Targeted therapy in JMML: where are we now?
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Abstract

Juvenile myelomonocytic leukemia (JMML) is a rare and aggressive clonal neoplasm
of early childhood, classified as an overlap myeloproliferative/myelodysplastic
neoplasm by the World Health Organization (WHO). In ninety percent of the patients
with JMML typical initiating mutations in the canonical Ras pathway genes NF1,
PTPN11, NRAS, KRAS and CBL can be identified. Hematopoietic stem cell
transplantation (HSCT) currently is the established standard of care in most patients,
although long-term survival is still only 50-60%. Given the limited therapeutic options
and the important morbidity and mortality associated with HSCT, new therapeutic
approaches are urgently needed. Hyperactivation of the Ras pathway as disease
mechanism in JMML lends itself to the use of targeted therapy. Targeted therapy could
play an important role in the future treatment of patients with JMML. This review
presents a comprehensive overview of targeted therapies already developed and
evaluated in vitro and in vivo in patients with JIMML.

Abbreviations

JMML Juvenile myelomonocytic leukemia
WHO World Health Organization

HSCT Hematopoietic stem cell transplantation
HSC Hematopoietic stem cell

BM Bone marrow

(OF) Overall survival

HMA Hypomethylating agents

GM-CSF Granulocyte-macrophage colony-stimulating factor
iPSCs Induced pluripotent stem cells

FTls Farnesyltransferase inhibitors

EFS Event-free survival

T-ALL T-cell acute lymphoblastic leukemia
GVHD Graft versus host disease

CAR Chimeric antigen receptor

CLL Chronic lymphocytic leukemia

CMML Chronic myelomonocytic leukemia

NF1 Neurofibromatosis type 1

CML Chronic myelogenous leukemia



Introduction

JMML characteristics and subtypes

JMML is a rare and aggressive clonal neoplasm of early childhood. The clonal growth
of an abnormal multipotent hematopoietic stem cell (HSC) leads to the characteristic
proliferative features, such as monocytosis, splenomegaly and also a moderately
elevated percentage of myeloblasts. In contrast, erythropoiesis and thrombopoiesis
are typically decreased due to dysplastic changes in the bone marrow (BM) (1-4).

Although progress has been made in elucidating the pathogenesis of the disease,
hematopoietic stem cell transplantation (HSCT) currently is the established standard
of care, and results in long-term overall survival (OS) of only 50-60% of patients (5-7).
These outcomes have not changed substantially over the last several decades.
Despite the intensity of this treatment, relapse of IMML is the most common cause of
death. To date, no other treatment options have been able to alter the natural course
of this disease.

Research in the past decade was mainly focused on the identification of primary and
secondary mutations (8-10), alterations in the non-coding transcriptome (microRNAs,
IncRNAs, circRNAs) (11-14), and aberrant genomic DNA methylation (15-18). The
latter has identified a subgroup of JIMML patients with high DNA methylation and very
poor prognosis (17, 18). The identification of abberant methylation patterns in patients
with IMML resulted in the use of hypomethylating agents (HMA), such as azacitidine,
as bridge to HSCT (19). Although this treatment had no significant effect on DNA
methylation between responders and non-responders, evidence shows that treatment
with azacitidine may contribute to a better pre-transplant disease state and thus a
better outcome of HSCT and a longer overall survival (19-22). This observation
resulted recently in FDA approval for azacitidine in newly diagnosed JMML.

In approximately 90-95% of patients with IMML, canonical mutations in the NRAS and
KRAS (20%-25%), PTPN11 (35%), NF1 (10%-15%) or CBL (10%-15%) genes are
observed (23, 24), strongly linking the disorder to hyperactivation of the RAS/MAPK
pathway. This characteristic makes this disease attractive for targeted therapies
against different components of this pathway. Although initial expectations of targeted
therapy in JIMML were high, major hurdles were encountered. For instance, Ras is an
important component of normal cell physiology, and targeted therapy can cause
considerable systemic toxicity or even development of other malignancies.
Nevertheless, promising steps have been taken in the last decade (25).

Given the limited therapeutic options and their associated morbidity, new therapeutic
approaches are urgently needed. Based on recent insights into disease pathogenesis,
there is a renewed interest in evaluating approaches directly targeting the RAS
pathway. Here, we provide a comprehensive overview of targeted therapies already
developed and tested in JMML, their targets and their efficacy in vitro and in vivo in
patients with IMML.



Novel targeted appoaches in JMML

The rate of somatic events in JIMML is much lower compared to other cancers (0.38
versus 0.61 events/megabase [Mb]/case on average in childhood cancer) (26-28),
strenghtening the hypothesis that hyperactivation of the Ras pathway alone is sufficient
for disease propagation. This relative genetic simplicity, combined with RAS-pathway
mutations as a "first hit" and mostly linear patterns of clonal evolution makes this
disease suitable for pharmacological inhibition of the Ras pathway. In the following
section, we provide an up-to-date overview of novel Ras targeted therapies with proven
in vitro or in vivo activity in JMML. An overview of different targets, treatment options
and evidence is given in FIGURE 1 and TABLE 1.

Therapies targeting GM-CSF signaling pathways

Characteristic for IMML cell proliferation is hypersensitivity of myeloid progenitors to
granulocyte-macrophage colony-stimulating factor (GM-CSF), which elicits a cascade
of downstream signaling and transcription factor activation. Although in JMML
abnormalities of the GM-CSF-receptor haven’t been identified, targeting of this
pathway is studied using different approaches, including immunotherapies and small
molecule inhibitors of downstream components of the GM-SCF receptor signaling
pathway (29-33).

The GM-CSF-analogue E21R is an antagonist of the GM-CSF-receptor. In vitro, use
of this antagonist resulted in inhibition of colony growth of IMML cells (32), whereas in
a mouse model of JIMML it resulted in improved physical condition at the end of the
treatment period (33). Use of this compound in a patient, initially resulted in a fast
improvement of the clinical condition a few days after the first cycle was given. In
contrast, at the beginning of the third cycle monocytes and myeloblasts increased,
suggesting refractory disease to the GM-CSF-analogue. One month after the third
cycle, the patient died as a consequence of internal bleeding and multiple organ failure
(34). As E21R has been taken off the market twenty years ago, this drug is no longer
a therapeutic option.

Lenzilumab is an engineered human IgG1k monoclonal antibody, directly targeting
GM-CSF, which has shown promising clinical efficacy in chronic myelomonocytic
leukemia (CMML) patients. In a phase 1 clinical trial durable clinical improvement was
achieved in 4 out of 15 patients, providing a proof-of-concept that GM-CSF inhibition
is a viable therapeutic strategy in CMML (35). However no formal evaluation of
lenzilumab in the treatment of JMML has been reported.

GM3 is an oligonucleotide that binds the promotor of the GM-CSF gene resulting in
formation of a DNA triple helix and reduction of GM-CSF transcription. In vitro, GM3
reduced colony formation of JMML-cells (30) The specific inhibition of TNFa gene
expression by a catalytic RNA molecule (ribozyme) also downregulated the expression
of GM-CSF in JMML cells and GM-CSF dependent colony formation was reduced (36).
Although, no further in vitro, animal model or clinical studies have been conducted with
these compounds.



JAK targeting
Targeting JAK2, a tyrosine kinase in the GM-CSF pathway is another attractive
therapeutic approach in JMML (37).

JAK-inhibitors ruxolitinib and momelotinib were shown to effectively inhibit colony
growth in induced pluripotent stem cells (iPSCs) of JMML patients with CBL mutations.,
while ruxolitinib also inhibited colony growth of iPSCs carrying the KRAS mutation (17).

