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The epidemiology of pediatric cancer
In the general population the probability of developing cancer before the age of 18 years 
is around 1 in 400. In the Netherlands, approximately 600 new children each year are 
diagnosed with cancer (1) (Figure 1). The most common types of childhood cancer are 
leukemias (1) and the distribution of cancer types varies with age (2-3). Figure 2 gives 
an overview of the incidence of the different subclasses of leukemia as registered by 
the DCOG (2005-2010). Acute lymphoblastic leukemia (ALL) accounts for about 80% 
of the leukemias, whereas acute myeloid leukemia (AML) accounts for about 15% of 
all leukemias. Myelodysplastic syndrome (MDS) and Juvenile Myelomonocytic Leukemia 
(JMML), which are the subject of this thesis, represent very rare myeloid malignancies 
in childhood (4-5).

Over the last decades, following better treatment stratification, better chemotherapy 
combinations and improved supportive care regimens, the 5-year survival of cancer 
in children and adolescents improved significantly (1) (Figure 3). The survival of MDS 
and JMML however, has reached a plateau at approximately 50% following stem cell 
transplantation, which is the only curative treatment option for these diseases.

Hematopoiesis and leukemia
Hematopoiesis (from Ancient Greek: αίμα, “blood”; ποιεῖν “to make”) is the formation 
of blood cellular components. All cellular blood components are derived from 
haematopoietic stem cells (HSCs) and these cells have the unique ability to give rise to 
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Figure 1: Incidence of childhood cancer per year in The Netherlands (DCOG registration 2005-2010)  
 

Figure 1: Incidence of childhood cancer per year in The Netherlands (DCOG registration 2005-
2010).
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Figure 2: Incidence of hematological malignancies per year in The Netherlands 

(DCOG registration 2005-2010) 
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Figure 3: Five year survival by cancer type in children aged 0-14 years (adapted 

from C. Stiller, Oxford University Press, 2007) 
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Figure 3: Five year survival by cancer type in children aged 0-14 years (adapted from C. Stiller, 
Oxford University Press, 2007).
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all different mature blood cell types. Blood cells are divided into three lineages: erytroid 
cells (erythropoiesis), white blood cells (granulocytes, lymphocytes and macrophages) 
(myelopoiesis) and platelets (megakaryopoiesis) (Figure 4).

Leukemia (from the Greek λεύκος “white”, and αίμα “blood”) is cancer of the 
blood, and is characterized by uncontrolled proliferation of a subset of blood cells in the 
bone marrow, in case of ALL proliferation of the lymphoid lineage and in case of AML 
proliferation of the myeloid lineage. Two other types of hematological malignancies in 
childhood are MDS and JMML. According to the WHO classification these diseases are 
classified as myelodysplastic syndromes and myeloproliferative disorders in childhood 
(Table 1) (6-7). 

The exact pathogenesis of MDS and JMML has not been unraveled. The origin of MDS 
is a dysregulated stem cell, and therefore all haematopoietic cell lineages are affected 
(8-10) (Figure 6). In JMML, the monoblastic cell line is dysregulated at an early stage 
leading to a hyperproliferative disease (Figure 5).

Clinical characteristics and diagnostics of JMML

Clinical characteristics:
JMML is a rare clonal myeloproliferative disorder that according to the WHO classification 
falls under the myelodysplastic / myeloproliferative diseases (7). With this new 
classification the old terms juvenile chronic myeloid leukemia (jCMML) and chronic 
myelomonocytic leukemia (CMMol) disappeared (11).

 26

 Figure 4:  Normal hematopoiesis 

 Figure 4:  Normal hematopoiesis.
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A combined population study in Denmark and Canada showed an incidence of JMML 
of 1.2 per million children aged 0-14 years. In Great Britain the incidence is 0.6 per 
million children (4, 12). Since 1998 data of children with JMML have been prospectively 
registered by the European Working Group of MDS and JMML in Childhood (EWOG-MDS), 
which has resulted in increased knowledge on the clinical presentation, the molecular 
heterogeneity, treatment efficacy and survival (Figure 6) (13).

Diagnostics:
The diagnosis of JMML is mainly based on clinical presentation in combination with  
morphology of the peripheral blood smears and the molecular analysis of leukemic cells, 
which will be reviewed in chapter 2 (14).

Children with JMML present at young age (median age: 2 years) with pallor, 
malaise, fever, infections, skin infiltration, bleeding and coughing. Physical examination 
frequently reveals a (hepato)splenomegaly. Often juvenile xanthogranuloma are present 
(6, 11). Furthermore paraneoplastic phenomena such as rash, pleurisy, pericarditis, joint 
swelling and even hemophagocytosis are frequent presenting symptoms (15). There is 
also an association with Neurofibromatosis type 1 (NF1) and Noonan syndrome (1, 16).

The typical presentation includes leukocytosis, anemia, thrombocytopenia, an 
absolute monocytosis (> 1 x 109/l) and a raised HbF. The blast percentage in the 

Table 1: Classification Myelodysplastic Syndrome and JMML.

A. WHO classification MDS

Refractory cytopenia with unilineage dysplasia

Refractory anemia with ringsideroblasts

Refractory cytopenia with multilinear dysplasia

Refactory anemia with excess of blasts-1 

Refactory anemia with excess of blasts-2

MDS, unclassified

MDS with isolated del(5q)

B. Modified WHO classification: MDS and myeloproliferative disorders  in childhood

Myelodysplastic/myeloproliferative disorders

Juvenile myelomonocytic leukemia (JMML)

Chronic myelomonocytic leukemia (CMML)

BCR-ABL negative chronic myeloid leukemia (Ph- CML)

Myelodysplastic syndrome (MDS)

Refractory cytopenia of childhood (RCC): PB <2% blasts, and BM < 5% blasts

Refractory anemia with excess of blasts (RAEB): PB 2-19% blasts, or BM 5-19% blasts

RAEB in transformation (RAEB-t): PB or BM: 20-29% blasts

1A: WHO classification of MDS for adults (7)
1B: Modified WHO classification for MDS and JMML in childhood (6-7)
PB = peripheral blood
BM = bone marrow
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Figure 5: Hematopoiesis in leukemia, JMML and MDS 
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Figure 6: Countries participating in EWOG-MDS 

 

 

 

 

 
 

Figure 6: Countries participating in EWOG-MDS.

peripheral blood is less than 20% and myeloid precursors are found (14).  Diagnosis 
is easier using the morphology of the peripheral blood than the bone marrow aspirate. 
The bone marrow is usually hyper-cellular with predominant granulocytic cells at all 
maturation stages and a blast percentage of less than 20%.

The diagnosis JMML requires the absence of Philadelphia chromosome or BCR/ABL 
rearrangement, as the presence of this is indicative for Chronic Myeloid Leukemia (CML). 
In 25% of patients with JMML, a monosomy 7 is found (Table 2) (14). Details regarding 
the clinical and molecular characteristics will be reviewed in chapter 2.

Treatment and outcome of JMML
For JMML stem cell transplantation (SCT) is the only curative option. The disease is 
rapidly progressive, and the median survival without SCT is about a year (11). The 
5-years disease-free survival after SCT with busulfan, cyclophosphamide and melphalan 
as conditioning regimen is around 50% (17). There is no difference in survival using a 
matched related donor or a matched unrelated donor (17). Graft-versus-leukemia may 
be an important therapeutic effect, illustrated by the fact that patients treated with an 
unrelated HSCT who developed chronic Graft Versus Host Disease had a lower risk of 
relapse and a better survival (18-19). The risk of recurrence within five years is 35% and 
most recurrences occur early. Risk factors for relapse include age > 4 years, female sex, 
increased HbF and a blast percentage above 20% (17). Mixed donor chimerism after SCT 
is predictive of relapse and a rapid re-transplantation may be indicated in such case. 
Infusions of donorlymphocytes have not proved to be useful (20-21). 
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Pre-transplantation treatment with chemotherapy is only useful to bridge the time 
till transplantation and the effect of this pre-transplantation chemotherapy is temporary 
and does not improve the final survival (22). No advantages of intensive chemotherapy 
or splenectomy prior to transplantation have been described (17). 

Clinical characteristics, classification and diagnostics  
of MDS

Clinical characteristics:
The diagnosis of MDS is based on clinical symptoms, histo-morphological data and 
cytogenetic abnormalities. Patients with MDS often present with malaise, signs of anemia 
and/or thrombocytopenia and sometimes with recurrent infections associated with 
leukopenia. Hepatosplenomegaly is mainly found in advanced MDS (RAEB, RAEB-t). The 
diagnosis of MDS is confirmed by cytological and histological assessment of the bone 

Table 2: Diagnostic criteria Juvenile myelomonocytic leukemia 

Juvenile myelomonocytic leukemie 

1. clinical and hematological characteristics (all three mandatory)  

Absolute monocytes in PB > 1 x 109/l

<5 % blasts in BM en PB < 20%

Splenomegaly*

2. oncogenetics (1 parameter necessary)

Somatic mutation in PTPN11 of RAS, or PTPN11

germline c-CBL

NF 1 mutation or clinical diagnosis of NF1

Monosomy 7

3. in case no molecular aberration as mentioned at 2, 

Absence of Philadelphia chromosome (BCR/ABL rearrangement)

+ two of the following criteria: 

GM-CSF hypersensitivity

Raised HbF 

Myeloïd precursors in PB

WBC in PB > 10 x 109/l 

Clonal aberration other than monosomy 7  

PB	 = peripheral blood
BM 	 = bone marrow
NF1 	 = Neurofibromatosis type I
GM-CSF 	= granulocyte-macrophage colony stimulating factor
HbF 	 = fetal hemoglobin
WBC 	 = white blood cell count
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marrow aspirate, bone marrow biopsy and peripheral blood. These materials are evaluated 
for dysplastic features, the architecture of the bone marrow, the occurence of ring 
sideroblasts and myelofibrosis. The dysplasia is visible in at least two cell lines (7, 14, 23).

The annual incidence of MDS in children aged 0-14 years is 1.8 per million children  
(6). Since 1998 children with MDS are registered in the database of the European Working 
Group of MDS and JMML in Childhood (EWOG-MDS) (Figure 7). From this registry the 
following frequency of the different subtypes were found: 52% refractory cytopenia of 
childhood (RCC), 35% refractory anemia with excess of blasts (RAEB) and 13% refractory 
anemia with excess of blasts in transformation (RAEB-t) or myelodysplasia related-AML 
(MDR-AML) (14). 

Classification:
In 1982 the first classification of MDS was made by the French American British group 
(FAB-classification). This morphological classification was based on the percentage of 
blasts in bone marrow and peripheral blood, the presence of ring sideroblasts in the bone 
marrow and the absolute monocyte count in the peripheral blood (24).

In 2001 a new WHO classification of MDS was published, in which besides the 
morphological features, cytogenetics were taken into account (Table 1A). For children a 
modification of the WHO classification became available (Table 1B) (6, 25). In 2008 an 
update of the WHO classification was published (7).

Refractory cytopenia of childhood (RCC): In the modified WHO classification for 
children RCC is used instead of refractory anemia in adults, as in children often a 
multilineage dysplasia is found in contrast to the anemia found in adults. In case of RCC 
less than 5% blasts are found in the peripheral blood and bone marrow and this type 
of MDS accounts for more than 50% of all MDS cases in childhood (26). The disease is 
difficult to differentiate from infections, metabolic disorders and vitamin deficiencies. 
Furthermore, diseases like Fanconi Anemia, Dyskeratosis Congenita, Paroxysmal 
Nocturnal Hemoglobinuria, Shwachman Diamond syndrome, amegakaryocytic 
thrombocytopenia and pancytopenia with radio-ulnair synostosis have to be excluded 
by physical examination or by molecular diagnostics. Furthermore, especially in children, 
RCC is characterized by a hypocellular bone marrow, which makes the differentiation 
from aplastic anemia and congenital bone marrow failure syndromes difficult. Apart 
from the clonal cytogenetic aberrations, at the moment there is no molecular marker 
to differentiate between aplastic anemia and MDS-RCC. Refractory anemia with ringed 
sideroblasts in childhood is rare. Myelofibrosis, an abnormal deposition of reticulin by 
fibroblasts in the bone marrow, is also less common in children as compared to adults 
and in children this myelofibrosis is mainly found in the ‘advanced’ MDS (RAEB or RAEB-t) 
patients (27).

‘Advanced’ MDS: When the blast percentage rises above 20% in children, this is 
called refractory anemia with excess of blasts in transformation (RAEB-t), and when 
the blast percentage is below the 20% it is called RAEB (6). When the blast percentage 
is increasing above the 30% the disease is referred to as myelodysplasia related acute 
myeloid leukemia (MDR-AML) (5-6, 25). However, when AML-specific cytogenetic 
aberrations are found, such as t(8;21)(q22;q22), t(15;17)(q22;q12) or inv(16)(p13q22),  
the disease is considered de novo AML irrespective of the blast count. In patients with 
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Down-syndrome, often dysplastic features are found in the bone marrow, but this is 
always considered leukemia of Down syndrome (ML-DS).

Secondary MDS: Apart from primary MDS, the disease can develop as secondary 
MDS after treatment with chemotherapy and / or radiotherapy, or after congenital bone 
marrow failure syndrome after aplastic anemia. In the past the group of patients who 
have a first degree relative with MDS (MDS family) were included in this group (6), but 
recently the EWOG-MDS decided to include the familial MDS cases in the primary MDS 
group, as they behave like primary MDS (7). 

Genetics:
In approximately 50% of MDS patients an acquired clonal aberration is detected by 
conventional karyotyping and Fluorescent In Situ Hybrydisatie (FISH). The frequency 
varies in the different subtypes. In 75% of the primary RCC patients, in 33% of the 
advanced stages of MDS and in 20% of the secondary MDS cases a normal karyotype is 
found. Frequent cytogenetic abnormalities are monosomy 7 (10-20%), trisomy 8 (2-5%) 
and complex abnormalities, such as the prognostically relevant structural complex 
karyotype (2-35%) (28). RCC with monosomy 7 is associated with a rapid progression of 
disease (26). The relatively favorable cytogenetic abnormalities and Y-del (5q) frequently 
found in adults, are very rare in childhood (29). 

Until recently no data were available about the role of molecular aberrations in the 
pathogenesis of childhood MDS.  In this thesis we describe different studies about the 
role of molecular aberrations in childhood MDS.  

Treatment and outcome of childhood MDS
The only curative option for MDS in childhood is myeloablative therapy followed by allogenic 
stem cell transplantation (SCT). In RCC a small group of patients show progression to 
leukemia, especially when monosomy 7 or complex karyotype is present (median time 
to progression less than two years), in contrast to patients with trisomy 8 and further 
karyotypes that show a more stable course of the disease (26). For children with RCC 
with monosomy 7 or complex karyotype, intensive conditioning with busulfan, melphalan 
and cyclophosphamide is recommended in  an early stage of the disease (14). Currently, 
for the other RCC-patients a SCT with reduced intensity of the conditioning is advised 
when a HLA-matched donor is available (7/8 or 8/8 antigens) (30). In these cases, the 
conditioning consists of thiotepa, fludarabine, and anti-thymocyte globulin (14, 30). If 
no suitable donor is available, the patient is treated with optimal suppportive care.

For patients with RAEB and RAEB-t a SCT after conditioning with busulfan, 
melphalan and cyclophosphamide is needed as soon as possible (14). 
Patients with refractory cytopenia have a disease free survival of ~ 80% after 
transplantation with a matched related donor (31). For patients with RAEB and RAEB-t 
the disease-free survival after SCT is around 50% (31).

Outline of this thesis
JMML and MDS are rare diseases in childhood. To date, myeloablative therapy followed 
by stem cell transplantation is the only curative treatment option. Research into the 
pathogenesis of both diseases will lead to better understanding of the diseases and this 
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may lead to new treatment options, in order to improve survival and reduce toxicity. In this 
thesis we aimed to identify new biological insights of the pathogenesis of JMML and MDS. 

Part one (chapter 1-5) describes the studies we performed in JMML. In chapter 1 
we review the new molecular insights and the mutational spectrum in JMML that has 
facilitated the diagnostic classification of JMML. Chapter 2 describes the role of BRAF 
mutations in the pathogenesis of JMML, whereas in chapter 3 we investigated the role 
of constitutively activated FLT3 in JMML. Chapter 4 describes the role of the WT1 gene in 
JMML. In chapter 5 we present a JMML patient who received an HLA-identical umbilical 
cord blood transplantation from a sibling donor and a review of the literature about the 
use of this stem cell source as treatment modality in JMML. 	

Part two (chapter 6-9) describes the studies we performed in MDS. Chapter 6 is 
an analysis of the occurrence of the different type I and II genetic aberrations in 107 
childhood MDS cases. In chapter 7 we describe the role of IER3 expression in childhood 
MDS. In chapter 8 the role of mitochondrial DNA mutations in childhood MDS is analysed. 
In chapter 9 we report on the role of the immune system in the pathogenesis of 
childhood MDS. Chapter 10 summarizes and discusses the results and provides future 
perspectives.
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INTRODUCTION
Juvenile myelomonocytic leukemia (JMML) is classified as a combined myeloproliferative/
myelodysplastic disease by the World Health Organization and accounts for less than 3% 
of all childhood haematological malignancies (1-2). Children typically present at young 
age (median age at diagnosis: 2 years) with hepatosplenomegaly, monocytosis, anemia, 
thrombocytopenia and elevated HbF (Figure 1) (3-4). Morphology of the peripheral blood 
smear is important for the diagnosis and shows low blast percentages and myeloid 
precursors. A bone marrow aspiration is necessary to exclude acute myelomonocytic 
leukemia, AML M4. In JMML, absence of the Philadelphia chromosome (BCR/ABL fusion 
gene) is one of the mandatory diagnostic criteria (3, 4). Cytogenetic analysis reveals 
monosomy 7 in 25% of the cases, random aberrations in the karyotype in 10%, whereas 
in 65% of the cases a normal karyotype is found (5). Figure 1 shows the currently used 
diagnostic criteria (3, 4). 

MOLECULAR ABERRATIONS

1. RAS signalling pathway
In vitro granulocyte-macrophage colony stimulating factor (GM-CSF) hypersensitivity 
has been a hallmark of JMML for the past two decades (6). This GM-CSF hypersensitivity 
results from continuous activation of the GM-CSF-receptor-RAS-RAF-MEK-ERK signal 
transduction pathway. Currently, molecular aberrations, which will be discussed below, 

Figure 1: Diagnostic criteria of JMML. PB = peripheral blood; BM = bone marrow; NF1 = 
Neurofibromatosis type 1; WBC = white blood cell count; HbF = fetal hemoglobin; GM-CSF = 
granulocyte macrophage-colony stimulating factor; * Splenomegaly is present at first presentation 
in 95% of the cases. The majority of the patients is less than 13 years of age.
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have become more important than the hypersensitivity assay for diagnostic classification 
(Figure 1) (3, 4).  

Proteins encoded by the genes of the RAS family play a role in the transduction of 
extracellular signals to the nucleus and control proliferation and differentiation of many 
cell types (Figure 2). RAS proteins are signalling molecules, which regulate cellular 
processes by switching between an active (guanosine triphosphate (GTP) bound RAS) 
and an inactive (guanosine diphosphate (GDP) RAS) form. The active GTP RAS activates 
the RAF kinase, resulting in a downstream proliferative effect. The amount of GTP-RAS 
is regulated by guanine nucleotide exchange factors (GNEFs), and GTPase activating 
proteins (GAPs). GNEFs are necessary for the conversion of GDP-RAS into GTP-RAS, can 
be stimulated by upstream proteins like SHP1 and Son of Sevenless (SOS). GAPs, like 
neurofibromin, are responsible for the termination of the RAS signalling by RAS-GTP 
conversion in RAS-GDP (7). Somatic mutations in this pathway are frequently found in 
JMML, are mutually exclusive and result in continuously activation and cell proliferation. 
Analysis of genetic syndromes related to germline aberrations of the RAS pathway, like 
Neurofibromatosis type I (NF1) and Noonan syndrome, have increased the knowledge 
of the pathogenesis of JMML. In reverse, the discovery of somatic JMML related RAS-
pathway aberrations has resulted in the discovery of germline RAS-pathway related 
mutations in Noonan like syndromes as Leopard syndrome, Costello syndrome and 
Cardio-Facio-Cutaneous syndrome (8-9).

NF1 mutations and clinical signs of Neurofibromatosis type 1:
Niemeyer et al reported that 11% of the JMML patients have clinical signs of 
Neurofibromatosis type 1 (5). Thereafter, Side et al found NF1 gene mutations in 15% 
of the JMML patients without clinical signs of NF1 (Figure 2) (10). The NF1 gene is a 
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(inactive)

RAS
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GDP

GTP
GAPs

neurofibromin
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Figure 2: GM-CSF-receptor-RAS-RAF-MEK-ERK pathway. GNEF = guanine nucleotide exchange 
factor; GAP= GTPase activating proteins. In JMML in 35% of the cases a PTPN11 mutation, in 
20-25% of the cases a RAS mutation, in 17% a c-CBL mutation is found. In 10-25% of the cases 
clinical signs of NF1 or NF1 gene mutations are found.
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tumor suppressor gene encoding for neurofibromin, and is a GTPase activating protein 
hydrolysing GTP-RAS into GDP-RAS (10). JMML cells from children with NF1 showed a 
reduced neurofibromin activity, resulting in elevated GTP-RAS expression (11). In 2007, 
Flotho et al described somatic loss of heterozygosity (LOH) in 4 out of 5 JMML cases 
with NF1. In the leukemic cells the wild-type NF1 gene was replaced by a second copy 
of the NF1 mutant 17q arm, resulting from uniparental disomy (12). Steinemann et al 
described bi-allelic NF1 gene inactivation in all cases in a larger cohort of JMML patients 
with NF1. Again, this was either caused by LOH (n=10), or by somatic mutations of the 
NF1 gene (n=5) (13). This indicates that although NF1 predisposes for JMML and other 
leukemias, second events are necessary to abolish the complete function of the NF1 gene 
in the development of malignancies. Recently, comparable bi-allelic mutations in the 
NF1 gene were also found in non-syndromic AML and T-ALL patients, which underscores 
that bi-allelic inactivation of the NF1 gene is an important mechanism in haematological 
malignancies, but also that it is not JMML-specific (14).  

RAS gene mutations:
Mutations in the RAS genes are found in 20-30% of all human tumors. In 25% of all JMML 
patients, activating point mutations are found in codon 12, 13 and 61 of NRAS and KRAS 
resulting in a continuous activation of the RAS pathway (Figure 2) (15). 

PTPN11 mutations:
PTPN11 is a gene encoding for the non-receptor protein tyrosine phosphatase SHP-2. 
Mutations in the PTPN11 gene cause a gain of function of the SHP2 protein. This results 
in activation of the GNEFs and in this way to a continuous activation of RAS. Tartaglia et 
al observed somatic mutations in exon 3 and 13 of the PTPN11 gene in 35% of the JMML 
patients without Noonan syndrome (Figure 2) (16). 

Germline mutations in the PTPN11 gene have been described in 50% of the Noonan 
syndrome cases. These mutations differ from the somatic mutations found in JMML 
(17). Noonan syndrome is characterized by developmental disorders, short stature, 
facial dysmorphia, skeletal anomalies and heart defects. Children with Noonan syndrome 
are at increased risk for developing JMML. However, in Noonan syndrome, JMML seems 
to behave differently from sporadic JMML as it occurs at a very young age (infancy) and 
tends to regress spontaneously (18-20). Therefore, recognising Noonan syndrome in a 
JMML patient is important, in order to identify those patients who might benefit from a 
watch and wait policy (17-18). 

c-CBL mutations:
Recently Loh et al identified germline c-CBL mutations in 17% of the JMML patients, 
lacking RAS, PTPN11 or NF1 abnormalities (Figure 2). c-CBL is an E3 ubiquitin ligase, 
responsible for the intracellular transport and degradation of a large number of tyrosine 
kinase receptors, but has also important adaptor functions. One of the proteins regulated 
by c-CBL is Grb2. This adaptor molecule binds to c-CBL and in this way binding of c-CBL 
to SOS is prevented. Mutations in c-CBL have been shown to result in a continuous 
activation of RAS (21-22).

Other genes of the RAS pathway:
So up till now in about 80-85% of the JMML cases a somatic or germline mutation in the 
RAS pathway is found, indicating that hyperactivation of the RAS pathway plays a central 
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role in the pathogenesis of JMML. Therefore other genes involved in the RAS-RAF-MEK-
ERK pathway have been investigated. Analysis of SHC1, GRB2, GAB1, SOS1, BRAF and 
MEK 1 and MEK 2 genes revealed no mutations (23-24). We and others showed that, 
upstream, FLT3 mutations are rare and found no constitutively activated FLT3 (25-26). 

