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How a rare pediatric neoplasia can give important insights into biological concepts:
a perspective on juvenile myelomonocytic leukemia
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nancies in childhood, juvenile myelomonocytic

eukemia (JMML) has nevertheless formed the basis
of a fascinating chapter of biomedical research on
hematopoietic neoplasia over the past two decades. It not
only furthered our understanding of one of the most
important oncogenic processes in human cells, the hyper-
activation of the RAS signal transduction machinery, it also
yielded surprising insight into the mutual relationship
between inherited predisposition syndromes and the
development of myeloid leukemia. JMML is a stem cell dis-
order characterized by clonal hyperproliferation of mono-
cytes and granulocytes without differentiation arrest." The
affected children are diagnosed at a median age of 2 years
and typically present with hepatosplenomegaly and lym-
phadenopathy accompanied by infiltration of other organs,
especially lung and skin.? If splenomegaly is not apparent at
diagnosis, it invariably develops rapidly in the course of the
disease, creating abdominal distension and often consider-
able discomfort (Figure 1A). The lung infiltrates generally
cause a dry cough and tachypnea and account for part of
the mortality due to respiratory insufficiency (Figure 1B).
The skin lesions are pleomorphic and occasionally pose sig-
nificant diagnostic problems, especially as aleukemic pre-
sentations have been reported (Figure 1C). However, a skin
biopsy usually reveals the myelomonocytic nature of the
infiltrates. Involvement of the central nervous system is
rare in JMML. The white blood cell count is elevated in the
majority of cases (median, 33000/uL) but, in contrast to in
chronic myelogenous leukemia (CML) rarely exceeds
100000/uL. The bone marrow findings fit with the diagno-
sis but are rather non-specific. By contrast, the morpholog-
ic evaluation of peripheral blood smears is an important
diagnostic step: most cases exhibit notable monocytosis
with immature and dysplastic forms (Figure 1D); an
absolute monocyte count 21000/uL is a prerequisite for the
diagnosis.® In addition, there are circulating immature gran-
ulocytes and nucleated red cells. Blasts may be present in
the peripheral blood but their percentage seldom exceeds
10-15%.” Generally there is some degree of thrombocy-
topenia and anemia. An interesting feature of two-thirds of
cases (specifically, those without chromosome 7 abnormal-
ity; see below) is the reversal to fetal red cell characteristics,
including increased levels of hemoglobin F, expression of
the i antigen and low carbonic anhydrase levels.*
Therefore, hemoglobin electrophoresis may help establish
the diagnosis. JMML responds poorly to chemotherapy
regardless of its intensity,’ and presently allogeneic
hematopoietic stem cell transplantation (HSCT) is the only
curative therapeutic modality.® This perspective article will

Representing as little as 2% of hematopoietic malig-

briefly review the classification of JMML, its molecular
pathogenesis and current therapeutic concepts.

Diagnosis and delineation from other
myeloproliferative disorders in childhood

In the past, the classification and differential diagnosis of
JMML have sparked a fair amount of debate. Early descrip-
tions referred to the condition as subacute/chronic myelomono-
cytic leukemia of childhood or juvenile chronic myeloid leukemia.’®
However, receptor tyrosine kinase gene fusions character-
istic of adult-type chronic myelomonocytic leukemia (e.g.,
TEL-PDGFRB) are not known in JMML, and in contrast to
chronic myeloid leukemia, JMML lacks the translocation
t(9;22) and the BCR-ABL1 fusion. In 1996 an international
consensus was reached to name this unique disorder
IMML. To aid with the differential diagnosis of ]MML,
which involves other myeloproliferative disorders (MPD)
or myelodysplastic syndromes (MDS) as well as non-
malignant conditions such as hematotropic virus infec-
tions, guidelines were drawn up by an international work-
ing group.® In brief, absence of BCR-ABL1, absolute mono-
cyte count 21000/uL in peripheral blood and bone marrow
blasts <20% are obligatory criteria for the diagnosis; in
addition, at least two of the following are required: elevat-
ed hemoglobin F (adjusted for age), presence of myeloid
precursor cells in blood, white blood cell count >10000/uL,
evidence of a clonal genetic abnormality, or granulocyte-
macrophage colony-stimulating factor (GM-CSF) hyper-
sensitivity (see below). The current WHO classification of
hematopoietic malignancies lists JMML in the group of
mixed myelodysplastic/myeloproliferative disorders to
account for the impracticality of clearly categorizing JMML
as the former or the latter.® There is still some puzzlement
about the significance of clonal monosomy 7 or deletion 7q
in childhood myeloid disorders including JMML. The fre-
quent occurrence of this cytogenetic lesion in MPD and
MDS prompted some investigators in the 1980s to propose
a separate entity termed infantile monosomy 7 syndrome.™
However, it is now felt that there is little justification to
consider monosomy 7 as a specific subgroup within JMML
because the presence or absence of the lesion does not
change the clinical presentation or alter the prognosis.*" It
seems at present that a conclusive appraisal of monosomy
7 must be deferred until the molecular basis of this chro-
mosomal aberration is clarified.