Interestingly, ruxolitinib attenuated disease in a mouse model of JMML with Nfl
mutation. A significantly better survival was observed compared to the placebo group.
Side effects of ruxolitinib were aggravation of anemia and trombocytopenia (38).
Similarly, treatment with ruxolitinib also resulted in an improvement of clinical condition
in a mouse model with Cbl mutation (39).

Finally, in a phase 1 clinical study with ruxolitinib, 3 patients with IMML were included.
At the end of the first month of treatment, 2 of these patients had stabilized disease.
One patient even got 5 cycles of ruxolitinib before disease progression occurred (40).

Although not-significant responses with this drug were observed in JIMML patients, it
showed good safety and tolerability profiles and promising responses in phase 1
clinical trials in patients with CMML. Results of phase 2 clinical trials in CMML are
pending (41). In a phase 3 clinical trial in myelofibrosis momelotinib has been
compared to ruxolitinib and proved to be noninferior, but offered less symptom control
(42).

SHP2-inhibitors

SHP-2 is a non-receptor protein tyrosine phosphatase encoded by the PTPN11 gene,
which is mutated in 35% of the patients with JMML (43). Although, type-1 SHP-2
inhibitors were initially shown to inhibit colony growth of Ptpn1ll mutated mouse cells,
it rapidly became clear that they also target SHP-1, which excerts oposing effects to
SHP-2, finally nullifying the effect. Development of more selective type 2 inhibitors try
to overcome this issue and currently four type 2 SHP-2 inhibitors (JAB-3068, TNO155,
RMC-4630, and RLY-1971) are investigated in clinical trials for solid tumors (44-47).
In IMML however, no studies with specific SHP-2 inhibitors are conducted yet.

Therapies targeting the RAS-MAPK pathway

Direct inhibition of RAS

RAS is one of the most frequent mutated oncogenes in cancer (25) and also in JIMML
it plays a central role in the pathogenesis. Development of direct inhibitors of the Ras
pathway has not been successfull and consequentially, RAS got the label of being
‘undruggable”. The most important reasons for this are the high affinity of RAS for GTP
making it unfavorable for GTP-competitive inhibitors and the lack of small molecule
binding sites besides the GTP binding pocket (25, 48-50). The small molecule RAS
inhibitors that have been developed were not potent and selective enough for clinical
use. In recent years, new direct RAS-inhibitors have been identified and are being
studied in clinical trials. In an alternative approach, Fell et al. designed mutant specific
inhibitors (51). Currently, two mutant selective inhibitors (MRTX849 and AMG510) for
KRAS Gly12Cys are being investigated in phase 2 and 3 clinical trials for non-small
cell lung cancer and colorectal cancer. The KRAS Gly12Cys mutation also occurs in



JMML, but only in approximately 1 in 300 cases. Thus, this allele specific inhibitor will
not be relevant in JIMML

Alternatively, rigosertib is a small molecule RAS mimeticum that binds various effectors
which inhibits further activation of the Ras pathway. Mice with a Kras mutation in the
hematopoetic component were used as a model of IMML. Treatment of mice carrying
the Kras G12D mutation with rigosertib resulted in reduction of spleen size and
improvement of leukocytosis, although mainly neutrophils decreased and the
characteristic monocytosis remained. Interestingly, rigosertib had a positive effect on
mice survival (52, 53). However, in a phase 3 clinical trial in patients with
myelodysplastic syndrome (MDS) no beneficial effect on survival was noted with
rigosertib compared to standard of care. (54).

SOS1 inhibitors

SOS refers to a set of genes encoding guanine nucleotide exchange factors which
promote the exchange of Ras-bound GDP by GTP. SOS1 inhibitors might be an
interesting therapeutic option in JMML. The SOS1 inhibitor BI1701963 is currently
investigated in phase 2 clinical trials in KRAS mutated solid tumors, as monotherapy
or in combination with trametinib (55, 56). However, no studies on this compound are
available in JIMML at the moment.

Inhibition of RAS posttranslational modifications

Post-translational farnesylation of RAS proteins by farnesyltransferase is essential for
localization of RAS enzymes to the inner cell membrane. Drugs intervening with this
process can cause suppression of the Ras pathway.

Although farnesyltransferase inhibitors (FTIs) L-739,749 and L-744,832 were proven
to inhibit colony growth of JIMML cells in vitro, predominantly driven through their effect
on Hras processing, no responses were observed after administration of this drug to
Nfl-deficient mice (57, 58).

In a phase 1 trial evaluating the FTI tipfarnib in refractory leukemia patients at a dose
of 300 mg/m?, no complete or partial response were seen in any patient, but one child
with IMML remained stable for 6 cycles of tipifarnib (59).

A phase 2 and 3 study investigated the effect of tipifarnib in IMML-patients. In 73% of
47 patients a limited response was observed with a decrease in leukocytosis count and
a reduction of spleen and liver size. Unfortunately, no effect on event-free survival
(EFS) was demonstrated. The 5-year survival was higher in patients who did not
receive tipifarnib in comparison with patients who did (71% vs. 48%, p= 0,06). Few
patients experienced disease progression while on tipifarnib, but in conclusion it has
no effect on relapse rate or overall survival in JMML (60). Consequently, the use of
tipifarnib has been abandoned in hematologic malignancies.

Zoledronate is a third generation bisphosphonate which has the ability to inhibit both
farnesyltransferase and geranylgeranyltransferase. In an in vitro experiment
zoledronate could inhibit colony formation of IMML-cells, but at higher concentrations
than in vivo tolerated (61). In a case report, a patient with relapsed JMML was treated
with zoledronate after second HSCT. No remarkable effect of this compound was



observed and the patient died 18 days after the first zoledronate infusion due to rapidly
progressive disease (62).

The palmitoylation/depalmitoylation cycle is another posttranslational modification that
is important for NRAS, HRAS and subtype KRAS4A for a correct localization in the
plasmamembrane. Interrupting this cycle prevents RAS from locating properly.
Palmostatin B is a small molecule inhibitor of acyl protein thioesterase (ATP1) that
catalyzes depalmitoylation (63). Palmostatin B was able to inhibit in vitro growth of
murine BM cells with a Nras mutation, but had no effect on those with a Kras mutation
(64). Because the KRAS 4B isoform is not palmitoylated, acyl-protein thioesterase 1
inhibitors would only be applicable to NRAS mutants (3). To our knowledge, there is
not any clinical experience with palmostatin B, nor are there studies in animal models.

Targeting downstream signaling pathways

RAF/MEK/ERK pathway

The MEK-inhibitor trametinib has been shown to inhibit aberrant signaling and
myeloproliferation in vitro using JMML iPSCs, notably with a greater effect on PTPN11
mutated iIPSCs compared to CBL mutated iPSCs (65). Trametinib is currently being
investigated in a phase 2 clinical trial in patients with relapsed or refractory JMML.
Stieglitz and colleagues reported objective responses (1 clinical complete response
and 3 clinical partial responses) in 4 out of 9 patients enrolled in this study. Another 2
patients had stable disease troughout the 12 treatment cycles. No molecular
responses were achieved. Trametinib also showed a favorable side effect profile (66).

Similarly, the MEK-inhibitor mirdametinib has shown activity in JMML iPSCs with a
PTPN11 mutation, while no effect could be appreciated upon exposure of CBL mutated
iPSCs (65, 67). In Kras mutant mice mirdametinib treatment induced a rapid
normalization of peripheral blood counts, a rapid improvement in clinical condition and
a prolonged survival (68). Unfortunately, two-third of the treated mice succumbed to T-
cell acute lymphoblastic leukemia (T-ALL) or T-cell lymphoma after 12 weeks of
treatment (68). In contrast, Nf1 mutant mice were in better clinical condition at the end
of the trial compared to the placebo group and no T-ALL development was seen during
treatment (69). In phase 1 clinical trials, mirdametinib appeared to be safe and well
tolerated (70, 71). Phase 2 clinical trials in neurofibromatosis type 1 (NF1), gliomas
and solid tumors are ongoing.