2. JAK-STAT pathway:
It has been suggested that JMML is the juvenile counterpart of chronic myelomonocytic 
leukemia (CMML) which mainly occurs in adults, as also in CMML GM-CSF hypersensitivity 
is found. However, JAK2 mutations (V617F) which are found in in 3-13% of all CMML 
cases are a very rare event in JMML, underscoring the differences between JMML and 
CMML (26,27). Using flowcytometry Kotecha et al found hyperphosphorylation of pSTAT5 
in response to subsaturating concentrations of GM-CSF. This supports the hypothesis 
that the JAK2-STAT5 pathway plays a collaborating role in the pathogenesis of JMML, 
but that JAK-STAT5 activation mainly seems to occur by upstream of activation of the 
RAS in the aberrant response of JMML cells to GM-CSF (21, 27).

3. PTEN:
Although all above mentioned studies have shown the role of hyperactivation of the 
RAS pathway in JMML, only few data are available documenting the status of the other 
components downstream of RAS, like P13K and MAPK. One of the other regulators of the 
P13K pathway is PTEN, a tumor suppressor gene which antagonizes the function of P13K 
and subsequently of AKT, and which is involved in cell growth, proliferation, apoptosis 
and differentiation. Liu et al found PTEN protein deficiency in 67% of the JMML patients 
and hypothesized that this deficiency might lead to insufficient negative growth signals 
to counter the hyperactive RAS pathway (28). 

4. Epigenetics:
It has been suggested that PTEN protein deficiency can be caused by hypermethylation 
of the promoter region of PTEN (28). Apart from hypermethylation of PTEN it was recently 
shown that other epigenetic changes might play a role in the pathogenesis of JMML 
as illustrated by Furlan et al They reported the first JMML patient, also characterized 
by monosomy 7, treated with a DNA hypomethylating agent. The patient revealed an 
excellent clinical and molecular-genetic response, as illustrated by disappearance 
of the monosomy 7 and hypomethylation of the promoter region of the CALCA gene 
after treatment (29). In addition, other JMML studies showed mild hypermethylation of 
specific genes, like p15, p16 and RASSF1A (30-31). These studies are important as they 
may point towards new, but already available, less toxic treatment directions in the near 
future for at least subsets of JMML patients.

TREATMENT AND PROGNOSIS
To date, the only curative treatment option for JMML is stem cell transplantation (SCT). 
Intensive chemotherapy does not represent a curative strategy, and splenectomy before 
transplantation has never shown to be of benefit (32). The median survival time without 
SCT is about 1 year (5). In the treatment protocol of the European Working Group of MDS 
and JMML in Childhood (EWOG-MDS) the 5 year event free survival after transplantation 
is in the 50% range and the cumulative relapse rate was 35%, with a therapy related 
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mortality rate of 15% (32). Results of a study performed by the Children’s Oncology 
Group including a farnesyltransferase inhibitor in the pretransplantation window are 
underway (33). So far, no further data on treatment with RAS pathway inhibitors are 
available. As indicated above, hypomethylating agents may be a promising treatment 
option for the future.

Stem cell transplantation in this relatively young age category of children with JMML 
harbours the risk of serious toxicity, not only during the procedure but also in later life. 
Hence, there is a need for unravelling the biology of JMML in order to identify potential 
drugable targets. 

CONCLUSION:
JMML is a rare hematological malignancy in childhood. Increased knowledge of the 
molecular background has enhanced diagnostic classification as in more than 80% of 
the cases mutations in RAS pathway related genes can be found.
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ABSTRACT
Patients with juvenile myelomonocytic leukemia (JMML) harbour somatic mutations in 
PTPN11 and RAS genes or have clinical signs of Neurofibromatosis. The remaining cases 
presumably carry somatic mutations in other genes in the RAS pathway. BRAF plays a 
central role in this pathway between RAS and downstream molecules including MEK and 
ERK. BRAF mutations frequently occur in cancer. Recently, BRAF mutations were found 
in leukemia. Besides that, germline BRAF mutations cause cardio-facio-cutaneous 
syndrome, which shares many features with Noonan syndrome, which predisposes to a 
myeloproliferative disease resembling JMML

In 65 JMML patients screening for V600E mutations in exon 15 was performed. 
In a subset of patients, without RAS or PTPN11 mutations and no clinical signs of 
Neurofibromatosis type 1, the entire coding sequence of BRAF was analyzed. Sequence 
analysis was performed by direct, bidirectional sequencing of purified polymerase chain 
reaction products. 

Since we did not identify any BRAF mutation, we conclude that this gene is unlikely to 
play a role in the pathogenesis of JMML.
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INTRODUCTION 
Juvenile myelomonocytic leukemia (JMML) is a rare malignant disease in children, 
accounting for less than 3% of all childhood hematological malignancies. The disease, 
mainly affecting young children, is characterized by prominent hepatosplenomegaly, 
absolute monocytosis, presence of myeloid precursors in peripheral blood, low platelet 
count, frequent skin involvement and in vitro granulocyte-macrophage colony stimulating 
factor (GM-CSF) hypersensitivity (1). GM-CSF hypersensitivity in JMML results from 
continuous activation of the GM-CSF-receptor-RAS-RAF-MEK-ERK signal transduction 
pathway due to activating mutations of RAS (2) or PTPN11 (3-5). These mutations occur 
in 25% and 35% of JMML cases, respectively. Moreover, approximately 11% of the JMML 
cases are associated with clinical Neurofibromatosis type 1 (NF1) and JMML cells show 
bi-allelic inactivation of the NF1 tumor suppressor gene encoding for neurofibromin, a 
GTPase activating protein for Ras. Loss of NF1 leads to activation of RAS signaling (6, 
7). The remaining cases presumably carry somatic mutations in other genes of the RAS 
signaling pathway. 

The RAS effector BRAF plays a central role in transmitting growth signals from RAS 
to downstream molecules including MEK and ERK. Somatic mutations in BRAF occur at 
high frequency in numerous human cancers (8, 9). The BRAF V600E mutation results 
in increased kinase activity and accounts for more than 90% of the mutations (8, 10). 
Germline mutations in BRAF cause cardio-facio-cutaneous syndrome (CFC), a dominant 
disorder characterized by short stature, cardiac defects, distinct facial features, 
developmental delay, and ectodermal abnormalities (11, 12). CFC syndrome shares 
many features with other dominant syndromes including Costello and Noonan syndrome 
(NS) (13). NS is caused by germline mutations in genes of the RAS pathway, including 
PTPN11, KRAS, or SOS1 (14). Interestingly, infants with NS are predisposed to develop 
a myeloproliferative disease resembling JMML (3). So far, to our knowledge, studies on 
downstream BRAF mutations have not been reported in JMML. In this paper we studied 
the role of BRAF mutations in JMML patients.

PATIENTS AND METHODS

Patients
In this study, 65 JMML patients were included. Informed consent from the parents was 
obtained according to the Helsinki declaration. The diagnosis of JMML was based on 
the criteria described by Niemeyer et al (15). Patients were treated according to the 
guidelines for JMML of the European Working Group of MDS and JMML in Childhood 
(EWOG- MDS). 

Methods
Screening for BRAF mutations was performed from mononuclear cells derived from 
cryopreserved primary bone marrow, peripheral blood or spleen (16) at diagnosis. Cells 
were thawed and resuspended in RMPI 1640 medium (Dutch modification without 
L-glutamine; Invitrogen life technologies, Breda, The Netherlands) supplemented with 
20% fetal calf serum (FCS; Integro, Zaandam, The Netherlands), 100 IU/ml penicillin, 
100 μg/ml streptomycin, 0,125 μg/ml fungizone and 0,2 mg/ml gentamycin (Invitrogen). 
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Genomic DNA was extracted from a minimum of 5 x 106 cells using TRIzol reagent 
(Invitrogen) according to the manufacturer’s instructions. Quantification of DNA was 
performed using a spectrophotometer. Sequence analysis was performed using forward 
and reverse primers for BRAF exon 15: forward 5’- AGC CCC AAA AAT CTT AAA AG- 3’ and 
reverse 5’- CTC AGG GCC AAA AAT TTA AT- 3’. Screening for V600E mutation in exon 15 
was carried out by direct, bidirectional sequencing of purified polymerase chain reaction 
(PCR) products using the BigDye Terminator v1.1 cycle sequencing protocol (Applied 
Biosystems, Foster City, CA, USA) and an ABI3100 Genetic Analyzer (Applied Biosystems). 
In a subset of patients the entire coding sequence of BRAF was analyzed. These samples 
were tested by direct, bidirectional sequencing of purified polymerase chain reaction 
(PCR) products using the ABI BigDye Terminator Sequencing Kit (Applied Biosystems, 
Foster City, California) and an ABI3730 Capillary Array Sequencer (Applied Biosystems). 
Details on primers are available on request. 

RESULTS AND DISCUSSION
Of the 65 patients with JMML included in this study, 26 had no clinical diagnosis of NF1 
and lacked mutations of RAS, PTPN11 of NF1. Six patients had a clinical diagnosis of NF1, 
12 had a somatic mutation of NRAS or KRAS and 12 patients had a somatic mutation of 
PTPN11. No data on the molecular background were available for nine patients. In none 
of the 65 patients a V600E mutation of the BRAF gene was found. Moreover, in a subset 
of 15 patients without a clinical diagnosis of NF1 and without mutations of PTPN11 or 
RAS, the entire coding region of BRAF was analyzed. In this elected group of patients no 
mutations were identified. 

JMML is regarded as a model disease that is due to hyperactive RAS signaling. Mutant 
proteins of the RAS-RAF-MEK-ERK pathway play an important role in the pathogenesis of 
JMML and explain the GM-CSF hypersensitivity observed ex vivo. In the majority of cases 
of JMML, these mutations are mutually exclusive and affect NRAS, KRAS, NF1, or PTPN11 
genes. Additionally, mutations in this pathway function as an important diagnostic tool 
and are a potential marker of minimal residual disease (17) and a potential therapeutic 
target in future treatment protocols.  

Our hypothesis was that BRAF might play an important role in JMML as it is an 
important downstream effector of RAS. Somatic BRAF mutations occur frequently in 
other types of human cancer and recently, BRAF mutations were found in leukemia. To 
our knowledge, this is the first study that evaluated the occurrence of BRAF mutations in 
JMML. Our data show that BRAF mutations do not play a major role in JMML. Therefore, 
additional analysis of genes of the RAS pathway will be necessary to identify genetic 
aberrations in cases without known mutations.
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ABSTRACT
Background and objective: Activating FLT3 mutations have been identified as prognostic 
factors in several myeloid malignancies. In addition and independent of these mutations, 
ligand-independent activation of FLT3 by wild-type overexpression as well as ligand-
dependent activation in leukemic cells co-expressing FLT3 ligand (FLT3 ligand) resulting 
in autocrine FLT3 signaling have been described in leukemia. Although in juvenile 
myelomonocytic leukemia (JMML) FLT3 internal tandem duplications (FLT3/ITDs) and 
mutations affecting the tyrosine kinase domain (TKD) are rare, no data are available on 
expression levels of FLT3 and FLT3 ligand in JMML. 

Design and methods: Fifty-one JMML patients were screened for the presence of 
activating FLT3/ITDs and FLT3/TKD mutations. In 21 of these patients FLT3 and FLT3 
ligand mRNA levels were assessed using real-time quantitative PCR (Taqman). MTT 
assays were performed to assess the sensitivity of JMML cells to the FLT3 inhibitor 
PKC412. 

Results: In none of the 51 JMML samples FLT3/ITDs or TDK mutations were found. FLT3 
appeared to be expressed at higher levels as compared to healthy controls, but no 
PKC412 cytotoxicity was found in JMML, this in contrast to MLL-rearranged ALL infants 
with activated FLT3. Moreover, no evidence of ligand independent FLT3 activation was 
found.

Conclusion: We conclude that constitutively activated FLT3 does not occur in JMML and 
that treatment with FLT3 inhibitors is unlikely to be effective in JMML. 

3

42



INTRODUCTION
Juvenile myelomonocytic leukemia (JMML) is a rare malignant disease in children, 
accounting for less than 3% of all childhood hematologic malignancies. The disease 
is characterized by young age, prominent hepatosplenomegaly, the presence of 
myeloid precursors in the peripheral blood smears, low platelet count, frequent skin 
involvement and in vitro granulocyte-macrophage colony stimulating factor (GM-CSF) 
hypersensitivity. JMML is associated with the monosomy 7 karyotype in about 25% of 
the cases and with Neurofibromatosis type 1. GM-CSF hypersensitivity in JMML results 
from continuous activation of the GM-CSF-receptor-RAS signal transduction pathway 
caused by activating RAS mutations (1), somatic PTPN11 mutations (2) or loss of 
heterozygosity of NF1 (3) occuring mutually exclusive in 25%, 35% and 10-15% of the 
JMML cases respectively. 

Therefore it may be plausible that a proportion of JMML patients carry activating 
mutations in FLT3, like in AML where RAS, PTPN11 and FLT3 gene mutations occur 
mutually exclusive (4-13). FLT3 is a member of the class III receptor tyrosine kinase (RTK) 
family, which receptors are involved in proliferation and differentiation of hematopoietic 
cells (5, 14). FLT3 activation is induced upon binding of its ligand (FLT3 ligand) resulting 
in activation of the downstream signal transduction pathway promoting survival and 
proliferation. Alternatively, ligand independent activation has been described in leukemia 
either by overexpression of the wild-type FLT3 receptor or by activating mutations in 
the FLT3 gene, like internal tandem duplications (ITDs) within the juxtamembrane (JM) 
region or point-mutations in the tyrosine kinase domain (TDK) (15-17). 

In JMML until now, apart from allogenic stem cell transplantation (allo SCT) no 
curative treatment is available and only about 50% of all patients eventually survive (18). 
Recently, several tyrosine kinase inhibitors (like PKC412, CEP701 and SU5614) that are 
known to inhibit FLT3 have become available. When activated FLT3 would occur in JMML, 
it is conceivable that these patients may benefit from treatment with such inhibitors. 
Moreover, although effective as a FLT3 inhibitor, PKC412 has originally been developed 
to inhibit Protein Kinase C (PKC) and thereby interacts with the RAS-RAF-MEK-ERK 
pathway (19, 20). Therefore, inhibition of PKC by PKC412 may additionally target JMML 
cells that are characterized by dysregulation of the RAS pathway, which occurs in a large 
proportion of JMML cells. To investigate whether a subgroup of JMML patients can be 
identified that might benefit from PKC412 we screened primary JMML samples for the 
presence of activating FLT3 mutations, determined FLT3 and FLT3 ligand expression and 
studied the in vitro response to PKC412 in these samples. 

PATIENTS AND METHODS

Patients
In this study 51 de novo JMML patients were included, after written informed consent 
of the parents according to the Helsinki agreement. Clinical diagnosis of JMML was 
established using the diagnostic criteria as described by Niemeyer et al (21). Patients 
were treated according to the guidelines for JMML of the European Working Group of 
MDS and JMML in Childhood (EWOG-MDS), which basically implies allo SCT. Of these 
patients 12 (24%) carried a RAS mutation, 12 (24%) a PTPN11 mutation and 1 (2%) a 
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NF1 mutation. In 17 (33%) these mutations were not found and in 9 (17%) no information 
about mutations was available. Cryopreserved primary bone marrow (n=28) and/or 
peripheral blood samples (n=11) were collected at diagnosis. Cells were thawed and 
resuspended in RMPI 1640 medium (Dutch modification without L-glutamine; Invitrogen 
life technologies, Breda, The Netherlands) supplemented with 20% fetal calf serum 
(FCS; Integro, Zaandam, The Netherlands), 100 IU/ml penicillin, 100 μg/ml streptomycin, 
0,125 μg/ml fungizone and 0,2 mg/ml gentamycin (Invitrogen). In addition, from 12 
cases leukemic cells were isolated from the spleen as described by Gerhardt et al (22) 
and peripheral blood samples of 23 healthy adults were used as controls. The obtained 
results were compared with results obtained in leukemic samples from MLL-rearranged 
infant ALL patients and non-infant ALL cases with known FLT3 activation status and 
PKC412 cytotoxicity data (23).

Methods

DNA/RNA extraction and quantitive real time-PCR (TaqMan)
Genomic DNA and total RNA were extracted from JMML cells using TRIzol reagent 
(Invitogen) according to the manufacturer’s instructions. Quantification of both RNA and 
DNA was performed using a spectrophotometer and the integrity of the extracted RNA 
was assessed on 1% agarose gels.

cDNA was synthesized from 1 μg of total RNA, and the levels of FLT3 and FLT3 ligand 
expression relative to the expression levels of the endogeneous housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were measured using quantitative 
real-time PCR (TaqMan) as described previously (24). 

Detection of the FLT3/ITD mutations
The detection of the FLT3/ITD mutations was performed as described by Kiyoi et al (6). 
PCRs were carried out in a total reaction volume of 50 μl containing TaqMan buffer II 
(Applied Biosystems, Foster City, CA, USA), 300 nM forward and reverse primer, 1.25 
U AmpliTaq Gold polymerase (Applied Biosystems, Foster City, CA, USA) 2 mM MgCl2, 
200 μM of each dNTP (Amersham Pharmacia Biotech, Uppsala, Sweden) and 500 ng of 
genomic DNA as template. Samples were heated for 10 minutes at 95°C to activate the 
AmpliTaq Gold polymerase and amplified during 40 cycles of 15 seconds at 95°C and 60 
seconds at 60°C. Genomic DNA extracted from the MV4-11 cell line, that has shown to 
posses a FLT3/ITD (25), was used as a positive control.

Detection of FLT3 activation loop mutations
Detection of the activating mutations affecting Asp835 or Ile836 within the activation 
loop of the FLT3 gene was performed essentially as described by Yamamoto et al (26). 
However, as previously described, to fit our standard PCR procedure, a different set 
of primers was designed to amplify the region of interest (25). To detect mutations, 
PCR products amplified as described above, were digested overnight at 37°C using 
the restriction enzyme EcoRV, and seperated on 2% agarose gels to identify possible 
incomplete digested fragments that suggest the presence of activation loop mutations 
within the TKD region of FLT3.  
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In vitro PKC412 cytotoxicity (MTT assay)
These analyses were performed as described previously (27). Briefly, JMML cells were 
cultured in round-bottomed 96-well microtitre plates in the presence of six different 
concentrations of PKC412 (N-benzoyl staurosporine; kindly provided by Thomas Meyer, 
Novartis Pharma AG, Basel, Switzerland), with the highest concentration of 10 mM 
and a 3-fold dilution factor. Control cells were cultured in eight wells in the absence 
of PKC412. Four wells containing 100 ml culture medium were used as blanks. After 
incubating the plates for four days at 37°C in humidified air containing 5% CO2, 10 ml 
of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide (MTT, 5 mg/ml; 
Sigma) was added and the plates were incubated for an additional six hours under the 
same conditions. During this final 6 hours incubation, the yellow MTT tetrazolium salt is 
reduced to purple-blue formazan crystals by viable cells only. Formazan crystals were 
dissolved by adding 100 ml acidified isopropanol (0.04 N HCl-isopropyl alcohol) and the 
optical density, which is linearly related to the number of viable cells was measured at 
562 nm on a spectrophotometer (23).

RESULTS

FLT3 mutation analysis
A total of 51 JMML patients was screened for activating FLT3 mutations. In none of 
the JMML samples FLT3-ITD mutations nor activating loop point mutations in the TKD 
domain were found. 

FLT3 and FLT3 ligand expression
In 21 JMML patients the relative expression of FLT3 and FLT3 ligand was determined 
using quantitative real-time PCR. The results were compared to the expression levels 
in healthy individuals, non infant ALL patients and MLL-rearranged infant ALL patients 
(Figure 1). The median FLT3 expression relative to GAPDH in JMML patients was 1.46% 
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Figure 1: FLT3 expression in JMML compared to ALL and healthy controls 
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FLT3 expression in JMML compared to ALL and healthy controls. The FLT3 expression in JMML cells 
(n=21), in non-infant ALL cells (n=22), in infant MLL-rearranged ALL cells (n=41) and in cells of 
healthy control patients (n=23). Statistical test used: Mann Whitney U-test. 

Figure 1: FLT3 expression in JMML 
compared to ALL and healthy controls. 
FLT3 expression in JMML compared 
to ALL and healthy controls. The FLT3 
expression in JMML cells (n=21), in 
non-infant ALL cells (n=22), in infant 
MLL-rearranged ALL cells (n=41) and 
in cells of healthy control patients 
(n=23). Statistical test used: Mann 
Whitney U-test.
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(range 0.05-3.65 %) compared to a median FLT3 expression of 0.45% (range 0.14-
0.72%) in healthy controls (p<0.001) and to a median FLT3 expression in non-infant 
ALL patients was 1.21% (range 0.10-8.16%, p=0.59). In contrast, in MLL-rearranged ALL 
infants the median level of FLT3 expression was significantly higher as compared to 
JMML patients, i.e. 2.67% (range 0.46-17.43%, p<0.05).

In Figure 2 the results of the FLT3 ligand expression are depicted. The median 
relative FLT3 ligand expression was 0.14% in the JMML patients (range 0.002-1.74%), 
2.62% in the healthy controls (range 0.81-4.99%, p<0.001)), 0.043% in the non infant 
ALL patients (range 0.002-0.30%, p<0.05) and 0.023% in the MLL-rearranged infants 
(range 0.004-0.388%, p<0.05) respectively (Figure 2).  

PKC412 cytotoxicity
In 12 primary JMML samples PKC 412 cytotoxicity was determined. Of these patients 4 
carried a RAS mutation, 3 a PTPN11 mutation and 1 a NF1-mutation, whereas 4 did not 
carry these mutations. 

No PKC412 cytotoxicity was observed in JMML cells in contrast to cells from MLL-
rearranged ALL infants with high FLT3 expression (n=9) in which PKC412 clearly is 
cytotoxic (Figure 3). Moreover, no significant difference was shown comparing samples 
from JMML patients with relatively high levels of FLT3 expression to samples with low 
levels of FLT3 expression (Figure 3). 

DISCUSSION
JMML is a malignant childhood disease for which, apart from stem cell transplantation, 
no curative therapy is available so far. After stem cell transplantation a high relapse rate 
has been reported and eventually 50-60% of the patients will survive (18). This points 
out the urgent need for drugable targets for the disease in this very young age group.

FLT3 is expressed in a wide variety of both normal and malignant haematopoietic 
cells (28-34). Mutations constitutively activating FLT3 in a ligand-independent manner 
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Figure 2: FLT3 ligand expression in JMML compared to ALL and healthy 

controls  
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Figure 2: FLT3 ligand expression in 
JMML compared to ALL and healthy 
controls. FLT3 ligand expression 
in JMML compared with ALL and 
healthy controls. The FLT3 ligand 
exression in JMML cells (n=21), 
in non-infant ALL cells (n=15), in 
infant MLL-rearranged ALL cells 
(n=33) and in cells of healthy 
control patients (n=23). Statistical 
test used: Mann Whitney U-test.
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have been identified as an important adverse prognostic factor in AML, both in children 
and adults (6-9, 13, 35). Since in AML activating FLT3 mutations seem to occur especially 
in monoblastic subtypes, it is conceivable that activating FLT3 mutations might play a 
role in JMML as well. If so, potent small molecule FLT3 inhibitors that are currently being 
used in Phase I/II studies in adult AML patients may well be effective against JMML. 

However, in the present cohort of JMML patients no activating FLT3 mutations were 
found. This is consistent with a recent study by Gratias et al, who found only one patient 
with a C836G mutation in a cohort of 60 JMML patients (36), as well as with a study by 
Xu et al who found no mutations among 15 children with juvenile chronic myelogenous 
leukemia (12).  

