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Abstract

Juvenile myelomonocytic leukemia (JMML) is an uncommon myeloproliferative neoplasm driven 

by Ras pathway mutations and hyperactive Ras/MAPK signaling. Outcomes for many children 

with JMML remain dismal with current standard-of-care cytoreductive chemotherapy and 

hematopoietic stem cell transplantation. We used patient-derived induced pluripotent stem cells 

(iPSCs) to characterize the signaling profiles and potential therapeutic vulnerabilities of PTPN11-
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mutant and CBL-mutant JMML. We assessed whether MEK, JAK, and PI3K/mTOR kinase 

inhibitors (i) could inhibit myeloproliferation and aberrant signaling in iPSC-derived 

hematopoietic progenitors with PTPN11 E76K or CBL Y371H mutations. We detected 

constitutive Ras/MAPK and PI3K/mTOR signaling in PTPN11 and CBL iPSC-derived myeloid 

cells. Activated signaling and growth of PTPN11 iPSCs were preferentially inhibited in vitro by 

the MEKi PD0325901 and trametinib. Conversely, JAK/STAT signaling was selectively activated 

in CBL iPSCs and abrogated by the JAKi momelotinib and ruxolitinib. The PI3Kδi idelalisib and 

mTORi rapamycin inhibited signaling and myeloproliferation in both PTPN11 and CBL iPSCs. 

These findings demonstrate differential sensitivity of PTPN11 iPSCs to MEKi and of CBL iPSCs 

to JAKi, but similar sensitivity to PI3Ki and mTORi. Clinical investigation of mutation-specific 

kinase inhibitor therapies in children with JMML may be warranted.

INTRODUCTION

Juvenile myelomonocytic leukemia (JMML) is an uncommon, frequently fatal 

myeloproliferative neoplasm (MPN) of early childhood characterized by splenomegaly, 

thrombocytopenia, peripheral monocytosis, elevated hemoglobin F, and hypersensitivity to 

granulocyte macrophage colony-stimulating factor (GM-CSF).1–4 Chemotherapy decreases 

splenomegaly and reduces transfusion-dependent cytopenias, but is not curative. Allogeneic 

hematopoietic stem cell transplantation (HSCT) remains the only effective therapy for 

achieving long-term disease control.1 However, five-year event-free and overall survival in 

children with JMML remain suboptimal at 52% and 64%, respectively, largely due to post-

HSCT relapse and end-organ infiltration with JMML cells leading to respiratory failure and 

death.5–7 Clinical predictors of inferior outcomes include age >2 years at diagnosis, severe 

thrombocytopenia (<33,000 platelets/dL), and hemoglobin F≥10%.8 Interestingly, 

spontaneous disease resolution has been reported in rare patients and may be more common 

in specific genetic subtypes.1, 9, 10 JMML remains a biologically heterogeneous and 

unsolved clinical problem for which new therapeutic approaches are needed.

More than 90% of JMML is now known to be driven by germline or somatic loss-of-

function or gain-of-function mutations in Ras pathway and associated genes, including NF1 
(neurofibromatosis type 1), KRAS (Kirsten rat sarcoma virus), NRAS (neuroblastoma RAS 
viral oncogene homolog), PTPN11 (protein-tyrosine phosphatase, non-receptor-type, 11; 

encoding SHP2), and CBL (Casitas b-lineage lymphoma).1, 2 All of these mutations induce 

constitutive activation of intracellular kinase signaling, including Ras/MAPK (mitogen-

activated protein kinase), STAT5 (signal transducer and activator of transcription 5), and/or 

PI3K/Akt/mTOR (phosphatidylinositol 3-kinase/protein kinase B/mammalian target of 

rapamycin) networks. Accordingly, small molecule kinase inhibitors targeting aberrant 

signaling proteins may have therapeutic potential in JMML and other Ras-driven diseases 

(‘Rasopathies’). Single cell phosphoflow cytometric analysis of primary JMML cells with 