Another strategy targeting the RAF/MEK/ERK-pathway is the use of a DNA enzyme
against RAF. A DNA enzyme has the ability to specifically cleave target mRNA and
thus inhibit the expression of the corresponding protein. This DNA enzyme against
RAF induced substantial inhibition of JMML cell colony formation and an increased
survival in a mouse model of JMML (72). However, DNA enzymes are not yet
implemented in clinical practice (73).

PI3K/AKT/MTOR pathway

The PI3K/AKT/mTOR pathway is known as a signal transduction cascade and a
regulator of a variety of important physiological functions, including cell cycle, cell
survival, growth (74).



PI3K is an enzyme with 3 different isoforms: p110a, p110p8 and p1108, of which the
latter is most abundant expressed in leukocytes and amongst monocytic leukemia
samples, thus representing an interesting therapeutic target. Deng et al. illustrated that
the PI3K inhibitor pictilisib, demonstrating highest specificity for p110a and p1109,
inhibits growth in Ptpnll mutated cells (75). Similarly, Kras mutated mice treated with
pictilisib clinically improved and had a significantly prolonged survival. Nonetheless,
various mice developed T-ALL after treatment (76). In a phase 1 dosing study in
patients with solid tumors poor tolerability and limited anti-tumor activity were observed
with only occasional objective responses (77). However in other phase 1 studies,
pictilisib did show a good safety and tolerability profile and a potential anti-tumor effect
(78, 79). To date, there are no clinical trials with pictilisib ongoing.

Another p1100 specific PI3K inhibitor, idelalisib, delayed proliferation of in vitro Ptpn11
mutated cells and inhibited colony growth in iPSCs with a PTPN11 or CBL mutation.
In a Ptpnll mutated JMML mouse model, idelalisib significantly prolonged survival
(80). Idelalisib is the first FDA-approved PI3K inhibitor for the treatment of relapsed
chronic lymphocytic leukemia (CLL) and lymphoma. It has shown good clinical activity
as a single agent or in combination therapy. In CLL a series of clinical trials were
terminated due to increased risk of death related to infection, however this could not
be confirmed in other trials (81-83).

In further attempts to inhibit the PISBK/AKT/mTOR pathway, the AKT-inhibitor MK-2206
was administered to mice with Kras mutation and mice with Nfl1 mutation and shown
to improve survival, accompanied by a normalization of peripheral blood counts.
However, insufficient effect of the compound was observed in clinical studies with
various solid tumors and AML and consequentially, further clinical development of the
compound has been halted (84).

Finally, mTOR inhibition using rapamycin, a well-known drug for its ability to suppress
immunity and in preventing graft versus host disease (GVHD) after organ
transplantation and HSCT, was proven to inhibit JMML progression. Two studies have
tested this compound in vitro in cells derived from patients with JMML. Liu et al.
observed inhibition of colony growth in 71% (10/14) of IMML cells in vitro treated with
rapamycin. In the 4 non-responding samples, a high concentration of PTEN was found
(85). Another study, showed similar effects in iPSCs with PTPN11 and CBL mutations
(17). In a mouse model with Ptpn11 mutation, rapamycin ameliorated clinical condition
of the mice (86).

A case report documented on a 9-year old patient with IMML experiencing a relapse
9 months after HSCT with development of GVHD which was controlled with rapamycin.
Interestingly, 77 months later, the patient was still alive and in remission, raising the
possibility that besides the immunomodulating effect, rapamycin also excerted an anti-
leukemic effect (87).

Other treatment approaches

Recent studies have discovered novel fusion genes in patients with quintuple negative
JMML. In a Japanese cohort, 3 of 16 patients without Ras pathway mutations
harboured ALK/ROS1 tyrosine kinase fusions, that were sensitive to ALK inhibition
(17). Crizotinib, a small molecule ALK/ROSL1 inhibitor, could significantly inhibit colony



growth of in vitro cells of two patients with IMML: one with a RANBP2-ALK fusion and
one with a DCTN1-ALK fusion. Subsequently, the patient with the RANBP2-ALK fusion
was treated with crizotinib and reached complete molecular remission and was
succesfully bridged to HSCT. The patient survived without disease recurrence 15
months after transplant (17). Crizotinib also inhibited colony growth of in vitro JMML
cells with one of the canonical mutations (CBL, PTPN11, KRAS). Furthermore, ALK-
inhibitors alectinib, ceritinib and TAE684 inhibited colony growth to the same extent
than crizotinib in in vitro JIMML cells with PTPN11 mutation.

In addition, Chao and colleagues identified a CCDC88C-FLT3 fusion in a patient with
JMML refractory to conventional cytotoxic chemotherapy but sensitive to FLT3
inhibition with sorafenib in monotherapy. After two weeks of treatment with sorafenib,
cytogenetic remission was achieved and after 10 weeks, the patient was able to
undergo HSCT and was still disease-free after 300 days (88).

Dasatinib, a small molecule tyrosin kinase inhibitor, inhibited colony growth in in vitro
JMML cells with PTPN11, NF1, NRAS or CBL mutations (89). After confirming an in
vitro sensitivity for dasatinib treatment, a patient with refractory JMML with PTPN11
mutation was treated with dasatinib and reached hematological remission. The patient
could undergo HSCT, but eventually died one year later because of relapsed JMML
(90). Dasatinib is FDA approved for the treatment of Philadelphia chromosome positive
CML and ALL.

Combination therapy

Combinations of targeted therapy could possibly improve treatment effectiveness,
inhibition of the disease mechanism on several fronts and dose reduction of the
individual drugs. Several cominations of a MEK-inhibitor with other compounds (PI3K-
inhibitor, AKT-inhibitor, mTOR-inhibitor, JAK-inhibitor) have been tested in in vitro and
in mouse models. Generally, the combination therapy had a stronger effect than
treatment with a single compound (38, 84, 91-94), although these also might increase
the risks of toxicity and side effects.

Current treatment landscape

In this comprehensive overview, it becomes clear that, although a lot of effort has been
made to investigate compounds in experimental settings, there is still a huge leap to
take for targeted therapy to become a considerable part of the standard of care in
JMML. Only azacitidine has recently been approved for newly diagnosed JMML,
making this hypomethylating drug a valuable treatment option as bridge HSCT.

Of the targeted therapies in JMML, the MEK inhibitor trametinib shows the most
promising results and is under investigation in a phase 2 clinical trial in relapsed and
refractory JMML patients. Another MEK inhibitor mirdametinib has recently been
approved in a phase 1 clinical trial and potentially has similar effects in JIMML.

Besides MEK inhibitors also the JAK inhibitors show potential in vitro in JMML, with
ruxolitinib being able to stabilize disease in two out of three JMML patients in a phase
1 clinical trial.

Furthermore, the PI3K inhibitor idelalisib is FDA approved for treatment of relapsed
CLL and showed activity in iPSCs and a mouse model of JIMML.



Rapamycin is well-known for its immunosuppressive effects and is frequently used to
limit GVHD after HSCT. In other hematologic malignancies, rapamycin is often used in
combination with another compound to sensitize the antileukemic effects. Therefore,
combinations with rapamycin could be considered for further research.

In in vitro settings, dasatinib and crizotinib were able to inhibit colony growth of JIMML
cells with a canonical mutation. Both compounds are investigated in various clinical
trials and dasatinib is approved for the treatment of Philadelphia chromosome positive
CML and ALL. These experiences in other hematologic malignancies could possibly
lead to further investigation of these compounds in JIMML.

Unfortunately, of these drugs only trametinib is currently under investigation in JMML.
As this disease is aggressive with dismal outcomes, other therapies are needed.
Importantly, targeted therapies of high interest should always be carefully evaluated
within clinical trials. As JIMML is rare, international collaboration for this is warranted.

