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ABSTRACT
Juvenile myelomonocytic leukemia (JMML) is an aggressive pediatric 
leukemia with few effective treatments and poor outcomes even after 
stem cell transplantation, the only current curative treatment. We 
developed a JMML patient-derived xenograft (pDX) mouse model and 
demonstrated the in vivo therapeutic efficacy and confirmed the tar-
get of trametinib, a rAS-rAf-MeK-erK pathway inhibitor, in this 
model. A pDX model was created through transplantation of patient 
JMML cells into mice, up to the second generation, and successful 
engraftment was confirmed using flow cytometry. JMML pDX mice 
were treated with trametinib versus vehicle control, with a median 
survival of 194 days in the treatment group versus 124 days in the 
control group (p = 0.02). trametinib’s target as a rAS pathway inhibitor 
was verified by showing inhibition of erK phosphorylation using 
immunoblot assays. in conclusion, trametinib monotherapy signifi-
cantly prolongs survival in our JMML pDX model by inhibiting the 
rAS pathway. our model can be effectively used for assessment of 
novel targeted treatments, including potential combination therapies, 
to improve JMML outcomes.

Introduction

Juvenile myelomonocytic leukemia (JMML) is a rare, aggressive leukemia commonly 
affecting children under the age of four, leading to symptoms of monocytic and gran-
ulocytic cell overproduction, hepatosplenomegaly, lymphadenopathy, and anemia.1 The 
only current curative therapy for JMML is hematopoietic stem cell transplantation; 
however, the median 5-year survival rate after hematopoietic stem cell transplantation 
is only 52–64%, with relapse occurring at nearly a 50% rate within 1 year.2,3 With 
such poor outcomes and high treatment-related morbidity and mortality, the need for 
new and timely effective treatments is paramount. To develop novel therapies for 
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JMML, an accurate disease model is necessary. To date, while there are reports of 
successful JMML patient-derived xenograft (PDX) models,4–9 as well as RAS inhibitor 
assessment in genetically engineeredmouse modelsof JMML,10–13 there are no current 
reports of in vivo RAS inhibitor assessment in a JMML PDX model. 90% of JMML 
cases involve constitutive activation of the RAS/MAPK signaling pathway due to fusions 
or upstream mutations, with mutations in NRAS, KRAS, NF1, PTPN11 and/or CBL.5,14,15 
This offers a rationale for RAS pathway-targeting therapeutics to treat JMML. Trametinib, 
a MEK inhibitor which inhibits ERK phosphorylation, was selected for our PDX 
modelbased on the patient in this case harboring RAS pathway mutations in PTPN11 
and NF1(Figure 1(A)).16–18 In addition, a downstream RAS pathway targeting agent 
such as trametinib was preferentially chosen due to the potential of upstream inhibition 
being bypassed through escape pathways—a known mechanism of signaling pathway 
resistance.19,20 Trametinib monotherapy has been tested in JMML patients in trials and 

Figure 1. trametinib, a meK inhibitor, prolongs survival time in a Jmml PdX mouse model compared 
to control. (a) a simplified schematic of the raS pathway demonstrating the mutations identified in 
the patient in this case (PtPn11 and nF1, highlighted with red borders) and the mechanism of action 
of trametinib, a meK inhibitor (highlighted with red borders) which acts by downregulation of erK 
phosphorylation. (B) Kaplan-meier survival curve for Jmml PdX mice treated with trametinib versus 
vehicle control. the duration of trametinib treatment in the experiment (28 days) is denoted by the 
box labeled ‘tx’. the trametinib treatment group showed a statistically significant increase in median 
survival compared to control.
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case reports with very small sample sizes, and with limited efficacy; obtaining sufficient 
efficacy data in patient trials is difficult due to disease rarity.10,21,22 Thus, the signifi-
cance of our study evaluating trametinib in a successfully created JMML PDX animal 
model is to verify its retained target in a preclinical model with known mutations and 
pave the way for future targeted combination therapy regimens. The ability to study 
mutation-specific treatments based on genetic profiles, in a model that retains the 
therapy’s target, is critical considering the absence of effective therapies for JMML. In 
this study, we report the successful creation of a JMML mouse xenograft model from 
primary patient cells. Furthermore, we demonstrate the therapeutic efficacy of a RAS 
pathway inhibitor, trametinib, inthis JMML PDX model. Trametinib’s target is confirmed 
in our model through immunoblot analysis. These findings establish a reliable disease 
model for the future evaluation of targeted treatment approaches, combination thera-
pies, or large-scale drug screening.