PTPN11, NRAS, or KRAS mutations demonstrated marked STAT5 phosphorylation upon 

low dose GM-CSF stimulation,11 and this hyperactive signaling could be abrogated by JAK 

inhibition. Other preclinical studies have also demonstrated in vivo activity of MEK or PI3K 

inhibitors in genetically-modified murine models of Ras-mutant MPNs.12–16 While murine 

models have provided valuable insights about JMML biology, these preclinical models may 
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not fully recapitulate human disease or predict clinical response to therapies. The therapeutic 

potential of kinase inhibitors in patients with JMML is unknown, although the Children’s 

Oncology Group trial ADVL1521 is currently testing the safety and efficacy of the MEK 

inhibitor trametinib in children with relapsed JMML (clinicaltrials.gov NCT03190915).

Hyperactive Ras/MAPK signaling is a well-known biochemical feature of JMML,12, 14 and 

aberrant JAK/STAT and/or PI3K/Akt/mTOR signaling have also been implicated in its 

pathogenesis.11, 15–17 While the protein tyrosine phosphatase SHP-2 (encoded by PTPN11) 

and the guanosine trisphophate/guanosine diphosphate-regulated Ras family proteins 

encoded by KRAS, NRAS, and NF1 are signaling molecules involved in cellular growth, 

differentiation, and survival, the precise role of the E3 ubiquitin ligase CBL in JMML 

pathogenesis and intracellular signaling networks is poorly understood. JMML remains a 

difficult disease to study given its rare incidence and paucity of primary specimens 

obtainable from very young children. Our group and others have generated patient-derived 

induced pluripotent stem cell (iPSC) lines using hematopoietic cells from children with 

PTPN11-mutant JMML to provide a renewable cell source for mechanistic and therapeutic 

investigation.18, 19 In earlier studies, we and other demonstrated that PTPN11-mutant iPSC-

derived myeloid cells show characteristic GM-CSF hypersensitivity and constitutive ERK 

phosphorylation that is abrogated with in vitro MEK inhibition.18, 19

We extend these observations in the current studies to investigation of CBL-mutant JMML 

iPSCs. We examined whether CBL-mutant versus PTPN11-mutant iPSC-derived myeloid 

progenitors have distinct signaling profiles that may be differentially targetable with specific 

kinase inhibitors. We observed hyperactive JAK/STAT signaling in CBL-mutant myeloid 

cells, while aberrant Ras/MAPK activation was most pronounced in PTPN11-mutant cells. 

Accordingly, CBL-mutant cells showed preferential sensitivity to the JAK inhibitors 

momelotinib and ruxolitinib, while PTPN11-mutant myeloproliferation was suppressed by 

the MEK inhibitors PD0325901 and trametinib. Constitutive phosphorylation of PI3K/Akt/

mTOR signaling was observed in both PTPN11-mutant and CBL-mutant JMML lines and 

abrogated with the PI3Kδ inhibitor idelalisib and the mTOR inhibitor rapamycin. We thus 

report for the first time biochemical characterization of a CBL-mutant JMML iPSC line and 

demonstrate that patient-derived iPSC models can be used to study mutation-specific 

signaling profiles of genetic subtypes of JMML and to test the therapeutic potential of Ras/

MAPK, JAK/STAT, and PI3K/Akt/mTOR pathway kinase inhibitors.

MATERIALS AND METHODS

Generation of control and JMML iPSCs

Peripheral blood or bone marrow specimens were obtained from study participants (Table 1) 

under institutional review board-approved research protocols at the Children’s Hospital of 

Philadelphia and the Benioff Children’s Hospital at the University of California, San 

Francisco in accordance with the Declaration of Helsinki. Patients with JMML met World 

Health Organization 2016 diagnostic criteria20 and had received standard-of-care treatment 

with chemotherapy and allogeneic stem cell transplantation. One patient with JMML had a 

heterozygous PTPN11 E76K mutation (somatic), and one had a homozygous CBL Y371H 

mutation (germline). A normal male donor bone marrow specimen was used to generate 
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control iPSCs and was confirmed to have wild-type PTPN11 and CBL by Sanger 

sequencing.21, 22 No additional mutations were identified in diagnostic bone marrow 

specimens from the JMML patients by whole exome sequencing analysis.