Molecular pathogenesis: is it all about the RAS
pathway?

Two important features characterize the disordered
hematopoiesis in JMML. First, myeloid progenitor cells
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Figure 1. Characteristic findings in children with JMML. (A)
Hepatosplenomegaly in a 2-year old boy at the time of diagnosis.
(B) Pulmonary interstitial infiltration by leukemic cells. (C) Skin
infiltration by leukemic cells. (D) Peripheral blood smear with a
dysplastic monocyte with nuclear bridging and a blast cell.

derived from peripheral blood or bone marrow of J]MML
patients form excessive numbers of granulocyte-
macrophage colonies in vitro even when cultured without
exogenous cytokines.” This phenomenon is known as
spontaneous proliferation and depends on the presence of
leukemic monocytes.” Second, dose-response experi-
ments demonstrated that JMML myeloid progenitor cells
are hypersensitive to GM-CSE"It is likely that constitutive
low-level secretion of cytokines, primarily GM-CSE, by
leukemic monocytes, coupled with the hypersensitivity of
granulocyte-macrophage colony-forming units to these
stimuli, is sufficient to drive the excessive myeloprolifera-
tion. Although not absolutely specific for IMML, GM-CSF
hypersensitivity is a key feature of the disease and has
become a valuable diagnostic tool. In addition, it pointed
the way to major advances in our understanding of the
molecular pathogenesis of JMML. Today, gene mutations
interfering with downstream components of the GM-CSF
signal transduction pathway can be defined in approxi-
mately 70% of children with this disorder.

The transmission of GM-CSF signals from its receptor to
the nucleus occurs mainly through the sequential phos-
phorylation of a series of intracellular proteins centered
around the RAS signal transduction pathway,” as
reviewed in more detail by Downward.” Functioning as
cellular master switches, RAS proteins bind guanosine
triphosphate (RAS-GTP) in their active configuration and
guanosine diphosphate (RAS-GDP) when inactive.” The
cellular levels of active RAS-GTP are balanced within tight
boundaries by the concurrent action of guanine nucleotide
exchange factors (GNEF) and GTPase-activating proteins
(GAP)." Extracellular stimuli, such as GM-CSF binding to
its receptor, activate adaptor molecules (e.g., GRB2, SHC,
GAB2) which recruit GNEF (e.g., SOS1) to turn on RAS by
displacing GDP and allowing GTP to bind (Figure 2).
Active RAS forwards the signal to RAF1, PISK, RALGDS
and other effector molecules.” RAS itself possesses intrin-
sic GTPase activity which hydrolyses RAS-GTP to RAS-
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Figure 2. Schematic diagram of the RAS signal transduction path-
way. Upon binding of cytokines to receptor tyrosine kinases, sever-
al adapter molecules (such as Src homology 2 domain-containing
proteins [SHC], Src homology 2 domain-containing protein tyro-
sine phosphatase 2 [SHP2], growth factor receptor-bound protein
2 [GRB2] and GRB2-associated binding protein 2 [GAB2]) are acti-
vated and stimulate guanosine nucleotide exchange factors
(GNEF) such as son-of-sevenless homolog 1 (SOS1). GNEF trans-
form RAS into its active GTP-bound state. RAS signaling is termi-
nated by intrinsic RAS-GTP hydrolysis (accelerated by GTPase acti-
vating proteins [GAP] such as neurofibromin). Active RAS interacts
with several effector pathways. v-raf murine sarcoma viral onco-
gene homolog (RAF), mitogen-activated protein kinase kinase
(MEK) and extracellular signal-regulated kinase (ERK) are serially
activated by phosphorylation reactions; active ERK is transferred
to the nucleus and regulates cell cycle progression. PI3K is a lipid
kinase catalyzing the formation of phosphatidylinositol-triphos-
phate, a second messenger molecule with activating effect on v-
akt murine thymoma viral oncogene homolog (AKT). This protein
kinase interacts with target of rapamycin (TOR), a regulator of
apoptosis and cell cycle. Other abbreviations: GTP, guanosine
triphosphate; GDP, guanosine diphosphate.