Materials and methods

Case

The patient was a 4-year-old previously healthy male who presented with fevers, fatigue, 
weight loss, splenomegaly, and facial petechiae for 3 weeks. Initial laboratory investi-
gations showed leukocytosis, anemia, and thrombocytopenia. Bone marrow (BM) biopsy 
and flow cytometry showed 6.5% abnormal myeloblasts and 20% monocytes with no 
monotypic B cell population. Karyotype analysis showed 47,XY,+22[13]/46,XY[7] and 
genetic testing indicated PTPN11 (c.179G > T, 47%), ASXL1 (c.1900_1922del23, 18% 
and c.1918_1939del21, 3%), and NF1(c.2382_2385delTCCA, 8% and c.908T > C, 8%) 
mutations, confirming the diagnosis of JMML. The patient was initially treated per 
the Children’s Oncology Group AAML1421 protocol with cytarabineand fludarabine, 
achieving remission. Two haploidentical allogeneic peripheral blood stem cell transplants 
(PBSCT) were attempted, both resulting in acute graft rejection. A third PBSCT was 
successfully completed. Despite multiple post-transplant complications, the patient has 
remained in remission from his leukemia. A statement of written informed consent 
was obtained from the patient’s parents for this case.

PDX creation

Leukemia cells were collected from the patient through BM aspiration at diagnosis 
using the UC Davis Internal Review Board approved protocol. Mononuclear cells were 
isolated using standardized Ficoll-Paque protocol (Sigma-Aldrich), stored frozen in 
dimethylsulfoxide (DMSO), and thawed immediately prior to transplantation. Female 
mice were used based on availability. The JMML PDX mouse model, over two gen-
erations, was created by bilateral intratibial injection of 0.5–5 million leukemia cells 
per mouse into healthy 6- to 12-week-old NOD/SCID/IL2Rg−/− (NSG) mice, without 
conditioning, using our institutionally approved animal care protocol. Leukemia cells 
were transplanted into four female mice (1st generation). Leukemia cells were harvested 
from the spleens of primary mice and serially transplanted into 12 female recipient 
mice (2nd generation). Mice were monitored biweekly and euthanized when they 
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showed signs of leukemia in accordance with Institutional Animal Care and Use 
Committee (IACUC) policy on Humane Endpoints. Leukemia cells harvested from the 
BM and spleen were confirmed to be human leukocytes by flow cytometry using 
anti-human HLA-ABC antibodies (Biolegend & BD Biosciences).

Trametinib efficacy study

Ten male mice were injected with five million patient JMML cells per mouse and 
randomly enrolled into one of two groups. Group 1: vehicle control with 1% DMSO 
dissolved in a solution of 0.5% hydroxypropyl methylcellulose (HPMC, Sigma-Aldrich) 
in Tween 20 (Sigma-Aldrich) by daily oral gavage (n = 4). Group 2: trametinib (MedKoo 
Biosciences) 1 mg/kg by daily oral gavage (n = 6). Treatment started on day 4 for 
28 days, based on the previously published regimens in acute lymphoblastic leukemia 
(ALL) models.23,24 The dose of trametinib was modified to 0.5 mg/kg daily at week 2 
and 0.5 mg/kg every other day at week 3 due to intolerance of the high viscosity of 
the trametinib solution as evidenced by signs of aspiration. The dosage was then 
increased to 1 mg/kg every other day at week 4 until 28 total days of administration 
as the mice tolerated the treatment. The control group was administered the vehicle 
following the same schedule as the treatment group. Statistical significance for survival 
time was determined by the log-rank test. Analyses used Prism 8.3 software (GraphPad). 
Leukemia development was confirmed by flow cytometry using an anti-HLA-ABC 
antibody (Biolegend & BD Biosciences).

Trametinib target confirmation

JMML cells were harvested from the BM of PDX mice and stored frozen in 10% 
DMSO and 90% FBS in liquid nitrogen. Three untreated, control JMML samples with 
high HLA positivity (77–87%) were used for ex vivo trametinib target confirmation. 
Upon thawing, the cells were cultured in Human Plasma-like Medium (HPLM) sup-
plemented with IL-3 (10 ng/mL), FLT-3 ligand (10 ng/mL), TPO (10 ng/mL), and SCF 
(25 ng/mL) (all Thermo Fisher Scientific),25 at 1.0 × 106 cells per well with or without 
trametinib at 200 nM. At 1 h and 24 h after treatment, the cells were washed with PBS 
and total protein was extracted using RIPA Buffer (Thermo Fisher Scientific) supple-
mented with complete protease inhibitor (Sigma Aldrich) and Halt Phosphatase Inhibitor 
Cocktail (Thermo Fisher Scientific). 15 μg of protein were resolved using SDS-PAGE 
(12.5%), blotted onto a nitrocellulose membrane, and then blocked in PBS with 0.05% 
(vol/vol) Tween 20 (T-PBS) containing 1% (wt/vol) bovine serum albumin (BSA). The 
blots were incubated overnight at 4 °C with primary antibodies phospho-p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) and p44/42 MAPK (Erk1/2) (Cell Signaling Technologies). 
Both antibodies were diluted at 1:1000 in T-PBS containing 1% (wt/vol) BSA. Secondary 
anti-rabbit HRP-linked (Cell Signaling Technologies) and anti-mouse HRP-linked 
(Abcam)antibodies were used at 1:2,000 and 1:10,000 dilution, respectively. Blots were 
washed, then incubated with SuperSignal™ West Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific) for imaging. Bands were visualized using ChemiDoc MP 
Imaging System (Bio-Rad). The averaged protein expression was normalized to the 
actin expression (Santa Cruz Biotechnology, Inc).
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Results