Ficoll-purified mononuclear cells from these patients were reprogrammed via transduction 

with a STEMCCA lentivirus expressing human OCT4, KLF4, MYC, and SOX2 to create 

JMML and control iPSC lines for downstream experimental studies as previously described.
18 All iPSCs studied fulfilled standard pluripotency criteria, including expression of 

endogenous pluripotency markers, silencing of lentivirally encoded reprogramming genes, 

and formation of all three germ-cell layers.23, 24 Lines were passaged at least 20 times to 

minimize lineage bias caused by potential memory effects.18, 25 Two independently-derived 

clones of each control and JMML iPSC line were used for the downstream experimental 

studies described below.

Hematopoietic Differentiation of iPSCs

Control and JMML iPSCs were differentiated with cytokines to support multipotent 

hematopoietic progenitor formation via embryoid body (EB) formation as previously 

described.18, 25 In brief, mouse feeder cell-depleted iPSCs were cultured in serum-free 

StemPro-34 medium (Invitrogen) containing glutamine 2 mM, ascorbic acid 50 μg/mL, 

transferrin 150 μg/mL, and monothioglycerol 0.4 mM (Sigma). Sequential addition of 

cytokines included bone morphogenic protein 4 (BMP4) 25 ng/mL, vascular endothelial 

growth factor (VEGF) 50 ng/mL (days 0-4); stem cell factor (SCF) 50 ng/mL, 

thrombopoietin (TPO) 50 ng/mL, FLT3-ligand (FLT3-L) 50 ng/mL, basic fibroblast growth 

factor (bFGF) 20 ng/mL (days 2-4); VEGF 50 ng/mL, SCF 50 ng/mL, TPO 50 ng/mL, 

FLT3-L 50 ng/mL, bFGF 20 ng/mL (days 4-8); SCF 50 ng/mL, interleukin-3 (IL-3) 10 

ng/mL, and GM-CSF 10 ng/mL (day 8+). All cytokines were from R&D Systems except 

bFGF (Invitrogen). Cell cultures were maintained in at 37ºC with 5% CO2, 5% O2, and 90% 

N2.

GM-CSF hypersensitivity assays were performed with day 8 hematopoietic progenitors 

cultured in methylcellulose with increasing concentrations of human GM-CSF (R&D 

Systems). Colonies were enumerated after 14 days as described.18, 26 Representative 

colonies were viewed with a Leica DMI 4000B microscope, and digital images were 

captured with Application Suite software (Leica Microsystems). May-Grünwald-Giemsa-

stained cytospins were prepared as described.18

To assess the ability of kinase inhibitors to impair colony formation, day 8 hematopoietic 

progenitor control, CBL-mutant, and PTPN11-mutant cells were cultured in methylcellulose 

with saturating doses of GM-CSF (10 ng/mL) and increasing concentrations of the following 

drugs: MEK inhibitor (i) PD0325901 (PD901), MEKi trametinib, JAKi momelotinib, JAKi 

ruxolitinib, PI3Kδi idelalisib, and mTORi rapamycin. Kinase inhibitors were purchased 

from LC Labs (PD901, trametinib, ruxolitinib), Selleck Chemicals (momelotinib, 

rapamycin), or Active Biochem (idelalisib). The half-maximal effective concentration 

(EC50) for each kinase inhibitor was determined, then used in subsequent methylcellulose 

colony assays with dose titration of GM-CSF. Colonies were counted after 14 days. All 
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assays were performed in triplicate using two clones of each iPSC line. Data were analyzed 

and displayed graphically with Prism (GraphPad).