Apart from activating by mutations, FLT3 can also become constitutively activated in 
a ligand-independent manner merely by overexpression of the wild-type receptor as was 
shown in MLL-rearranged infant ALL patients (23, 37). In addition, Zheng et al reported 
evidence of autocrine signaling in AML cells co-expressing FLT3 and FLT3 ligand (17). In 
contrast, in our JMML patients neither FLT3 nor FLT3 ligand overexpression was found. 
This was consistent with the fact that cytoxicity was not observed at clinically relevant 
concentrations of PKC412 like in MLL-rearranged infant ALL patients, even not in JMML 
patients with the highest FLT3 expression levels (Figure 3) (38). These data strongly 
suggest that FLT3 is not constitutively activated and that apparently, FLT3 activation 
does not play a role in JMML. One could wonder what determines the difference between 
the role of FLT3 in leukemogenesis in JMML and AML, where mutations predominantly 
are found in M4/5. The FLT3 receptor is expressed by normal haematopoietic progenitors 
but seems to be restricted to the earliest stages (34). In JMML the origin has been 
traced in the early myeloid progenitor and the pluripotent stem cell, but these cells are 
capable of terminal differentiation. The fact that primary JMML samples are composed 
of only small percentages of abnormal early progenitors and that FLT3 expression is 
lost during differentiation may explain the relatively low FLT3 expression in JMML as 
compared to acute leukemia (36). 

As PKC412 is developed as a protein kinase inhibitor, PKC412 also interferes with 
the RAS-RAF-MEK-ERK pathway, and not only by inhibiting FLT3 directly. Therefore 
inhibition of PKC by PKC412 may additionally target JMML cells that are characterized 
by dysregulation of the RAS pathway, which occurs in the vast majority of the JMML cells 

Figure 3: Cytotoxicity of JMML cells 
by PKC412 as compared to MLL 
rearranged ALL cells. Cytotoxicity of 
JMML cells by PKC412 as compared to 
MLL-rearranged ALL cells. Cytotoxicity 
of JMML cells with high FLT3 expression 
(n=6) and with low FLT3 expression 
(n=6) compared to MLL-rearranged 
ALL cells (n=9).
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[19]. We showed that the inhibition of this pathway did not result in cytotoxicity, not 
even in the RAS-pathway mutated cases, indicating that blocking RAS by protein kinase 
inhibition is not useful in JMML.

In summary, our study shows that constitutively activated FLT3 does not occur 
in JMML, nor by mutations, by overexpression of the wild-type FLT3 or by autocrine 
signaling by FLT3 ligand. This implicates that it is very unlikely that patients with JMML 
will benefit from treatment with FLT3 inhibitors.
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ABSTRACT
Approximately 85% of patients with juvenile myelomonocytic leukemia (JMML) harbour 
mutations in genes involved in the RAS-RAF-MEK-ERK pathway. In the remaining 15% 
of the cases unknown alternative molecular aberrations may be involved. In patients 
with acute leukemia and myelodysplastic syndrome increased Wilms’ tumor gene (WT1) 
expression has been reported, in part as a result of WT1 mutations.

Similarly, in JMML, WT1 expression has been reported to be significantly higher than 
in normal bone marrow. To date, it is unknown whether WT1 upregulation is caused 
by mutations in the WT1 gene and whether such mutations play a role in the JMML 
leukemogenesis. 

We performed quantitative WT1 expression analysis in 58 JMML patients by RQ-PCR 
and screened the whole WT1 gene for mutations by direct sequencing in 48 cases.

Median WT1 expression levels in JMML were high compared to healthy controls, but 
not as high as in pediatric AML patients. WT1 overexpression in JMML was not correlated 
to mutation status or SNPs. In 2/48 JMML patients WT1 mutations were found: one 
patient harboured a mutation in exon 1 and one patient harboured two mutations in exon 
7. SNPS were found in exon 1 (rs2234581: 15/48; rs5030136: 4/48), exon 3 (rs1799933: 
9/48), exon 6 (rs2234590: 2/48) and exon 7 (rs16754: 14/48). WT1 expression levels 
of the samples with mutations or with SNPs did not differ from the wild type cases. No 
influence of WT1 expression nor SNPs was found on overall survival. 

In conclusion, WT1 upregulation in JMML is lower than in pediatric AML, is not 
regulated by mutations or SNPs, and does not influence outcome in JMML. 
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INTRODUCTION
Juvenile myelomonocytic leukemia (JMML) is a rare malignant disease in young children, 
which accounts for less than 3% of all childhood hematological malignancies. The disease 
is characterized by prominent hepatosplenomegaly, absolute monocytosis, presence of 
myeloid precursors in peripheral blood, low platelet count, frequent skin involvement and 
in vitro granulocyte-macrophage colony stimulating factor (GM-CSF) hypersensitivity 
(1). The proliferation advantage of JMML cells is caused by continuous activation of the 
GM-CSF-receptor-RAS-RAF-MEK-ERK signal transduction pathway caused by activating 
mutations of RAS (25% of the cases) (2) or PTPN11 (35% of the cases) (3-5). In addition, 
11% of the JMML cases are associated with clinical Neurofibromatosis type 1 (NF1) 
or bi-allelic inactivation of the NF1 tumor suppressor gene (6-7). Recently, germline 
mutations in c-CBL were identified in JMML patients, which also result in a continuous 
activation of RAS (8-9). Still, in about 15% of the JMML cases no RAS pathway activating 
mutations are found, suggesting that other biological mechanisms play a role (10-12).

A candidate gene that might play a role in the pathogenesis of JMML is the Wilms’ 
tumor 1 gene (WT1). In JMML patients, WT1 expression has been found to be significantly 
high as compared to normal bone marrow (13). Similarly, in acute myeloid leukemia 
(AML) and myelodysplastic syndrome (MDS) increased levels of WT1 expression have 
been reported in a large proportion of the patients, especially in normal karyotype AML, 
which include a high frequency of M4/M5 leukemias (monocytic and myelomonocytic 
leukemias) (13-14). Recent studies showed that in childhood AML WT1 is also 
upregulated in cases with mutations in the WT1 gene (14-15). In addition, Damm et al 
identified the SNP rs16754 in the WT1 gene as an independent favourable risk factor in 
normal karyotype adult AML. Data about the prognostic value of rs16754 in childhood 
AML are conflicting (16-18). 

Interestingly, the potential of WT1 to serve as a target for immunotherapy showed 
promising results in leukemia and solid tumors which may be relevant for JMML, a 
disease for which so far, apart from hematopoietic stem cell transplantation (HSCT) no 
therapy is available (19-20).

However, to date in JMML it is not known which WT1 aberrations regulate 
overexpression nor whether disease progression or outcome in JMML is associated with 
upregulation. For that reason, we conducted whole WT1 gene sequencing in correlation 
with WT1 expression and outcome analysis in JMML patients. 

PATIENTS AND METHODS

Patients 
In this study, 36 JMML patients were included for mutation and expression analysis, 
and an additional 12 patients were included for mutation analysis only. For the survival 
analysis we included 22 patients of which the expression data are previously described 
(13). Informed consent from the parents was obtained according to the Helsinki 
declaration (59th WMA General Assembly, Seoul, October 2008). The diagnosis of JMML 
was based on previously described criteria, and all patients were registered and treated 
according to the guidelines for JMML of the European Working Group of MDS and JMML 
in Childhood (EWOG- MDS) (21-23). 
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Of the total cohort of 70 patients nine patients had a clinical diagnosis of NF1, 18 
carried a somatic mutation in NRAS or KRAS, 17 patients had a somatic mutation of 
PTPN11 and 3 patients harboured a c-CBL mutation. In 11 cases no known mutation was 
found and in 12 cases no information was available.

Samples
DNA and RNA were isolated from mononuclear cells derived from cryopreserved primary 
bone marrow, peripheral blood or spleen at diagnosis as previously described (24). Briefly, 
cells were thawed and resuspended in RMPI 1640 medium (Dutch modification without 
L-glutamine; Invitrogen life technologies, Breda, The Netherlands) supplemented with 
20% fetal calf serum (FCS; Integro, Zaandam, The Netherlands), 100 IU/ml penicillin, 
100 μg/ml streptomycin, 0,125 μg/ml fungizone and 0,2 mg/ml gentamycin (Invitrogen). 
Genomic DNA was extracted from a minimum of 5 x 106 cells using TRIzol reagent 
(Invitrogen) according to the manufacturer’s instructions.

WT1 expression analysis
For quantitative expression analysis, quantitative RT-PCR was performed as previously 
described (14, 25). The ABL gene was chosen as a control (housekeeping) gene to evaluate 
the amount and amplification of cDNA as its transcript represents a reliable control gene 
according to the recommendations of the EAC program (26). WT1 overexpression was 
defined as expression levels higher than the lowest WT1 expression in childhood AML 
patients. 

Whole WT1 gene sequencing 
To investigate the presence of mutations in exon 1 through 6, the purified DNA was 
subjected to 41 cycles of PCR using a touchdown approach of 30 minutes at 94 °C, 30 
minutes at 66-54 °C (1x 66 °C, 2 x 64 °C, 3x 62 °C, 4x 60 °C, 5x 58 °C, 6x 56 °C, and 20 x 
at 54 °C) and 30 minutes at 72 °C using (M13-tagged) using previous described primers. 
PCR products were directly sequenced unidirectionally using M13-primers and analyzed 
using Codoncode aligner (Codoncode, Dedham, MA, USA). Mutations were confirmed by 
an independent amplification of the fragment and direct sequencing of both strands as 
previously described (27). 

For mutation analysis of exons 7 through 10 of the WT1 gene genomic DNA was 
PCR amplified using specific primers as previous described (27). The following PCR 
conditions were used: 2 minutes at 50 °C, 10 minutes at 95 °C, 40 cycles f 15 minutes at 
95 °C and 1 minute at 60 °C, and an extension step of 10 minutes at 72 °C as previously 
described (27). Purified PCR products were directly sequenced from both strands using 
the described primers. The sequence data were analyzed using CLC Workbench version 
3.5.1 (CLCBio, Aarhus, Denmark).

Mutation analysis of other RAS-pathway activating aberrations
To determine the mutational status of the JMML samples, analysis of RAS pathway 
activating aberrations, including PTPN11, NRAS, KRAS, BRAF and c-CBL was performed 
as previously described (3, 8, 10, 28). Information on clinical signs of Neurofibromatosis 
type 1 was collected from the EWOG-MDS database.
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RESULTS

WT1 expression levels
The median WT1 expression in JMML patients was 106/1x 104 ABL copies (range 
0-2700/1x 104 ABL copies) compared with a median expression of 18/1x 104 ABL copies 
(range 0-400/1x 104 ABL copies) in healthy controls (p=0.006). The median level of WT1 
expression in JMML patients was significantly lower than in pediatric AML patients, i.e. 
4700/1x 104 ABL copies (range 400-36000/1x 104 ABL copies, p < 0.0001) (Figure 1). In 
9/58 (15%) WT1 expression was as high as in AML patients. WT1 expression levels in the 
JMML patients were significantly lower compared to the AML M4/M5 cases.  
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Figure 1: WT1 expression in JMML patients as compared to WT1 expression 
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Figure 1: WT1 expression in JMML patients as compared to WT1 expression levels in childhood 
AML and normal bone marrow. WT1 expression in JMML (n=36) compared with healthy controls 
(n=16) and childhood AML patients (n=34). Statistical test used: Mann Whitney U-test. The 
horizontal line represents the median expression levels of the different groups.

 No significant difference in WT1 expression was found between the different RAS-
pathway mutational subgroups of JMML (Median WT1 expression levels in JMML patients 
with a RAS mutation: 360/1x 104 ABL copies (range 0-570/1x 104 ABL copies), PTPN11 
mutation: 230/1x 104 ABL copies (range 24-1600/1x 104 ABL copies), clinical NF1 cases: 
91/1x 104 ABL copies (range 9.7-510/1x 104 ABL copies)). No WT1 expression levels 
were available of the patients with c-CBL mutations. The median WT1 expression of the 
patients without a RAS pathway mutation was 54/1x 104 ABL copies (range 0-570/1x 104 
ABL copies). Furthermore, no correlation was found between the WT1 expression levels 
and white blood cell count (Spearman r= -0.05) or age at diagnosis (Spearman r= 0.1). 
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WT1 whole gene sequencing
WT1 whole gene sequencing was performed in 48 patients. Two patients harboured 
a mutation in the WT1 gene. One patient showed a heterozygeous mutation in exon 1: 
c191delC., resulting in amino acid substitution. This patient did not carry a mutation in 
NF1, c-CBL, RAS or PTPN11. The second patient showed two heterozygeous mutations 
in exon 7 of the WT1 gene: 10C>T (R370C) and 136A>G (S412G) (Table 1, Figure 2). This 
patient carried also a PTPN11 mutation. 

Single nucleotide polymorphisms (SNPs) were found in exon 1, 3, 6 and 7 (Table 1). 
Rs2234581 (exon 1) was found in 15/48 cases, (homozygeous in three cases). Rs5030136 
(exon 1) was found in 4/48 cases (all heterozygeous), rs1799933 (exon 3) in 9/48 cases 
(all heterozygeous) and rs2234590 (exon6) in 2/48 cases (all heterozygeous). Fourteen 
(29.1%) of the 48 patients carried the WT1 SNP rs16754 (exon 7), all heterozygeous. No 
differences in WT1 expression aberrations was found between patients with or without 
SNPs, nor between patients carrying any of the individual SNPs as compared to the other 
SNPs or mutations in the WT1 gene (Table 1). 

WT1 and  outcome
In this cohort 9/58 (15%) patients had WT1 expression in the range of pediatric AML 
patients (=‘high’). No significant difference was found in overall survival between the 
patients with high WT1 expression compared to the patients with normal expression 
levels (log rank p=0.2) (Figure 3). Patients who relapsed after transplantation (7/58, 
12%) showed no significant higher WT1 expression at diagnosis compared to patient 
without relapse. 

We identified WT1 gene mutations in only 2/48 JMML patients (4.1%). One patients 
deceased 1.1 year after stem cell transplantation due to therapy related toxicity. The 
other patient is alive thirteen year after stem cell transplantation.

Figure 2: Mutations found in the WT1 gene. WT1 gene mutations found JMML patients. Panel A: Patient 
A harbouring harboring a mutation in exon 1: c.191delC. Panel B: Patient B harbouring two mutations in 
exon 7, at the left side 10C>T and at the right side 136 A>G 
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Figure 3: Overall survival of JMML patients with high and normal WT1 expression. Kaplan Meier 
plot representing the overall survival of JMML patients with high WT1 expression (        ) compared 
to the JMML patients with normal WT1 expression (        )

Figure 4: Overall survival of JMML patients with the  rs16754 SNP in the WT1 gene versus patients 
with wildtype WT1 gene. Kaplan Meier plot representing the overall survival of JMML carrying 
rs16754 (       ) compared to the JMML patients without rs16754 (        )

n=49

n=94
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As rs16754 in AML might be seen as a prognostic factor we looked at the influence of 
the occurrence of this SNP on outcome. Figure 4 shows the overall survival curve of the 
fourteen JMML patients carrying rs16754 (SNP) compared to the wildtype patients. We 
did not find a significantly difference in overall survival between these two groups (overall 
survival 49% vs. 47%, log rank: NS).

No difference in overall survival was found for the patients carrying rs2234581, 
rs5030136, rs1799933 or rs2234590 compared to wildtype patients (Table 1).

DISCUSSION
This study shows that WT1 is overexpressed in JMML patients and the upregulation is 
not caused by mutations or SNPs in the WT1 gene. Nevertheless, WT1 overexpression 
in JMML interestingly does not reach prognostic relevant expression levels we found in 
pediatric AML patients (13-14). 

WT1 overexpression may therefore encourage development of new therapeutic 
strategies, i.e. targeting WT1 by immunotherapy as described in adult AML in a subset of 
the JMML patients (19-20, 29). 

We showed no difference in overall survival between JMML cases with a high WT1 
expression levels versus those with lower WT1 expression. In AML conflicting data are 
published about the relevance of WT1 expression levels on outcome (14, 17, 30-37). This 
suggests that WT1 has a less dominant influence on leukemogenesis in JMML than in AML.

Until now no data were available about the regulation of the WT1 overexpression 
in JMML. The present study shows that in JMML WT1 expression is not regulated by 
mutations or SNPs in the WT1 gene, as in only 2/48, low WT1 expressing, JMML patients 
a WT1 mutation was found (4.2%).  In pediatric normal karyotype AML WT1 mutations 
are found in 22% of the cases (17, 27). These mutated AML cases express significantly 
higher WT1 levels than wild type cases (14-15, 17, 38). In the JMML patients SNPs 
were found in exon 1, 3, 6 and 7 of the WT1 gene, in a frequency which is equal to data 
described in the ensemble database (www.ensembl.org) and without subsequent WT1 
overexpression. This in contrast to adult AML studies in which rs16754 (exon 7) resulted 
in overexpression of WT1. Pediatric AML studies showed conflicting results on the 
influence of SNPs in the WT1 gene on the mRNA expression levels (15-17). 

Recently, adult studies reported a favorable outcome for normal karyotype AML with 
a specific single nucleotide polymorphism (rs16754) of the WT1 gene. In pediatric AML 
cohorts data are conflicting. We showed no survival benefit of patients carrying rs16754, 
which is in contrast to the data found by Ho et al who found an increased overall survival 
of the patients with a favorable karyotype with rs16754 (17-18). The present study 
demonstrated that there is no relation between the presence of rs16754 or other SNPs 
in the WT1 gene and survival in JMML. 

It remains to be determined why WT1 plays a minor role in JMML compared to 
pediatric AML. It is conceivable that hyperproliferation, rather than maturation arrest, is 
the hallmark in JMML, may in part explain this difference. Biological studies showed that 
WT1 is downregulated as an early event in differentiation during normal haematopoiesis 
(39-40). Normal bone marrow progenitor cells are refractory to differentiation when they 
were retrovirally transduced with WT1 (41-43). It was suggested that overexpression 
of WT1 at an early stage of haematopoiesis blocked differentiation and supports the 
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maintenance of progenitor cells in a state of continuing proliferation rather than 
stimulating them and regulated by interaction with transcription factors (41-43). 

In conclusion, in JMML, WT1 mutations are rare and WT1 overexpression is not 
regulated by mutations nor by SNPs in the WT1 gene. Furthermore, WT1 overexpression 
does not have prognostic impact. Further studies are necessary to determine the role of 
WT1 overexpression in subsets of JMML patients, and to investigate whether subgroups 
of JMML patients may benefit from WT1 inhibition treatment. 
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ABSTRACT
Juvenile myelomonocytic leukemia (JMML) is a rare malignant myeloid disorder 
in childhood, for which stem cell transplantation is currently the only curative 
treatment option. Although in JMML successful unrelated donor umbilical cord blood 
transplantations (UCBTs) have been described, series of HLA-identical sibling donor 
UCBTs are not available.

From the European Working Group of MDS and JMML in Childhood (EWOG-MDS) 
we describe 5 JMML patients who received fully HLA matched sibling UCB. All patients 
engrafted slowly and did not suffer from graft-versus-host-disease. These cases 
illustrate that relatively immunologically naive HLA-matched sibling UCBT is feasible in 
selected cases of JMML. 
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INTRODUCTION
Juvenile myelomonocytic leukemia (JMML) is a rare type of childhood leukemia, which 
is characterized by young age, hepatosplenomegaly, thrombocytopenia, monocytosis, 
molecular aberrations in the RAS-RAF-MEK-ERK signaling pathway and GM-CSF-
hypersensitivity (1-3). Although outstanding progress has been made in unraveling 
the molecular background of JMML, the only curative treatment option for these young 
children is stem cell transplantation (SCT) (1, 4-7). Previously published data have shown 
that in JMML the graft-versus-leukemia (GvL) effect of the SCT plays an important role in 
the prevention of relapse (5, 8). Hence, donor and stem cell source selection could play 
an important role in the outcome of an individual JMML patient. SCT using unrelated, 
immunological naive, umbilical cord blood (UCB) has shown to be effective for pediatric 
JMML (7). However, it is conceivable that the relatively immunological naivety of cord 
blood stem cells from a newborn HLA identical sibling donor may be a negative factor for 
outcome (8-9).

In this report we describe 5 JMML patients registered in the database of the European 
Working Group of MDS and JMML in Childhood (EWOG-MDS), who have received umbilical 
cord stem cells from a HLA identical sibling and we reviewed the available literature.

METHODS
For this study 5 well-documented patients who received umbilical cord stem cells from 
an HLA identical sibling were identified in the database of EWOG-MDS. Clinical, laboratory 
and survival data were retrieved from the database and from the local hospitals and all 
available literature was reviewed.

RESULTS
Patients: In the database of EWOG-MDS 3 Dutch, 1 Czech and 1 Austrian JMML patients, 
given allogeneic cord blood transplantation from a HLA-identical sibling were identified.  
The median age at diagnosis was 18 months (range: 15-30 months) (Table 1).

Four patients received treatment prior to the hematopoietic stem cell transplantation 
because of progression of disease: i.e. 3 patients received 6-mercaptopurine, 3 underwent 
a splenectomy prior to transplantation and 1 was treated with interferon alpha-2.

Transplantation: The median time from diagnosis to transplantation was 9 
months (range 4 -12 months). The transplantation and conditioning characteristics 
are described in Table 2. Four patients received a conditioning regimen consisting of 
busulphan, cyclophosphamide and melphalan according to EWOG-MDS guidelines (10). 
One patient (patient 3) received cyclophosphamide, etoposide and total body irradiation. 
The median amount of transplanted cell dose was 0.5 x 108/kg body weight (range 0,16- 
1 x 108/kg body weight). All patients but one (patient 5) received cyclosporine (2-5 mg/
kg/day) as graft-versus-host-disease (GVHD) prophylaxis.

Engraftment: All patients engrafted. Myeloid engraftment (ANC > 500/ul) was reached 
at a median of 33 days (range 10-35 days) after SCT. Platelet count above 20.000/ul was 
reached at a median of 48 days (range 33-52 days) after SCT. 

Graft-versus-host-disease: Two patients did not show any sign of acute GVHD (patient 
1 and 2).  In the three other patients mild acute GVHD was observed (patient 3 grade 
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1, patient 4 and 5 grade 2). No chronic GVHD was reported. The immunosuppressive 
therapy was discontinued at a median of 33 days (range 0 - 87 days) after SCT.

Relapse: Two patients (patient 3 and 5) relapsed 6 months and 30 months after SCT 
respectively. In both patients a second transplantation procedure with bone marrow of 
the initial donor was performed. One patient is in second complete remission (patient 5). 
The other patient died after a second relapse (Table 2). 

Chimerism: In all patients chimerism analysis was performed and after transplantation 
full donor chimerism was found in all cases. In the cases that relapsed a mixed chimerism 
was found prior to clinical progression. In addition, in one case (patient 1) increasing 
mixed donor chimerism developed from day 42 on, despite 2 donor lymphocyte infusions 
(DLI) with no clinical signs of relapse (Figure 1). Second stem cell transplantation 
was considered, in order to avoid relapse. The parents however, refused the procedure 
because of the absence of any clinical signs of JMML and the excellent clinical condition 
of the child. Therefore, ultimately, 6-mercaptopurine (6-MP) (average dose 40 mg/m2) 
was started on day 145 after SCT (Figure 1). When, after initial improvement, donor 
chimerism increased, 6-MP was replaced by 13-cis-retinoic acid (100 mg/m2/day every 

Table 1: Patient characteristics of the JMML patients

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 

Age at diagnosis (months) 18 18 27 14 30

Sex F F F M M

Peripheral blood counts at 
diagnosis

- Hb (mmol/l) 4.5 6.8 7.5 4.8 3.6

- WBC (x 109/l) 68 4.6 116 20.9 11

- % blasts 4 0 0 1 13

- % monocytes 24 35 14 5 23

- PLT (x 109/l) 70 14 115 23 64

- %HbF 2.5 1.3 64.3 0.6 18

Bone marrow  (% blasts) 6 2 3 11 7

GM-CSF hypersensitivity yes no n.a. no n.a.

NF1/PTPN11/RAS gene 
mutation no no n.a. no PTPN11

Karyotype 46, XX 46, XX 46, XX 45, XY, -7 45, XY, -7

Treatment prior to 
transplantation 6-MP none

interferon 
α-2, 

splenectomy

6-MP
splenectomy

6-MP
splenectomy

Hb = haemoglobin
WBC = white blood cell 
Plt = platelets
GM-CSF = granulocyte-macrophage colony stimulating factor
M = male
F = female
n.a. = not available

5

66



Ta
bl

e 
2:

 T
ra

ns
pl

an
t c

ha
ra

ct
er

is
ti

cs
 a

nd
 o

ut
co

m
e.

Pa
ti

en
t 1

 
Pa

ti
en

t 2
 

Pa
ti

en
t 3

 
Pa

ti
en

t 4
 

Pa
ti

en
t 5

 

H
LA

-m
at

ch
10

/1
0 

id
en

tic
al

10
/1

0 
id

en
tic

al
10

/1
0 

id
en

tic
al

10
/1

0 
id

en
tic

al
10

/1
0 

id
en

tic
al

Ce
ll 

do
se

 (
X 

10
8  M

N
C/

kg
)

1
n.

a.
0.