Discussion and conclusion

As JMML is caused by hyperactivation of the Ras pathway, different strategies have
been employed to target this pathway, although with varying degrees of success. As
the Ras pathway is involved in many biological processes, targeted therapies
frequently result in unwanted side-effects, such as the development of T-ALL. Better
understanding of the pathophysiology of JIMML will help to identify novel therapeutic
targets or combinations of existing therapeutic strategies, as demonstrated for long
non-coding RNAs and circRNAs (12, 13). Besides HSCT, also other
immunotherapeutic approaches may have the potential to cure this disease, as
demonstrated by the successful use of donor lymphocyte infusions for post-transplant
relapse(95). In 2016, a chimeric antigen receptor (CAR) T-cell targeting the GM-CSF
receptor (or CD116) has demonstrated anti-proliferative effects on stem and progenitor
cells in JMML (96). Furthermore, although methylation has been studied as a
therapeutic target, the role of histone modifications, yet another epigenetic change,
remains unexplored in JIMML.

In addition, a better understanding of the pathophysiology will not only help to identify
and develop novel therapeutic modalities, but also to better pinpoint which specific cell
to target in JMML. Recently, integrated analysis combining exome and RNA-
sequencing data has discovered JMML-propagating cells and revealed that canonical
mutations are acquired in this HSC compartment (27). Surprisingly, besides HSCs also
more committed cells such as multipotent progenitors, lymphoid-primed multipotent
progenitors, and even common myeloid progenitors and granulocyte-macrophage
progenitors are able to propagate the disease in xenograft models (27). Single cell
RNA sequencing has shown that all somatic mutations in JMML can be backtracked
to the phenotypic haematopoietic stem/progenitor cells compartment with RAS-
activating mutations as a “first hit” (97). Moreover, these leukemic stem cells are
present after HSCT and before molecular/clinical evidence of relapse (97). This finding
paves the way for selective targeting of JMML-propagating cells. In addition to the
generation of all afore mentioned data, the collaborative sharing of large-scale
datatypes will be essential in further advancing our understanding of JMML disease
and moving forward the discovery of novel treatment options. In that respect, the



initiative of Prof. Elliot Stieglitz, providing a central datadeposit and analysis
infrastructure for JMML sequencing data
(https://www.ncbi.nlm.nih.gov/projects/gapprev/gap/cgi-
bin/study.cgi?study_id=phs002504.v1.p1), is of utmost importance.

Besides targeting cell-autonomous features, such as cell surface receptors or
intracellular proteins within JMML cells, also non-autonomous mechanisms can be of
interest. For instance, it was recently demonstrated that germline PTPN11 mutations
in the BM micro-environment have pathogenic effects on HSCs (98). Patients with
somatic PTPN11 mutations probably have a similarly abnormal BM microenvironment
since parts of this niche are haematopoietic driven (99). The pathogenic effect of the
mutated BM niche can potentially explain the poor engraftment and high relapse rates
after HSCT in JMML. The latter may be due to the inability of the donor HSCs to
engraft and remain in a quiescent state in the aberrant BM, with outgrow of the residual
leukemic cells as a consequence (100).

For decades, studies in JMML were hampered by the lack of appropriate JMML
models. In vitro modelling of IMML is very difficult as JIMML progenitor cells cannot be
maintained in culture and the leukemic clone is lost within a few weeks (101).
Therefore, an immortalized JMML cell line, which accurately reflects the lineage
diversity of JMML, has not been generated so far and primary patient cells in
suspension culture tend to differentiate rapidly. Recently, both patient derived iPSC
(65, 67, 102) as well as xenotransplantation (103) have been employed as an
alternative approach to model the disease. Hopefully, These novel JMML disease
models, will forward development and in vitro and in vivo testing of different new
therapeutic options. In conclusion, targeted therapy in JMML is still in its early stage,
although different compounds have been tested, of which several show promises. As
the patient population amenable for each targeted strategy is rare, it will be crucial to
envision international collaborations in clinical trial design. Recent development of
JMML models will guide identification of novel therapeutic targets and novel treatment
strategies such as targeting JMML-propagating cells, targeting non-autonomous
mechanisms and targeting the immunesystem.

Conflict of interest statement
The authors declare no competing interests.

Acknowledgements

This work was supported by the Foundation against Cancer (STK grant 2016-113 to
BDM and grant 2018-109 to BDM) and vzw Kinderkankerfonds — a non-profit
childhood cancer foundation under Belgian law (grant to TL).



References

1. Niemeyer CM. RAS diseases in children. Haematologica. 2014;99(11):1653-62.

2. Locatelli F, Niemeyer CM. How | treat juvenile myelomonocytic leukemia. Blood.
2015;125(7):1083-90.

3. Chang TY, Dvorak CC, Loh ML. Bedside to bench in juvenile myelomonocytic
leukemia: insights into leukemogenesis from a rare pediatric leukemia. Blood.
2014;124(16):2487-97.

4. Niemeyer CM, Flotho C. Juvenile myelomonocytic leukemia: whao's the driver at the
wheel? Blood. 2019;133(10):1060-70.

5. Locatelli F, Niemeyer CM. How | treat juvenile myelomonocytic leukemia. Blood.
2015;125(7):1083-90.

6. Locatelli F, Nollke P, Zecca M, Korthof E, Lanino E, Peters C, et al. Hematopoietic
stem cell transplantation (HSCT) in children with juvenile myelomonocytic leukemia (JMML):
results of the EWOG-MDS/EBMT trial. Blood. 2005;105(1):410-9.

7. Manabe A, Okamura J, Yumura-Yagi K, Akiyama Y, Sako M, Uchiyama H, et al.
Allogeneic hematopoietic stem cell transplantation for 27 children with juvenile
myelomonocytic leukemia diagnosed based on the criteria of the International IMML Working
Group. Leukemia. 2002;16(4):645-9.

8. Caye A, Strullu M, Guidez F, Cassinat B, Gazal S, Fenneteau O, et al. Juvenile
myelomonocytic leukemia displays mutations in components of the RAS pathway and the
PRC2 network. Nat Genet. 2015;47(11):1334-40.

9. Stieglitz E, Taylor-Weiner AN, Chang TY, Gelston LC, Wang YD, Mazor T, et al. The
genomic landscape of juvenile myelomonocytic leukemia. Nat Genet. 2015;47(11):1326-33.
10. Sakaguchi H, Muramatsu H, Okuno Y, Yoshida K, Shiraishi Y, Takahashi M, et al.
Molecular spectrum of juvenile myelomonocytic leukemia identified by whole exome
sequencing. Haematologica. 2013;98:481.

11. Hofmans M, Lammens T, Helsmoortel HH, Bresolin S, Cave H, Flotho C, et al. The
long non-coding RNA landscape in juvenile myelomonocytic leukemia. Haematologica.
2018;103(11):e501-e4.

12. Hofmans M, Lammens T, Depreter B, Wu Y, Erlacher M, Caye A, et al. Long nhon-
coding RNAs as novel therapeutic targets in juvenile myelomonocytic leukemia. Sci Rep.
2021;11(1):2801.

13. Dal Molin A, Hofmans M, Gaffo E, Buratin A, Cavé H, Flotho C, et al. CircRNAs
Dysregulated in Juvenile Myelomonocytic Leukemia: CircMCTP1 Stands Out. Front Cell Dev
Biol. 2020;8:613540.

14. Leoncini PP, Bertaina A, Papaioannou D, Flotho C, Masetti R, Bresolin S, et al.
MicroRNA fingerprints in juvenile myelomonocytic leukemia (JMML) identified miR-150-5p as
a tumor suppressor and potential target for treatment. Oncotarget. 2016;7(34):55395-408.
15. Olk-Batz C, Poetsch AR, Nollke P, Claus R, Zucknick M, Sandrock I, et al. Aberrant
DNA methylation characterizes juvenile myelomonocytic leukemia with poor outcome. Blood.
2011;117(18):4871-80.