Signaling analyses

Phosphoflow cytometry analysis of control and JMML iPSCs was performed as 

described18, 27 with minor modifications. Day 14-16 iPSC-derived myeloid cells (0.25-0.5 × 

106 cells/condition) were incubated in vitro with human GM-CSF (R&D Systems) 10 

ng/mL, PD901 100 nM, trametinib 100 nM, momelotinib 1 uM, ruxolitinib 1 uM, idelalisib 

1 uM, or rapamycin 10 nM for 60 minutes at 37 °C. Dimethyl sulfoxide (DMSO; 

ThermoFisher) 0.01% was used as a negative control. Pervanadate (reagents from 

ThermoFisher) 125 uM was used as a positive signaling control as described.27 Cells were 

fixed in 1.5% paraformaldehyde (Electron Microscopy Services), permeabilized in 90% ice-

cold methanol (VWR), and stained with surface and intracellular antibodies prior to flow 

cytometry analysis as described and delineated in Supplemental Methods.27, 28 Digital data 

were acquired on LSRII or FACSVerse flow cytometers (BD Biosciences) and analyzed in 

Cytobank.29 Phosphoflow cytometry experiments were performed in triplicate for each iPSC 

line. Graphic data display and statistical analyses were performed with Prism with 

normalization of data to mean phosphoprotein levels in control iPSCs.

RESULTS

JMML iPSCs recapitulate human biology

We reprogrammed bone marrow mononuclear cells obtained from a child with JMML 

harboring a homozygous CBL Y371H mutation associated with chromosome 11q 

isodisomy.22 Control and PTPN11 E76K-mutant JMML iPSCs were derived as described 

from bone marrow and peripheral blood specimens from an unrelated healthy donor and a 

child with JMML,18 respectively (Table 1). DNA sequencing of iPSC lines confirmed 

presence of specific PTPN11 and CBL mutations originally detected in the corresponding 

patient specimens (not shown). Hematopoietic differentiation and GM-CSF hypersensitivity 

assays were performed in 2 independent clones of PTPN11 and CBL-mutant iPSCs.

Control (CHOPWT6), PTPN11 E76K-mutant JMML (PTPN11), and CBL Y371H-mutant 

JMML (CBL) iPSCs were differentiated via EB formation to generate multipotent 

hematopoietic progenitors.18, 25 By day 8 of EB formation, a defined CD43+41+235+ 

population was present in similar frequencies among all three iPSC lines (not shown). Day 8 

CD43+41+235+ progenitor cells plated in vitro in methylcellulose demonstrated 1.6-1.9 fold 

increased myeloid colony formation of PTPN11 and CBL cells compared to growth of 

control CHOPWT6 cells (Figure 1A). The PTPN11- and CBL-mutant iPSC-derived 

progenitors demonstrated classic growth hypersensitivity with low doses of human GM-CSF 

(Figure 1B-C and Supplemental Figure 2), consistent with prior observations of constitutive 

activation of GM-CSF signaling in primary JMML cells.4, 11 Qualitatively, PTPN11 and 

CBL iPSC myeloid colonies were larger and more dispersed than CHOPWT6 colonies (not 

shown), demonstrating their increased proliferative capacity. No significant differences in 

colony formation or GM-CSF hypersensitivity were observed between PTPN11 and CBL 
iPSCs (Figure 1B–1C), suggesting overlap of JMML biologic phenotypes despite distinct 

Tasian et al. Page 5

Leukemia. Author manuscript; available in PMC 2018 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutations. By microscopic cell morphology analyses, macrophages were the predominant 

cell type comprising the myeloid colonies in both JMML and control cell lines (Figure 1D).

