means of reverse phase protein array in 3 pediatric BCP-ALL patient cases with in vitro prednisolone-sensitive and 3 cases with in vitro prednisolone-resistant leukemic cells. Samples were exposed for 48 h to 0 mg/mL, 1 mg/mL prednisolone or 250 mg/mL prednisolone. Data are presented as mean plus SEM of 3 independent patients’ samples. (A Kruskal-Wallis test was used to compare 0, 1, 250 mg/mL data points indicated by ⊡-⊡ and a t-test was used to compare data between sensitive and resistant patients indicated by ⊢– ⊣. *P<0.05, **P<0.01, ***P<0.001. ns: not significant.
The finding that prednisolone is incapable of down-regulating the activity of RAS-RAF-MEK pathway in prednisolone resistant patients, prompted us to investigate the presence of RAS-pathway activating mutations. These mutations are known to induce constitutive RAS signaling which results in a survival advantage of cancer cells. We investigated hotspot regions of mutations in the protein coding domains of BRAF, NRAS, HRAS, KRAS, PTPN11 and FLT3 as documented in the COSMIC database (Online Supplementary Table S2) with Ion Torrent deep sequencing (approx. 1000x read depth) in 26 pediatric BCP-ALL patients with known genetic subtype and in vitro prednisolone response (Online Supplementary Table S1a). In addition, we examined in previously described hotspot regions the presence of mutations in cMET (Online Supplementary Table S2) but no cMET mutations were found. Eleven out of 26 patients (42%) (Online Supplementary Table S1a–b) carried activating NRAS and/or KRAS mutations or additional mutations in the FLT3 receptor or regulatory PTPN11 (SHP2) known to trigger RAS-MEK pathways in hematopoietic cells.5 Single heterozygous NRAS/KRAS-mutations were found in 5 cases with one dominant clone, representing 50%–100% of cells (Online Supplementary Table S1; Patients 3, 5, 6, 7 and 9). Two or more RAS-pathway mutations were found in 6 cases (Online Supplementary Table S1; Patients 1, 2, 4, 8, 10 and 11). Of interest, these mutations were often found in subclones as small as 5%. We identified 10 activating point mutations in NRAS and 8 in KRAS, 1 in PTPN11 and 1 in FLT3. We did not find mutations in BRAF and HRAS. Interestingly, we more often detected RAS activating mutations in prednisolone-resistant compared to prednisolone-sensitive patients (62% vs. 23%; P<0.001) (Online Supplementary Table S3). Furthermore, the mutations did not present in one specific genetic subtype (Online Supplementary Table S3) nor did the 2 patients that relapsed in this cohort harbor a RAS-mutation (Online Supplementary Table S1a).
Based on these findings, we examined the effects of inhibitors directed against MEK1/2 (trametinib), BRAF (sorafenib), STAT6 (AS1517499) and cMET (crizotinib) (Online Supplementary Table S4) on leukemic cell survival using an MTT assay. Of the 26 patient samples in this cohort (Online Supplementary Table S1), only 7 survived 4 days in vitro culture, i.e. 5 in vitro prednisolone-resistant and 2 in vitro prednisolone-sensitive BCP-ALL patients’ samples of which 3 are RAS-mutant and 4 are RAS-wild type. All patient leukemic cells expressed high levels of the targeted proteins in leukemic cells compared to normal mononuclear bone marrow cells (Figure 2A). There was no significant difference in protein phosphorylation between RAS-mutant and RAS-wt patient leukemic cells (Figure 2A). Single agent exposure of trametinib, sorafenib, AS1517499 or crizotinib did not induce substantial cell death in any of the leukemic patients’ cell samples (Figure 2B–2E). Western blot analysis verified that trametinib decreased phospho-ERK, sorafenib decreased phospho-BRAF, AS1517499 decreased phospho-AKT and crizotinib decreased phospho-MEK1/2 and phospho-AKT, which are known downstream targets of STAT6 and cMET, respectively (Figure 2F). In conclusion, although these patient cells have high target phosphorylation, MEK1/2, BRAF, STAT6, cMET single agent exposure did not reduce viability of patients’ leukemic cells independent of RAS-mutant status.
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Figure 2.Inhibitors against MEK, BRAF, STAT6, cMET do not reduce viability of patients’ leukemic cells. (A) Protein phosphorylation levels of MEK1/2, BRAF, STAT6 and cMET were analyzed in leukemic cells of 7 BCP-ALL samples by reverse phase protein array. Phosphorylated protein levels in patients were compared to the levels observed in normal bone marrow mononuclear cells (dashed line set at 1). (B–E) Seven BCP-ALL patient cell samples were exposed for four days with the indicated inhibitor in a concentration range between 0.0002–20 μM, after which leukemic cell survival was analyzed by MTT-assay and corrected for effects caused by vehicle itself. (F) MEK1/2(S217–221), ERK1/2(Thr202/Tyr204), AKT(S473) and BRAF(S455) phosphorylation of patient D treated for four days with 5 mM of the indicated inhibitors or 5 mM of the vehicle DMSO was analyzed by western blot. β-actin expression was used as a loading control. Data are presented as mean+SEM.