2
0.

4
0.

5

Co
nd

iti
on

in
g:

Cy
/e

to
po

si
de

 /
TB

I

- 
To

ta
l B

od
y 

Ir
ra

di
at

io
n

12
 G

y

- 
M

et
ho

tr
ex

at
e 

in
tr

at
he

ca
l

2x
 1

2 
m

g

- 
D

ay
 –

4:
 e

to
po

si
de

 (
iv

)
60

 m
g/

kg

- 
da

y 
–3

- 
-2

:  
cy

cl
op

ho
sp

ha
m

id
e 

(i
v)

60
 m

g/
kg

Bu
/C

y/
M

el

- 
D

ay
 –

9-
 -

6:
 b

us
ul

ph
an

 (
iv

/
or

al
)

4-
6m

g/
kg

 
12

0 
m

g/
m

2 
5 

m
g/

kg
12

0 
m

g/
m

2 
or

al

- 
D

ay
 –

4 
- 

-3
:c

yc
lo

ph
os

ph
am

id
e 

(i
v)

60
 m

g/
kg

 
60

 m
g/

kg
 

60
 m

g/
kg

60
 m

g/
kg

- 
D

ay
 –

1:
 m

el
ph

al
an

 (
iv

)
14

0 
m

g/
m

2 
14

0 
m

g/
m

2 
14

0 
m

g/
m

2
14

0 
m

g/
m

2

GV
H

D
-p

ro
ph

yl
ax

is
: 

- 
 c

yc
lo

sp
or

in
e 

2 
m

g/
kg

2 
m

g/
kg

5 
m

g/
kg

3 
m

g/
kg

no
ne

Ta
pe

rin
g 

GV
H

D
 p

ro
ph

yl
ax

is
da

y 
28

da
y 

42
n.

a.
n.

a 
-

St
op

 G
VH

D
 p

ro
ph

yl
ax

is
da

y 
42

da
y 

70
da

y 
87

da
y 

7
-

Th
er

ap
y 

af
te

r 
tr

an
sp

la
nt

at
io

n
2x

 d
on

or
 ly

m
ph

oc
yt

es
  

no
re

-t
ra

ns
pl

an
ta

tio
n

no
5x

 d
on

or
 ly

m
ph

oc
yt

es
re

-t
ra

ns
pl

an
ta

tio
n

R
el

ap
se

no
no

ye
s

no
ye

s

Ti
m

e 
til

l fi
rs

t 
re

la
ps

e 
(m

on
th

s)
4 

m
on

th
s

30
 m

on
th

s

Su
rv

iv
al

 fr
om

 (
la

st
) 

SC
T 

al
iv

e
al

iv
e

de
at

h
al

iv
e

al
iv

e

Fo
llo

w
 u

p 
tim

e 
(m

on
th

s)
60

18
84

66

TB
I =

 t
ot

al
 b

od
y 

irr
ad

ia
tio

n
GV

H
D

 =
 g

ra
ft

 v
er

su
s 

ho
st

 d
is

ea
se

SC
T 

=
 s

te
m

 c
el

l t
ra

ns
pl

an
ta

tio
n

G-
CS

F 
=

 g
ra

nu
lo

cy
te

 c
ol

on
y 

st
im

ul
at

in
g 

fa
ct

or
n.

a 
=

 n
ot

 a
va

ila
bl

e

JMML and UCBT

5

67



other week) for 2.5 years until the age of 5 years. Thereafter, the child remained well and 
alive without any signs of JMML with a current follow-up of 5 years after SCT. At present 
the percentage donor cells is 15%, without any clinical sign of JMML.

Survival: Four of five patients are in complete remission after a HLA identical sibling 
cord blood transplantation, one of them after a second transplantation (follow up: 
1½ till 7 years after transplantation). One patient died due to a relapse after second 
transplantation. 

DISCUSSION
In 1989 Gluckman et al described the first successful umbilical cord blood transplantation 
(UBCT) from an HLA-identical sibling in a child with Fanconi anemia (11). The patient 
is currently alive and free of disease (12). UBCT has increased the available pool of 
hematopoietic stem cell transplantation donors, especially for young children, in which 
the UCB stem cell yield is usually sufficient without further ex vivo expansion (13). This is 
important for patients with rare HLA-haplotypes and for patients with diseases that may 
rapidly progress like JMML. Moreover, the lower risk of infection transmission by using 
UCB may be of benefit (5, 7-8).

Figure 1: Chimerism data of patient 1.
DLI = donor lymphocyte infusion (week 10 and 12) 
6-MP = 6- mercaptopurine
PBMC = peripheral blood mononuclear cells
UCBT = umbilical cord blood transplantation
% chimerism reflects the percentage of donor bone marrow in the patient
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So far only 1 study reported on sibling UCBT in JMML. MacMillan et al described the 
results of UCBT in 3 children with JMML, one of which received HLA identical sibling 
umbilical cord stem cells. This boy, 3 months old at diagnosis, received 1.4 x 108/kg 
nucleated cells from his sister after conditioning with cyclophosphamide (60 mg/kg 
x 2d) and total body irradiation (165 cGy bid x 4d). On day 60 after transplantation 
complete donor chimerism was observed. He suffered from grade 1 acute GVHD, 
but no signs of chronic GVHD were observed. He relapsed at day 95 and a second 
transplantation with the same donor was performed on day 234 after the first 
transplantation. On day 42 after the second transplantation complete donorchimerism 
was found. Nevertheless, he relapsed again at day 101 after the second transplantation 
after which he died (14). 

More published data are available on the use of unrelated UCBT in JMML. Tanoshima 
et al reported a girl with JMML who received an unrelated matched UCBT. She developed 
mild acute GVHD of the skin and grade 3 acute GVHD of the gastrointestinal tract. 
Cyclosporine was discontinued at day 103. Thereafter, no signs of GVHD occurred and 
she remained in complete remission, with full donor chimerism at a follow up of 1 year 
after transplantation (15). MacMillan et al described 2 children with JMML receiving an 
unrelated UCBT. The first child received 1.04 x 108 HLA-A, -B, -DR1 matched nucleated 
cells/kg after conditioning with cyclophosphamide (60 mg/kg x 2d) and TBI (165 cGy 
b.i.d. x 4d). She suffered from acute GVHD (grade 3) and extensive chronic GVHD. Two 
years after SCT complete donor chimerism and no signs of relapse were reported. The 
second boy received 0.38 x 108 nucleated cells/kg from a donor with a HLA- B and -DRB1 
mismatch. The conditioning consisted of cyclophosphamide (60 mg/kg x 2d) and TBI 
(165 cGy b.i.d. x 4). This child never achieved complete donor chimerism and at day 
65 after transplantation he relapsed. Subsequently, he was treated with chemotherapy 
(cytarabine and etoposide) and on day 125 after transplantation he was alive with 
disease (14). From the combined EWOG-MDS/EBMT registry Locatelli et al described 
100 JMML patients of which 7 received an unrelated UCBT. These 7 patients showed 
a delayed hematologic recovery, but the outcome was comparable to the children 
treated with other stem cell sources (HSCT) (7). In non-JMML pediatric patients, related 
UCBTs have been reported in a cohort of 190 children with malignancies, bone marrow 
failure syndromes, hemoglobinopathies and inborn errors of metabolism or primary 
immunodeficiencies. The survival rates 3 years after transplant were 47%, 82%, 100% 
and 70% respectively (16). In another study, Rocha et al described the occurrence of 
GVHD in children who received related UCBT (n=113) or bone marrow transplantation 
(BMT) from HLA identical siblings (n=2052). Patients receiving related UCBT showed 
a slower hematopoietic recovery (median 28 days versus 18 days for neutrophil count 
≥ 500/mm3) and lower risk of acute and chronic GVHD as compared to the group who 
received related bone marrow transplantation (BMT). There was no significant difference 
between the two groups in relapse related death, mortality rate at day 100 and overall 
survival (17). Gluckman et al compared the outcome of patients who received a UCBT 
of related donors to UCBT of unrelated donors. Indications for transplantation were 
malignancies, bone marrow failure syndromes, hemoglobinopathies and inborn errors. 
Of the patients transplanted with a related donor, 18% suffered from acute GVHD of 
at least grade 2 compared to 32% in the unrelated donor group (18). These studies 
underscore the relative immune naivety of the UCB cells and the feasibility of the use 
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of UCBs especially for childhood transplantation settings. However, especially in JMML, 
where the GvL-effect is an important contributor to the success of the transplantation 
procedure, although our patients survived, it could be questioned whether these, if 
available, relatively naive umbilical stem cells from sibling donors should be used in all 
patients, especially when alternative donors would be available. 

The fact that one of our patients showed mixed donor chimerism shortly after SCT 
may reflect the absence of GvL after HLA identical UCBT. Mixed donor chimerism after 
SCT in JMML has been shown to be an important predictor for relapse. If this occurs early 
after transplantation discontinuation of immunosuppressive therapy (IST) is the first 
step to prevent relapse as has been shown by the EWOG-MDS (19). In our patient IST has 
already been discontinued and the parents were very reluctant to proceed to a second 
SCT because of absence of clinical signs of JMML. Therefore we decided to initiate 6-MP 
as pre-emptive treatment, followed by cis-retinoic acid. At the moment no series are 
available on the use of these compounds in a relapse after SCT for JMML. Although 
Locatelli et al showed that second SCT was successful in 7/15 cases with a relapse after 
SCT, the issue whether to proceed to second SCT in all cases of mixed donor chimerism 
without any clinical signs of JMML has not been elucidated (7). Although in the past 
donor lymphocytes infusions have been described to be successful in individual cases, 
EWOG data have shown that in JMML DLIs are not usually beneficial for the prevention of 
relapse in cases with mixed donor chimerism (20-21).

It is uncertain which factors contributed to the favorable outcome of our patients 
so far. Our JMML patients were young and this has been shown to be an important 
prognostic factor (7). Four of our patients did not have known mutations in the RAS-
RAF-MEK-ERK pathway. It is possible that their biological background thus harbours a 
better prognosis after HSCT, although so far no reports are available about the predictive 
value of the mutational status of JMML patients on outcome after transplantation. 

 We conclude that in JMML umbilical cord stem cells can be considered a good 
alternative source for HSCT. However, whether the use of sibling HLA-identical UCBs 
should be advocated needs to be confirmed in larger series of JMML patients. 
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ABSTRACT

Background: The integrative non-random collaboration of type II and type I mutations 
which induce maturation arrest and hyperproliferation respectively, has been extensively 
studied in myeloid malignancies. So far, information on the involvement of these 
aberrations in pediatric myelodysplastic syndrome (MDS) is lacking. 

Design and methods: We studied the occurrence of genetic aberrations in an 
international cohort of pediatric MDS patients (n=44 primary MDS, n=63 secondary 
MDS). Karyotypes were studied and the hotspot regions of the NPM1, CEPBA, FLT3, NRAS, 
KRAS, BRAF, PTPN11, c-KIT, RUNX1, P53, ASXL1, NUP98, IDH1, IDH2, DNMT3A and TET2 
genes were screened for mutations. 

Results: Type I aberrations were found in 8/107 (7.5%) patients (4/44 primary MDS, 
4/63 secondary MDS): mutations in FLT3–ITD (n=3), NRAS (n=2), KRAS (n=2) and 
PTPN11 (n=1). No mutations were found in the FLT3-TKD, c-KIT, P53 and BRAF 
gene. Known Type II aberrations were identified in 17/107 (16%) (4/44 pMDS, 13/63 
sMDS): MLL-rearrangements (n=2), RUNX1-rearrangement (n=1), RUNX1 mutations 
(n=7), duplications in the CEBPA gene (n=5), NPM1 gene mutation (n=1) and NUP98 
translocation (n=1). We also identified ASXL1 mutations (n=2) and DNMT3A mutations 
(n=1), but no TET2, IDH1 and IDH2 mutations were found in any of the pediatric MDS 
cases. Only two sMDS patients carried both a type I and a type II mutation (NRAS + 
RUNX1 mutation and ASXL1 + RUNX1 mutation).

Conclusions: In 9% of the primary MDS cases a type I aberration was found and in 9% 
a type II aberration, all being mutually exclusive. In secondary MDS type I aberrations 
occurred in 6% and type II aberrations in 24% of the cases (including the mutations 
in genes regulating the histone function and DNA methylation). In only 2% of all cases 
(sMDS only) a collaborative type I and II mutation was found. 

This study indicates that in childhood MDS, in contrast to adult MDS, the currently 
known molecular aberrations, especially the histone modificating and DNA methylating 
influencing, are of minor importance in the pathogenesis of childhood MDS. 
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INTRODUCTION
Myelodysplastic syndrome (MDS) is a clonal stem cell disorder (1). MDS is rare in 
childhood, accounting for less than 5% of all hematological malignancies (2-3). Until 
now, only scarce information is available on the pathogenesis of pediatric MDS.

Kelly and Gilliland hypothesized that the development of myeloid malignancies 
requires at least two types of genetic events, i.e. type II aberrations leading to impaired 
differentiation of the leukemic cells, and type I aberrations which are involved in the 
proliferation of leukemic cells. In adults MDS it is generally accepted that, like in acute 
myeloid leukemia (AML), a multistep process involving interaction between type I and II 
aberrations is involved (4-5).

In therapy-related adult MDS, type I aberrations were found in 24% of the cases and 
type II aberrations in 34% and the coexistence of a type I and II aberration was found in 
13% (5), whereas in primary adult MDS in 14% of the cases at least two gene mutations 
and in 57% at least one gene mutation were found (6). Several studies described the 
occurrence of single mutations in primary MDS. MLL-rearrangement, FLT3-TKD and 
mutations in FLT3-ITD, NRAS, KRAS, PTPN11, c-KIT, NPM1 and CEBPA have all been found 
in 0-6% of the cases (6-14). Recently, RUNX1-rearrangements, and mutations in RUNX1, 
p53, TET2, ASXL1, DNMT3A, IDH1, IDH2 and EZH2 (9, 15-28) have been described in adult 
MDS in percentages ranging from 0-26%, illustrating the predominant contribution of 
mutations in the genes regulating the histone function and DNA methylation in adult 
MDS. Furthermore, in adult MDS it is suggested that the RNA splicing machinery is one 
of the most affected pathways with a mutation rate of 35-85% (29-30).

To date, it is unknown whether type I and II aberrations contribute to the pathogenesis 
of pediatric MDS. Therefore, we analysed an international cohort of primary and secondary 
childhood MDS cases for the occurrence of these types of aberrations.  

PATIENTS & METHODS
Study cohort: We included 107 pediatric MDS patients (n=44 primary MDS, and n=63 
secondary MDS). Secondary MDS was defined as MDS occurring after treatment with 
chemo- and/or radiotherapy (n=39) or after an initial diagnosis of bone marrow failure 
syndrome (n=24). Five familial MDS cases were included in the primary MDS cohort. 
Samples and clinical and cell-biological data, including standard cytogenetics were 
provided by the centers participating into the European Working Group of MDS and 
JMML in Childhood (EWOG-MDS) and from one center from Greece (n=2 familial cases). 
Informed consent was obtained from patient’s  parents or their legal guardians according 
to local laws and regulations (31). Each country performed central review of the bone 
marrow morphology, according to the WHO classification, and the 2 Greek familial cases 
were included in this pathology review (32-33). 

DNA and RNA isolation: After thawing of the available viably frozen bone marrow or 
peripheral blood samples, malignant cells were isolated as previously described (34). 
Genomic DNA and total RNA were extracted from mononuclear cells using TRIzol reagent 
(Invitrogen Life Technologies, Breda, The Netherlands) according to manufacturer’s 
instructions (35). To perform all the mutation analyses, we amplified the original DNA 
using the Bioscore screening and amplification kit (Enzo Life Science, Harmingdale, NY, 
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United States) according to the manufacturer’s instructions. When an aberration was 
found using the amplified material, the aberration always was confirmed on the original 
non-amplified material. 

Cytogenetic analysis: MDS samples were routinely investigated for cytogenetic 
aberrations by G-, Q-, or R-banded karyotyping, by the national group for AML and MDS 
specific translocations including inv(16)(p13q22)/t(16;16)(p13;q22), t(8;21)(q22;q22),  
t(15;17)(q24;q21) and EVI1-rearrangement (36-37). Furthermore, in situ hybridization 
(FISH) for identification of monosomy 7 and trisomy 8 was performed when  conventional  
cytogenetics failed (36). Furthermore, complexicity of the karyotype was defined as 
described by Gohring et al (38).                      

Molecular aberrations: For this study mutations were determined in the hotspot regions 
of FLT3 (i.e. internal tandem duplications (ITD) and FLT3 tyrosine kinase domain (TKD) 
point mutations), NRAS, KRAS, NPM1, CEPBA, PTPN11 and C-KIT, as previously described 
(39-47). In addition, we screened for mutations in exon 13 of the ASXL1 gene, exon 
5-8 of the P53 gene, exon 3-8 of the RUNX1 gene, the whole TET2 gene, exon 4 of both 
the IDH1 and IDH2 gene and DNMT3A on cDNA (21, 48). A complete list of screened 
regions per gene, primers used and PCR conditions is provided in Table 1. The fusion 
genes including MLL-rearrangements, EVI1-rearrangements, PML-RARα, NUP98-NSD1 
fusion and mutations in the NPM1, CEBPA, ASXL1, TET2, IDH1 and 2, DNMT3A and RUNX1 
gene were considered as type II aberrations whereas mutations in FLT3, NKRAS, PTPN11 
and C-KIT were considered to be type I aberrations, as previously discussed (47-49). 

Statistical analysis: Statistical analyses were performed using SPSS 17.0 (SPSS Inc., 
Chicago, Ill, USA). Different variables were compared with the Chi-square/Fischer exact 
test or the Mann-Whitney-U test. P-values <0.05 were considered significant (2-tailed).        

RESULTS
Study cohort: Forty-four primary MDS and sixtythree secondary MDS patients were 
included for this study. Median age was 9.1 years for the primary MDS (range: 0-18 years) 
and 13.1 years for the secondary MDS (range: 1.2-26 years). Based on morphology, 17 
primary MDS patients were diagnosed as refractory cytopenia and 27 as advanced MDS. 
Of the secondary MDS cases, 27 cases were diagnosed as refractory cytopenia and 36 
secondary MDS patients as advanced MDS. Table 2 reports the clinical data and details 
of the cytogenetic aberrations of those patients with a type I or II aberration. 

Type I aberrations
The success rate of the mutation analysis ranged from 96-100% for the various 
aberrations. In total, 8/107 type I aberrations were found, i.e 3 FLT3-ITD, 2 NRAS 
mutations (G12A), 2 KRAS (G11L) and one PTPN11 (A72V). No mutations were found in 
the FLT3-TKD, c-KIT, BRAF and P53 gene in any of the MDS patients at diagnosis.  In 6 
cases a SNP was found in exon 17 in the c-KIT gene (I797I). No SNPs were identified in 
the RAS, BRAF, PTPN11 and P53 genes.
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Table 1: Hotspot regions and primers used for mutation analysis

gene Primer

ASXL1_A F: 5’- GCT  ACA GAA TCC TAG TTT TGC TTT A-3’
R: 5’- TTT GTC ACT GCA GCT TCT CTA-3’

ASXL1_B F: 5’- TGG ACA TTG AAA AGC TGA AA-3’
R: 5’- CCT GCC TAA AGA GTA TTA TAT CAA TG-3’

ASXL1_A1 F: 5’-  GCT ACT AGA ATC CTA GTT TTG CTT TA-3’
R: 5’- GCA GTA GTT GTG TTC GCT GT-3’

ASXL1_A2 F: 5’- AGC AGC AGT GGT GAT GG-3’
R: 5’- GGA ACT GGG GGT CAC AT-3’

ASXL1_A3 F: 5’- TGT CTC TAG TGG GAG ATG ATA CA-3’
R: 5’- TTT GTC ACT GCA GCT TCT CTA-3’

ASXL1_B1 F: 5’- TGG ACA TTG AAA AGC TGA AA-3’
R: 5’- TTC ACA GCT ATC TGG CAG AA-3’

ASXL1_B2 F: 5’- GAA TCC CCA CAA GTA CAC T-3’
R: 5’- GGA CCA AAG GAG ATC ACA TT-3’

ASXL1_B3 F: 5’- GGA TTC CAA AGA GCA GTT CT-3’
R: 5’- TCG GGG TAA TTT CCA GAA-3’

ASXL1_B4 F: 5’- CAG CGT CAA GAA TGA GAA GA-3’
R: 5’- CCT GCC TAA AGA GTA TTA TAT CAA TG-3’

BRAF F: 5’- AGC CCC AAA AAT CTT AAA AG-3’
R: 5’- CTC AGG GCC AAA AAT TTA AT- 3’

CEBPA F: 5’- CGC CAT GCC GGG AGA ACT CT-3’
R: 5’- CTT GGC TTC ATC CTC CTC GC-3’
F: 5’- CGG CCG CTG GTG ATC AAG-3’
R: 5’- CCA GGG CGG TCC CAC AGC-3’

c-KIT (exon 8) F: 5’- CCG CCT CCT TGT ACC TT-3’
R: 5’- TTC AGC AAA CAA AAT TAA TGT CTA-3’

c-KIT (exon 17) F: 5’- TCC TCC AAC CTA ATA GTG TAT TC-3’
R: 5’- CAT TCC GAA ATC AAA CAG TT-3’

DNMT3A (exon 12-23) F: 5’- GCC ACC AGA AGA AGA GAA GA-3’
R: 5’- GCA CCT GCA GCA GTT GT-3’
F: 5’- CCG GAA CAT TGA GGA CA-3’
R: 5’- CTG GGA CAG GTG GGT AAA-3’
F: 5’- CGG AGG TGT GTG TGA GGA CT-3’
R: 5’- GTT CAT ACC GGG AAG GTT AC-3’ 
F: 5’ - CTC CAG ATG TTC TTC TTC GCT AA-3’
R: 5’- CCA CTC CTG GAT ATG CTT CT-3’

FLT3_ITD F: 5’- GCA ATT TAG GTA TGA AAG GCC AGC-3’
R: 5’- CTT TCA GCA TTT TGA CGG CAA CC-3’

FLT3_TKD F: 5’- TCA CCG GTA CCT CCT ACT TG-3’
R: 5’- AAA TGC ACC ACAGTG AGT G-3’

NPM1 F: 5’- CTG GTG GTA GAA TGA AAA ATA GAT-3’
R: 5’- GGC AGGACA TTC TCA TAG-3’

NUP98 F: 5’ - TGG ACA GGC ATC TTT GTT -3’
R: 5’- ACA GCG GGA ACT TAC CTT-3’

PTPN11 (exon 3) F: 5’- TTG GGT TTC TTT CAA CAC TT-3’
R: 5’- GCC TTT GGA GTC AGA GAG T-3’

MDS and type I/II mutations
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Table 1: Hotspot regions and primers used for mutation analysis

gene Primer

PTPN11 (exon 13) F: 5’- TGG CTC TGC AGT TTC TCT-3’
R: 5’- CAT TCC GAA ATC AAA CAG TT-3’

P53 (exon 5) F: 5’- CCG TCT TCC AGT TGC TTT-3’
R: 5’- CAA CCA GCC CTG TCG T-3’

P53 (exon 6) F: 5’- GCA CAT GAC GGA GGT TG-3’
R: 5’- AGG AGA AAG CCC CCC TA-3’

P53 (exon 7) F: 5’- CGG TGG AGC TTG CAG T-3’
R: 5’- CCG GGG ATG TGA TGA G-3’

P53 (exon 8) F: 5’-  GGT TTT TTA AAT GGG ACA GG-3’
R: 5’- TAG GAA AGA GGC AAG GAA AG-3’

KRAS (exon 1) F: 5’- CGT CGA TGG AGG AGT TT-3’
R: 5’- AAC CCA AGG TAC ATT TCA GA-3’

NRAS (exon 1) F: 5’- GGG GGT TGC TAG AAA ACT A-3’
R: 5’- ATC CGA CAA GTG AGA GAC A-3’

NRAS (exon 2) F: 5’- CCC AGG ATT CTT ACA GAA AA-3’
R: 5’- TCC CCA TAA AGA TTC AGA AC-3’

RUNX1 (exon 3) F: 5’-AGCTGTTTGCAGGGTCCTAA-3’
R: 5’-GTCCTCCCACCACCCTCT-3’