16. Lipka DB, Witte T, Toth R, Yang J, Wiesenfarth M, Nollke P, et al. RAS-pathway
mutation patterns define epigenetic subclasses in juvenile myelomonocytic leukemia. Nature
communications. 2017;8(1):2126.

17. Murakami N, Okuno Y, Yoshida K, Shiraishi Y, Nagae G, Suzuki K, et al. Integrated
molecular profiling of juvenile myelomonocytic leukemia. Blood. 2018;131(14):1576-86.

18. Stieglitz E, Mazor T, Olshen AB, Geng H, Gelston LC, Akutagawa J, et al. Genome-
wide DNA methylation is predictive of outcome in juvenile myelomonocytic leukemia. Nat
Commun. 2017;8(1):2127.

19. Niemeyer CM, Flotho C, Lipka DB, Stary J, Rossig C, Baruchel A, et al. Response to
upfront azacitidine in juvenile myelomonocytic leukemia in the AZA-JMML-001 trial. Blood
advances. 2021;5(14):2901-8.



20. Flotho C, Sommer S, Lubbert M. DNA-hypomethylating agents as epigenetic therapy
before and after allogeneic hematopoietic stem cell transplantation in myelodysplastic
syndromes and juvenile myelomonocytic leukemia. Semin Cancer Biol. 2018;51:68-79.

21. Furlan |, Batz C, Flotho C, Mohr B, Lubbert M, Suttorp M, et al. Intriguing response to
azacitidine in a patient with juvenile myelomonocytic leukemia and monosomy 7. Blood.
2009;113(12):2867-8.

22. Cseh A, Niemeyer CM, Yoshimi A, Dworzak M, Hasle H, van den Heuvel-Eibrink MM,
et al. Bridging to transplant with azacitidine in juvenile myelomonocytic leukemia: a
retrospective analysis of the EWOG-MDS study group. Blood. 2015;125(14):2311-3.

23. Niemeyer CM. JMML genomics and decisions. Hematology American Society of
Hematology Education Program. 2018;2018(1):307-12.

24, Tartaglia M, Gelb BD. Disorders of dysregulated signal traffic through the RAS-MAPK
pathway: phenotypic spectrum and molecular mechanisms. Ann N Y Acad Sci.
2010;1214:99-121.

25. Khan I, Rhett JM, O'Bryan JP. Therapeutic targeting of RAS: New hope for drugging
the "undruggable". Biochim Biophys Acta Mol Cell Res. 2019:118570.

26. Caye A, Strullu M, Guidez F, Cassinat B, Gazal S, Fenneteau O, et al. Juvenile
myelomonocytic leukemia displays mutations in components of the RAS pathway and the
PRC2 network. Nat Genet. 2015;47(11):1334-40.

27. Caye A, Rouault-Pierre K, Strullu M, Lainey E, Abarrategi A, Fenneteau O, et al.
Despite mutation acquisition in hematopoietic stem cells, IMML-propagating cells are not
always restricted to this compartment. Leukemia. 2019.

28. Caye A, Rouault-Pierre K, Strullu M, Lainey E, Abarrategi A, Fenneteau O, et al.
Correction: Despite mutation acquisition in hematopoietic stem cells, JIMML-propagating cells
are not always restricted to this compartment. Leukemia. 2020.

29. de Vries AC, Zwaan CM, van den Heuvel-Eibrink MM. Molecular basis of juvenile
myelomonocytic leukemia. Haematologica. 2010;95(2):179-82.

30. Kochetkova M, Iversen PO, Lopez AF, Shannon MF. Deoxyribonucleic acid triplex
formation inhibits granulocyte macrophage colony-stimulating factor gene expression and
suppresses growth in juvenile myelomonocytic leukemic cells. J Clin Invest.
1997;99(12):3000-8.

31. Emanuel PD, Bates LJ, Zhu SW, Castleberry RP, Gualtieri RJ, Zuckerman KS. The
role of monocyte-derived hemopoietic growth factors in the regulation of myeloproliferation in
juvenile chronic myelogenous leukemia. Exp Hematol. 1991;19(10):1017-24.

32. Iversen PO, Rodwell RL, Pitcher L, Taylor KM, Lopez AF. Inhibition of proliferation
and induction of apoptosis in juvenile myelomonocytic leukemic cells by the granulocyte-
macrophage colony-stimulating factor analogue E21R. Blood. 1996;88(7):2634-9.

33. Iversen PO, Lewis ID, Turczynowicz S, Hasle H, Niemeyer C, Schmiegelow K, et al.
Inhibition of granulocyte-macrophage colony-stimulating factor prevents dissemination and
induces remission of juvenile myelomonocytic leukemia in engrafted immunodeficient mice.
Blood. 1997;90(12):4910-7.

34. Bernard F, Thomas C, Emile JF, Hercus T, Cassinat B, Chomienne C, et al. Transient
hematologic and clinical effect of E21R in a child with end-stage juvenile myelomonocytic
leukemia. Blood. 2002;99(7):2615-6.

35. Patnaik MM, Sallman DA, Mangaonkar AA, Heuer R, Hirvela J, Zblewski D, et al.
Phase 1 study of lenzilumab, a recombinant anti-human GM-CSF antibody, for chronic
myelomonocytic leukemia. Blood. 2020;136(7):909-13.

36. Iversen PO, Sioud M. Modulation of granulocyte-macrophage colony-stimulating
factor gene expression by a tumor necrosis factor specific ribozyme in juvenile
myelomonocytic leukemic cells. Blood. 1998;92(11):4263-8.

37. Rawlings JS, Rosler KM, Harrison DA. The JAK/STAT signaling pathway. J Cell Sci.
2004;117(Pt 8):1281-3.

38. Sachs Z, Been RA, DeCoursin KJ, Nguyen HT, Mohd Hassan NA, Noble-Orcutt KE,
et al. Stat5 is critical for the development and maintenance of myeloproliferative neoplasm
initiated by Nf1 deficiency. Haematologica. 2016;101(10):1190-9.



39. Lv K, Jiang J, Donaghy R, Riling CR, Cheng Y, Chandra V, et al. CBL family E3
ubiquitin ligases control JAK2 ubiquitination and stability in hematopoietic stem cells and
myeloid malignancies. Genes Dev. 2017;31(10):1007-23.

40. Loh ML, Tasian SK, Rabin KR, Brown P, Magoon D, Reid JM, et al. A phase 1 dosing
study of ruxolitinib in children with relapsed or refractory solid tumors, leukemias, or
myeloproliferative neoplasms: A Children's Oncology Group phase 1 consortium study
(ADVL1011). Pediatr Blood Cancer. 2015;62(10):1717-24.

41. Padron E, Dezern A, Andrade-Campos M, Vaddi K, Scherle P, Zhang Q, et al. A
Multi-Institution Phase | Trial of Ruxolitinib in Patients with Chronic Myelomonocytic
Leukemia (CMML). Clin Cancer Res. 2016;22(15):3746-54.

42, Mesa RA, Kiladjian J-J, Catalano JV, Devos T, Egyed M, Hellmann A, et al.
SIMPLIFY-1: A Phase Ill Randomized Trial of Momelotinib Versus Ruxolitinib in Janus
Kinase Inhibitor-Naive Patients With Myelofibrosis. J Clin Oncol. 2017;35(34):3844-50.

43. Tartaglia M, Niemeyer CM, Fragale A, Song X, Buechner J, Jung A, et al. Somatic
mutations in PTPN11 in juvenile myelomonocytic leukemia, myelodysplastic syndromes and
acute myeloid leukemia. Nat Genet. 2003;34(2):148-50.

