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ABSTRACT: Juvenile myelomonocytic leukemia (JMML) is an aggressive
myeloproliferative neoplasm of early childhood with a poor survival rate, thus
there is a requirement for improved treatment strategies. Induced pluripotent stem
cells offer the ability to model disease and develop new treatment strategies. JMML
is frequently associated with mutations in PTPN11. Children with Noonan
syndrome, a development disorder, have an increased incidence of JMML
associated with specific germline mutations in PTPN11. We undertook a proteomic
assessment of myeloid cells derived from induced pluripotent stem cells obtained
from Noonan syndrome patients with PTPN11 mutations, either associated or not
associated with an increased incidence of JMML. We report that the proteomic
perturbations induced by the leukemia-associated PTPN11 mutations are
associated with TP53 and NF-Kκb signaling. We have previously shown that
MYC is involved in the differential gene expression observed in Noonan syndrome
patients associated with an increased incidence of JMML. Thus, we employed
drugs to target these pathways and demonstrate differential effects on clonogenic hematopoietic cells derived from Noonan
syndrome patients, who develop JMML and those who do not. Further, we demonstrated these small molecular inhibitors, JQ1
and CBL0137, preferentially extinguish primitive hematopoietic cells from sporadic JMML patients as opposed to cells from
healthy individuals.
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1. INTRODUCTION

Juvenile myelomonocytic leukemia (JMML) is an aggressive
myeloproliferative neoplasm of early childhood with dysplastic
features characterized by the overproduction of tissue-
infiltrating myeloid cells.1,2 Currently, with the option of
hematopoietic stem cell transplantation, the 5 year-event-free
survival is approximately 50%.3 Treatment failure is typically
due to relapsed disease or transformation to acute myeloid
leukemia.4,5 Thus, there remains a clinical need for improved
treatment strategies.3

The majority of JMML cases are associated with somatic
gain-of-function mutations in the RAS/MAPK signaling
pathway.6 Mutations in NF1, KRAS, PTPN11, and CBL
genes are found in >90% of cases of JMML7,8 but are mutually

exclusive6,9 suggesting the importance of this pathway in the
pathogenesis of JMML. These mutations can result in the
constitutive activation of numerous intracellular signaling
pathways including Ras/MAPK,6 STAT5,10 and PI3K/AKT/
mTOR,11 all of which have been proposed as potential
treatment targets. Preclinical studies in murine models have
demonstrated in vivo activity of MEK and PI3K inhibitors in
Ras-driven diseases,12−14 but the potential of kinase inhibitors
in the treatment of JMML is presently unknown. However,
targeting such downstream targets is a rational approach and
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there is currently a clinical trial (NCT 03190915) to
investigate the effectiveness of the MEK inhibitor trametinib.
Around 35% of JMML patients harbor acquired mutations in

PTPN11. PTPN11 encodes the proto-oncogene Src-homology
tyrosine phosphatase2 (SHP-2), which regulates several
biological processes including embryogenesis and hemato-
poietic cell development.15 Approximately, 50% of children
with Noonan syndrome (NS), an inherited developmental
disorder, have germline mutations in PTPN11.16 Children with
NS have an increased risk of developing JMML, which is
associated with a distinct subset of PTPN11 mutations.17

Presently, the molecular mechanisms that account for these
differences in mutant phenotypes are unclear. However, the
mutants in NS associated with JMML, and somatic JMML-
associated mutations, have been reported to be more
enzymatically active than those found in NS and may have
different ligand-binding capacity.16,18 Investigation into the
biological mechanism of leukemogenesis by proteomic analysis
of the consequences of NS-associated mutations versus JMML-
associated NS mutations (NS/JMML) will increase our
understanding of both NS and JMML and may identify
novel targets for therapeutic intervention. While the Ras/
MAPK signaling is the primary pathway regulated by SHP-2,19

depending upon the cellular context, SHP-2 also regulates the
JAK/STAT,20 PI3K/AKT,21 and focal adhesion kinase path-
ways,22 highlighting the need to undertake these studies in the
correct context. We have previously described the generation
and characterization of induced pluripotent stem cells (iPSCs)
from fibroblasts of NS patients, who did (NS/JMML) and did
not (NS) go on to develop JMML, which faithfully model
leukemia progression after differentiation into myeloid cells.23