RUNX1 (exon 4) F: 5’- CATTGCTATTCCTCTGCAACC-3’
R: 5’- CCATGAAACGTGTTTCAAGC-3’

RUNX1 (exon 5) F: 5’- CCACCAACCTCATTCTGTTT-3’
R: 5’- AGACATGGTCCCTGAGTATA-3’

RUNX1 (exon 6) F: 5’- GGGGGCCCATTCTGCTGAGAGG-3’
R: 5’- GAGCATCAAGGGGAAACCCC-3’

RUNX1 (exon 7) F: 5’- AATCCCACCCCACTTTACAT-3’
R: 5’- CTCAGCTGCAAAGAATGTGT-3’

RUNX1 (exon 8) F: 5’- TCCGCTCCGTTCTCTTGC-3’
R: 5’- GCTTGTCGCGAACAGGAG-3’

TET2 (exon 3) F: 5’- CAG TTT GCT ATG TCT AGG TAT CCG A-3’
R: 5’- AGA AGG GTT CAC TAA CTG TGC GTT TT-3’
F: 5’- TTC AAC TAG AGG GCA GCC TTG-3’
R: 5’- TGTGCGTTT TAT TCC TCC ATT TT-3’
F: 5’- CAG AAT AGT CGT GTG AGT CCT GAC-3’
R: 5’- GCA ATG GAA ACA CAA TCT GGA-3’
F: 5’- GAA CAC ACA CAT GGT GAA CTC C-3’
R: 5’-AAT TGT GAT GGT GGT GGT GG-3’
F: 5’- TCC AGG GAA CCA CAA AGC TAG-3’
R: 5’-GCT TGA GGT GGT CTG ACA TTG G-3’
F: 5’- ACA TGT ATG CAG CCC TTC TCC-3’
R: 5’- GGG AAT CTG CTC TTT GTT GAA A-3’
F: 5’- ACC AAC ATC TCC AGT TCC AA-3’
R: 5’- ATG CAC TTG ATT TCA TGG TCT-3’
F: 5’-  CAA ATG GGA CTG GAG GAA GT-3’
R: 5’- GTT TGC TGC TGT TCT TGC TT-3’
F: 5’- CAG AAG GAC ACT CAA AAG CAT G-3’
R: 5’- TTG CTG CTC TAA AGC TGG G-3’
F: 5’- GAG AAT CCA CCT GCA AGC TG-3’
R: 5’- TTT CAC AAG ACA CAA GCA TCG-3’
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Table 1: Hotspot regions and primers used for mutation analysis

gene Primer

TET2 (exon 4) F: 5’- TCT AAT AGA TCA GTC CA-3’
R: 5’- CAG CCT TCA CAC ACA AAG CAG-3’

TET2 (exon 5) F: 5’- TTC ATT TCT CAG GAT GTG GTC ATA G-3’
R: 5’- TGT AAA TCT GAC CCT GAG AAT TGG-3’

TET2 (exon 6) F: 5’- GTT GCC CTA ATT GTG ATC TAA ACA TG-3’
R: 5’- CCA CTG ATA GGA AAG CCC AAT CT-3’

TET2 (exon 7) F: 5’- GGG TTC TAC TTA ACT GGG TAT TTT CCA-3’
R: 5’- GTG AAC AAT ATG ACA TAT CTT GGT AAG CT-3’

TET2 (exon8) F: 5’- GGA TTC AAA ATG TAA GGG GAA TAA TC-3’
R: 5’- TCC TCT TAA TTG TTG AAA CCA CTG C-3’

TET2 (exon 9) F: 5’- CCA TGT CAA GAT ATT TGC TCT CTA TTT TGT-3’
R: 5’- GAC TCA CAG TTC CAC ATG GCT G-3’ 

TET2 (exon 10) F: 5’- CCA CCA ACA CAA ATC TGA ATA CTG A-3’
R: 5’- GGT TTT GCC CCC ATC AAC TT-3’

TET2 (exon 11-1) F: 5’- TCT TTG CTT AAT GGG TGT CGT ATA TC-3’
R: 5’- GGC TTT TGA ATC AGA ATA CCC AA-3’

TET2 (exon 11-2) F: 5’- CCA GCC CTA TGA ACT TCT ATT C-3’
R: 5’- CCA TAA CTA CAG TGC AGC TCC G-3’

TET2 (exon 11-3) F: 5’- CAA ACA TGG ACT ATA AAA ATG GTG AAC-3’
F: 5’- CAC CAG GAT CTC CCT CGT CTT-3’

TET2 (exon 11-4) F: 5’- GCC GTG GCT CCA ACT CAT-3’
R: 5’- GGC AGT GGG AAA GGT CAC-3’

Type II aberrations
In total, 19 type II aberrations were found (n=4 pMDS, n=15 sMDS), i.e 2 MLL- 
rearrangement, 1 RUNX1-rearrangement, 1 NUP98-translocation, 1 NPM1 mutation 
(c.859-860 insG), 5 CEBPA aberrations (c.590_595dupACCCGC no double mutants were 
identified), 2 ASXL1 mutations (Q733stop, E1102D), 1 DNMT3A (N717H) and 7 RUNX1 
mutations (n=3 L56S, n=1 L134P, n=1 R204Q, n=1 Q264, insertion exon 8). For only 1/7 
patients with a RUNX1 mutation, germline material was available which identified RUNX1 
mutation in the germline material.  For the other identified aberrations no germline 
material was available. NUP98/NDS1 fusion product was not identified in any of the 60 
patients screened. Silent mutations were found in the P53 gene and ASXL1 gene both 
in two patients. Interestingly, TET2, IDH1 and IDH2 mutations were not detected in any 
of the 107 patients. Several known SNPs in the TET2 gene were found: P29H in 6 cases, 
L34F in 4 cases, V218M in 6 cases, G355D in 4 cases, P363L in 7 cases, M1701I in 4 
cases, V1718L in 2 cases, L1721W in 23 cases, P1722S in 2 cases, I1762V in 63 cases 
and H1778R in 3 cases. In 25 patients a previously described SNP was found in the 
CEBPA gene (T230T). In 5 cases a known SNP was found in the IDH1 gene (rs59682327). 

So, overall of the 44 primary MDS patients 4 patients carried a type I aberration (9%) 
and 4 patients carried a type II aberration (9%). The mutations were mutually exclusive. 
Of the secondary MDS patients 4/63 (6%) had a type I aberration and 15/63 (24%) a 
type II aberration. Only two patients carried both a type I and a type II aberration, i.e. a 

MDS and type I/II mutations

6

81



Ta
bl

e 
2:

 C
lin

ic
al

 C
ha

ra
ct

er
is

ti
cs

 a
nd

 C
yt

og
en

et
ic

 d
at

a 
of

 2
5 

M
DS

 
pa

ti
en

ts
 w

it
h 

ty
pe

 I 
an

d/
or

 ty
pe

 II
 a

be
rr

at
io

ns

Pa
ti

en
t

Ag
e 

at
 

di
ag

no
si

s
Ge

nd
er

W
H

O
Bl

as
ts

(%
)

Cy
to

ge
ne

ti
cs

M
ut

at
io

n 
fo

un
d

Re
ar

ra
ng

em
en

ts

1
8

F
R

AE
B

18
na

FL
T3

 IT
D

2
18

M
sR

AE
B-

t
29

46
,X

Y,
ad

d(
2)

(q
24

),a
dd

(7
)(

q3
1)

[1
4]

/4
6,

XY
[1

]
FL

T3
 IT

D

3
15

F
R

AE
B

11
47

,X
X,

+
1,

de
r(

1;
7)

(q
10

;p
10

),+
11

[2
2]

FL
T3

 IT
D

4
14

M
sR

AE
B

15
45

,X
Y,

-7
[1

2]
/4

6,
XY

[3
]

KR
AS

5
1

F
sC

M
M

L
5

46
,X

X
KR

AS

6
7

M
R

AE
B

15
46

,X
X,

t(
6;

9)
(p

23
;q

34
)[

14
]

N
R

AS

7
15

F
sR

CC
na

45
,X

X,
-7

N
R

AS
, R

U
N

X1

8
8

M
R

CC
0

45
,X

Y,
rin

g(
6)

(p
 ?

),-
7[

22
]/

46
,X

Y[
6]

PT
PN

11

9
2

M
R

AE
B-

t
27

46
,X

Y,
-?

20
,+

m
ar

[c
p3

]
CE

BP
A

10
5

M
R

AE
B-

t
21

46
,X

Y
CE

BP
A

11
3

M
sR

AE
B

9
45

,X
Y,

de
r(

6)
t(

3;
6)

(q
21

;q
15

),d
er

(1
7)

t(
17

;2
0)

(p
13

;q
11

),-
20

,in
c

CE
BP

A

12
20

M
sR

AE
B

7
46

,X
Y,

de
l(

7)
(q

22
q3

1)
CE

BP
A

13
15

F
sR

AE
B

9
46

,X
X

CE
BP

A

14
4

M
sR

AE
B

14
45

,X
Y,

de
r(

14
;2

2)
(q

10
;q

10
)t

(1
1;

22
)(

q2
3;

q1
1)

c,
de

r(
18

)(
t(

11
;1

8)
(q

23
;q

12
)

M
LL

-r
ea

rr
an

ge
m

en
t

15
7

F
sC

M
M

L
na

46
,X

X,
t(

1;
11

)(
p?

32
;q

23
)[

16
]/

46
,X

X[
4]

M
LL

-r
ea

rr
an

ge
m

en
t

16
7

F
sR

AE
B-

t
29

45
,X

X,
-7

[1
0]

/4
6,

id
em

,+
21

[5
]

N
PM

1

17
16

M
sR

AE
B

17
46

,X
Y,

in
v(

11
)(

p1
5q

22
)[

13
]/

47
,id

em
,+

8[
5]

/4
6,

id
em

,d
el

(1
0)

(p
12

p1
4)

[2
]

N
U

P9
8 

tr
an

sl
oc

at
io

n

18
19

F
sR

CC
2

47
,X

X,
de

l(
7)

(q
22

~3
1)

,+
ad

d(
21

)(
q2

2)
R

U
N

X1
 r

ea
rr

an
ge

m
en

t

19
14

F
R

AE
B-

t
22

46
,X

X
R

U
N

X1

20
1

M
R

AE
B

13
45

,X
X,

-7
[1

0]
/4

6,
XX

[1
0]

R
U

N
X1

21
20

M
sR

CC
0

46
,X

Y
R

U
N

X1

22
25

M
sC

M
M

L
3

46
,X

Y
R

U
N

X1

23
4

M
sR

AE
B

9
na

R
U

N
X1

, A
SX

L1

24
12

F
sR

CC
1

47
,X

X,
de

l(
6)

(q
25

),+
de

l(
6)

(q
25

)
AS

XL
1

25
16

F
sM

D
R-

AM
L

40
43

-4
6,

XX
,d

ic
(5

;2
2)

(q
11

;p
11

),+
6,

+
8,

ad
d(

13
)(

q3
3)

,-
16

, d
ic

(1
7;

21
)

(p
11

;p
11

),i
ns

(1
7 

;?
)(

q1
1 

;?
),a

dd
(2

1(
p1

3)
,+

id
ic

(2
1)

(p
11

)[
cp

20
]

D
N

M
T3

A

F=
 fe

m
al

e,
 M

=
 m

al
e,

 n
a=

 n
ot

 a
va

ila
bl

e
(s

)R
CC

=
 (

se
co

nd
ar

y)
 r

ef
ra

to
ry

 c
yt

op
en

ia
 o

f c
hi

ld
ho

od
, (

s)
R

AE
B=

 (
se

co
nd

ar
y)

 r
ef

ra
to

ry
 a

ne
m

ia
 w

ith
 e

xc
es

s 
of

 b
la

st
s,

 (
s)

 R
AE

B
-t

=
 (

se
co

nd
ar

y)
 r

ef
ra

ct
or

y 
an

em
ia

 w
ith

 e
xc

es
s 

of
 b

la
st

s 
in

 
tr

an
sf

or
m

at
io

n,
 s

M
D

R-
AM

L=
 s

ec
on

da
ry

 M
D

S 
re

la
te

d 
ac

ut
e 

m
ye

lo
id

 le
uk

em
ia

sC
M

M
L=

 s
ec

on
da

ry
 c

hr
on

ic
 m

ye
lo

m
on

oc
yt

ic
 le

uk
em

ia

82



NRAS and a RUNX1 aberration in one patient and two type II aberrations in the other, i.e 
a RUNX1 and an ASXL1 mutation.

Type I/II aberations and cytogenetics
Table 1 and 2 depict an overview of the identified type I and II aberrations in the various 
cytogenetic subgroups. 

No correlation was found between the presence of mutations and the cytogenetic 
aberrations. Among the 35 MDS patients with monosomy 7, various molecular aberrations 
were found in 8 cases (Table 3). In 3/13 patients with trisomy 8, a mutation was found. 
Furthermore, mutations were found in 7/29 of the patients with other karyotypes  and in 
6/23 of the normal karyotype patients. RUNX1 and CEBPA mutations (all single mutants) 
were the most frequent mutations, but they did not correlate with a specific karyotype. 
None of the patients with a complex karyotype (4 primary MDS and 11 secondary MDS) 
carried a molecular aberration. 

As the frequency of mutations was small, no outcome analyses to evaluate the 
prognostic value of the identified molecular aberrations were made.

DISCUSSION 
This is the first study of an extensive cohort of childhood MDS cases that aimed to detect 
molecular aberrations that are involved in the pathogenesis of adult MDS (Table 4) (5-9, 
17, 19, 21, 27, 50-51). Our study indicates that in children the occurrence of mutations 
in primary and secondary MDS seems to be less frequent as in adults, which is most 
obviously reflected by the frequency of mutations in genes regulating the histone function 
and DNA methylation. The latter were recently shown to play an important role in adult 
MDS (Table 4). This emphasizes that, overall, the biology of adult and childhood MDS is 
different. This is further illustrated by the fact that recently a much lower frequency of 
mutations in the RNAsplicing machinery in childhood MDS was found as compared to in 
adults (29-30, 52).

In children with primary MDS we observed type I aberration and type II aberration 
in about 9% of the cases. In adult studies the frequency of type I aberrations varies 
between 6 and 22% (6, 9, 53) and of type II aberrations between 5 and 16% (6, 9), and 
we have to stress that most adult MDS studies on type II aberrations even included only a 
selection of molecular aberrations and not the broad spectrum we have screened (6, 9). 

In our patients with secondary MDS the frequency of type I and II aberrations was 6% 
and 24%, respectively. The occurrence of type I aberrations in our cohort, which  is lower as 
compared to the largest study so far in adult MDS (type I aberration in 33/140 (24%), type 
II aberration in 47/140 (34%)), suggests that in childhood MDS especially the proliferation 
advantage caused by type I aberrations is less prominent  as compared to in adults (5).  

Pedersen-Bjergaard et al described a high frequency of P53 mutations (24%) 
in patients with secondary MDS, which were mainly associated with aberrations of 
chromosome 5 (5). We did not find any P53 mutations, which may be due to the low 
frequency of chromosome 5 aberrations in in our representative childhood MDS cohort. 
In our study, collaborating mutations were found in only 2% of the cases, whereas 13% 
of the adult secondary MDS cases carried both a type I and type II aberration and 1/140 
carried two type II aberrations (5). 

MDS and type I/II mutations
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In our cohort 73% of the primary MDS and 83% of the secondary MDS patients had 
an abnormal karyotype. This further illustrates that, recurrent cytogenetic aberrations 
may be the major oncogenic event rather that the collaboration between type I and 
II aberrations. In patients with a normal karyotype, 11/12 primary MDS and 10/11 
secondary MDS did not show any molecular aberration which indicates that other 
unknown responsible mechanisms need to be unraveled in childhood MDS. 

We found a low frequency of aberrations in the MLL, NUP98, TET2, IDH1, IDH2, 
ASXL1 and DNMT3A genes. Recently, these genes have shown to be key-players in 
the regulation of DNA methylation in several myeloid malignancies and MDS (54-58). 
Although epigenetic mutations are not the only factors regulating the DNA methylation, 
the absence of mutations in these genes in childhood MDS may suggest that aberrant 
DNA methylation is less important in childhood MDS as compared to adult MDS. This may 
be due to the fact that epigenetic regulation is related to aging of the hematopoietic 
stem cell, and subsequent malignant transformation, as illustrated by the observation 
that MDS increases exponentially with age (57).  

This is the first study that systematically investigated a substantial cohort of 
pediatric MDS samples by international collaboration. The results show that type I and 
II molecular aberrations, that have been described in pediatric AML and adult MDS/
AML, infrequently occur in pediatric MDS. In particular, mutations in genes, playing a 
role in epigenetic regulation occur in a significantly lower frequency in pediatric MDS as 
compared to adult MDS. This suggests that other mechanisms drive leukemogenesis in 
many cases of pediatric MDS compared with the mechanisms in adults. Further research 
by high throughput analysis, e.g. whole genome sequencing, may further help to unravel 
the drivers of the biology of childhood MDS (59).
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ABSTRACT
Background: Childhood myelodysplastic syndrome (MDS) is a rare disease accounting 
for less than 5% of all hematological malignancies. In about 50% of the MDS cases 
an abnormal karyotype is found by conventional karyotyping, of which chromosome 6 
is involved in 10%. The immediate-early-response 3 (IER3) gene, which is located on 
chromosome 6p21, encodes for a glycoprotein that plays a role in the regulation of 
apoptosis and cell cycle progression. Recently, it was shown that IER3 gene aberrations 
frequently occur in adult MDS patients, which are not restricted to patients with 
chromosome 6 aberrations and that low IER3 expression was associated with a worse 
outcome. Therefore, we investigated the frequency and prognostic impact of IER3 
expression in childhood MDS.

Methods: IER3 mRNA expression was determined by quantitative real-time PCR in 58 
childhood MDS patients of which 17 carried a chromosome 6 aberration, and in normal 
bone marrow (n=8). In addition, methylation-specific-PCR (MSP) was performed to 
investigate the methylation status of the promoter region of the IER3 gene, as a plausible 
cause for the downregulation of IER3.

Results: Median IER3 mRNA expression was 0.9% in MDS (range 0.01-73.3% relative 
to GAPDH expression) and 3.3% in normal bone marrow (range 0.81-85.5% relative to 
GAPDH expression) (p=0.05). A more than 4-fold decrease in IER3 expression below 
the mean of healthy controls was found in 74% (43/58) of the childhood MDS patients. 
There was no difference in IER3 mRNA expression between MDS patients with or without 
chromosome 6 aberrations (MWU p= 0.89). Also, no difference in IER3 mRNA expression 
was found between the different WHO-subtypes or between primary versus secondary 
MDS. Three patients with a chromosome 6p21 rearrangement in the IER3 region based 
on genomic profiling (array-CGH) showed expression-levels in the range of normal bone 
marrow. Low IER3 mRNA expression was associated with adverse outcome in childhood 
MDS patients (Cox regression analysis estimated hazard ratio 0.73, p=0.027, 95% CI-
interval 0.55-0.97). The low IER3 expression appeared not to be due to hypermethylation 
of its promoter region.

Conclusion: IER3 expression is low in childhood MDS patients with and without 
chromosome 6 aberrations and this low expression is associated with poor outcome. 
However this seems to be due to therapy related mortality, rather than by the increased 
risk of relapse. The IER3 downregulation is not regulated by hypermethylation of the IER3 
promoter region. 
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INTRODUCTION
In childhood, myelodysplastic syndrome (MDS) is a rare disease accounting for less than 
5% of all hematological malignancies (1). The most common cytogenetic abnormalities 
in childhood MDS are monosomy 7 and trisomy 8 (2-3). Recently, chromosome 6 
aberrations were identified as a recurrent genetic abnormality in childhood MDS cases 
with an aberrant karyotype (2, 4). It is unknown which specific molecular aberrations 
associated to chromosome 6 abnormalities are relevant for the development and 
outcome of childhood MDS. 

Genome-wide approaches proved to be powerful tools to dissect haematological 
malignancies molecularly. Recently, through array-CGH, Steensma et al identified a 
breakpoint in the IER3 gene (immediate early response 3 gene, previously named IEX-1) 
in an adult MDS patient with t(6;9)(p21.3;q34).  Subsequent analysis of 204 adult MDS 
cases showed eight additional patients with IER3 rearrangements. Aberrant expression 
of the IER3 gene, localized at chromosome 6p21.33, was found in 61% of the adult MDS 
patients, even in cases without a 6p rearrangement (5). In addition, it was shown that 
low IER3 expression was associated with a worse outcome in adult MDS (6). So far, no 
information on the relevance of IER3 expression in pediatric MDS is available.

Therefore, we performed a comprehensive study of 58 pediatric MDS cases collected 
by the European Working Group of MDS and JMML in Childhood (EWOG-MDS), including 
17 cases with chromosome 6 abnormalities by conventional karyotyping (among which 
3 cases with rearrangements in the IER3 region determined by array-CGH) to study the 
role of IER3 expression in pediatric MDS.

PATIENTS
In July 2009 in the database of the EWOG-MDS 530 patients with MDS are registered, 
of which ~45% have an abnormal karyotype, including 30 which carried a chromosome 
6 aberration. In 23/30 of these cases material was available for array-CGH. Of these 23 
patients, 13 had primary MDS (refractory cytopenia of childhood (RCC) n=1, refractory 
anemia with excess of blasts (RAEB) n=6, refractory cytopenia with excess of blasts in 
transformation (RAEB-t) n=6) and 10 patients had secondary MDS (RCC n= 5, RAEB n=3, 
RAEB-t n=2). Seven secondary MDS cases occurred after previous cancer treatment and 
three in patients with constitutional bone marrow failure syndromes.  

IER3 mRNA expression levels were measured in 58 pediatric MDS patients, selected 
on the availability of material. This cohort included 17 of the 23 aforementioned patients 
with chromosome 6 abnormalities and 41 additional patients without chromosome 
6 aberration based upon conventional karyotyping (Table 1). Of these 58 patients, 8 
patients were not transplanted: i.e. 3 patients with familial MDS who had stable disease, 
3 patients who died due to disease progression before they could be transplanted, one 
patient died due to infection before the transplantation and one patient was successfully 
treated with immunosuppressive therapy. As control material, the normal bone marrow 
of eight children in the same age range was used. 
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Methods

Array-CGH
Genomic profiling was performed, using the Agilent (Agilent Technologies, Palo Alto, 
California, USA) 105k Array-CGH platform, on DNA from 23 childhood MDS patients with 
chromosome 6 abnormalities, as previously described (9-10). Briefly, patient genomic 
DNA (2 mg) and reference male human genomic  DNA (2 mg) (Promega) were labelled 
with Cy5 and Cy3 dyes according to standard random priming protocols (Bioprime 
Labeling Kit, Invitrogen, Carlsbad, CA, USA). The DNAs were combined, denatured, and 
applied to the Agilent Array, according to the manufacturer’s protocol. DNA hybridization 
and washes were performed as recommended, and the slides were scanned on a 
GenePix 4000B Microarray Scanner (Axon Instruments, Union City, CA, USA). Arrays were 
analyzed using feature extraction software (version 8.1, Agilent). The data were imported 
in array-CGH analytics software of Agilent (11).

Quantitative real-time PCR
cDNA was prepared as previously described (7). Quantitative real-time PCR (RQ-PCR) 
was performed on a total of 58 pediatric MDS patients with available cDNA. An ABI PRISM 
7900HT thermal cycler (Applied Biosystems, Foster City, CA, USA) was used. Primers for 
IER3 are described in Table 2. For expression analysis of IER3 SYBRgreen was used. The 

Table 1: Patients characteristics of the MDS patients with and without chromosome 6 aberration based 
on conventional karyotyping included for IER3 expression analysis.

Patients with chromosome 
6 aberration 

N=17

Patients without 
chromosome 6 aberration 

N=41

Gender (male/female) 12/5 21/20

Age at diagnosis (years) 1.8-16.5 0.8-17.5

Median age 6.0

WHO

Primary

- RCC 2 10

- RAEB 3 19

- RAEB-t 4 0

Secondary

- RCC 2 7

- RAEB 4 4

- RAEB-t 1 1

Number of patients transplanted 15 37

IER3 expression relative to GAPDH (%) 0.1-20.2 0.02-73.2

RCC = refractory cytopenia of childhood
RAEB = refractory anemia with excess of blasts
RAEB-t =  refractory cytopenia with excess of blasts in transformation
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IER3 expression was compared to GAPDH, with primers as previously described (7). The 
average cycle threshold (Ct) value was used to calculate mRNA expression levels of IER3 
relative to the expression level of the reference gene (GAPDH) using the comparative 
Cycle time (ΔCt) method (8).