44, Liu X, Sabnis H, Bunting KD, Qu CK. Molecular targets for the treatment of juvenile
myelomonocytic leukemia. Adv Hematol. 2012;2012:308252.

45, Yuan X, Bu H, Zhou J, Yang CY, Zhang H. Recent Advances of SHP2 Inhibitors in
Cancer Therapy: Current Development and Clinical Application. J Med Chem.
2020;63(20):11368-96.

46. Liu W, Yu B, Xu G, Xu WR, Loh ML, Tang LD, et al. Identification of cryptotanshinone
as an inhibitor of oncogenic protein tyrosine phosphatase SHP2 (PTPN11). J Med Chem.
2013;56(18):7212-21.

47, Yu B, Liu W, Yu WM, Loh ML, Alter S, Guvench O, et al. Targeting protein tyrosine
phosphatase SHP2 for the treatment of PTPN11-associated malighancies. Mol Cancer Ther.
2013;12(9):1738-48.

48. Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ. Drugging the undruggable RAS:
Mission possible? Nat Rev Drug Discov. 2014;13(11):828-51.

49, O'Bryan JP. Pharmacological targeting of RAS: Recent success with direct inhibitors.
Pharmacol Res. 2019;139:503-11.

50. Spencer-Smith R, O'Bryan JP. Direct inhibition of RAS: Quest for the Holy Grail?
Semin Cancer Biol. 2019;54:138-48.

51. Fell JB, Fischer JP, Baer BR, Blake JF, Bouhana K, Briere DM, et al. Identification of
the Clinical Development Candidate MRTX849, a Covalent KRAS(G12C) Inhibitor for the
Treatment of Cancer. J Med Chem. 2020;63(13):6679-93.

52. Baker SJ, Cosenza SC, Ramana Reddy MV, Premkumar Reddy E. Rigosertib
ameliorates the effects of oncogenic KRAS signaling in a murine model of myeloproliferative
neoplasia. Oncotarget. 2019;10(20):1932-42.

53.  Athuluri-Divakar SK, Vasquez-Del Carpio R, Dutta K, Baker SJ, Cosenza SC, Basu |,
et al. A Small Molecule RAS-Mimetic Disrupts RAS Association with Effector Proteins to
Block Signaling. Cell. 2016;165(3):643-55.

54. Garcia-Manero G, Fenaux P, Al-Kali A, Baer MR, Sekeres MA, Roboz GJ, et al.
Rigosertib versus best supportive care for patients with high-risk myelodysplastic syndromes
after failure of hypomethylating drugs (ONTIME): a randomised, controlled, phase 3 trial.
Lancet Oncol. 2016;17(4):496-508.

55. Zhou C, Fan Z, Zhou Z, Li Y, Cui R, Liu C, et al. Discovery of the First-in-Class
Agonist-Based SOS1 PROTACSs Effective in Human Cancer Cells Harboring Various KRAS
Mutations. J Med Chem. 2022;65(5):3923-42.

56. Thompson SK, Buckl A, Dossetter AG, Griffen E, Gill A. Small molecule Son of
Sevenless 1 (SOS1) inhibitors: a review of the patent literature. Expert Opinion on
Therapeutic Patents. 2021;31(12):1189-204.

57. Emanuel PD, Snyder RC, Wiley T, Gopurala B, Castleberry RP. Inhibition of juvenile
myelomonocytic leukemia cell growth in vitro by farnesyltransferase inhibitors. Blood.
2000;95(2):639-45.



58. Mahgoub N, Taylor BR, Gratiot M, Kohl NE, Gibbs JB, Jacks T, et al. In vitro and in
vivo effects of a farnesyltransferase inhibitor on Nfl-deficient hematopoietic cells. Blood.
1999;94(7):2469-76.

59. Widemann BC, Arceci RJ, Jayaprakash N, Fox E, Zannikos P, Goodspeed W, et al.
Phase 1 trial and pharmacokinetic study of the farnesyl transferase inhibitor tipifarnib in
children and adolescents with refractory leukemias: a report from the Children's Oncology
Group. Pediatr Blood Cancer. 2011;56(2):226-33.

60. Stieglitz E, Ward AF, Gerbing RB, Alonzo TA, Arceci RJ, Liu YL, et al. Phase 1l/11l trial
of a pre-transplant farnesyl transferase inhibitor in juvenile myelomonocytic leukemia: a
report from the Children's Oncology Group. Pediatr Blood Cancer. 2015;62(4):629-36.

61. Ohtsuka Y, Manabe A, Kawasaki H, Hasegawa D, Zaike Y, Watanabe S, et al. RAS-
blocking bisphosphonate zoledronic acid inhibits the abnormal proliferation and differentiation
of juvenile myelomonocytic leukemia cells in vitro. Blood. 2005;106(9):3134-41.

62. Shimada H, Shima H, Shimasaki N, Yoshihara H, Mori T, Takahashi T. Little
response to zoledronic acid in a child of juvenile myelomonocytic leukemia (JMML) harboring
the PTPN11 mutation. Ann Oncol. 2005;16(8):1400.

63. Lin DTS, Davis NG, Conibear E. Targeting the Ras palmitoylation/depalmitoylation
cycle in cancer. Biochem Soc Trans. 2017;45(4):913-21.

64. Xu J, Hedberg C, Dekker FJ, Li Q, Haigis KM, Hwang E, et al. Inhibiting the
palmitoylation/depalmitoylation cycle selectively reduces the growth of hematopoietic cells
expressing oncogenic Nras. Blood. 2012;119(4):1032-5.

65. Tasian SK, Casas JA, Posocco D, Gandre-Babbe S, Gagne AL, Liang G, et al.
Mutation-specific signaling profiles and kinase inhibitor sensitivities of juvenile
myelomonocytic leukemia revealed by induced pluripotent stem cells. Leukemia.
2019;33(1):181-90.

66. Stieglitz E, Loh ML, Meyer J, Zhang C, Barkauskas DA, Hall D, et al. MEK Inhibition
Demonstrates Activity in Relapsed, Refractory Patients with Juvenile Myelomonocytic
Leukemia: Results from COG Study ADVL1521. Blood. 2021;138(Supplement 1):3679-.

67. Gandre-Babbe S, Paluru P, Aribeana C, Chou ST, Bresolin S, Lu L, et al. Patient-
derived induced pluripotent stem cells recapitulate hematopoietic abnormalities of juvenile
myelomonocytic leukemia. Blood. 2013;121(24):4925-9.

68. Lyubynska N, Gorman MF, Lauchle JO, Hong WX, Akutagawa JK, Shannon K, et al.
A MEK inhibitor abrogates myeloproliferative disease in Kras mutant mice. Sci Transl Med.
2011;3(76):76ra27.

69. Chang T, Krisman K, Theobald EH, Xu J, Akutagawa J, Lauchle JO, et al. Sustained
MEK inhibition abrogates myeloproliferative disease in Nf1 mutant mice. J Clin Invest.
2013;123(1):335-9.

70. Vinitsky A, Chiang J, Bag AK, Campagne O, Stewart CF, Dunphy P, et al. LGG-22.
SJ901: Phase I/ll evaluation of single agent mirdametinib (PD-0325901), a brain-penetrant
MEKZ1/2 inhibitor, for the treatment of children, adolescents, and young adults with low-grade
glioma (LGG). Neuro-Oncology. 2022;24(Supplement_1):i92-i.

71. Weiss BD, Wolters PL, Plotkin SR, Widemann BC, Tonsgard JH, Blakeley J, et al.
NF106: A Neurofibromatosis Clinical Trials Consortium Phase Il Trial of the MEK Inhibitor
Mirdametinib (PD-0325901) in Adolescents and Adults With NF1-Related Plexiform
Neurofibromas. J Clin Oncol. 2021;39(7):797-806.