Derivation of iPSCs from noncancerous cells allows the
investigation of these PTPN11 mutations in the absence of
secondary or additional genomic alterations that frequently
occur during leukemia progression.24 This overcomes the issue
of the limited availability of primary cell material for studies of
this disease.
Here, we describe the systematic proteomic investigation of

iPSC-derived myeloid cells by mass spectrometry. We identify
leukemia-associated PTPN11 mutation-induced perturbations
in TP53, MYC, and NF-κb signaling. We demonstrate that an
inhibitor of NF-κb that potentiates TP53 action has a
differential effect on the colony-forming ability of NS and
NS/JMML iPSC-derived hematopoietic cells. Further, we
demonstrate the potential therapeutic benefit of this small
molecular inhibitor in the treatment of sporadic JMML.

2. METHODS

2.1. iPSC Maintenance and Differentiation

iPSC lines were generated and characterized, as described in
Mulero-Navarro et al.23 Single iPSC lines for wild-type, NS and
NS/JMML were used in this study. Cells were maintained on
irradiated mouse embryonic feeder cells in Dulbecco’s
modified Eagle’s medium supplemented with 20% (v/v)
knock-out serum replacement, 100 μM nonessential amino
acids, 2 mM glutamine, 100 μMmercaptoethanol (Sigma), and
10 ng/mL of hbFGF (Peprotech). Cells were passaged to new
feeders as single-cell suspensions following dissociation with
TrypLE Express (Gibco). Induction of hematopoietic cell
differentiation was performed as described in the Supporting
Methods. Cultures were maintained at 37 °C with 5% CO2, 5%
O2, and routinely tested for mycoplasma contamination.

2.2. Proteomic Assessment of CD33+ Cells

Wild-type, NS and NS/JMML iPSC cells were differentiated
toward hematopoietic progenitors over 14 days prior to the
enrichment of CD33+ cells using CliniMACS (Miltenyi
Biotec). Due to the relatively low yield of these clinically
relevant progenitor cells, the three biological replicates for each
cell line were pooled prior to being lysed to allow isobaric
tagging using 8 channel iTRAQ reagent, nanoflow liquid
chromatography, and tandem mass spectrometry, as previously
described25 and detailed in the Supporting Methods. Two 10
μg aliquots of protein from each pool were subject to iTRAQ
labeling and MS analysis (as outlined in the Supporting
Methods and Supporting Table 1). MS data of iTRAQ-labeled
samples were searched against the Uniprot-homo sapiens
20160812 database containing 20191 sequence entries using
ProteinPilot 5 software. This software normalizes the data
using a bias correction algorithm based on the assumption that
total protein expression is identical across all samples. Peptide
ratios are also determined, and an average ratio produced for
each protein allowing a p-value to be calculated as a measure of
its statistical significance. All protein quantification ratios were
checked to ensure that they had a normal distribution
(Supporting Figure 1), and a protein change defined as a
ratio outside the range in which 95% of protein ratios for the
replicate runs was found with a p-value < 0.05. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (http://www.
ebi.ac.uk/pride/archive/) partner repository with the dataset
identifier PXD014708.

2.3. Cell Motility Assays

Chemotaxis assays were performed using a Boyden chamber
assay in a 96-well plate format (Neuroprobe), as previously
described.26 The number of CD33+ cells migrating in response
to 200 ng/mL of CXCL12 was assessed over 6 h.

2.4. Colony-Forming Assays

Details can be found in the Supporting Methods. In brief,
colony-forming assays were performed by plating cells in
methylcellulose complete media (R&D systems) supplemented
with 2 μ/mL of EPO. Primary CD34+ patient samples were
plated at a density of 3000 cells/mL and day 14 differentiated
iPSCs at 4000 cells/mL. Colony formation was assessed
following 7 and 14 days incubation at 37 °C in 5% CO2/5%
O2. Cell morphology was assessed by staining cells with May-
Grunwald-Giemsa. To assess retention of self-renewal capacity,
the resulting colonies at day 7 were replated in methylcellulose
complete media. The use of the human tissue was in
compliance with the ethical and legal framework of the
Human Tissue Act. Experiments had ethical approval from the
NRES committee of the regional NHS health research
authority (14/LO/0489). Primary patient material was
obtained from the European Working Group of MDS in
Childhood (EWOG-MDS) studies (University of Freiburg,
EK247/05). Control samples were surplus cells isolated from
leukocyte cones from patients undergoing leukapheresis within
the NHS Blood and Transplant Service. Written informed
consent was obtained from participants or parents/guardians
for all samples.