Methylation Specific PCR
To investigate the methylation status of IER3, methylation specific PCR (MS-PCR) was 
performed, as previously described (12) The primers were located in the CpG-island of 
the promoter sequence (designated M/U) (Table 2). Unmodified genomic DNA was used 
to test the specificity of the primers for bisulfite converted DNA. One DNA sample was first 
treated with DNA methylase SSS1 and methyl donor SAM (M0226S New England Biolabs, 
Ipswich, MA, USA) and then bisulfite converted, creating a hypermethylated sample as a 
positive control for methylation. Bisulfite converted unmethylated DNA of a healthy, adult 
male donor was used as negative control. The specificity of the methylation (M) and 
unmethylation (U) specific primers was tested on a dilution range with a mix of M and 
U DNA. For this analysis, eighteen MDS samples were selected: nine samples with the 
highest IER3 mRNA expression and nine samples with the lowest IER3 mRNA expression 
as measured by RQ-PCR.  

Table 2: Primer sequences of IER3 and GAPDH used for RQ-PCR and Methylation Specific PCR.

Primer Sequence (5’-3’)

IER3 forward GCC GCA GGG TTC TCT A

IER3 reverse GGG CTC CGA AGT CAG A

MS-PCR region 1 IER3 methylated forward CGT CGG AAT TTT TAG TTC

MS-PCR region 1 IER3 methylated reverse AAA TAA AAA TCG ACT ACC G

MS-PCR region 1 IER3 unmethylated forward TGT TGG AAT TTT TAG TTT

MS-PCR region 1 IER3 unmethylated reverse AAA TAA AAA TCA ACT ACC A

GAPDH forward GTC GGA GTC AAC GGA TT

GAPDH reverse AAG CTT CCC GTT CTC AG

Statistical analyses:
The Mann-Whitney-U test (MWU) was used for the comparison of the IER3 expression in 
two different groups and the Kruskal-Wallis-test was used for the comparison of more 
than two groups. Low IER3 expression was defined as a more than 4-fold decrease in 
expression compared with the mean IER3 expression of healthy controls, as previously 
described (5). Probabilities of overall survival were estimated by the method of Kaplan 
Meier and compared by the use of log-rank test. Cox regression analysis was performed 
to investigate the influence of IER3 expression on overall survival. Cumulative incidence 
of relapses (CIR) were constructed by the method of Kalbfleisch and Prentice (13). The 
survival analyses were an intention to treat analyses. All analyses were performed with 
SPSS Statistics version 17.0. All used tests were two-tailed and a value of less than 0.05 
was considered statistically significant. 
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RESULTS
Array-CGH was performed in 23 patients. In 3/23 a breakpoint in the area where IER3 
is located was detected (Table 3) (Figure 1). In patient 1 with a ring chromosome 6 the 
breakpoints could be identified precisly. Conventional karyotyping of patient 2 identified 
a trisomy 6, but array-CGH revealed that this was only an amplification of a part of 
chromosome 6. In the third case the breakpoint at the short arm of the chromosome 
6 could be identified more exact by array-CGH. In these three cases the IER3 gene was 
located in or near the breakpoint. To investigate whether this gene is involved in a larger 
extend, we analyzed the IER3 expression in a larger cohort of childhood MDS.

The median IER3 mRNA expression in the pediatric MDS patients was 0.92% (range 
0.01-73,2% relative to GAPDH) as compared to 3.38% in normal bone marrow (0.81-
85.5% relative to GAPDH (Mann-Whitney U test: p-value: 0.05) (Figure 2A). A low IER3 
expression (a more than 4 fold decrease in expression compared with the mean IER3 
expression of healthy controls) was found in 74% (43/58) of the childhood MDS patients.

No difference in IER3 mRNA expression was found comparing the patients with (n=17) 
or without a karyotypic chromosome 6 aberration (n=41); median IER3 expression 
levels were 0.99% (range 0.01-20.2%) and 0.76% (range 0.02-73.2%) respectively (ns) 
(Figure 2B). IER3 mRNA expression of the 3 patients with aberrant chromosome 6, with 
a rearrangement in the IER3 gene region determined by array-CGH, was not different 
from the patients without a rearrangement (ns). Unfortunately, of those specific 3 cases 
cytospins were not available to perform FISH analysis.

Table 3: Clinical data of the patients with a rearrangement of the IER3 gene region at 6p21 identified 
by array-CGH.

Patient 1 Patient 2 Patient 3

Gender M F F

Age at diagnosis 
(years) 14 2. 8 4.3

FAB classification Primary RCC Primary RAEB Secondary RCC
(after chemotherapy)

Hemoglobin (g/dl) 10.6 10.9 7.5

WBC (x 109/l) 3.7 6.4 3.0

Platelets (x 109/l) 77 36 18

Blasts BM (%) 1 18 3

Cytogenetics 46,XY, idic(6)(p2?2q?)
[17],/47, idem,+idic(6)
[4]/45, XY,
-6[5]

50,XX,+4,+6,+8,+21 46,XX,der(6)add(6)(p25)
?ins(6;?)(q?15-q?21;?)

Findings array- 
CGH regarding to 
chromosome 6

del 6q12-qter, del 
6p21-pter, amplification 
6p21-6q12

amplification 6p12.3 
-6p21 del6p21-pter

Course
SCT
Died: TRM
FU: 1.6 years 

SCT
Alive in CR
FU: 8 years

SCT
Alive in CR
FU: 7.7 years

M= male, F= female, RAEB= refractory anemia with excess of blasts, RCC= refractory cytopenia of childhood, SCT= 
stem cell transplantation, CR= complete remission, FU= follow up 
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Figure 1: Array-CGH of one patient with rearrangement in IER3 region   

 

 

1A       1B 

 

Figure 1A:  

Chromosome 6 ideogram, and corresponding array-CGH plot of the ratio of patient 1 DNA versus 

control DNA (blue tracing) in a dye swap experiment (red tracing) from an array-CGH experiment 

(105k oligo-array-CGH platform). The ideogram shows a deletion of 6q12-qter, a deletion of  6p21-pter 

and an amplification of 6p21-6q12. Arrow indicates localisation of IER3, which is located in the region 

of the breakpoint at 6p21. 

Figure 1B: 

A detailed overview of the IER3 region on chromosome 6 of the same patient.  

 

 

Figure 1: Array-CGH of one patient with rearrangement in IER3 region. Figure 1A: Chromosome 
6 ideogram, and corresponding array-CGH plot of the ratio of patient 1 DNA versus control DNA 
(blue tracing) in a dye swap experiment (red tracing) from an array-CGH experiment (105k oligo-
array-CGH platform). The ideogram shows a deletion of 6q12-qter, a deletion of  6p21-pter and an 
amplification of 6p21-6q12. Arrow indicates localisation of IER3, which is located in the region of 
the breakpoint at 6p21. Figure 1B: A detailed overview of the IER3 region on chromosome 6 of the 
same patient. 

No significant difference in IER3 mRNA expression was found between the different 
WHO-subtypes of MDS (median expression RCC: 1.17%, RAEB: 0.47%, RAEB-t: 0.54% 
and secondary MDS: 1.9%, Kruskal-Wallis-test: ns) (Figure 2C). IER3 mRNA expression 
tended to be higher in secondary MDS (median 1.9%, range 0.01-73.2%) as compared to 
primary MDS (median 0.69%, range 0.05-12.48%) (MWU: p=0.05).

To evaluate whether low IER3 mRNA expression was regulated by hypermethylation 
of the CpG islands of the promotor region of the IER3 gene, we performed methylation 
specific PCR (MSP) in a subset of 18 patients with the lowest (n=9) and highest (n=9) 
IER3 mRNA expression as determined by RQ-PCR. None of the patients revealed 
hypermethylation of the IER3 gene (Figure 3). 

Five years overall survival of patients with low IER3 expression was 47% compared 
to 85% in the other patients. Univariate Cox regression analysis showed that a decrease 
in IER3 expression was associated with a decrease in overall survival (estimated Hazard 
ratio 0.73, p=0.027, 95% CI interval: 0.55-0.97) (Figure 4). Unfortunately, the numbers of 
patients were too small to allow multivariate analysis. The worse overall outcome in the 
patient group with low IER3 expression was not caused by a higher cumulative incidence 
of relapse (9/43 of the patients with low IER3 expression, CIR at 5 year: 0.22, 3/15 of 
the other patients relapsed, CIR at 5 year: 0.18), but rather by a higher therapy related 
mortality rate (11/43 patients with low IER3 expression died due to TRM versus 1/15 of 
the other patients).  Three of the twelve patients who died due to TRM were diagnosed as 
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Figure 2: IER3 expression in childhood MDS  

Figure 2A: IER3 expression in MDS versus normal bone marrow  
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Expression levels of IER3 relative to GAPDH expression in bone marrow of 58 pediatric MDS patients 

compared to normal bone marrow of 8 healthy children. The horizontal lines represent the median 

values. 

 

Figure 2B: IER3 expression in MDS with and without chromosome 6 aberration 
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Expression levels of IER3 relative to GAPDH expression in bone marrow of 17 pediatric MDS patients 

with a chromosome 6 aberration compared to bone marrow of 41 pediatric MDS patients without a 

chromosome 6 aberration. The horizontal lines represent the median values. 
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Figure 2: IER3 expression in childhood MDS  

Figure 2A: IER3 expression in MDS versus normal bone marrow  

MDS-BM healthy control-BM
0.01

0.1

1

10

100

IE
R

3
 e

x
p

re
s

s
io

n
 r

e
la

ti
v

e
 t

o
G

A
P

D
H

 (
%

)

 

Expression levels of IER3 relative to GAPDH expression in bone marrow of 58 pediatric MDS patients 

compared to normal bone marrow of 8 healthy children. The horizontal lines represent the median 

values. 

 

Figure 2B: IER3 expression in MDS with and without chromosome 6 aberration 
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Expression levels of IER3 relative to GAPDH expression in bone marrow of 17 pediatric MDS patients 

with a chromosome 6 aberration compared to bone marrow of 41 pediatric MDS patients without a 

chromosome 6 aberration. The horizontal lines represent the median values. 

 

MWU p=0.05 
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Figure 2: IER3 expression in childhood MDS. Figure 2A: IER3 expression in MDS versus normal bone 
marrow. Expression levels of IER3 relative to GAPDH expression in bone marrow of 58 pediatric MDS 
patients compared to normal bone marrow of 8 healthy children. The horizontal lines represent 
the median values. Figure 2B: IER3 expression in MDS with and without chromosome 6 aberration. 
Expression levels of IER3 relative to GAPDH expression in bone marrow of 17 pediatric MDS patients 
with a chromosome 6 aberration compared to bone marrow of 41 pediatric MDS patients without 
a chromosome 6 aberration. The horizontal lines represent the median values. Figure 2C: IER3 
expression in different FAB types of MDS. Expression levels of IER3 relative to GAPDH expression in 
bone marrow according to FAB subtype: RCC n= 13, RAEB n= 15, RAEB-t n= 10 and secondary MDS 
n= 20. The horizontal lines represent the median values.
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Figure 2C : IER3 expression in different FAB types of MDS 
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Expression levels of IER3 relative to GAPDH expression in bone marrow according to FAB subtype: 

RCC n= 13, RAEB n= 15, RAEB-t n= 10 and secondary MDS n= 20. The horizontal lines represent the 

median values. 

Kruskal-Wallis-test p=ns 
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RCC, 5 as RAEB and 4 were diagnosed with secondary MDS. All, except one patient who 
died due to infection, died after transplantation. 

DISCUSSION
In pediatric MDS prognostic relevant recurrent clonal numerical cytogenetic aberrations, 
especially monosomy 7 and trisomy 8, occur in 50% of the cases (2-4). In addition, 
Göhring et al recently described, that the presence of a structurally complex karyotype 
is the strongest independent predictor for poor outcome in children with advanced MDS 
(4). Recently, we identified that chromosome 6 aberrations occur in about 5% of the MDS 
cases and that they are involved in 10% of all cases with an abnormal karyotype. Until 
now, neither the prognostic role of chromosome 6 abnormalities nor the role of genes 
involved in chromosome 6 abnormalities are clarified in childhood MDS. 

Recently, in adult MDS, downregulated expression of the IER3 gene, located on 6p21.3 
was described (5). Others showed that differentially expressed IER3 is associated with 
clinically relevant subgroups and outcome in adult MDS (6, 14). Our present study is the 
first on the impact of IER3 mRNA expression in childhood MDS. Our cohort revealed a 
large inter-patient variety in IER3 mRNA expression, similar to what has been reported in 
adult MDS (5). Concordant with adult MDS studies, we found no difference in expression 
between the patients with or without a chromosome 6 aberration in children (5). 

Figure 3: Methylation specific PCR. Figure 3A: Methylation specific PCR in nine patients with low 
IER3 expression. Figure 3B: Methylation specific PCR in nine patients with high IER3 expression. 
Methylation specific PCR in  patients with low IER3 expression (n=9)(Figure 3A) and high IER3 
expression (n=9) (Figure 3B). M: methylated, U unmethylated. In patients with low and high IER3 
expression no bands of the expected size (100 bp) were observed are seen using the methylated 
specific primers (the smaller bands are most likely primer dimer bands) and bands are seen using 
the unmethylated primers. The control patient bands of the same size are found using both the 
methylated and the unmethylated primers as expected (arrow: expected product size of 100bp)
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Figure 3: Methylation specific PCR 

Figure 3A: Methylation specific PCR in nine patients with low IER3 expression 

 

Figure 3B: Methylation specific PCR in nine patients with high IER3 expression 

  

Methylation specific PCR in  patients with low IER3 expression (n=9)(Figure 3A) and high IER3 

expression (n=9) (Figure 3B) 

M: methylated, U unmethylated. In patients with low and high IER3 expression no bands of the 

expected size (100 bp) were observed are seen using the methylated specific primers (the smaller 

bands are most likely primer dimer bands) and bands are seen using the unmethylated primers. The 

control patient bands of the same size are found using both the methylated and the unmethylated 

primers as expected (arrow: expected product size of 100bp) 
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Figure 3: Methylation specific PCR 

Figure 3A: Methylation specific PCR in nine patients with low IER3 expression 

 

Figure 3B: Methylation specific PCR in nine patients with high IER3 expression 

  

Methylation specific PCR in  patients with low IER3 expression (n=9)(Figure 3A) and high IER3 

expression (n=9) (Figure 3B) 

M: methylated, U unmethylated. In patients with low and high IER3 expression no bands of the 

expected size (100 bp) were observed are seen using the methylated specific primers (the smaller 

bands are most likely primer dimer bands) and bands are seen using the unmethylated primers. The 

control patient bands of the same size are found using both the methylated and the unmethylated 

primers as expected (arrow: expected product size of 100bp) 
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Furthermore, we found no significant difference in the IER3 mRNA expression between 
MDS-RCC and more advanced MDS in children. Limitation of our study is, that due to the 
low absolute number of childhood MDS cases, even after including most recent European 
pediatric patients, multivariate analyses are not feasible. Nevertheless, Cox regression 
analysis in our cohort showed that overall survival is significantly impaired in children 
with low IER3 expression similar to what has been found in adult MDS (6) . 

In adults the reason for the worse outcome of the patients with low IER3 expression 
is not further specified. We show here that the worse outcome of the childhood cases 
with low IER3 expression was determined by a higher therapy related mortality rate 
rather than by a higher relapse rate.

As indicated, in adults it has not been described why downregulation of the IER3 
gene results in a lower probability of survival. The IER3 gene, formerly known as IEX-1 
or p22/PRG1, is characterized by the fact that expression increases rapidly in response 
to cellular stress. The gene encodes a 27-kDa glycoprotein regulating death receptor-
induced apoptosis. IER3 expression is regulated by multiple upstream events like 
aberrant expression of the transcription factors p53, NF-κB and c-MYC, which bind at 
the promoter region of the IER3 gene and which play a role in the regulation of apoptosis 
(15). IER3 is also a target of ERK and in this way cell growth is regulated (16). Moreover, 
IER3 suppresses the production of reactive oxygen species and protects cells from 
apoptosis (17). Whether the effect of IER3 on apoptosis is enhancing or suppressive 
depends on the cellular context and cell type as well as the apoptosis stimulus (15, 
18). It has been suggested that downregulation of IER3 is the result of mutations in the 
promoter region at the binding sites of these transcription factors, but Steensma et al 
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Figure 4: Kaplan Meier plot 

 

 

Plot showing the overall survival for all MDS patients with low IER3 expression (n=43) compared to 

the other patients (n=15) Low IER3 expression is defined as a more than 4-fold decrease in 

expression compared to the mean of healthy controls (log rank p=0.07) 

> 4 fold decreased expression n=43 

< 4 fold decreased expression n=15 

Figure 4. Kaplan Meier plot. Plot showing the overall survival for all MDS patients with  low IER3 
expression (n=43) compared to the other patients (n=15) Low IER3 expression is defined as a more 
than 4-fold decrease in expression compared to the mean of healthy controls (log rank p=0.07)

7

100



sequenced the IER3 coding and promoter regions in adult MDS patients and revealed no 
point mutations. Therefore, we did not search for IER3 mutations in our pediatric cohort. 
As to date, no information is available regarding other mechanisms of downregulation 
in poor risk MDS patients, we performed TP53 mutation analysis but found only 1 case 
in our cohort (data not shown), indicating that this may not be the most prominent 
regulating event. In addition, we showed that IER3 downregulation is not regulated by 
hypermethylation of the promoter region. 

We conclude that in the majority of pediatric MDS patients, IER3 expression is 
relatively low and expression is not regulated by hypermethylation of the promoter region. 
Low IER3 expression is not associated with structural chromosome 6 aberrations and is 
associated with adverse outcome, due to a high number of treatment related deaths. To 
understand the mechanism and ultimate pathobiological effect of IER3 downregulation 
in pediatric MDS further studies are required.
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ABSTRACT
Introduction: Normal cells contain different amounts of mitochondria which can 
simultaneously harbour wildtype and mutated mitochondrial DNA (mtDNA). Somatic 
mtDNA variants (either heteroplasmic or homoplasmic) have been found in 50-60% 
of adult MDS patients, with an increasing frequency with rising age and linearly rising 
incidences with advanced type MDS. No information is available on the frequency and 
role of mtDNA variants in pediatric MDS. We recently identified a pediatric MDS case in a 
family with (germline) mtDNA variants, and investigated whether and how often mtDNA 
variants occur in an extended cohort of childhood MDS. 

Methods: We analysed the role of mtDNA variants in the index family, and in 19 childhood 
MDS patients, including primary, therapy-related and familial MDS, using the Mito-Chip2 
(Affymetrix). The mitochondrial variants were validated by direct sequencing. Variants 
in the mtDNA were defined as a frequency of less than 1% in the normal population in 
the different mitochondrial databases. A pathogenicity score was calculated of all found 
variants. To investigate whether the variants were germline or somatic, analysis was 
performed on DNA extracted from cultered fibroblasts or from saliva in MDS patients and 
their mothers. Oxidative phosphorylation assays were performed in the index family to 
evaluate the enzyme activity of the complexes.

Results: In 13/19 (68%) pediatric MDS patients non-recurrent mtDNA variants were 
found versus 0.5% in the controls. Seven variants were scored as potential pathogenic. 
Mt-mutational status did not point towards a specific WHO subgroup of childhood MDS. 
Heteroplasmic variations were only found as somatic events, whereas germline variants 
were solely homoplasmic. Nine of the thirteen patients with mtDNA variants carried 
either additional cytogenetic or molecular aberrations.

Conclusion: We describe the first family in which germline mtDNA variants triggered the 
development of pediatric MDS and show that also in non-familial pediatric MDS cases, 
somatic and germline variations frequently occur. This illustrates that mtDNA variants 
may cause an increased vulnerability for additional hits involved in the development of 
pediatric MDS.
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INTRODUCTION
Myelodysplastic syndrome (MDS) is a clonal stem cell disorder reflected by somatic 
cytogenetic abnormalities found in early hematopoietic progenitors (1). MDS is rare in 
childhood, accounting for less than 5% of all hematological malignancies (2). Until now, 
only scarce information is available on the pathogenesis of pediatric MDS.

Studies in adults have shown that different genetic and molecular events contribute 
to the development of MDS (3, 4). Alternatively, some studies have emphasized that 
an auto-immune attack on the stem cells may initiate the disease (5, 6). In addition, 
somatic mitochondrial DNA (mtDNA) variations have been shown to be involved in the 
pathogenesis of the disease in adults (7). So far, no information is available on the role 
of mtDNA variations in sporadic or familiar childhood MDS patients. 

MtDNA variations are maternally inherited (8, 9), but can occur de novo.  MtDNA has 
no protective histones and no effective repair system. Moreover, the mtDNA is highly 
exposed to oxygen free radicals, generated by the respiratory chain, as it is located near 
the inner membrane of the mitochondria. This results in a higher mutation rate than that 
of chromosomal DNA (10). In general, cells contain different amounts of mitochondria 
which can harbour both wildtype and variant mtDNA. Co-existence of normal and variant 
mtDNA is referred to as heteroplasmy, whereas the existence of only normal or only 
variant mtDNA is called homoplasmy.

MtDNA consists of a hypervariable control region (D-loop, basepair 1-576 and 
16024-16569), which regulates the replication and transcription of other mtDNA genes. 
Sharawat et al showed that aberrations in the D-loop of the mtDNA occur in a high 
frequency in pediatric acute myeloid leukemia (AML) and that specific aberrations were 
associated with an inferior event-free survival (11). Apart from the hypervariable D-loop, 
the mtDNA includes a coding region (basepair 577-16023), which encodes for 2 ribosomal 
genes and 22 tRNAs that are essential for translating the RNA of the protein encoding 
genes. The coding part also encodes for 13 proteins of the oxidative phosphorylation 
enzyme complexes: ND1-6 and ND4L (Complex I), CO1-3 (Complex III), Cytochrome B 
(Complex IV) and ATPase 6 and 8 (Complex V). Variations in the genes encoding for 
the proteins of the oxidative phosphorylation can result in an aberrant function of the 
complex, leading to impaired energy production. It is hypothesized that this impaired 
energy production results in an abnormal function of the spindle apparatus, necessary 
for cell division, which subsequently leads to an increased chromosomal instability (12). 
Somatic mtDNA variations contribute to the development of adult MDS/AML as well as 
childhood AML (7, 11). However, MDS susceptibility in pediatric cases based on inherited 
mtDNA variations has never been reported. In this paper we describe an index childhood 
MDS case with germline mtDNA variants and with affected family members, followed 
by investigating the occurrence of germline and somatic mtDNA variants in a serie of 
childhood MDS cases.
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PATIENTS AND METHODS

Index family
In the index family, in which one young girl had been diagnosed with a bilateral optical 
nerve atrophy associated with 2 germline mitochondrial mutations (i.e m.13528 A>G and 
m.13565 C>T), two sisters and the mother were diagnosed with MDS. 

Additional pediatric MDS cohort
For additional mutation analysis screening 17 sporadic pediatric MDS patients, previously 
diagnosed in our hospital with MDS, and 2 familial pediatric MDS cases were included. 
Informed consent from the parents and children was obtained according local law and 
regulations.

Controls
For the evaluation of mitochondrial variants in MDS patients, data were compared with 
the population frequency described in the Human Mitochondrial Genome Database 
(mtDB, www.genpat.uu.se) (13) as well as mtSNP (www.mtsnp.tmig.or.jp/mtsnp/
index_e.shtml) and mitomap (www.mitomap.org). At the moment, these databases 
contain 2704 published mitochondrial genome sequences (13). Aberrations occurring 
in more than 1% of the healthy population described in the mtDB are defined as single 
nucleotide polymorphisms (SNPs) (13). An aberration was defined as a variation when 
the incidence of this aberration was less than 1% in the healthy population described in 
the mtDB. As previously defined, the variation was called a mutation when it is a potential 
pathogenic aberration, based on the pathogenicity score, which is calculated for the 
variations according to a checklist (14-16). The variation frequency in the MDS cohort 
was compared to a healthy control cohort in which recently mtDNA variations were found 
with a frequency of 1/200 (26). 