GDP and thus terminates the signal.*® GAP, most notably
the NF1 gene product, neurofibromin, dramatically accel-
erate this process, serving as molecular brakes on the RAS
pathway.® The following paragraphs will briefly
describe how the various genetic lesions observed in
JMML result in deregulation of RAS signaling. There are
three prominent RAS proto-oncogenes in the human
genome, termed NRAS, KRAS and HRAS, which were
originally identified as orthologs of rat sarcoma virus
oncogenes. Point mutations at codons 12, 13 or 61 of
NRAS, KRAS or HRAS are commonly encountered in a
broad spectrum of human cancers and leukemias.”” The
mutations affecting these residues lead to RAS proteins
with reduced capacity for GTP hydrolysis and resistance
to GAP, resulting in overstimulation of RAS-dependent
target molecules in the nucleus. In JMML, somatic muta-
tions of the NRAS or KRAS (but not HRAS) genes are
found in leukemic cells at diagnosis in 20-25% of cases.”*
A number of recent exciting findings augment the under-
standing of how RAS genes contribute to disordered
myelopoiesis. First was the discovery of a germline
KRAS™ mutation in a girl with Noonan syndrome who
developed an MPD which resembled JMML but was less
aggressive.” The KRAS™ allele was found to have inter-



mediate biochemical (e.g. ability to hydrolyse Ras-GTP)
and biological (e.g. colony growth in response to cytokines
after retroviral transduction) properties when compared
with wildtype KRAS or the classic oncogenic mutant
KRAS?"* In an attempt to take the idea of genotype-phe-
notype correlation further, Matsuda et al. recently com-
pared the clinical presentation and disease progression
between JMML patients with different RAS mutations.”
They reported long-term survival despite no therapy in
three patients in whom glycine at position 12 of KRAS or
NRAS was replaced specifically with serine. However,
those cases also had other favorable prognostic features
and it remains to be determined more conclusively
whether or not the consensus genotype was merely coin-
cidental. In a paper that appears in this issue of the journal,
the same group describes the complete loss of wildtype
NRAS from leukemic cells of a child with JMML at the
time of transition into blast crisis.”® As in other types of
neoplasia, oncogenic RAS mutations in JMML are usually
heterozygous, indicating that the expression of the protein
from one altered allele is sufficient for the deregulation of
the RAS pathway even in the presence of a second wild-
type allele. The case description by Matsuda et al.”® raises
the provocative possibility that the mutant RAS protein is
capable not only of driving excessive proliferation but also,
in the absence of wildtype RAS, of arresting differentia-
tion. It cannot be ruled out, however, that an unknown
neighboring gene was the actual target of the partial 1p
isodisomy observed by the authors.