2.5. Protein and mRNA Quantifications

RNA was isolated using Qiagen RNeasy and qRT-PCR
performed using standard protocols and data analyzed using
the 2−ΔΔCT method, as previously described.27 Protein
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expression levels were assessed by either western blot analysis
or flow cytometry using standard protocols (antibodies used
are detailed in the Supporting Table 2). Flow cytometric
analysis was performed on a LSR Fortessa flow cytometer (BD
Biosciences) using FlowJo software.

3. RESULTS

3.1. Modeling Noonan Syndrome-Associated JMML

We have previously reported23 the generation of human iPSC
lines from skin fibroblasts of NS/JMML and NS patients with
mutations in PTPN11 and controls with wild-type PTPN11
(Table 1).

The cell lines were shown to have a normal karyotype, to be
pluripotent via in vivo teratoma formation, and exhibit
increased ERK activation consistent with SHP-2 gain-of-
function effects.23 All iPSC cell lines used were capable of
hematopoietic differentiation; however, NS/JMML cells
produced a significantly greater number of leukocytes

(CD45+) and specifically both myeloid (CD33+) and
erythroid cells (CD235a+) compared to both NS and wild-
type cells (Supporting Figure 2A−D). The hematopoietic
progenitor cells derived from NS/JMML iPSC lines, thus,
recapitulated the principal features of JMML, including GM-
CSF hypersensitivity and a myeloid population that displayed
increased proliferation.23 Our previous transcriptomic analysis
of these cell lines23 indicated a role for MYC-induced
regulation of the observed changes in gene expression despite
a lack of difference in MYC mRNA expression levels between
NS and NS/JMML cells (Supporting Figure 3A). This implies
the possibility of post-translational regulation of protein levels
in these cells, as we observed previously in JAK2 mutant-driven
polycythemia vera.25 Given the fact that the perturbation was
occurring post-translationally, we undertook a proteomic
assessment of the cell lines.

3.2. Proteomic Assessment

We differentiated the iPSCs to hematopoietic cells in triplicate
(Supporting Methods and Supporting Figure 3B) and isolated
CD33-expressing myeloid cells. Due to the relatively low yield
of these clinically relevant progenitor cells, the biological
triplicates were pooled prior to being processed in duplicate.
Isobaric tagging of tryptic peptides in duplicate followed by
LC-MS/MS allowed the identification (false discovery rate <
1%) and relative quantification following normalization using
the bias correction algorithm in ProteinPilot of 3585 proteins
(Supporting Table 1). While this pragmatic approach of

Table 1. PTPN11 Mutation Information for iPSC Lines

iPSC disease gene mutation domain

WT healthy none
NS Noonan syndrome PTPN11 E76D N-SH2
NS/JMML JMML progression from

Noonan syndrome
PTPN11 G503R PTP

Figure 1. Proteomic analysis of CD33+ cells: (A) log 2 relative protein expression ratios of the NS and NS/JMML cells with respect to the healthy
control for all of the 3585 proteins identified were portrayed as an expression heatmap. Hierarchical clustering analysis on the heatmaps was
computed using the average Pearson correlation method. (B) Venn diagram illustrating the relationship between the proteins identified as changing
in 3 out of 4 comparisons between NS/JMML vs WT, NS vs WT, and NS/JMML vs NS. (C) Venn diagram showing the proteins identified as
changing in NS vs NS/JMML in all four comparisons. To be defined as changing the protein ratio must lay outside the mean ± two standard
deviations of the duplicates with a p-value < 0.05. (D) Flow cytometric assessment of ITGß2 expression in the CD33+ cells derived from WT, NS,
and NS/JMML cells following 14 days culture under hematopoietic differentiation conditions. Results are shown as mean ± scanning electron
microscopy (SEM), n = 3. Results of the t-test are represented by **p < 0.01. (E) Western blot assessment of S100A4 expression. Actin is used as a
loading control (full blots in the Supporting Figure 5A).
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pooling has some drawbacks, it does allow the formation of
suitable hypotheses that can be tested using pharmacological
approaches using biological replicates. Expression analysis of
the identified proteins with respect to a healthy control (WT)
demonstrated significant differences between the NS and NS/
JMML cells, as shown in Figure 1A (all proteins shown).
Defining a change in protein expression as a ratio outside the
range in which 95% of the protein ratios for the control pools
was found with a p-value < 0.05 in at least three of the four
replicates, 147 proteins were different in the NS/JMML vs WT
comparison, 75 in the NS vs WT, and 18 in the NS/JMML vs
NS (Figure 1B and Supporting Tables 3−5). Ten proteins
(Supporting Table 6) were shown to change in all four
comparisons between JMML and NS/JMML replicates
(Figure 1C).
While we have previously demonstrated the robustness of