Constitutive signaling activation in PTPN11-mutant and CBL-mutant JMML iPSCs

To investigate signaling activation and kinase inhibitor sensitivities in CBL-mutant and 

PTPN11-mutant JMML, we first characterized basal phosphorylation of ERK, JAK2, 

STAT5, S6, and Akt proteins within CD45+18+14+ myeloid cells from control and JMML 

iPSCs by in vitro phosphoflow cytometry analysis (Supplemental Figure 1). We observed 

constitutive activation of Ras/MAPK signaling in PTPN11 myeloid cells with high basal 

levels of phosphorylated ERK (pERK) compared to control cells (Figure 2). While increased 

pERK was also observed in CBL myeloid cells versus control cells, levels were appreciably 

higher in PTPN11 cells (Figure 2). In contrast, CBL myeloid cells had markedly elevated 

levels of pJAK2 and pSTAT5, while more modest activation of JAK/STAT signaling was 

detected in PTPN11 myeloid cells. Similar hyperactivation of PI3K/Akt/mTOR signaling 

with high pS6 and pAkt levels was observed in both PTPN11 and CBL myeloid cells. Taken 

together, these results demonstrate activation of multiple canonical oncogenic signaling 

networks in JMML, but also suggest important signaling differences between the PTPN11 
and CBL genetic subtypes.

Kinase inhibition abrogates signaling hyperactivation

Based upon our observations of constitutive Ras/MAPK, JAK/STAT, and PI3K/Akt/mTOR 

signaling in JMML iPSC-derived myeloid cells, we then sought to determine mutation-

specific sensitivities of JMML iPSCs to clinically-relevant kinase inhibitors (Figure 3A). We 

first assessed GM-CSF-inducible phosphorylation of ERK, JAK2, STAT5, S6, and Akt 

(S473) in control and JMML cells and defined maximal signaling levels for each iPSC line 

and phosphoprotein with pervanadate as a positive control (not shown). GM-CSF 

stimulation resulted in increased pERK, pJAK2, pSTAT5, pS6, and pAkt proteins above 

basal levels in control myeloid cells (Figure 3B, 3C, 3D). However, increased 

phosphoprotein levels were not observed with GM-CSF stimulation in PTPN11 and CBL 
myeloid cells, confirming near-maximal basal activation of Ras/MAPK, JAK/STAT, and 

PI3K/Akt/mTOR signaling and suggesting therapeutic potential of targeted kinase inhibitors.

We next tested whether MEK, JAK, or PI3K pathway kinase inhibitors could abrogate 

constitutive signaling activation in JMML iPSCs. In vitro incubation of PTPN11 and CBL 
myeloid cells with MEK inhibitors PD901 and trametinib markedly decreased pERK levels, 

but inhibition was most effective in PTPN11 cells. No significant pERK inhibition was 

observed in control iPSC myeloid cells treated with PD901 or trametinib (Figure 3B). 

Incubation of CBL myeloid cells with JAK inhibitors momelotinib or ruxolitinib 

significantly decreased pJAK2 and pSTAT5, while minimal or no effects of JAK inhibition 

were observed in PTPN11 or control cells (Figure 3C). Lastly, incubation of iPSC-derived 

myeloid cells with the PI3Kδ inhibitor idelalisib or the mTOR inhibitor rapamycin 

suppressed pS6 activation in all cell types. Inhibition was more pronounced in PTPN11 
compared to CBL cells. Despite similar basal pAkt elevation in both JMML cell lines, little 

pAkt inhibition was observed in CBL iPSCs incubated with idelalisib or rapamycin (Figure 

3D). Taken together, data from these phosphosignaling analyses demonstrate discrete 
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sensitivities of JMML iPSCs to specific kinase inhibitors with preferential sensitivity of 

PTPN11 cells to MEK inhibition and CBL cells to JAK inhibition.

Kinase inhibitors inhibit cellular growth

To validate the kinase inhibitor sensitivity patterns observed in phosphoflow cytometric 

analyses of PTPN11- and CBL-mutant iPSC-derived myeloid cells, we tested whether these 

drugs could inhibit myeloproliferation in methylcellulose colony assays. We first identified 

the half-maximal effective concentration (EC50) of each drug by plating control, PTPN11, 

and CBL iPSC-derived hematopoietic progenitors in methylcellulose with saturating doses 

of GM-CSF (10 ng/mL) (Supplemental Figure 3). Control and JMML iPSC-derived 

progenitors were then plated with DMSO, PD901, trametinib, momelotinib, ruxolitinib, 

idelalisib, or rapamycin at EC50 concentrations with increasing concentrations of GM-CSF 

for each cell type (Figure 4). Concordant with our in vitro phosphosignaling data, the MEK 

inhibitors PD901 and trametinib preferentially inhibited colony formation from PTPN11 
iPSC-derived hematopoietic progenitors at sub-saturating concentrations (<10 ng/mL) of 