72. Iversen PO, Emanuel PD, Sioud M. Targeting Raf-1 gene expression by a DNA
enzyme inhibits juvenile myelomonocytic leukemia cell growth. Blood. 2002;99(11):4147-53.
73. Huo W, Li X, Wang B, Zhang H, Zhang J, Yang X, et al. Recent advances of
DNAzyme-based nanotherapeutic platform in cancer gene therapy. Biophysics Reports.
2020;6(6):256-65.

74. Markman B, Dienstmann R, Tabernero J. Targeting the PI3K/Akt/mTOR pathway--
beyond rapalogs. Oncotarget. 2010;1(7):530-43.

75. Goodwin CB, Yang Z, Yin F, Yu M, Chan RJ. Genetic disruption of the PI3K
regulatory subunits, p85alpha, p55alpha, and p50alpha, normalizes mutant PTPN11-induced
hypersensitivity to GM-CSF. Haematologica. 2012;97(7):1042-7.



76. Akutagawa J, Dail M, Friedman LS, Shannon KM, Sampath D, Braun BS. The PI3K
inhibitor GDC-0941 attenuates disease in a KrasG12D mouse model of CMML and JMML.
Blood. 2012;120(21).

77. Shapiro GlI, LoRusso P, Kwak E, Pandya S, Rudin CM, Kurkjian C, et al. Phase Ib
study of the MEK inhibitor cobimetinib (GDC-0973) in combination with the PI3K inhibitor
pictilisib (GDC-0941) in patients with advanced solid tumors. Investigational New Drugs.
2020;38(2):419-32.

78. Yamamoto N, Fujiwara Y, Tamura K, Kondo S, lwasa S, Tanabe Y, et al. Phase la/lb
study of the pan-class | PI3K inhibitor pictilisib (GDC-0941) administered as a single agent in
Japanese patients with solid tumors and in combination in Japanese patients with non-
squamous non-small cell lung cancer. Investigational New Drugs. 2017;35(1):37-46.

79. Sarker D, Ang JE, Baird R, Kristeleit R, Shah K, Moreno V, et al. First-in-Human
Phase | Study of Pictilisib (GDC-0941), a Potent Pan—Class | Phosphatidylinositol-3-Kinase
(PI3K) Inhibitor, in Patients with Advanced Solid Tumors. Clinical Cancer Research.
2015;21(1):77-86.

80. Deng L, Virts EL, Kapur R, Chan RJ. Pharmacologic inhibition of PI3K p110delta in
mutant Shp2E76K-expressing mice. Oncotarget. 2017;8(49):84776-81.

81. Zirlik K, Veelken H. Idelalisib. In: Martens UM, editor. Small Molecules in Hematology.
Cham: Springer International Publishing; 2018. p. 243-64.

82. Sharman JP, Coutre SE, Furman RR, Cheson BD, Pagel JM, Hillmen P, et al. Final
Results of a Randomized, Phase Il Study of Rituximab With or Without Idelalisib Followed
by Open-Label Idelalisib in Patients With Relapsed Chronic Lymphocytic Leukemia. J Clin
Oncol. 2019;37(16):1391-402.

83. Danilov AV, Herbaux C, Walter HS, Hillmen P, Rule SA, Kio EA, et al. Phase Ib Study
of Tirabrutinib in Combination with Idelalisib or Entospletinib in Previously Treated Chronic
Lymphocytic Leukemia. Clinical Cancer Research. 2020;26(12):2810-8.

84. Akutagawa J, Huang TQ, Epstein I, Chang T, Quirindongo-Crespo M, Cottonham CL,
et al. Targeting the PI3K/Akt pathway in murine MDS/MPN driven by hyperactive Ras.
Leukemia. 2016;30(6):1335-43.

85. Liu YL, Castleberry RP, Emanuel PD. PTEN deficiency is a common defect in juvenile
myelomonocytic leukemia. Leuk Res. 2009;33(5):671-7.

86. Liu W, Yu WM, Zhang J, Chan RJ, Loh ML, Zhang Z, et al. Inhibition of the
Gab2/PI3K/mTOR signaling ameliorates myeloid malignancy caused by Ptpnl1l (Shp2) gain-
of-function mutations. Leukemia. 2017;31(6):1415-22.

87. Upadhyay SY, De Oliveira SN, Moore TB. Use of Rapamycin in a Patient With
Juvenile Myelomonocytic Leukemia: A Case Report. J Investig Med High Impact Case Rep.
2017;5(3):2324709617728528.

88. Chao AK, Meyer JA, Lee AG, Hecht A, Tarver T, Van Ziffle J, et al. Fusion driven
JMML: a novel CCDC88C-FLT3 fusion responsive to sorafenib identified by RNA
sequencing. Leukemia. 2019.

89. Bunda S, Kang MW, Sybingco SS, Weng J, Favre H, Shin DH, et al. Inhibition of SRC
corrects GM-CSF hypersensitivity that underlies juvenile myelomonocytic leukemia. Cancer
Res. 2013;73(8):2540-50.

90. Jenkins C, Luty SB, Maxson JE, Eide CA, Abel ML, Togiai C, et al. Synthetic lethality
of TNK2 inhibition in PTPN11-mutant leukemia. Sci Signal. 2018;11(539).

91. Gritsman K, Yuzugullu H, Von T, Yan H, Clayton L, Fritsch C, et al. Hematopoiesis
and RAS-driven myeloid leukemia differentially require PI3K isoform p110alpha. J Clin
Invest. 2014;124(4):1794-809.

92. Goodwin CB, Li XJ, Mali RS, Chan G, Kang M, Liu Z, et al. PI3K p110& uniquely
promotes gain-of-function Shp2-induced GM-CSF hypersensitivity in a model of JIMML.
Blood. 2014;123(18):2838-42.

93. Mohi MG, Williams IR, Dearolf CR, Chan G, Kutok JL, Cohen S, et al. Prognostic,
therapeutic, and mechanistic implications of a mouse model of leukemia evoked by Shp2
(PTPN11) mutations. Cancer Cell. 2005;7(2):179-91.



94. Kong G, Wunderlich M, Yang D, Ranheim EA, Young KH, Wang J, et al. Combined
MEK and JAK inhibition abrogates murine myeloproliferative neoplasm. J Clin Invest.
2014;124(6):2762-73.

95. Yoshimi A, Bader P, Matthes-Martin S, Stary J, Sedlacek P, Duffner U, et al. Donor
leukocyte infusion after hematopoietic stem cell transplantation in patients with juvenile
myelomonocytic leukemia. Leukemia. 2005;19(6):971-7.

96. Nakazawa Y, Matsuda K, Kurata T, Sueki A, Tanaka M, Sakashita K, et al. Anti-
proliferative effects of T cells expressing a ligand-based chimeric antigen receptor against
CD116 on CD34(+) cells of juvenile myelomonocytic leukemia. Journal of hematology &
oncology. 2016;9:27.

97. Louka E, Povinelli B, Rodriguez-Meira A, Buck G, Wen WX, Wang G, et al.
Heterogeneous disease-propagating stem cells in juvenile myelomonocytic leukemia. The
Journal of experimental medicine. 2021;218(2).

98. Dong L, Yu WM, Zheng H, Loh ML, Bunting ST, Pauly M, et al. Leukaemogenic
effects of Ptpnll activating mutations in the stem cell microenvironment. Nature.
2016;539(7628):304-8.

99. Heazlewood SY, Neaves RJ, Williams B, Haylock DN, Adams TE, Nilsson SK.
Megakaryocytes co-localise with hemopoietic stem cells and release cytokines that up-
regulate stem cell proliferation. Stem cell research. 2013;11(2):782-92.

100. Deng L, Chan RJ. Cleaning up the environment in juvenile myelomonocytic leukemia.
Transl Cancer Res. 2017;6(Suppl 1):S36-s8.