Elevent percent of children with JMML have constitu-
tional neurofibromatosis type 1 (NF-1). These patients
carry one intact and one deficient allele of the NF1 tumor
suppressor gene in the germline. The deficient allele is
inherited or results from de novo mutation. Neurofibromin,
the protein encoded by NF1, functions as a GAP and neg-
atively regulates RAS.™” In genetically engineered mice,
loss of N1 gives rise to an aberrant pattern of hematopoi-
etic progenitor colony growth with selective GM-CSF
hypersensitivity.” Homozygous inactivation of NF1 in the
leukemic clone, resulting from somatic inactivation of the
normal NF1 allele, was demonstrated in some children
with NF1 and JMML.? However, those early studies were
hampered by technical limitations in the detection of
small intragenic NF1 lesions. Two recent studies have con-
firmed the somatic loss of heterozygosity (LOH) at the
NF1 locus in eight out of nine children with NF-1 and
JMML.**" Surprisingly, in seven of these eight patients
with LOH at NF1, the lesion was not restricted to a small
segment around the NF1 locus but rather involved almost
the entire long arm of chromosome 17. In all cases, the
chromosomal arm carrying the wildtype NF1 allele was
not only deleted, but also replaced by a second copy of the
17q arm bearing the NF/ mutation. These findings unex-
pectedly identified mitotic recombination, an otherwise
rare genetic event, as a recurrent underlying mechanism.
Interestingly, functional neurofibromin was also eliminat-
ed in one case without LOH at NF1. Here, each NF1 allele
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carried a distinct truncating mutation, inactivating the
gene in a compound-heterozygous fashion.” Together,
these data confirm the concept that a somatic second hit to
the remaining wildtype NF1 allele in an early hematopoi-
etic progenitor cell is the basis for the emergence of JMML
in children with NEF-1.

Somatic mutations in PTPN11, the gene encoding the
protein tyrosine phosphatase SHP2, represent the most
frequent molecular lesion in JMML, accounting for
approximately 35% of cases of JMML.* The key to this
discovery was the observation that a JMML-like myelo-
proliferative disorder occurred in some children with
Noonan syndrome,*a developmental disorder character-
ized by cardiac defects, short stature, dysmorphic facial
features, and skeletal abnormalities.** About half of chil-
dren with Noonan syndrome are known to carry specific
germline mutations in PTPN11.* The mutations disturb
the inhibitory interaction between the enzyme’s src
homology 2 and tyrosine phosphatase domains, causing a
gain of phosphatase activity.”® SHP2 is recruited to the
intracellular portion of various cytokine receptors and reg-
ulates several downstream responses including prolifera-
tion.” In contrast to other cytosolic tyrosine phosphatases,
SHP2 functions as a positive stimulus on downstream sig-
nal transduction molecules. Although a direct interaction
of SHP2 with the RAS pathway has yet to be demonstrat-
ed, the assumption that SHP2 signaling is relayed at least
in part through RAS is backed by strong evidence. First,
when PTPN11 mutations typical of JIMML were expressed
in experimental cell systems, the growth of granulocyte-
macrophage colonies became hypersensitive to GM-CSF
and the proliferation of immature progenitors with high
replating potential was enhanced.® Second, with the
exception of rare case, the mutational analysis of leukemic
cells typically identifies clonal alterations at NF1, PTPN11,
or KRAS/NRAS, but not at more than one of these loci in
a given patient with JMML, * consistent with the idea that
these molecules form parts of the same regulatory path-
way. Third, some cases of Noonan syndrome are caused
by germline KRAS mutations, again indicating that the
functional consequences of alterations in the PTPN11 or
RAS genes overlap.?