GM-CSF (Figure 4B), but had no appreciable effect upon CBL progenitor colony formation 

(Figure 4C). The JAK inhibitors momelotinib and ruxolitinib modestly diminished colony 

growth in PTPN11 progenitors at most doses of GM-CSF, but more effectively inhibited 

CBL progenitor colony formation (Figure 4B and 4C). The PI3Kδ inhibitor idelalisib 

decreased colony formation preferentially in PTPN11 compared to CBL cells and was only 

rescued by the highest tested dose of GM-CSF. The mTOR inhibitor rapamycin potently 

inhibited colony formation in control, PTPN11, and CBL progenitors at all concentrations of 

GM-CSF (Figure 4A–4C). In summary, PTPN11 progenitors were most sensitive to MEK 

and PI3K/mTOR inhibition, while CBL progenitor colony growth was best inhibited by JAK 

and mTOR inhibitors (Figure 4A, 4B, 4C).

DISCUSSION

Children with JMML have suboptimal outcomes with current best available therapy 

comprised of cytoreductive chemotherapy and allogeneic HSCT. The major cause of JMML-

associated mortality is relapse post-HSCT. Given the mutational landscape of JMML and 

activation of oncogenic signaling networks, it is hypothesized that treatment with targeted 

kinase inhibitors may improve pre-HSCT disease control and augment clinical outcomes in 

these young patients. However, definitive biochemical characterization of potential 

therapeutic vulnerabilities in JMML has been extremely difficult due to lack of JMML cell 

lines and disease rarity that limits primary cells for study. While >90% of JMML cases are 

caused by a small number of Ras pathway mutations, disease phenotypes and severity vary 

based on specific somatic versus germline mutations.1, 2, 30 In particular, children with CBL-

mutant JMML usually experience spontaneous disease resolution and may be closely 

observed without need for intensive chemotherapy or HSCT, although it is unknown whether 

HSCT can prevent the associated vasculopathy prevalent in patients with germline CBL 
mutations.1, 31, 32

Robust preclinical models are still necessary to advance understanding of the biology of and 

new treatment strategies for JMML. While outcomes may correlate with specific underlying 
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JMML-associated mutations,1, 30, 33, 34 patient-specific biologic and clinical variabilities are 

imperfect predictors of long-term relapse-free survival. Chemotherapy agents commonly 

utilized in children with JMML (e.g., cytarabine, fludarabine, 5-azacytidine, 6-

mercatopurine) are not curative and are frequently ineffective. It is plausible that use of 

kinase inhibitors for disease stabilization in children with JMML could minimize need for 

cytotoxic chemotherapy and that kinase inhibitor maintenance therapy post-HSCT minimize 

relapse. Our current studies suggest potential mutation-specific activity of kinase inhibitors 

that may be new adjunctive treatment strategies for children with JMML.

To our knowledge, these studies are the first to compare directly the constitutive signaling 

activation and potential therapeutic vulnerabilities of PTPN11- versus CBL-mutant JMML. 

Preclinical activity of MEK inhibitors such as PD901 and trametinib has been well-

documented in genetic mouse models of Ras-driven MPNs and solid tumors.12, 14, 35 

However, while MEK inhibition has reduced splenomegaly and dysplastic myelopoiesis and 

prolonged survival in MPN models, complete elimination of Ras pathway-mutant cells has 

not been observed.12 Subsequent studies have also implicated constitutive PI3K/Akt/mTOR 

signaling with potential Ras/MAPK crosstalk in KRAS-, NF1-, PTPN11-, or CBL-mutant 

JMML models and shown preclinical activity of PI3K pathway signaling inhibitors.
15–17, 33, 36 Concordant with these data, our results demonstrate that mTOR inhibition may 

be a useful adjuvant therapy for patients with JMML regardless of underlying genetic lesion. 