101. Sakashita K, Kato I, Daifu T, Saida S, Hiramatsu H, Nishinaka Y, et al. In vitro
expansion of CD34(+)CD38(-) cells under stimulation with hematopoietic growth factors on
AGM-S3 cells in juvenile myelomonocytic leukemia. Leukemia. 2015;29(3):606-14.

102. Mulero-Navarro S, Sevilla A, Roman AC, Lee DF, D'Souza SL, Pardo S, et al.
Myeloid Dysregulation in a Human Induced Pluripotent Stem Cell Model of PTPN11-
Associated Juvenile Myelomonocytic Leukemia. Cell Rep. 2015;13(3):504-15.

103. Krombholz CF, Aumann K, Kollek M, Bertele D, Fluhr S, Kunze M, et al. Long-term
serial xenotransplantation of juvenile myelomonocytic leukemia recapitulates human disease
in Rag2-/-gammac-/- mice. Haematologica. 2016;101(5):597-606.

104. Lauchle JO, Kim D, Le DT, Akagi K, Crone M, Krisman K, et al. Response and
resistance to MEK inhibition in leukaemias initiated by hyperactive Ras. Nature.
2009;461(7262):411-4.

105. Davis MI, Hunt JP, Herrgard S, Ciceri P, Wodicka LM, Pallares G, et al.
Comprehensive analysis of kinase inhibitor selectivity. Nat Biotechnol. 2011;29(11):1046-51.
106. Mossé YP, Lim MS, Voss SD, Wilner K, Ruffner K, Laliberte J, et al. Safety and
activity of crizotinib for paediatric patients with refractory solid tumours or anaplastic large-
cell lymphoma: a Children's Oncology Group phase 1 consortium study. Lancet Oncol.
2013;14(6):472-80.

107. Hayashi A, Tanoshima R, Tsujimoto SlI, Yanagimachi M, Takeuchi M, Sasaki K, et al.
Crizotinib treatment for refractory pediatric acute myeloid leukemia with RAN-binding protein
2-anaplastic lymphoma kinase fusion gene. Blood Cancer J. 2016;6(8):e456.



Legends
FIGURE 1A: a structured overview of targeted therapy in JMML situated on the Ras
pathway.

FIGURE 1B: a timeline of compounds studied in JMML. The upper side shows the
compounds that have been studied in clinical trials, the underside shows the
compounds that have been studied in vitro, in animal models or in case reports.
Compounds in gray are considered as abandoned for various reasons: poor safety
and tolerability, lack of effect in JMML or other hematologic malignancies, agents that
have been taken off market...

Clinical trials —
case reports

TABLE 1: Overview of all relevant targeted therapies studied in JIMML (in vitro, in vivo
animal model or in patients with JIMML).
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Results

Referenc

Drug target

GM-CSF signaling pathways

In vitro

In vitro: inhibition of colony growth.

GM-CSF analog E21R Mouse model Mouse model: improved clinical condition. (32-34)
Case report - 1 patient Case report: temporary response, then relapse.
%’x‘aﬂ;ﬂple helix GM3 In vitro In vitro: inhibition of colony growth. (30)
Ribozyme Ribozyme In vitro In vitro: inhibition of colony growth. (36)
In vitro (iPSCs) In vitro: inhibition of colony growth. More effective with CBL mutation than with PTPN11 mutation
JAK inhibitor Ruxolitinib Mouse moggl : Mouse model: clinical improvement. _ 51107) 38-
Phase 1 clinical study (3 patients) | Phase 1: 2 out of 3 patients temporary stabilization.
Momelotinib In vitro (iPSCs) In vitro: inhibition of colony growth. More effective with CBL mutation than with PTPN11 mutation. | (17)
Therapies targeting RAS-MAPK pathway
RAS mimeticum Rigosertib Mouse model Mouse model: clinical improvement. Prolonged survival. (52)
L-744,832 In vitro In vitro: inhibition of colony growth. (57, 58)
Farnesyltransferas L-739,749 Mouse moQgI Mouse model: no effect. '
e inhibitor Phase 1 clinical study Phase 1: safe at a dose of 300 mg/m?2.
Tipifarnib Phase 2/3 clinical study (47 . C . . (59, 60)
patients) Phase 2/3: temporary clinical improvement. Survival worse than in the untreated group.
. In vitro In vitro: inhibition of colony growth.
Bisphosphonates | Zoledronate Case report (1 patient) Case report: no effect. (61, 62)
Palmitoylation - . . . . . . . .
: . Palmostatin B In vitro (mouse) In vitro (mouse): only effective with Nras mutation, not with Kras. (64)
depalmitoylation
Targeting downstream signaling pathways
Mirdametinib In vitro (iPSCs) In vitro: inhibition of colony growth. More effective with PTPN11 mutation than with CBL mutation. | (65, 67-
(PD0325901) Mouse model Mouse model: clinical improvement. 69)
CI-1040 Mouse model Mouse model: no effect. (104)
MEK inhibitor In vitro (iPSCs) In vitro: inhibition of colony growth. More with PTPN11 mutation than with CBL mutation.
Trametinib o 3 Phase 2: abstract _publish_ed in november 2021. 4 out of _9 patient_s had an objective clinical (65, 66)
Phase 2 clinical study — recruiting | response, from which 1 with a complete response and 3 with a partial response. No molecular '
responses were achieved(NCT 03190915 (clinicaltrials.gov)).
DNA enzyme | DNA enzyme | In vitro In vitro: inhibition of colony growth. (72)
against RAF against RAF Mouse model Mouse model: clinical improvement, prolonged survival.




IC87114 (p1108) | In vitro (mouse) In vitro: inhibition of colony growth. (75)
In vitro (mouse) In vitro: inhibition of colony growth.
Pictilisib  (p110a (75, 84)
and p1100) Mouse model Mouse model: clinical improvement. Prolonged survival. '
+ TGX221 In vitro In vitro: inhibition of colony growth. Combination with TGX221 or GS1101 twice as effective as ©1)
(p110B) or BYL719 alone.
GS1101 (p110%)
GS-9820 (p1108) | In vitro (mouse) In vitro: inhibition of colony growth. (92)
. In vitro (iPSCs) In vitro: inhibition of colony growth.
\delalisib (p1100) Mouse model Mouse model: clinical improvement. Prolonged survival. (80, 92)
AKT inhibitor MK-2206 Mouse model Mouse model: clinical improvement. Prolonged survival. (84)
In vitro (iPSCs) In vitro: inhibition of colony growth. Linked with concentration of PTEN.
. — (a7, 85-
mMTOR inhibitor Rapamycin Mouse model Mouse model: clinical improvement. 87)
Case report (1 patient) Case report: lasting remission after 77 months.
Small molecules
In vitro (mouse) In vitro: inhibition of colony growth in cells with a CCDC88C-FLT3 fusion.
Sorafenib . Case report: patient with a CCDC88C-FLT3 fusion in cytogenetic remission. 300 days post HSCT | (88)
s Case report (1 patient) . .
Multikinase fusion transcripts undetectable.
inhibitor In vitro In vitro: inhibition of colony growth (mutation PTPN11-NF1-NRAS-CBL). (89 90
Dasatinib . Case report: patient with PTPN11 mutation. Hematological remission, bridging to 3" HSCT, died : '
Case report (1 patient) 105)
1 year later from relapse.
In vitro In vitro: inhibition of colony growth with a DCTN1-ALK fusion, RANBP2-ALK-fusion and PTPN11-
S o CBL-KRAS mutations. (17, 106,
ALK/ROST inhibitor | Crizotinib . Case report: patient with RANBP2-ALK fusion in complete molecular remission. 15 months after | 107)
Case report (1 patient)
HSCT relapse-free.
Alectinib
ALK inhibitor Ceritinib In vitro In vitro: inhibition of colony growth (cells with PTPN11 mutation). a7)
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