Isolation of DNA
Mononuclear cells were derived from cryopreserved primary bone marrow at diagnosis 
(17). Cells were thawed and resuspended in RMPI 1640 medium (Dutch modification 
without L-glutamine; Invitrogen life technologies, Breda, The Netherlands) supplemented 
with 20% fetal calf serum (FCS; Integro, Zaandam, The Netherlands), 100 IU/ml penicillin, 
100 μg/ml streptomycin, 0,125 μg/ml fungizone and 0,2 mg/ml gentamycin (Gibco 
BRL, Life Technologies, Breda, The Netherlands). Genomic DNA was extracted from a 
minimum of 5 x 106 cells using TRIzol reagent (Gibco BRL, Life Technologies, Breda, The 
Netherlands) according to the manufacturer’s instructions. 

Mitochondrial DNA mutation analysis
The entire mtDNA was amplified using the Expand Long Template system (Roche, 
Mannheim, Germany) in two fragments. Equimolar amounts of the amplified fragments 
were pooled and fragmented together with amplified control sequence, as previously 
described (18). Thereafter, DNA was labeled and hybridized on the MitoChip2 (Affymetrix, 
Santa Clara, CA, USA). The MitoChip2 contains both sense and antisense probes specific 
for the forward and reverse sequence of the entire mtDNA. Oligonucleotide probes were 
synthesized in situ on the Affymetrix chip by standard photolithography and solid-
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phase DNA synthesis. For each position of the mtDNA fragment four 25-mer probes 
are represented on the chip, each with a different nucleotide in the middle allowing 
the detection of all possible nucleotide substitutions. After washing and staining the 
MitoChips were scanned using the Affymetrix GeneChip scanner 3000 creating CEL files, 
which were analysed with Affymetrix GeneChip DNA Analysis Software (18, 19).

Validation of mitochondrial mutations by direct sequencing
After MitoChip analysis, identified variants were confirmed by conventional sequencing 
using the BigDye terminator v3.1 Cycle sequencing kit, an ABI-PRISM 3100 genetic 
analyser and the Sequence Analysis 3.7 software package (18).

For analysis of the germline material the RSS000056015_01 mitoSEQr™ 
Resequencing Primers for the complete human mitochondrial genome of Applied 
Biosystems were used (Applied Biosystems, Foster City, California, USA). For the PCR 
reaction 5.0 μL AmpliTaq GoldR PCR Master Mix (2X), 1.6 μL 50% of UltraPure™ glycerol, 
1.0μL (0.6 μM/μL) Forward mitoSEQr™ RSA primer, 1.0μL (0.6 μM/μL) Reverse mitoSEQr 
RSA primer and 1.0 μL (0.5–1.0 ng/μL) genomic DNA were mixed. The thermocycling 
conditions with the AB 9700 are 5 min heat activation at 96°C, followed by 40 cycles 
of 94°C for 30 sec, 60°C for 45 sec, and 72°C for 45 sec. Final extension of 72°C for 
10 min and hold at 4°C. The PCR reaction product was cleaned up by adding 2 μL of 
ExoSAP-ITR (USB Corporation Isogen Life Science, De Meern, The Netherlands), which 
is incubated at 37°C for 30 min followed by heat inactivation at 80°C for 15 min. For the 
sequence reaction a forward and reverse sequencing reaction mix was prepared. For 
10-μL sequencing reactions 4.0 μL of BigDyeR Terminator Ready Reaction Mix v3.1, 1.0 
μL of the M13 forward or reverse primer (3.2 pmol/μL), 3.0 μL of deionized water and 2.0 
μL of the cleaned up PCR product were used. Thermocycling conditions with the AB 9700 
were, heat activation of 96°C for 1 min, followed by 25 cycles of 96°C for 10 sec, 50°C for 
5 sec, and 60°C for 4 min, subsequently held at 4°C. The sequence reaction product was 
cleaned up by adding 2.5 μL of 125 mM EDTA. After mixing, 30 μL of 100% ethanol was 
added and incubation was performed at room temperature for 15 min. Thereafter, the mix 
was centrifuged at 2000 x g for 45 min., after which the supernatant is removed and 30 
μL of 70% ethanol was added and centrifuged at 2000 x g for 15 min. and after removing 
the supernatant and dried on air. After resuspending in 10 μL of Hi-Di™ Formamide, the 
product is analysed with ABI3100 Genetic Analyzer (Applied Biosystems). 

To determine whether the identified variants in the index family were germline or 
somatic, mtDNA screening was performed on cultered fibroblasts obtained by skin 
biopsies. In the sporadic MDS patients and four mothers genomic DNA was extracted from 
saliva by the self-administrated Oragene method (20). Genomic DNA was obtained from 
collected saliva by using the Qiagen DNA isolation kit, according to the manufacturer’s 
instructions. Quantification of DNA was performed using a spectrophotometer. 

Oxidative phosphorylation
The activity of the enzymes involved in the oxidative phosphorylation was measured in 
fibroblasts of the index family members. Complex I (nicotinamide adenine dinucleotide 
hydrogenase coenzyme Q reductase) was measured as the rotenone-sensitive 
oxidation of nicotinamide adenine dinucleotide hydrogenase with decylubiquinone 
as an electron acceptor, as previously described Complex I activity was expressed as 
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percentage of the mean value of controls (21). Complex II (succinate-coenzyme Q 
reductase) was determined as the 2 mM 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione 
sensitive reduction of 2,6-dichlorophenolindophenol by succinate in the presence 
of decylubichinon. Complex III (ubiquinol-cytochrome c reductase) was measured as 
the antimycin A sensitive reduction of cytochrome c by decylubiquinol. Complex IV 
(cytochrome c oxidase) was determined by following the oxidation of reduced cytochrome 
c in the presence of Tween-20 as detergent. Citrate synthase activity was determined 
as a marker enzyme for mitochondrial density and measured according to Srere, protein 
was assayed with the Lowry method. Protein content and enzymatic activities were 
reported per gram wet weight of tissue sample. Oxidative complex activities were also 
calculated per unit of citrate synthase activity (22-24).

Additional molecular aberration screening
All patients were screened for molecular aberrations in the following genes: FLT3-ITD, 
FLT3-TKD, BRAF, NRAS, KRAS, PTPN11, c-KIT, NPM1, CEBPA, RUNX1, P53, TET2, ASXL1, 
DNMT3A, IDH1 and IDH2 as described in chapter 6.

RESULTS

Index family
The pedigree of the index family is indicated in Figure 1. Subject 4 was diagnosed at the 
age of 15 years with refractory anemia with excess of blasts (MDS-RAEB). Cytogenetic 
and molecular analysis of the bone marrow revealed: 46, XX, +1, der(1;7)(q10;p10)[4], 
47, idem, +11[7], 46, XX[29]) as well as a FLT3-ITD mutation. The latter disappeared 
after one cycle of intensive chemotherapy, which was started because of progression 
to AML, before stem cell transplantation. Family donor search revealed non-transfusion 
dependent MDS-RCC (refractory cytopenia of childhood) (bilineage dysplasia without 
an increased percentage of blasts) with trisomy 8, both in the twin sister (subject 5) 
and the mother (subject 1), which remained stable until today without intervention 
(follow-up time 2 years). Mutational screening of subject 1, 4 and 5 did not reveal any 
molecular aberrations of the FLT3-TKD, PTPN11, RAS, BRAF, c-KIT, CEPBA, NPM1, TET2, 
ASXL1, P53 or RUNX1 gene. Peripheral blood counts and differentiation were normal in 
the older sister (age 17 years old) who was diagnosed with a mtDNA mutation related 
bilateral optic nerve atrophy at the age of 4 years (subject 3, Table 1). For the purpose 
of donor screening, mutation analysis of germline DNA of fibroblasts of subject 3 and 
bone marrow and fibroblasts of all three subjects with MDS (subjects 1, 4 and 5) was 
performed, which revealed two similar homoplasmic mtDNA mutations (m.13528 A>G 
(T398A) and m.13565 C>T (S410F)) as previously found in the eldest sister (subject 
3). The region in which these mutations occurred is encoding for the ND5 gene, which 
encodes for one of the subunits of the NADH dehydrogenase (complex I). This enzyme 
complex of the oxidative phosphorylation catalyzes the electron transfer from NADH to 
coenzyme Q (25). Oxidative phosphorylation screening showed decreased activity of the 
enzymes of complex I (muscle cells in subject 3 and fibroblasts in subject 1, 3, 4  and 5), 
possibly related to the mutations in the ND5 gene (Table 1).
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Figure 1: Pedigree of the index family 

1
MDS-RC

2

3
bil. opticus atrophy

4
MDS-RAEB

5
MDS-RC

Figure 1: Pedigree of the index family. RC= refractory cytopenia, RAEB= refractory anemia with 
excess of blasts.

Cohort of additional pediatric MDS cases
MtDNA mutation analysis in an additional serie of 17 sporadic childhood MDS cases from 
our institute (6 RCC, 6 RAEB, 2 RAEB-t, 1 RARS, and 2 secondary MDS cases) and 2 
familial cases revealed 18 variations in 13/19 patients, which will be described in detail 
(Table 2, Figure 2). All variations were found in the sporadic MDS cases.

MtDNA variations in the hypervariable control region (D-loop)
All 19 patients revealed variations in the control region genes (basepair 1-576 and 
16024-16569). A total of 143 variations, confirmed by sequencing, were found at 70 
different positions in the D-loop, with a median of eight variations per patient (range: 
2-12) (Table 3A). Six of the 143 variations were not described before in the known 
databases and 21/143 were found in less than 1 percent in healthy controls described in 
the known mitochondrial DNA databases (Table 3A). The number of patients was to small 
to correlate the varants with outcome.

 168

Figure 2: MtDNA variants in 19 MDS patients 

 

 

Figure 2: MtDNA variants in 19 MDS patients.
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MtDNA variants in the coding genes
The frequency of mtDNA variants in the coding genes (consisting of ribosomal RNA 
genes, tRNA genes and genes encoding for proteins of the complexes of the oxidative 
phosphorylation) was 13/19 (68%) as compared to 1/200 in healthy controls (0.5%) 
(26). These included single mtDNA variant in 8 patients (6 homoplasmic mutations, 
2 heteroplasmic) and two concommittant mtDNA variants (5 homoplasmic and 5 
heteroplasmic mutations) in 5 patients (Figure 2). Of the 18 identified variants, 7 affected 
protein function, based on the pathogenicity score (14-16). All detected variants are 
shown in Table 2. 

In total five, all novel, ribosomal RNA gene (MT-RNR1 = 12S rRNA, and MT-RNR2 = 
16S rRNA) variants were observed in the mitochondrial genomes of the 19 analyzed 
MDS patients. One patient carried two mutations in the ribosomal RNAs. Three of 
the mutations were heteroplasmic (m.989T>Y, m.1952T>Y and m.3199T>Y) and two 
homoplasmic (m.2757A>G and m.2879A>G). 

Two of the nineteen subjects carried mutations in the tRNA genes (Figure 3). One, 
m.8286A>G (homoplasmic mutation), maps in the tRNA lysine (MT-TK) and is located 
in the acceptor stem of the tRNA (Figure 3A). The other mutation m.12317 T>Y 
(heteroplasmic mutation) which is mapping in the tRNA Leucine (MT-TL2), results in a 
mismatch in the TΨC loop stem and has not been described previously (Figure 3B).

Figure 3: Mutations in the tRNA. Figure 3A: tRNA lysine. On the left site the wildtype tRNA lysine, on the right site the tRNA lysine 
with m.8296 A>G. Figure 3B: tRNA leucine. On the left site the wildtype tRNA leucine, on the right sight the tRNA leucine with 
m.12317T>Y
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Table 2: Patient characteristics additional MDS cohort.

Pt. Diagnosis Age at 
diagnosis

Gender Blast 
(%) 

Cytogenetics Mt DNA 
mutation

Affected 
gene

Affected 
complex

Amino acid 
substitution

Pathogenecity Germline 
analyses

Analysis 
mother

Frequency 
healthy 
popultaion

Treatment Outcome F ollow 
up 

(years)

A Sec. MDS 16 M 0 46, XY m.7278T>Y
m.8568C>A

CO I
ATPase8

Complex III
Complex V

F36L
S68Y

affect protein function
affect protein function

NA 2/2704
0/2704

MUD-SCT alive 6

B RAEB 5 M 7 45,XY,r(6)(p?q?),7,t(17;22)
(q1?1;q11)
c[33]/46,XY,t(17;22) 
(q1?1;q11)c[4]

m.8296A>G tRNA 
lysine

- NA 4/2704 MUD-SCT alive 10

C RARS 14 M 1.4 46,XY,idic(6)(p2?2q?)
[17]/47,idem,+idic(6)
[4]/45,XY,-6[5]

m.7692T>C
m.14319T>C

CO II
ND6

Complex III
Complex I

F36S
N119D

affect protein function
affect protein function

NA 0/2704
1/2704

MUD-SCT died, TRM 2

D RCC 12 F 2.2 45, XX,-7[31] m.11253T>C
m.11778G>R

ND4
ND4

Complex I
Complex I

I165T
R340H

tolerated
affect protein function

NA 10/2704
2/2704

MUD-SCT died, TRM 0,8

E RCC 8 M 0 46, XY m.14751C>T Cyt B Complex IV T2I affect protein function m.14751C>T wild  type 2/2704 IVIG alive, relapse after  
6.33 years 

7

F RAEB-T 2 M 7.8 43-50,Y,-X,-1,-2[3],del(5)
(q11q13)[18],+6[15], 
-9 [3]der (10)t(1;10)
(p13;q26), -13[18],-
18[3], -19[13], 
add(19)(p11) [8], +21 
[16]+21[14],+mar1[18], 
+mar2[11],+mar3[19], 
+ring[2] [cp20]

no aberration - - NA AML-Rx, MUD-SCT died, relapse  after 
0,6 years

0,8

G RCC 13 M 6.6 46, XY m.3199T>Y 16s rRNA - wild type 0/2704 MUD-SCT alive 7

H RAEB-T 14 F 22 46, XX m.989T>Y
m.2757A>G

12s rRNA
16s rRNA

-
-

wild type
m.2757A>G

wildtype
m.2757A>G

0/2704
3/2704

Chemo, MUD-SCT alive 7

I RAEB 12 M 7.6 45, XY, -7[22] no aberration - - NA MSD-SCT died, TRM 0,5

J RAEB 16 M 11.6 46, XY, der(1)add(1)(p3?5)
add(1)(q31~q32), der(10)
t(1;10)(q22;q26), add(1)
(q13)[19]/46, XY [1]

m.1952 T>Y
m.12317T>Y

16s rRNA
tRNA 
leucine

-
-

NA 0/2704
0/2704

MUD-SCT died, TRM 0,5

K RCC 10 M 2 46, XY no aberration - - NA IST, IVIG, MUD-SCT alive 7

L RCC 5 M 0.4 46, XY m.12338T>C ND5 Complex I M1T affect protein function NA 0/2704 IST,  
haplo-id SCT

graft failure, 
retransplant, died 
TRM

1,5

M RAEB 12 F 3.9 47, XX, +1, der(1;7)
(q10;p10), +8[15]

m.14954A>G Cyt B Complex IV T70A tolerated m.14954A>G m.14954A>G 1/2704 MUD-SCT alive 2

N Fam MDS: 
RCC

2 M 0 46, XY no aberration - - NA SCT died TRM 0.5

0 Fam MDS: 
RCC

3 F 0 46, XX no aberration - - NA supportive care alive 3

P RAEB 17 F 11.2 47, XX, +8 [13]/46 XX[9] no aberration - - NA haplo-id SCT alive 1,5

Q Sec. 
MDR-AML

8 F 21 46, XX, -7, i(21)(q10)[15] m.12557C>T ND5 Complex I T74I tolerated NA 4/2704 chemo died, TRM 0,2

R RCC 3 F 0 45, XX, -7[8]/46, XX[4] m.10750A>R ND4L Complex I N94S tolerated wild type wild type 7/2704 MUD-SCT alive 11

S RAEB 8 M 0 45, XY, ring 6, -7 m.2879A>G 16s rRNA - NA 0/2704 Chemo died before 
transplantation 
due to progression 
disease

1,5

Sec. MDS = Secundary myelodysplastic syndrome, RAEB = refractory anemia with excess of blasts, RARS = refractory anemia 
with ringsideroblasts, RCC=refractory cytopenia of childhood, Fam. MDS = familial myelodysplastic syndrome, MDR-AML = 
MDS related acute myeloid leukemia, M = male, F = female, IVIG = intraveneous immunoglobulins, IST = immunosuppressive 
therapy, Haplo-id SCT = haplo-identical stem cell transplantation, TRM = therapy related mortality
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MDS related acute myeloid leukemia, M = male, F = female, IVIG = intraveneous immunoglobulins, IST = immunosuppressive 
therapy, Haplo-id SCT = haplo-identical stem cell transplantation, TRM = therapy related mortality
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Table 3A: Sites of aberrations in control region (D-loop) of the mtDNA in 19 patients.

Position of nucleotide Nucleotide variation
 Number of patients with 
aberration

72 T>C 1

73 A>G 12

146** T>C 1

150 C>T 2

152 T>C 5

195 T>C 4

199 T>C 1

204* T>A 1

207 G>A 1

217 T>C 1

239** T>C 1

242** C>T 1

263 A>G 15

285** C>T 1

295 C>T 1

321* T>C 1

385** A>G 1

461* C>T 1

462 C>T 1

471** T>C 1

477** T>C 1

489 T>C 3

497 C>T 1

499 G>A 1

508** A>G 1

511** C>T 1

15954** A>C 1

16051 A>G 2

16069 C>T 1

16093 T>C 2

16104* C>T 1

16111** C>T 1

16126 T>C 3

16129 G>A 2

16129** G>C 1

16140** T>C 1
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Table 3A: Sites of aberrations in control region (D-loop) of the mtDNA in 19 patients.

Position of nucleotide Nucleotide variation
 Number of patients with 
aberration

16145 G>A 1

16172 T>C 1

16183 A>C 3

16189 T>C 4

16192 C>T 3

16213** G>A 1

16221** C>T 1

16222** C>T 1

16223 C>T 4

16224 T>C 1

16227 A>G 1

16234 C>T 1

16249 T>C 1

16256 C>T 2

16257** C>T 1

16261 C>T 1

16263** T>C 1

16270 C>T 3

16278 C>T 1

16288 T>C 1

16289* A>G 1

16291 C>T 1

16292 C>T 1

16294 C>T 3

16296* C>G 1

16304 T>C 2

16311* T>C 1

16319 G>A 1

16356 T>C 1

16362 T>C 5

16398** G>A 1

16399 A>G 2

16428** G>A 1

16482** A>G 1

16519 T>C 12

*= not described previously in the known mtDNA databases
**= found in less than 1% in the known mtDNA databases
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ND1= NADH dehydrogenase subunit 1, ND2= NADH dehydrogenase subunit 2, ND3= NADH dehydrogenase subunit 

3,ND4= NADH dehydrogenase subunit 4, ND5= NADH dehydrogenase subunit 5, ND6= NADH dehydrogenase subunit 6, 

CO I= cytochrome c oxidase subunit 1, CO II= cytochrome c oxidase subunit 2, CO III= cytochrome c oxidase subunit 3, 

cytB= cytochrome b. 

Aberrations in D-loop described in table 3A 
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Table 3B: Distribution of the mtDNA variants.
ND1= NADH dehydrogenase subunit 1, ND2= NADH dehydrogenase subunit 2, ND3= NADH 
dehydrogenase subunit 3,ND4= NADH dehydrogenase subunit 4, ND5= NADH dehydrogenase 
subunit 5, ND6= NADH dehydrogenase subunit 6, CO I= cytochrome c oxidase subunit 1, CO II= 
cytochrome c oxidase subunit 2, CO III= cytochrome c oxidase subunit 3, cytB= cytochrome b. 

Aberrations in D-loop described in table 3A

Eleven out of the 19 mtDNA genomes of the MDS patients showed variants in the 
protein coding regions (8 homoplasmic and 3 were heteroplasmic) (Table 2 and 3B). 
Six of these eleven variants were found in complex I: a heteroplasmic variant in the 
ND4L gene (NADH dehydrogenase subunit 4L) in one patient, two variants in the ND4 
gene (NADH dehydrogenase subunit 4) (one homoplasmic and one heteroplasmic) 
in one patient, two patients with homoplasmic variants in the ND5 gene (NADH 
dehydrogenase subunit 5) and in one patient a homoplasmic variation in the ND6 
gene (NADH dehydrogenase subunit 6). Two of the identified variations encode for 
proteins of complex III: one heteroplasmic variation in the CO-I gene (cytochrome 
c oxidase subunit I and a homoplasmic variation in the COII gene (cytochrome c 
oxidase subunit II). Two variations were found in genes encoding for proteins of 
complex IV:  both homoplasmic variants in the cytochrome B gene in two different 
patients. Furthermore, one patient carried a homoplasmic variant in the ATPase8 
(complex V). 
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Figure 4: Comparison mtDNA variants in bone marrow with germline material. Figure 3A: 
Homoplasmic variant m.2757A>G. The homoplasmic mtDNA variant m.2757A>G is found in the bone 
marrow at diagnosis of the myelodysplastic syndrome and the germline material, indicating that 
this is a germline variant. Figure 3B: Heteroplasmic variant m.989T>C. The heteroplasmic mtDNA 
variant m.989T>C is found in the bone marrow at diagnosis of the myelodysplastic syndrome and 
not in the germline material, indicating that this is a somatic variant.

 169

Figure 3: Comparison mtDNA mutations in bone marrow with germline 

material 

Figure 3A: Homoplasmic mutation m.2757A>G 

 

The homoplasmic mtDNA mutation m.2757A>G is found in the bone marrow at diagnosis of the 

myelodysplastic syndrome and the germline material, indicating that this is a germline mutation. 

 

Figure 3B: Heteroplasmic mutation m.989T>C 

 

The heteroplasmic mtDNA mutation m.989T>C is found in the bone marrow at diagnosis of the 

myelodysplastic syndrome and not in the germline material, indicating that this is a somatic mutation. 
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myelodysplastic syndrome and not in the germline material, indicating that this is a somatic mutation. 

 

Analysis of germline mtDNA mutations
In 5 of the 13 sporadic MDS cases with variants in coding mtDNA genes (3 homoplasmic 
and 2 heteroplamic variants), germline material was available for analysis (patient E, G, 
H, M and R). The presence of homoplasmic variants m.14751C>T (patient E), m.2757A>G 
(patient H, Figure 4A) and m.14954A>G (patient M) were confirmed in germline material. 
In contrast, the heteroplasmic variants m.989T>Y (patient H, Figure 4B), m.3199T>Y 
(patient G) and m.10750A>R (patient R) were not detected in saliva and were therefore 
considered as somatic variants (Table 2). 

Analysis of maternal samples
In 4 of the 13 patients with a mtDNA variant it was possible to study maternal saliva. In 
case of the 2 homoplasmic variants we could confirm that these variants were inherited 
from the mother. The 2 heteroplasmic variants were not found in the germline DNA of 
their mothers (Table 2).

Correlation mtDNA variants and cytogenetic and molecular aberrations
Five of the thirteen patients with a mtDNA variant in coding genes and 3/6 patients 
without mtDNA variants carried a normal karyotype. Extensive molecular analysis of the 
patients with mtDNA variants revealed only one additional germline RUNX1 mutation 
(patient H) and an additional somatic PTPN11 mutation (patient S). 
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DISCUSSION
Here we describe the first family in which three young first-degree-related female 
members with MDS carry germline mtDNA variants. This family illustrates the clinical 
variety of the phenotypes that can be triggered by variants in the mtDNA, as all four 
female family members were found to carry similar homoplasmic mtDNA variants and 
three of them suffered from MDS, whereas the fourth female sibling had optic symptoms 
without signs of MDS. This family illustrates the well-known maternal inheritance of 
mtDNA mutations, which was discovered by Giles et al (27), and which we could further 
confirm by identifying the same mtDNA mutation in their 90-years old grandmother.

This family history also illustrates that germline mitochondrial variants may be the 
initiator of a multistep driven development of myeloid malignancy, and suggests that 
mtDNA mutations in the hematopoietic stem cell increases the vulnerability to acquire 
genetic variants that lead to MDS or AML (10). So far, this vulnerability was mainly 
attributed to acquired, somatic mitochondrial mutations, except for cases with Pearson 
syndrome, where exocrine pancreatic dysfynction can be accompanied by  sideroblastic 
anemia and is caused by a germline deletion in the mtDNA (28, 29).

In our index family the mtDNA variants were shown to be germline variants. The 
subsequent acquired genetic aberrations, t(1;7) and FLT3-ITD mutation in subject 
4 and trisomy 8 in subject 1 and 5, were required for the evolvement to clinical MDS. 
Interestingly, only the patient that acquired an additional FLT3-ITD mutation showed 
enhanced proliferation as reflected by disease progression towards MDS related–AML, 
consistent with the hypothesis as postulated by Gilliland et al (5).  