Rapamycin is commonly utilized in children for a variety of indications, including treatment 

of post-HSCT graft-versus-host disease, immunosuppression after solid organ 

transplantation, and management of autoimmune lymphoproliferative syndrome.37–39

JAK inhibition is another attractive potential therapeutic strategy based on characteristic 

basal and GM-CSF-inducible STAT5 signaling in JMML, particularly for children with CBL 
mutations. The JAK1/2 inhibitor ruxolitinib is a Food and Drug Administration-approved 

therapy for adults with MPNs and is currently under study in children and adults with JAK 

pathway-mutant acute lymphoblastic leukemia (clinicaltrials.gov NCT02723994, 

NCT03117751, NCT02420717).40, 41 Treatment of patients with chronic myelomonocytic 

leukemia with ruxolitinib in a phase 1 trial also reduced splenomegaly, improved 

hematologic dysfunction, and abrogated pSTAT5 activation in pharmacodynamic assays.42 

A preclinical study demonstrated prolonged animal survival in NF1-deficient MPN mice 

treated with ruxolitinib, as well as reduced colony formation of primary KRAS-mutant 

JMML cells plated in vitro with ruxolitinib.43 In our prior work, however, we observed 

minimal inhibition of JAK/STAT signaling in PTPN11-mutant JMML iPSC-derived cells 

treated with ruxolitinib.18

Our current study conversely shows significant JAK/STAT signaling inhibition in CBL 
iPSC-derived hematopoietic cells. This observation is concordant with a recent report of in 
vivo activity of ruxolitinib in a mouse model of CBL-deleted myeloid leukemia.44 In that 

study, genetic deletion of SH2B3 (encoding LNK, a negative regulator of JAK2) or CBL 
directly stabilized JAK2 proteins, leading to upregulated JAK/STAT signaling that was 

sensitive to JAK inhibition. Taken together, these data provide unique mechanistic insight 

into the discrete leukemogenic dependencies of CBL- versus PTPN11-mutant JMML and 

the potential differential sensitivities of JMML genetic subtypes to kinase inhibitors. It is 
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plausible that pharmacologic JAK inhibition may have particular cytoreductive potential in 

children with CBL-mutant JMML. We postulate that ruxolitinib (with established pediatric 

dosing45) could be used as a minimally toxic ‘temporizing’ therapy to reduce splenomegaly 

while awaiting usual spontaneous disease resolution. Furthermore, simultaneous 

pharmacologic inhibition of PI3K/Akt/mTOR and Ras/MAPK pathways or PI3K/Akt/

mTOR and JAK/STAT pathways may have enhanced efficacy in patients with PTPN11-

mutant and CBL-mutant JMML, respectively.

Our current studies extend the scope of available patient-derived preclinical models of 

JMML and provide further insight into potential genotype-phenotype correlations and drug 

sensitivities. While results from in vitro experiments may not fully predict treatment 

responses in patients, our renewable iPSC cell lines provide novel biologic tools that allowed 

efficient evaluation of six clinically relevant kinase inhibitors in two distinct genetic models 

of a rare and often fatal childhood MPN. Further biochemical characterization of signaling 

dependencies in the existing PTPN11 and CBL iPSC lines and study of additional iPSCs 

from patients with other JMML-associated mutations will likely facilitate testing of 

additional drugs, alone or in combination. Introduction of cooperating mutations by gene 

editing of iPSCs may also further delineate correlations between JMML-associated driver 

mutations and signaling defects.