iTRAQ data sets in multiple systems,25,28−31 we validated our
data by assessing ITGß2 and S100A4 by orthogonal methods
(these proteins were chosen, as validated commercial antibod-
ies were available). Assessment of ITGß2 expression using flow
cytometry (Figure 1D) and S100A4 by western blot (Figure
1E) recapitulated the iTRAQ observations (Supporting Table
2). ITGß2 is upregulated in the CD33+ cell population derived
from the NS iPSCs as compared to the wild-type cells, which is
further enhanced in the cells derived from the NS/JMML cell
line. A similar profile of expression is seen with S100A4, which

displays a large increase in expression in the NS cells that is
significantly further elevated in the NS/JMML cells.
Furthermore, we observed a 2-fold increase in STAT5a
expression in NS/JMML cells (Supporting Table 3), which
is in line with our previously published data.23 Comparison of
the CD33+ cell proteomic (Supporting Table 2) and
transcriptomic data23 supported our previous observations on
the disparity between transcriptomic and proteomic expres-
sion.32,33 A global analysis of the 3585 proteins (Figure 2A)
showed a poor degree of correlation between mRNA and
protein level changes (R2 = 4.6 × 10−5).
This is further highlighted by the fact that, of the 18 proteins

shown to be differentially expressed at the protein level in the
NS/JMML vs NS comparison, none of the corresponding
genes showed differential expression at the mRNA level
(Figure 2B). While we cannot discount that this discrepancy
arises due to processes such as mRNA transport, it does stress
the need for protein analysis in drug discovery and infers that
post-translational regulation is mediated by PTPN11 muta-
tions. To further validate the proteomic dataset, we undertook
an in silico analysis to identify perturbed pathways. Gene
ontology analysis of the proteins identified as changing
between NS and NS/JMML cells using DAVID software
returned leukocyte migration (p = 1.6 × 10−5) as the most
significantly enriched biological process (Figure 2C) among
several cell locomotion/migratory phenomena. We, therefore,

Figure 2. Analysis and validation of proteomic observations: (A) Correlation between RNA and protein expression levels. Data are shown as log 2
of the ratios between NS and NS/JMML. (B) The analysis of RNA and protein expression ratios for the 18 proteins shown to be changing in the
NS/JMML vs NS comparison. Gray box encompasses the protein/gene ratios defined as not changing. (C) Gene Ontology Biological Process (GO
BP) enrichment analysis was conducted using the DAVID Bioinformatics software to identify significantly enriched GO BP terms. Statistically
significant results were identified as those with Benjamini−Hochberg p-value < 0.05 after multiple testing correction. The statistically significant
GO BP FAT category terms were then illustrated in a GOChord plot. The colors in which genes are presented reflect their log 2-fold change as per
legend. (D) The CXCL12 (200 ng/mL)-induced chemotactic response of CD33+ NS and NS/JMML was assessed in Boyden chamber assays. 5 ×
104 CD33+ cells (at 1 × 106 cells/mL) were seeded, and the number of cells migrating over a 6 h period counted. Results are shown as the mean
number of cells migrating ± SEM for n = 3. (E) CCL3 expression levels were assessed by qPCR. The results are displayed as CCL3 gene expression
levels in NS/JMML relative to that in NS cells (mean ± SEM, n = 3). Results of the t-test are represented by *p < 0.05, **p < 0.01.
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investigated the ability of the differentiated NS and NS/JMML
cells (CD33+) to respond to CXCL12 in a Boyden chamber
assay. Figure 2D illustrates the fact that CD33+ NS/JMML
cells are both more motile than the NS cells and, unlike the NS
cells, are able to respond to CXCL12. Dong et al.34 have
recently reported that JMML-associated PTPN11 mutations
lead to an increase in the production of the chemokine CCL3.
We, therefore, measured the levels of CCL3 in NS and NS/
JMML cells to investigate whether differences in expression of
CCL3 potentially contribute to the increased motility we
observed in NS/JMML cells. NS/JMML cells display a 7-fold
increase in CCL3 production (Figure 2E). This autocrine
production could explain the observed difference in chemo-
kinesis between the NS and the NS JMML cells but is unlikely
to explain the differential chemotactic response to CXCL12.
The verification of the differential motility inferred by the in