Taken together, 70% of children with JMML carry
somatic clonal gene lesions that interact with the RAS sig-
naling pathway, cause a gain of activity and thus explain
the proliferative phenotype. It is obvious to speculate that
the patients in whom no RAS, PTPN11 or NF1 abnormal-
ity is present might harbor defects in other components of
the pathway. This hypothesis recently gained impetus
when it was reported that the SOS7 gene, encoding a
GNEF for RAS, was affected by missense mutations in
approximately 20% of cases of Noonan syndrome.”
However, a mutational analysis of SOS7 in 49 children
with JMML who lacked alterations in the RAS or PTPN11
genes and did not have NF-1 or Noonan syndrome
revealed no SOS1 abnormality.® The study also excluded
SHC1, GRB2, GAB1, MAP2K1 (MEK1) and MAP2K2
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(MEK2) as candidate JMML genes, with the caveat that
the latter five genes were examined in smaller numbers of
patients (between 9 and 17) and only mutational hotspots
were screened.” The RAF family of kinases, encoded by
the ARAE BRAF and CRAF (RAF1) genes, are direct effec-
tor molecules for RAS, serving as connectors to the mito-
gen-activated protein kinase cascade by phosphorylating
MEK1 and MEK2 (Figure 2). BRAF is a well-known proto-
oncogene affected by somatic mutations in 5-8% of
human malignancies, with amino-acid residue 600 being
the target in 90% of cases. However, a letter in this issue
of Haematologica contributes another piece to the mosaic
by reporting that BRAF mutations do not occur in JMML.*
CRAF was recently described as another Noonan syn-
drome-causing gene.” To our knowledge, data on CRAF
alterations in JMML have not yet been published.
Clonality studies have shown that malignant transfor-
mation in JMML takes place at the level of stem cells or
early myeloid progenitor cells.”* Even though the genetic
lesions perturbing the functional state of the RAS pathway
can be traced back to clonal cells at the earliest stages of
differentiation,® it is still an unanswered question whether
the RAS pathway alteration is actually the primary event
initiating transformation. The alternative hypothesis sup-
poses the RAS-deregulating mutation to be a secondary
lesion that co-operates with an undefined primary alter-
ation by conferring a proliferative advantage on the malig-
nant clone. The question is not merely academic: if hyper-
active RAS is by itself responsible for the initiation and
maintenance of JMML, then targeted therapies aimed at
the inhibition of RAS signaling would not just restrain
marrow hyperproliferation but would also have the
potential to cure the disease by eradicating the trans-
formed clone. Data from genetically engineered mouse
models indicate that experimental deregulation of Nf1,
Kras or Shp2 is sufficient to induce a myeloproliferative
disorder.“* On the other hand, an extrapolation from
acute myeloid leukemia and/or myelodysplastic syn-
drome would suggest that RAS mutations are co-operating
secondary events which may be functionally equivalent to
the deregulation of other cytokine receptor signaling path-
ways (e.g., KIT or FLT3).” It is interesting in this regard
that a study by de Vries et al., published in this issue of
Haematologica, found no evidence of FLT3 activation in
IMML, whether by genetic mutation, aberrant expression
or autocrine stimulation.® One might interpret these
results as an indication that the contribution of hyperac-
tive RAS to the pathogenesis of JMML cannot be substitut-
ed by just another signaling pathway. As a concluding
remark, when debating the role of RAS pathway perturba-
tion in JMML, it should not be overlooked that cytogenet-
ic studies of leukemic cells reveal chromosomal abnormal-
ities, in particular monosomy 7 or large 7q deletions, in
35% of cases of JMML .2 These aberrations occur inde-
pendently of the mutational status of PTPN14, RAS or
NF1. Although the nature of their contribution to the
pathogenesis of JMML is largely unclear, the frequency of
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their occurrence makes it difficult to believe that they arise
without purpose.

Current treatment

The natural course of JMML is rapidly fatal with 80% of
patients surviving less than 3 years. Progression to blast
crisis is infrequent; most children die from progressive res-
piratory and organ failure. Thrombocytopenia, older age
and elevated fetal hemoglobin levels were identified as
major prognostic factors for short survival.? It is important
to rule out or confirm the possibility of Noonan syndrome
in newly-diagnosed children with JMML under the age of
1 year by careful clinical examination and, if a PTPN11
mutation is present, by determining whether the mutation
is somatic or in the germline. The JMML-like disorder may
spontaneously disappear in patients with Noonan syn-
drome, so close observation without therapy is reasonable
for these children. Systematic evaluation of chemothera-
peutic approaches in JMML is difficult due to the lack of
standardized response criteria and the heterogeneity of
response (i.e., clearance of leukemic cells from bone mar-
row but not solid organs, or vice versa). It appears that
mercaptopurine is an agent that consistently produces
clinical and/or hematologic improvement, either alone or
combined with cytarabine or etoposide,®but it should be
stressed that the induction of a durable remission with this
type of treatment is rare and that it is also doubtful
whether low-dose chemotherapy has any effect on the
overall duration of survival.® Published data do not support
the use of more intensive AML-type regimens because
remission is attained only in a fraction of cases,* is mostly
temporary and comes at the cost of a high rate of compli-
cations, most notably the induction of long-term, and
sometimes fatal, marrow aplasia. In a cohort of 121 JMML
patients without HSCT evaluated in 2003, the survival
rate at 10 years was only 5%, irrespective of intensive
chemotherapy.' In summary, there is no rationale for a uni-
versal recommendation of chemotherapy in JMML,
although it may have a role in selected cases with life-
threatening organ infiltration prior to allogeneic HSCT.
Allogeneic HSCT is the only curative treatment modality
for IMML, with current regimens achieving long-term
event-free survival in about half of the children. A large
prospective HSCT trial which incorporated 100 children
and used unmanipulated grafts and a standardized prepar-
ative regimen consisting of busulfan, cyclophosphamide
and melphalan was conducted by the European Working
Group on MDS in Childhood (EWOG-MDS).® The
authors reported no significant difference in event-free
survival or transplantation-related mortality between
grafts from matched family donors versus matched unre-
lated donors, and no divergence in the two parameters
between grafts from bone marrow, mobilized peripheral
blood or cord blood. Although the removal of an enlarged
spleen before HSCT has the possible benefits of lowering
transfusion requirements, accelerating hematologic recov-
ery and reducing the risk of hemorrhage, the question