We next evaluated the prednisolone sensitizing properties of these inhibitors in the same 7 primary BCP-ALL patients’ samples (Figure 3, Online Supplementary Table S1 and Online Supplementary Figure S2). Remarkably, we observed a complete sensitization to prednisolone after trametinib treatment in Patients B and C (P<0.01) (Figure 3B1–C2). This amount of prednisolone sensitization in BCP-ALL patient cells has never been seen before for any other drug/inhibitor/shRNA combination. Patient B harbored a KRAS mutation and C harbored a KRAS and NRAS mutation (Online Supplementary Table S1). Trametinib was not effective in Patient A who harbored a KRAS and NRAS activating mutation (Figure 3A1 and Online Supplementary Table S1). Interestingly, this patient was the only one in whom sorafenib sensitized cells to prednisolone up to 61% compared to prednisolone and vehicle control (Figure A1–A2; P=0.001). These highly sensitizing effects of prednisolone were not seen for AS1517499 (STAT6 inhibitor) or crizotinib (cMET inhibitor). Trametinib and sorafenib had no substantial prednisolone sensitizing effects in the RAS-wild-type patients (Figure 3D1–G2 and Online Supplementary Figure S2). In one RAS-wild-type patient (Figure 3G2), trametinib had an antagonistic effect on prednisolone sensitivity. This finding warns against a broad use of MEK inhibitors, and supports our conclusion that implementation of these inhibitors needs to be guided by relevant biomarkers (e.g. RAS mutation) and pre-clinical in vitro evidence.
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Figure 3.Trametinib (MEK inhibitor) and sorafenib (BRAF inhibitor) restored prednisolone sensitivity in RAS-mutant patients. (A1–G1) Sensitivity to 3.9 mg/mL prednisolone of 7 distinct pediatric BCP-ALL patients’ cell samples co-incubated with 2.5 mM trametinib (MEK1/2 inhibitor), sorafenib (BRAF inhibitor), AS1517499 (STAT6 inhibitor), Crizotinib (cMET inhibitor) or vehicle (DMSO) control measured in a 4-day MTT assay. Data are presented as mean+SEM of a duplicate experiment (t-test *P<0.05, **P<0.01, ***P<0.001). (A2–G2) Dose-response curve of prednisolone combined with the inhibitor giving the most prominent effect in A1–G1. Graphs represent 2.5 or 5.0 mM sorafenib (BRAF inhibitor), trametinib (MEK inhibitor) or vehicle control (DMSO). Data are presented as mean+SEM of a duplicate experiment (repeated measurement two-way ANOVA, interaction inhibitor, *prednisolone *P<0.05, **P<0.01, ***P<0.001). Sensitivity was corrected for cell death induced by the inhibitor/vehicle itself in the absence of prednisolone to facilitate assessment of pure prednisolone sensitizing effects. The upper 3 patients have RAS-mutations; the lower 4 patients are RAS-wild type.
The synergy between prednisolone and MEK/BRAF inhibitors in RAS-mutant patients might be explained by three mechanisms.
In this study, we observed a relative high frequency (42%) of RAS-pathway mutant patients, and these mutations seem to be significantly over-represented in prednisolone-resistant compared to prednisolone-sensitive patients. RAS-pathway mutations did not present in all prednisolone-resistant patients, which indicates that resistance to prednisolone is not solely driven by RAS-pathway mutations but may also be driven by other (epi)genetic lesions. Prednisolone resistance has recently been associated with RAS mutations in major clones of infant ALL.12 Remarkably, deep sequencing of BCP-ALL cases in the present study revealed multiple minor clones in 55% of mutant cases. In contrast, most large studies hardly detected concomitant mutations,1612 and only one study detected multiple mutations in 14% of patients.2 Our finding that RAS-mutations are not mutually exclusive in most leukemic patients not only encourages the need for future mutation analysis by means of deep-sequencing instead of sanger-sequencing, but also signifies the importance of these mutations in leukemia. This is further supported by the finding that RAS mutations predominating at relapse could be retrospectively demonstrated in minor clones at initial diagnosis of the corresponding patients.1615
In conclusion, targeting RAS-signaling in RAS-mutant BCP-ALL cells with trametinib and sorafenib could serve as a novel therapeutic option to modulate prednisolone resistance and may provide a very promising way to further improve clinical outcome of childhood BCP-ALL.
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