silico pathway analysis prompted us to undertake further in
silico analysis of all of the protein changes to identify potential
upstream regulators of the observed protein changes, which
could constitute drug targets. Application of the Ingenuity
pathway analysis software to identify key regulators driving the
observed global changes in protein expression indicated a
possible role for NF-κb and TP53 as control hubs (p = 0.0067
and 0.0094, respectively). Western blot analysis of TP53
expression (Figure 3A) showed reduced TP53 protein levels in
both NS and NS/JMML cells. To ensure that this was not
simply a reflection of increased apoptosis in the control cells,
programmed cell death was measured prior to cell lysis for
protein measurements. All three cell lines displayed similar
levels of apoptosis (Figure 3B). In contrast to TP53, NF-κb has
a similar level of protein expression in all three cell lines

(Figure 3A). This does not rule out a role for NF-κb, as it is
possibly the activation status of the protein rather than its gross
expression level that is critical. Indeed our previous tran-
scriptomic analysis suggests that while there is no change in
NF-κb expression, its inhibitor NFKB1A is upregulated by 2.1
± 0.3 and 1.5 ± 0.2 fold in NS and NS/JMML cells when
compared to wild-type CD33 cells.
These results implicating TP53 and NF-κb as potential

regulators of the observed protein changes along with the fact
that the transcriptional analysis23 indicated a role for MYC
prompted us to investigate the utility of these three pathways
as targets to treat JMML.

3.3. CBL0137 Preferentially Inhibits the Colony-Forming
Ability of NS/JMML Cells

NF-κb, TP53, and MYC are either direct or indirect drug
targets in clinical trials in other leukemias and cancers, thus
targeting these pathways offers a pragmatic approach to
repurposing drugs to treat JMML. We have previously
demonstrated the efficiency of TP53 activation (Nutlin) in
combination with MYC (JQ1) inhibition in the treatment of
MPNs.25,28 Nutlin inhibits the interaction between HDM2 and
TP53 leading to the stabilization of TP53.35 JQ1 is a BET
bromodomain inhibitor, which reduces transcription by
disruption of chromatin-dependent signaling36 with MYC as
a primary target.37 CBL0137 inhibits NF-κb, activates TP53,
and has been reported to regulate MYC expression.38,39

CBL0137 is an inhibitor of the facilitates chromatin tran-
scription complex (FACT)39 of which the component SSRP1
displays 2.7 ± 0.4 and 3.0 ± 0.4-fold increases at the
transcriptome level in NS and NS/JMML cells when compared