whether or not splenectomy had been performed prior to
HSCT had no influence on outcome.® These observations,
the rapid lethality in the absence of treatment and the lack
of other efficient modalities translate into the general rec-
ommendation to initiate a timely HSCT procedure. HSCT
in JMML is, however, still haunted by relapse rates of
30-40%. Remarkably, though, a sustained remission can
be induced in about half of relapsed children by means of
a second transplant, suggesting that the reduced immuno-
suppressive therapy applied during the second procedure
leads to a stronger graft-versus-leukemia effect.”

A number of approaches other than chemotherapy
have been investigated in JMML. 13-cis retinoic acid
(isotretinoin) inhibits spontaneous colony growth of
JMML progenitor cells in vitro and was, therefore, put to
the clinical test in a pilot study with ten children and sub-
sequently in a phase 1l study with 22 children.® Although
some complete or partial responses were observed, the
delineation of a true drug effect from other clinical factors
was difficult.” The utility of isotretinoin in JMML
remains to be determined. With so many details about
the mode of RAS operation now unraveled, it is not sur-
prising that newer therapy concepts aim at bringing lever-
age to specific components of the RAS pathway. Farnesyl
transferase inhibitors (FTI), which block a post-transla-
tional prenylation reaction critical for the membrane
anchorage of RAS, have attracted much attention because
of their promising in vitro activity against JMML colony
formation.” However, several issues with FTI, concerning
resistance (i.e., the ability of cells to use alternative preny-
lation reactions) and unspecificity (i.e., interference with
farnesylation of proteins other than RAS), remain
unsolved. A recent trial of the Children’s Oncology Group
in the United States evaluated FTI in JMML as an up-front
therapeutic window before HSCT.*® Other experimental
strategies include antagonizing GM-CSE® suppressing an
endoprotease reaction that directs RAS to membranes,”
or harnessing the activity of certain bisphosphonates
against RAS prenylation.®® Synthetic inhibitors targeting
downstream RAS effectors such as RAF1, MEK or TOR
have become available although none of these substances
has yet reached the stage of clinical testing in JMML.
Interested readers may wish to refer to a recent review
covering the subject of targeted therapies for JMML in
more detail.® A general obstacle when evaluating any
type of innovative therapy in JMML is the lack of accept-
ed clinical response parameters, a problem created by the
variability of individual response with respect to leuko-
cyte count, platelet count or organomegaly, and by the
difficulty in defining complete hematologic remission in a
setting with excessive myeloproliferation but low blast
percentages. Promising research is under way to develop
methods to measure minimal residual disease by quanti-
tatively assaying clone-specific mutations of the RAS or
PTPN11 genes.®

In summary, recent advances in researching the genetic
basis of a common inherited disorder, Noonan syndrome,
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greatly improved our understanding of the pathogenesis of
JMML. PTPN11, the major disease gene in Noonan syn-
drome, is not only mutated in the rare pediatric neoplasia
JMML, but also in several cases of acute myeloid and lym-
phoblastic leukemia, leading to the understanding that the
RAS pathway is a common backbone of hyperactive
cytokine signaling in hematopoietic cells. It is reasonable
to speculate that future discoveries of yet unknown genet-
ic lesions in inherited predisposition disorders will also
provide novel insights into leukemogenesis.
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