Based on our current data and results from other studies, we predict that children with CBL-

mutant JMML could be sensitive to JAK inhibitors, while MEK inhibition may be more 

appropriate for patients with PTPN11 mutations. Use of mTOR inhibitors may have broader 

therapeutic potential in multiple JMML subtypes given the similarly potent effects we 

observed in both CBL and PTPN11 cell lines. Ideally, results from these and future studies 

will lead to further refinement of molecularly-targeted treatment strategies to improve 

outcomes for children with JMML.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GM-CSF hypersensitivity of patient-derived PTPN11- and CBL-mutant JMML iPSCs
(A) Total number of myeloid colonies per 1500 day 8 progenitor cells derived from control, 

PTPN11-, and CBL-mutant iPSCs were cultured with 10 ng/mL GM-CSF after 14 days. 

Assays were performed in triplicate. (B) Representative photomicrographs of day 8 control, 

PTPN11, and CBL iPSC-derived myeloid colonies cultured with increasing doses of GM-

CSF. (C) Percent of maximal colony number is displayed for each iPSC-derived progenitor 

cell line incubated with increasing GM-CSF concentrations. (D) Representative cytospin 

photomicrographs of cells from control, PTPN11, and CBL myeloid colonies with May-

Grünwald-Giemsa staining (shown at 40×). PTPN11 and CBL colony data were compared 

to control data by one-way ANOVA with the Dunnett post-test for multiple comparisons. 

**p<0.01, ***p<0.001, ****p<0.0001, ns = not significant.
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Figure 2. Constitutive signaling activation in PTPN11-mutant and CBL-mutant JMML iPSC-
derived myeloid cells
Phosphoflow cytometric analysis of day 14 CD45+14+18+ myeloid cells from control, 

PTPN11 and CBL iPSCs was performed. Basal levels of phosphorylated (p) ERK, JAK2, 

STAT5, S6, and AKT in CD45+14+18+ control or JMML iPSCs were measured and 

normalized to the median level of each phosphoprotein in control cells for comparison of 

signaling activation. Data points denote three independent experiments with means (thick 

black lines). Gating strategy of surface markers and median control phosphoprotein levels is 

depicted in Supplemental Figure 1. Data were analysed by one-way ANOVA with the Tukey 

post-test for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Inhibition of signaling phosphoproteins in JMML iPSCs
Day 14 control, PTPN11, and CBL iPSC-derived CD45+14+18+ myeloid cells were washed 

and incubated in vitro in serum-free medium with GM-CSF 10 ng/mL (positive signaling 

control) or (A) MEK inhibitors (PD901 100 nM, trametinib 100nM), JAK inhibitors 

(momelotinib 1 uM, ruxolitinib 1 uM), or PI3K pathway inhibitors (idelalisib 1 uM, 

rapamycin 10 nM) for 60 minutes at 37°C prior to antibody staining and phosphoflow 

cytometry analysis. Flow cytometry data for each phosphoprotein and iPSC line were gated 

as in Figure 2 and Supplemental Figure 1. (B) Percent pERK, (C) pJAK2 and pSTAT5, and 

(D) pS6 and pAkt activation for each cell line and inhibitor condition are displayed relative 

to mean basal phosphoprotein levels of control CD45+14+18+ myeloid cells. Experiments 

were performed in triplicate. Statistical analyses were performed with ANOVA and the 

Dunnett post-test for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4. Inhibition of PTPN11-mutant and CBL-mutant hematopoietic progenitor 
myeloproliferation with kinase inhibitors
Day 8 CD43+41+235+ hematopoietic progenitors from (A) control, (B) PTPN11, and (C) 
CBL iPSC lines were cultured in methylcellulose with DMSO, MEK inhibitors (PD901, 

trametinib), JAK inhibitors (momelotinib, ruxolitinib), or PI3K pathway inhibitors 

(idelalisib, rapamycin) at EC50 doses and with the specified concentrations of GM-CSF. 

Colonies were enumerated after 14 days in culture, and data were normalized to maximal 

colony growth for the DMSO control for each iPSC line (y-axes). Experiments were 

performed in triplicate with data depicted as means (symbols) with standard error (bars). 

Statistical analyses were performed with two-way ANOVA and the Dunnett post-test for 

multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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