Figure 3. CBL0137 preferentially inhibits the colony-forming ability of NS/JMML cells: (A) Western blot analysis of TP53 and NF-κb expression.
Actin was used as a loading control (full blots in the Supporting Figure 5B). (B) The amount of apoptosis in WT, NS, and NS/JMML cells after 14
days culture under hematopoietic differentiation conditions was assessed by flow cytometry following staining with annexin V and 7-AAD. Results
shown correspond to the lysates used for western blot analysis of TP53 expression in (A). (C) iPSC cells were differentiated toward hematopoietic
progenitor cells, and then the effect of 250 nM JQ1, 100 nM CBL0137, and 500 nM Nutlin on their ability to form hematopoietic colonies in
methylcellulose was assessed. Colonies were counted after 12 days, and the data displayed as the percentage of colonies compared to the vehicle
control (mean ± SEM, n = 8 for NS and 9 for NS/JMML). The average number of colonies seen in the vehicle control were 35 ± 11 for NS and 17
± 4 for NS/JMML (mean ± SEM). The results of a t-test between drug-treated and untreated controls and also between cell lines are shown. (D)
Colony morphology was assessed and is displayed as a percentage of total colony number (mean ± SEM, n = 4 for NS and 5 for NS/JMML). t-test
results are represented by; ns not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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to wild-type CD33 cells.23 We, therefore, investigated the
utility of these drugs to preferentially affect NS/JMML cells.
Any curative treatment strategy needs to severely deplete or
extinguish the primitive leukemic cells. We, therefore,
investigated the effects of our candidate drugs on the ability
of NS and NS/JMML iPSC-derived myeloid cells to form
hematopoietic colonies. Drugs were used at optimal doses, as
previously defined.25,28 Following 14 days under hematopoietic
differentiation conditions, embryoid bodies were disrupted and
colony-forming assays performed in the presence and absence
of the drug. Colony numbers were assessed at 12 days. While
all of the drug combinations, except Nutlin, had an effect on
colony formation in relation to nontreated controls, CBL0137
was the only treatment with a significant differential effect on
the ability of NS and NS/JMML cells to form colonies (Figure
3C). In addition to having an enhanced inhibitory effect on
NS/JMML colony number, the colonies that were formed in
the presence of CBL0137 were devoid of erythroid cells
(Figure 3D).
As NS patients have germline mutations in PTPN11,

extinguishing mutant PTPN11 cells is obviously not a
legitimate target for the treatment of NS/JMML. However,
35% of cases of sporadic JMML carry acquired mutations in
PTPN11, hence CBL0137 treatment may offer the opportunity
to extinguish the JMML leukemic clone stem cell while sparing
healthy nonmutated PTPN11 primitive cells. Therefore, to
validate our hypothesis, we transferred our iPSC observations
to primary JMML cells.

3.4. Treating Sporadic JMML with CBL0137

To develop the paradigm, we assessed the effects of our drug
combinations on CD34+ cells isolated from control non-
diseased and sporadic JMML patients carrying PTPN11
mutations (Table 2).

We first assessed the effects of our drug combinations on the
ability of the CD34+ cells to form hematopoietic colonies.
Treatment with Nutlin had no discernible effect on either
control or JMML patient samples. Both JQ1 and CBL0137
treatment had a significant detrimental effect on colony-
forming ability in sporadic JMML (Figure 4A) while having
only a moderate effect on the colony-forming ability of control
cells. The combination of JQ1 and CBL0137 had a marked
effect on JMML cells; however, this treatment also had a
significant effect on normal cells. Assessment of the colony
morphology shows an increase in myeloid colonies (1.75 fold)
at the expense of erythroid cell production in the JMML
samples compared to controls (Figure 4B,C). As was the case
in terms of colony number (Figure 4A), Nutlin had no

discernible effect on the production of either erythroid or
myeloid colonies (Figure 4C). JQ1 significantly reduced the
number of myeloid colonies but had no effect on erythroid
colony number. In contrast, CBL0137 both reduced the
number of myeloid and erythroid colonies in JMML samples
(Figure 4C) while having no effect on normal cell colony
morphology (Figure 4B). CBL0137 effects on primary
hematopoietic cells have not been determined previously, but
the drug has been shown to activate apoptosis. Cells were
treated in liquid culture for 3 days, and the number of cells
undergoing apoptosis in different cell populations assessed by
measuring annexin V and also CD34, CD31, CD33, and
CD235a expression (Figure 5). Representative FACS plots are
shown in the Supporting Figure 4. Only the JMML cells
undergo significant apoptosis in the presence of CBL0137
(Figure 5A). Within the CD235a+ erythroid compartment
(Figure 5B), CBL0137 can be seen to lead to the almost
complete absence of any live cells in the JMML patient
samples, which reflects the morphological observations (Figure
5C). CD235a-expressing cells (62 ± 8%, mean ± SEM) are
undergoing apoptosis in the presence of CBL0137 in the
JMML cells as opposed to 30 ± 6% (mean ± SEM) in the
control cells. CBL0137 also has a differential effect between
control and JMML samples on the CD34+ progenitors (Figure
5C) and CD33+ myeloid cells (Figure 5D). In both cases,
CBL0137 significantly increases the degree of apoptosis in the
JMML samples as compared to control cells. The only cell
population, upon which CBL0137 does not have an effect on
either control or JMML cells, is the CD31+ population (Figure
5E). Given the apparent effects on different cell populations
and the desire to preferentially kill primitive cells, we assessed
the effects of our chosen drugs on the effective self-renewal
capacity of the colony-forming cells. This was achieved by
replating cells from the colonies in the first colony-forming
assay (Figure 4A) into a further colony-forming assay (Figure
5F). While no comparison of the effects of treatment between
JMML and control reached statistical significance, both
CBL0137 and JQ1 treatment suggested a lowering of the
replating ability in the JMML samples. Thus, using iPSC cells,
we have found a means of inducing apoptosis in sporadic
JMML cells for potential clinical benefit in a life-threatening
disease.