A JMML PDX model, with serial transplantation to the second generation, was 
successfully created. Leukemia symptoms, including decreased activity, rough coat, 
and splenomegaly, developed in 3 of 4 primary mice at 16 weeks on average. 
Necropsy showed leukemia cell- infiltrated BM and spleen. Harvested cells were 
confirmed to be HLA-ABC positive by flow cytometry.5,26,27 Serial transplantation 
of primary mouse spleen cells into secondary mice resulted in development of leu-
kemia symptoms in 12 of 12 secondary mice at 21 weeks on average. Harvested 
BM cells from both primary and secondary mice were positive for HLA-ABC ranging 
from 2.8% to 95.3% (Supplemental Table 1). Successful engraftment is defined as 
0.5% or more human HLA-ABC in murine BM, based on convention for xenograft 
models.4,28–30

To determine the in vivo therapeutic efficacy of trametinib, 10 new mice transplanted 
with patient JMML cells were treated with trametinib (n = 6) and compared against 
the control (n = 4). Trametinib treatment significantly prolonged survival time in the 
treated mice with a median survival of 194 days (95% confidence interval: 133–194 days) 
in the treatment group versus 124 days (95% confidence interval: 94–155) in the control 
group (p = 0.02, Figure 1(B)). Leukemia was confirmed in the harvested cells upon 
euthanization by HLA-ABC positivity by flow cytometry, which ranged from 41.8-92.1% 
(Supplemental Table 2).

Furthermore, trametinib’s target confirmation was determined using harvested JMML 
cells from untreated PDX mice. Immunoblot analysis (Figure 2(A)) showed decreased 
expression of p-ERK relative to total ERK in the ex vivo trametinib-treated JMML 
cells compared to untreated control, both 1 h and 24 h after treatment. The relative 
expression of p-ERK compared to total ERK, expressed as a percentage of control, 
was only 11% (p < 0.001) after 1 h of treatment and 9% (p = 0.007) after 24 h of treat-
ment (Figure 2(B)). This verifies trametinib’s mechanism of action–specifically, MEK 
inhibition–through downregulation of ERK phosphorylation16–18

Discussion

In this study, we developed a JMML PDX model and demonstrated that our model 
can be used for preclinical drug testing, such as our in vivo assessment of RAS inhib-
itor efficacy. Previously published JMML PDX models4–8 have demonstrated successful 
PDX creation through serial transplantation and genomic analysis, and existing ther-
apeutic assessments include azacitadine versus cytarabine or the anti-CD47 antibody 
magrolimab.8,9 In the azacitadine study, there were reduced CD34+ progenitor cells 
within the leukemia population in the azacitadine group compared to the cytarabine 
group. In the magrolimab study, magrolimab is reported to result in depletion of 
human JMML cells in the spleen and liver. In this study, we demonstrated the in vivo 
efficacy of a RAS inhibitor in our JMML PDX model. Given the absence of any cura-
tive regimens for JMML besides stem cell transplantation, as well as the inefficacy of 
generalized cytotoxic chemotherapy, the ability to trial mutation-specific therapies 
becomes exceptionally important. Moreover, our ex vivo JMML culture can pave the 
way to the discovery of new effective JMML therapies, as it offers a larger scale method 
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to screen drugs, and combination therapies, for their efficacy in JMML. These drugs 
can then be further assessed in in vivo PDX models.

A key limitation in this study is that the PDX model is based on a single patient 
case, due to the rarity of JMML. A larger sample of cases could allow our findings 
to be more externally generalizable. However, RAS pathway mutations are known to 
be canonical in JMML and the RAS-associated PTPN11 and NF1 mutations harbored 
in this case are among the most ubiquitous genes altered in 90–95% of all JMML 
patients,14,31 making our findings potentially broadly applicable. In addition, while we 
only report a monotherapy regimen using trametinib in this study, there is also poten-
tial for other targeted mono-or combination therapies to be effective. For example, 
the patient in this case also harbors an ASXL1 mutation, which has been shown to 
induce hematopoiesis through Akt/mTOR activation;32 in follow up studies, combination 
therapy with a mTOR inhibitor such as rapamycin could prove to be efficacious.  

Figure 2. trametinib downregulates p-erK in Jmml PdX cells. (a) immunoblotting was performed in 
cells after 1 h (left, n = 3) and 24 h (right, n = 3) of treatment with trametinib at 200 nm. the control 
group was untreated cells. a representative blot is depicted. (B) digital quantification of the bands is 
shown. trametinib significantly decreases p-erK expression relative to total erK compared to untreated 
cells (1 h p < 0.001, n = 3; 24 h p = 0.007, n = 3), confirming its mechanism of meK inhibition. the stu-
dent’s t-test was used and the error bars depict standard deviation.
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Our PDX model can be used to develop new targeted combination therapies such as 
these, as well as conduct high volume screening of new drugs or predict responses 
to new treatments prior to use in patients. It can also be used to study drug resistance 
or pro-survival alterations in the leukemia microenvironment. These are particularly 
critical investigations in JMML, which displays significant treatment resistance and 
refractoriness to known therapies.
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