4. DISCUSSION
Stem cell transplantation is presently the treatment of choice
for JMML. However, with only a 52% 5 year survival rate40 and
allogeneic transplantation not being available worldwide, other
approaches to treatment are required. While the molecular
genetics of JMML has been characterized7,8 and a specific
definition of the molecular pathology of the disease
characterized, inclusive of GM-CSF hypersensitivity and
activation of the Ras pathway,6 no targeted approach to
extinguishing the leukemia clone has been identified. Hence,
there is a need for an orthogonal approach to the character-
ization of the disease and the identification of drug targets that
may offer improvements to the clinical care presently offered.
An issue in achieving this has been that JMML has proven

difficult to model in vitro with the failure to generate
immortalized cell lines that faithfully replicate JMML. Two
methods have been successfully employed to circumvent this
problem, xenotransplantation,41−43 and iPSC culture.23,44,45

The xenograft model has been used to demonstrate a potential
therapeutic benefit of the DNA methyltransferase inhibitor 5-

Table 2. Genetic Information for Sporadic JMML Patientsa

genetic information

patient diagnosis gene type exon mutation

1

non-syndromic JMML PTPN11 somatic

3 A72V
2 3 E76K
3 3 E76K
4 3 E76K
5 3 E76G
6 3 E76K

aAll patients were tested for PTPN11, NRAS, KRAS, and CBL
mutations by Sanger sequencing. PTPN11 was the only mutation
identified in each patient.
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azacytidine.46 Recently, an iPSC model comparing PTPN11
and CBL-driven JMML demonstrated differential sensitivity to
MEK and JAK2 inhibition, respectively.45 Furthermore, they
reported beneficial effects of simultaneous inhibition of these
pathways along with the PI3K/AKT/mTOR pathway. iPSC
generation from individuals with specific syndromes offers an
opportunity to study their disease in an appropriate and
specific cellular context. In sporadic JMML, around 35% of
patients carry a mutation in PTPN11, which is also mutated in
around 50% of NS patients.16 A subset of the NS patients

carrying specific germline PTPN11 mutations have an
increased risk of developing JMML.17 The study on NS
hematopoietic cells derived from NS/JMML (appropriate
PTPN11 mutation) iPSCs and a control of Noonan iPSC
(mutation in PTPN11 present but not predisposing to JMML)
offers firm insight into drug targets for this disease. We used
proteomics for this purpose, as many proteomic changes
induced by myeloproliferative neoplasm associated oncogenes
are not seen at the transcriptional level.33 Given the increased
understanding of spliceosome regulation and oncogenesis, this

Figure 4. JQ1 and CBL0137 have a differential effect on colony-forming ability of CD34+ cells from patients with sporadic JMML: (A) The effect
of 250 nM JQ1, 100 nM CBL0137, and 500 nM Nutlin on the ability of CD34+ cells from sporadic JMML patients and healthy controls to form
colonies in methylcellulose was assessed. Colonies were counted after 14 days, and the data displayed as the percentage of colonies compared to the
vehicle control (mean ± SEM, n = 4 for controls n = 6 for JMML). The average number of colonies seen in the vehicle control was 75 ± 4 for
controls and 46 ± 11 for JMML (mean ± SEM). Colony morphology was assessed and is displayed as a percentage of total colony type (mean ±
SEM, n = 4 for controls, n = 6 for JMML) for control (B) and sporadic JMML (C). t-test results are represented by; *p < 0.05, **p < 0.01, ***p <
0.001.

Figure 5. CBL0137 promotes apoptosis in a subset of cells: CD34+ cells isolated from control and JMML mononuclear cells were cultured for 72 h
± CBL0137 (100 nM) and the degree of apoptosis measured by staining with annexin V and Hoescht (A). Cells were also counterstained with
CD235a-Pacific Blue (B), CD34-PE (C), CD33-PE Cy7 (D), and CD31-FITC (E) to allow measurement of apoptosis in the separate cell
populations. Cells were run on an LSR Fortessa (Becton Dickenson) and the number of live cells and those undergoing apoptosis assessed using
the FlowJo software. Results are displayed as the percentage number of cells defined by each CD marker within each population (mean ± SEM, n =
4 for controls, n = 6 for JMML). (F) Colonies produced after 7 days in methylcellulose in the presence of 250 nM JQ1, 100 nM CBL0137, or 500
nM Nutlin were resuspended and replated in methylcellulose. The number of colonies was assessed following 14 days and the data expressed as a
percentage of control (mean ± SEM, n = 4 for controls, n = 6 for JMML). The average numbers of colonies seen in the vehicle control were 85 ±
17 for controls and 27 ± 8 for JMML (mean ± SEM). t-test results are represented by; *p < 0.05, **p < 0.01.
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is perhaps not surprising but is of particular importance as
proteins are the targets for most drugs. Our strategy underlined
this fact in that mRNA expression differences between NS/
JMML iPSC CD33+ cells and their NS (non-JMML)
counterparts showed a low level of correlation and placed us
in a position to identify new protein targets not discernible via
transcriptomic analysis. The data derived from the proteomic
analyses presented a phenotype of NS/JMML cells that were
different in the expression of motility proteins, which
translated into a distinct difference in motility itself in response
to CXCL12. The role of this pathway (CXCL12/CD45/Src
protein kinases/spliceosome complex proteins/MYC) in
leukemogenesis has been elucidated by us in the past.25,26,47

Previous transcriptional analysis23 highlighted MYC as a
potential regulator of the changes observed, while computa-
tional analysis of the global protein changes suggested NF-κb
and TP53 as hubs differentially affected in NS and NS/JMML
cells. TP53 is rarely mutated in JMML,48,49 which argues for
translational or post-translational regulation of this nodal point
in transformation processes in JMML. To explore novel means
of extinguishing JMML cells, we chose JQ1, a MYC inhibitor,
Nutlin, an activator of TP53 and CBL0137. CBL0137 targets
the FACT complex and has been reported to activate TP53,
modulate NF-κb, and adversely affect MYC signaling.50

CBL0137 also shows promise in extinguishing childhood
acute lymphoblastic leukemia cells,51 hence, like JQ1 and
Nutlin, offers opportunities for drug repurposing. The
compelling data acquired on inhibition of NS/JMML iPSC-
derived CD33+ cells prompted us to take the appropriate
combinations of drugs to primary JMML cells from patients
with sporadic JMML. In other words, the strategy was to use
the syndromic iPSC cells to gain insight into how we treat all
JMMLs. There was some success in this approach in that every
drug added as a single agent except Nutlin had a significant
effect on colony formation in JMML as opposed to control
cells. CBL0137 has been reported to act via activation of TP53
and inhibition of NF-κb,39 however since we saw no
differential effect of Nutlin on colony-forming ability, it can
be hypothesized that CBL0137 is not mediating its effects via
TP53. CBL0137 and JQ1 were the most potent and, in
combination, had an additive effect. However, normal cells
suffered greater inhibition in colony formation, meaning that
this combination may be of lesser value in in vivo studies. In
replating assays, it was clear that CBL0137 plus JQ1 had the
strongest effect in extinguishing the leukemic clone however.
CBL0137 apparently induces apoptosis, while JQ1 has
previously been suggested to induce differentiation,28 explain-
ing their additive effects.

5. CONCLUSIONS

We have shown that a discovery proteomic screen of iPSC-
derived from NS patients can lead one straight to targeted drug
assays in rare and difficult to obtain primary cell material.
Further, we demonstrated that our chosen drugs, JQ1 and
CBL0137, preferentially extinguish primitive hematopoietic
cells from sporadic JMML patients, as opposed to those of
healthy individuals. We are now in a position to target the
primitive JMML cell in further studies in in vivo models in a
clinical research pathway that we have previously applied in a
rapid and effective manner.28
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