We show that, also in sporadic childhood MDS, mtDNA mutations are a frequent 
occurring event as two third of our cases carried one or more variations in the mtDNA, 
which is significantly higher as compared to the healthy population, in which mtDNA 
mutations are rare (0.5%) (26). The frequency of variations in childhood MDS may be  
comparable or even higher than in adults, in which 56% of the  MDS cases carry a mtDNA 
variation (n=104) (7), although in elderly MDS these variants occur mainly somatic. This 
indicates that mtDNA variants contribute to and maybe initiate the development of MDS 
in children.

The variants in our cohort were distributed over the entire mtDNA genome and no 
identical variants were found. Thirteen variants were found in coding regions, of which 
seven are predicted to affect protein function by SIFT and PolyPhen, which indicates 
that not only the incidence of variants in our cohort is relatively high, but also that they 
are often pathogenic. The majority of variants (11/18) were found in genes encoding for 
proteins of the oxidative phosphorylation, with hotspots in genes encoding for proteins 
of complex I. In addition, in our index family we showed that the variants found in the 
ND5 gene resulted in a decreased enzyme activity of complex I, suggesting that variants 
in the oxidative phosphorylation, and especially in complex I, may play a role in the 
pathogenesis of childhood MDS. Five variants were located in the ribosomal RNAs, which 
play a role in the mitochondrial protein synthesis (30) and two variants were found in 
the tRNAs. These tRNAs are small RNAs, transfering the amino acid leucine or lycine 
respectively, to a growing polypeptide chain at the ribosome site of the protein synthesis 
during translation (25). Both variants interrupt the conserved Watson Crick base pair 
in the acceptor stem (8296A>G) or the TΨC stem of tRNA leucine (12317T>Y), that are 
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both likely to alter the structure of the tRNA. This altered structure may result in an 
impaired function of the tRNA and result in aberrant translation. 

MtDNA mutations have been found in several types of cancer (12, 31, 32) and the role 
of mtDNA mutations in the pathogenesis of adult MDS has been described previously 
(10). MtDNA mutations induce impaired mitochondrial energy production due to ATP 
deficiency, which results in decreased metabolic activity of the cells. Subsequently, 
ATP deficiency results in chromosomal instability, as the spindle apparatus necessary 
for the cell division is ATP dependent. In childhood MDS chromosomal abnormalities 
frequently occur, i.e. 40% of the primary MDS and 80% of the secondary MDS cases 
carry an abnormal karyotype (33-35). Here we showed for the first time, that in our 
index family germline mtDNA variants result in an aberrant enzyme activity of complex 
I of the oxidative phosphorylation, which, after experiencing different second genetic 
and molecular hits, induced evolvement to MDS. In the pediatric MDS patient cohort we 
studied thereafter, we showed that 9/13 patients with mtDNA variants carried additional 
cytogenetic or molecular aberrations. 

Furthermore, our data reveal that germline variants occur in sporadic pediatric MDS. 
This opens the discussion whether part of sporadic childhood MDS reflects an underlying 
predisposition to insufficient maturation of the hematopoietic stem cell. This is clinically 
relevant as it has consequences for counseling and donor choice in this disease that 
requires hematopoietic stem cell transplantation as the only curative treatment option. 
Besides this inherited vulnerability, acquired mtDNA mutations may be relevant for the 
development of childhood MDS. This is underscored by the fact that we detected somatic 
mutations in the bone marrow of the MDS patients, which could not be confirmed in 
germline material. Interestingly, the germline mutations all were homoplasmic mutations, 
whereas the heteroplasmic mutations were all somatic mutations.

All patients in our series showed variations of the D-loop. The D-loop regulates the 
replication and transcription of mtDNA. Variations in this region have been observed 
in 20-81% of different solid malignancies (7, 36-40). In 80% of pediatric AML cases 
variations in the mitochondrial D-loop were found (11). Linnartz et al observed that 
mtDNA variations in the D-loop are responsible for the transformation of normal or 
dysplastic cells to a leukemic phenotype in adults (41), resulting in increased ROS 
production which is mutagenic (31).  

Most of the detected mtDNA variations in genes coding for proteins in the present 
study have not previously been described in relation to disease. Some variations 
have been described in other diseases as epileptic syndromes, cardiomyopathy, and 
MELAS (m.8296A>G) Leber’s hereditary optic neuropathy and progressive dystonia  
(m.11253T>C, m.11778G>R, m.12338T>C), Parkinson’s disease (m.14319T>C) and 
multiple sclerosis (m.8568C>A) (42). None of our patients have clinical signs of these 
diseases during or after the MDS period (follow up time till 10 years after diagnosis 
of MDS). The index family also illustrated that similar mutations can result in different 
phenotypes, i.e. optic neuropathy in one subject and MDS in other subjects, probably 
depending of the amount of mutated mitochondria in the tissue. 

In conclusion, we describe the first family in which germline mtDNA-mutations, with 
concomitant aberrant enzyme activity of complex I of the oxidative phosphorylation and 
a second random genetic and molecular hit, resulted in MDS in 3 young first degree 
female family members. Progression to AML was only found in the MDS patient with an 
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additional FLT3-ITD mutation supporting the multistep hypothesis of MDS progression 
to AML (Figure 5). Of high importance is our finding that mtDNA mutations occur in 
two-third of sporadic childhood MDS cases, and that the homoplastic mutations can 
be germline vulnerability enhancers of deregulation of the stem cell in at least a part of 
pediatric MDS cases.
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ABSTRACT
Background: (Very) severe acquired aplastic anemia ((v)SAA) and myelodysplastic 
syndrome (MDS) are rare diseases in childhood. (V)SAA is a bone marrow failure syndrome 
characterized by immune-mediated destruction of hematopoietic progenitors. MDS is a 
malignant clonal stem cell disorder, of which the hypoplastic variant is, in case of absence 
of a cytogenetic clone, difficult to separate from (v)SAA. Recently, studies provided a 
molecular signature of auto-immunity in adult (v)SAA, by showing oligoclonality based 
on the length of the TCR Vβ CDR3 region. We investigated retrospectively the frequency 
and the discriminative value of TCR Vβ CDR3 oligoclonality in pediatric (v)SAA and MDS 
patients. 

Methods: Peripheral blood (PB) and/or bone marrow (BM) mononuclear cell samples 
of pediatric patients with (v)SAA (n=38), refractory cytopenia of childhood (MDS-RCC) 
(n=28), and 18 controls were analysed via TCR Vβ heteroduplex PCR analysis of extracted 
RNA. 

Results: A skewed TCR Vβ CDR3 repertoire was found in 21/38 (v)SAA and in 17/28 RCC 
patients in contrast to 2/18 in the control group. 

Conclusions: These data suggest an overlapping group of RCC and SAA patients that 
may share a common immunemediated pathogenesis. Prospective studies are required 
to establish the clinical value of TCR Vβ CDR3 repertoire analysis to predict the clinical 
response in these patients. 

9

128



INTRODUCTION
(Very) severe aplastic anemia (v)SAA and myelodysplastic syndromes (MDS) are rare 
acquired bone marrow failure disorders in childhood. In the last decade (v)SAA has shown 
to be associated with autoimmune phenomena (1-2). The use of immunosuppressive 
therapy (IST) has proven to be of great value in both adults and children with SAA (3-5). 
The administration of combinations of antithymocyte globulin (ATG), cyclosporine and 
steroids with or without granulocyte colony-stimulating factor have resulted in an event-
free survival of about 70% (4, 6-8).

Myelodysplastic syndrome is a clonal stem cell disorder which results in a 
dysregulation of hematopoiesis and dysplasia in one or more cell lines. From studies of 
the European Working Group of MDS and JMML in Childhood (EWOG-MDS) it has become 
apparent that over 50% of all pediatric MDS are hypoplastic (9). Refractory cytopenia of 
childhood (RCC) is a subtype of childhood MDS characterized by dysplasia in at least 2 
hematopoietic cell lineages, but less than 2% blasts in the peripheral blood (PB), and 
less than 5% blasts in the bone marrow (BM) (10). In hypocellular cases discriminating 
RCC from SAA, which is mainly based on morphology and histology, is difficult, especially 
in case of absence of clonal cytogenetic abnormalities. So far no molecular diagnostic 
tools are available for characterization and discriminating (v)SAA and MDS-RCC. 

In adult (v)SAA the variability of the CDR3 region of the Vβ  chain of the T-cell receptor 
(TCR) has been described as a useful tool to determine an auto-immune patient-specific 
signature. Moreover, in adult (v)SAA patients the patient-specific oligoclonal pattern has 
been used to monitor molecular responses (11). This oligoclonality reflects a skewed 
variability of the CDR3 length of the TCR Vβ chains and therefore is referred to as TCR Vβ 
skewing (11-14). 

In this pilot study, we investigated the frequency of TCR Vβ skewing and the value 
of molecular TCR Vβ CDR3 repertoire analysis to discriminate childhood v(SAA) from 
MDS-RCC. Moreover, we analysed whether skewing of individual Vβ families differed 
between (v)SAA and MDS-RCC. In addition, we evaluated the most informative 
compartment (PB or BM) to study this oligoclonality.

PATIENTS
In this retrospective study pediatric MDS and (v)SAA patients, diagnosed in pediatric 
oncology centers and who participated in the EWOG-MDS, were included based on 
availability of material. 

RCC was diagnosed according to EWOG-MDS-98 criteria and (v)SAA according to 
German SAA 1994 group (Table 1) (4, 10, 15-16). All BM biopsies were centrally reviewed 
by the morphology board of EWOG-MDS and the German SAA group. 

The control group consisted of pediatric patients with Evans syndrome (n=2), 
congenital bone marrow failure syndrome (n=7), chronic myeloid leukemia (n=1), 
idiopathic thrombocytopenic purpura (n=2), parvo B19 infection (n=1) and healthy 
volunteers (n=5). For this retrospective study, clinical characteristics such as gender, age 
at diagnosis, morphologic subtype, treatment schedule and response to treatment were 
collected from the medical records in the local hospitals. Approval from local medical 
ethical committees and written informed consent according the Helsinki agreement 
were obtained. 

MDS and TCR Vβ oligoclonality
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Methods

TCR Vβ CDR3 repertoire analysis
Cryopreserved primary bone marrow and/or peripheral blood samples had been collected 
at diagnosis. Mononuclear cells (MNC) were isolated from PB and BM by Ficoll-Hypaque 
density centrifugation. RNA isolation was performed as described previously (17-18).

Following RNA isolation and cDNA synthesis, TCRB (Vβ-Cβ) PCR was applied (17-18). 
Resulting PCR products were subjected to heteroduplex analysis to determine TCR Vb 
CDR3 heterogeneity. The TCR Vβ CDR3 profiles were compared with those of the control 
patients. 

Skewing of the TCR Vβ CDR3 repertoire was scored when an oligoclonal pattern in two 
or more lanes in the heteroduplex gel was found. Skewing in 2-5 lanes was defined as 
TCR score 1, whereas skewing in more than 5 lanes was defined as TCR score 2. In non-
skewed cases polyclonal patterns were seen in all lanes, defined as TCR score 0. 

In a proportion of cases consecutive follow-up samples were available for TCR Vb 
CDR3 analysis to determine molecular response after IST.

Statistical analysis
Differences in TCR Vβ CDR3 repertoire score distribution between (v)SAA patients, MDS 
patients and healthy controls were calculated by χ2 analysis. The difference between 
results of TCR Vβ CDR3 repertoire scores in peripheral blood and bone marrow were 
compared using Pearson correlation. 

RESULTS AND DISCUSSION
In this study, a total of 84 cases were included. TCR Vβ CDR3 repertoire analysis was 
performed in 38 (v)SAA patients (n=17 SAA and n= 21 vSAA patients), 28 RCC patients 
and 18 controls.  Of the RCC patients, 10/28 had a normal karyotype, in 16/28 cases 
cytogenetic abnormalities were found and in 2/28 cases the karyotype was unknown. 

Table 1: Diagnostic criteria of MDS-RCC and (v)SAA according to EWOG-MDS-1998 and SAA-1994.

MDS-RCC (*)

AA

SAA (**) VSAA (**)

Sustained and unexplained cytopenia ANC ≤ 0.5 x 109/l ANC ≤ 0.2 x 109/l

At least bilineage morphologic 
myelodysplasia Platelets  < 20 x 109/l Platelets  < 20 x 109/l

Acquired clonal cytogenetic 
abnormalitiy in hematopoietic cells Reticulocytes < 20 x 109/l Reticulocytes < 20 x 109/l

Blasts: PB ≤ 2 %, BM ≤  5% < 30 % of normal cellularity 
in BM

< 30 % of normal cellularity 
in BM

(v)SAA	 (very) severe aplastic anemia
ANC	 Absolute neutrophil count
PB	 Peripheral blood
BM	 Bone marrow
*	 Two of the first three criteria and criterion 4 are mandatory (10)
**	 all criteria should be fulfilled (7)
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Oligoclonality (TCR scores 1 and 2) was found in 21/38 (55%) of the (v)SAA patients 
and in 17/28 (61%) of the RCC patients (χ2 analysis, p=0.8). No difference in TCR score 
was found between the SAA and the vSAA patients (χ2 analysis, p=0.28), nor between 
RCC-patients with a normal karyotype versus patients with cytogenetic abnormalities 
(χ2 analysis, p=0.07). In two of the control cases, mild skewing (TCR score 1) was found: 
one was a healthy control and one was diagnosed with congenital bone marrow failure. A 
significant difference in TCR skewing pattern was found between (v)SAA + RCC patients 
as compared with the controls (χ2 analysis, p=0.001), but not between RCC and (v)SAA 
patients (χ2 analysis, p=0.8). Furthermore, no skewing of specific Vb families was found 
when (v)SAA were compared with RCC patients (Figure 1).

Our retrospective TCR Vβ CDR3 repertoire study shows that 55% of (v)SAA had a 
skewed TCR pattern indicative of autoimmunity, which may reflect the proportion of 
patients who responded to immunosuppressive therapy in clinical pediatric (v)SAA 
studies (4). 

So far no studies have been reported on TCR oligoclonality in pediatric MDS. Our 
results show that in 61% of the RCC patients autoimmunity apparently plays a role. This 
is comparable with findings in adult MDS patients, in which oligoclonality of the TCR 
Vβ CDR3 repertoire has been described in a high percentage of patients (14, 19-21). 
Moreover, in elderly MDS patients response to IST has been reported, which is indicative 
that an autoimmune attack may play a role in the pathogenesis of the disease (22-28). 
Recently, EWOG-MDS performed a pilot study in 31 children with hypoplastic RCC and 
normal karyotype in which a response rate of 71% at 6 months after initiation of IST was 
shown (29). This underscores our findings that auto-immunity may indeed play a role in 
subsets of pediatric MDS.
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Figure 1: Skewed TCR Vβ CDR specificities in (v)SAA and MDS-RCC patients 
TCR Vβ skewing frequency in peripheral blood and bone marrow samples of 
(v)SAA and MDS-RCC patients. 
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In two cases of pediatric (v)SAA consecutive follow-up PB samples were available 
for TCR Vβ CDR3 analysis to determine molecular response. In one clinically responding 
patient TCR Vβ CDR3 repertoire changed from TCR score 2 till 0 at 20 months after IST 
(cyclosporine, steroids and antithymocyte globulin) (Figure 2). The second patient, with 
an initial TCR score of 2,  did not respond to IST and did not show a molecular response 
either. These findings illustrate that, as has been reported in adult patients TCR Vβ CDR3 
analysis, this might be a valuable molecular response tool in children. 

Of the 38 (v)SAA patients 22 received IST. Response data showed a response in 17 
patients (8 CR and 9 PR) and no response in 4 patients. One patient died during treatment. 
Although the number of patients that received IST in the aplastic anemia patient group is 
considerable, it was not the intention of this retrospective study to investigate whether 
TCR Vβ CDR3 analysis is predictive for response, as the used IST regimens (dosages, 
timing, and compounds) and the moment of response assessment (4-7 months) were 
too variable for this analysis. Future prospective studies are necessary to investigate the 
value of this molecular tool for response measurement in pediatric (v)SAA and MDS-RCC 
patients. 

Until now it is unkown which compartment (PB or BM) gives the best information on 
T-cell oligoclonality in autoimmune-mediated bone marrow failure. In this study, paired 
samples were available of 25 cases (Table 2), which showed a high level of correlation 
of TCR Vβ CDR3 repertoire scores between bone marrow and peripheral blood (Pearson 
correlation, r2 = 0.98). Future studies are necessary to investigate which T-cell subtypes 
are responsible for this auto-immune phenomenon in respectively PB and BM.

In summary, in this retrospective study TCR Vβ CDR3 analysis was not discriminative 
between RCC and (v)SAA. It rather seems that there is overlap between (v)SAA and 
RCC patients, which possibly reflects a common pathogenesis. Prospective studies are 
necessary to investigate whether there is a role for this molecular tool in pediatric MDS 
to identify a subset of pediatric bone marrow failure/MDS patients that is associated 
with autoimmunity and therefore could be treated with IST up-front, and whether it can 
be employed for monitoring molecular response.

Table 2: Comparison of TCR Vβ CDR3 scores in paired bone marrow and peripheral blood samples.

TCR score (BM)

TCR score (PB)

0 1 2 total

0 11 2 13

1 3 1 4

2 8 8

total 14 3 8 25

BM = bone marrow, PB = peripheral blood, TCR = T-cell receptor, r2 = 0.98

TCR score 0: 	 no skewing: polyclonal pattern in all lanes.
TCR score 1:	 skewing: oligoclonality in 2-5 lanes.
TCR score 2:	 skewing: oligoclonality in more than 5 lanes.
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Figure 2: An individual patient with vSAA: haematological response and TCR Vβ 
CDR3 scores 
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treatment.  
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skewed pattern in Vβ4, Vβ7, Vβ11, 
Vβ12, Vβ24 and Vβ25, indicating a 
TCR score of 2, pattern before 
treatment  
 
2C:TCR Vβ repertoire analysis, a 
skewed pattern in Vβ4, Vβ21 and 
Vβ25, indicating a TCR score of 1, 18 
months after starting treatment  
 
2D: TCR Vβ repertoire analysis, a 
polyclonal pattern, indicating a TCR 
score of 0, 24 months after starting 
treatment.  
 

Figure 2: An individual patient with vSAA: haematological response and TCR Vβ CDR3 scores. 
2A: Hematological recovery after one course of IST (from month 0 until month 4) TCR scores at 
diagnosis, 18 months and 24 months after starting IST. 2B: TCR Vβ repertoire analysis, a skewed 
pattern in Vβ4, Vβ7, Vβ11, Vβ12, Vβ24 and Vβ25, indicating a TCR score of 2, pattern before 
treatment. 2C:TCR Vβ repertoire analysis, a skewed pattern in Vβ4, Vβ21 and Vβ25, indicating a TCR 
score of 1, 18 months after starting treatment. 2D: TCR Vβ repertoire analysis, a polyclonal pattern, 
indicating a TCR score of 0, 24 months after starting treatment.
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Juvenile myelomonocytic leukemia and myelodysplastic syndrome are rare diseases in 
childhood that belong to the myeloproliferative/myelodysplastic disorders in the WHO 
classification. Until now, stem cell transplantation is the only curative option for both 
diseases. This procedure harbours the risk of serious toxicity and mortality, not only 
during the procedure, but also in later life. Hence, there is a need for unravelling the 
pathogenesis of pediatric JMML and MDS to identify potential drugable targets. In this 
thesis we studied several aspects of the biology of JMML and MDS. 

PART I: JUVENILE MYELOMONOCYTIC LEUKEMIA 

Summary
In the first part of this thesis we studied different aspects of the molecular backgrounds 
of JMML. In chapter 1 we give an overview of the known involved molecular aberrations 
and we describe the current classification, which can be used in the diagnostic process 
of an individual case of JMML. JMML is a disease in which the activation of the RAS-
RAF-MEK-ERK-pathway plays an essential role. PTPN11 mutations are found in 35%, 
RAS mutations in 25%, and NF1 in 11% of the JMML patients. More recently, the clinical 
observation of a specific phenotype in a subgroup of JMML patients resulted in identifying 
c-CBL mutations as pathogenetic drivers in 17%. So, currently in about 85% of the JMML 
patients a molecular aberration is identified. 

In chapter 2 we investigated whether mutations in BRAF, another gene involved in 
the RAS-RAF-MEK-ERK signal transduction pathway, could be identified in 65 JMML 
patients. However, we could not identify any BRAF mutations in any of the the JMML 
patients, indicating that this gene is not an important involved gene in JMML. 

In chapter 3 we report on FLT3 studies in JMML. In acute myeloid leukemia (AML) M4/
M5 (the myelomonocytic types of AML) and in infant acute lymphoid leukemia this gene is 
highly expressed due to internal tandem duplications (ITDs) and mutations or wild-type 
overexpression by ligand overexpression. In JMML, we found no evidence for FLT3 
overexpression, nor did we detect ITD or mutations in the FLT3 gene nor overexpression 
of the FLT3 ligand. We therefore conclude, that FLT3 abnormalities are not important in 
the pathogenesis of JMML and that there is no rationale to assume that JMML patients 
might benefit from FLT3 inhibitors. 

Chapter 4 describes WT1 studies in JMML. We found WT1 overexpression in JMML 
patients as compared to healthy controls, but to a lower extent as in pediatric AML. In 
4% of JMML patients we identified a mutation in the WT1 gene, which was not related to 
overexpression. In addition, in contrast to childhood AML, the occurrence of a common 
polymorphism (rs16754) was not related to outcome. Unfortunately, we conclude that 
WT1 is not important in the pathogenesis of JMML. 

Until now stem cell transplantation is the only curative treatment option in JMML. 
Currently, families are small with mostly 1-2 siblings available all with only 25% probability 
of being a suitable HLA matched donor. When a young mother is pregnant at the time of 
the diagnosis of a JMML patient, cord blood transplantation can be considered in case of 
HLA identity. The contribution of graft-versus-leukemia was considered to be important, 
especially in this particular disease (1, 2). As it was not known whether HLA identical 
cord blood sibling transplantation was a reasonable strategy, we studied the feasibility 
of this stem cell source in children with JMML. In the small international series available 
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we showed that this stem cell source can be used as a reliable alternative for matched 
related or unrelated bone marrow.

JMML: Discussion and future perspectives 

Diagnostic challenges
JMML is a rare disease in childhood with a wide spectrum of clinical symptoms (3). It is 
a rapidly fatal disorder for most children if left untreated and therefore early recognition 
of the disease is necessary. To achieve this, it is important that pediatricians as well as 
pediatric oncologists improve their knowledge about the clinical symptoms of JMML. 
In case of a clinical picture of JMML it is a diagnostic challenge to investigate which 
molecular aberration is the driving aberration. Until now, only few studies have been 
published about the prognostic role of the different RAS pathway mutations. Small 
studies have suggested a poor prognostic implication of somatic PTPN11 mutations (4, 
5), although this has not been confirmed in the EWOG-MDS cohort so far (6). 

The other value of molecular diagnostics is to identify rare JMML patients with an 
underlying syndrome, as Noonan syndrome and in some c-CBL mutated cases, which 
have been described to resolve spontaneously (7-12). Future studies with large numbers 
in international registries are necessary for identifying those patients who can be 
carefully followed without stem cell transplantation (13). 

We found that the 15% of the JMML cases without known RAS pathway mutations 
were not regulated by mutations or overexpression of other genes, such as WT1, FLT3 
and BRAF. Recently, a genome wide analysis of JMML patients showed that patients who 
displayed an AML-type signature had a worse prognosis compared to patients without 
an AML-like expression profile (10-years EFS of 6% vs 63%). The expression profile was 
not correlated to a specific mutation status and the earlier mentioned lack of prognostic 
significance of specific mutations suggest that other factors are responsible for the 
disease, which have to be unravelled in the future (14).  

The epigenetic studies, which are currently performed, may give new information 
for the use of new therapeutic options, such as the use of demethylating agents. In 
addition, more advanced research tools, such as high throughput sequencing, which has 
shown to be successful in acute myeloid leukemia and myelodysplastic syndrome, may 
point to novel involved and deregulated genes and signal transduction pathways (15, 
16). Moreover, the RAS-RAF-MEK-ERK pathway may be activated in other way than by 
mutations.

Therapeutic challenges
Until now, stem cell transplantation is the only curative option for JMML. This carries 
a high risk of treatment related morbidity and mortality and does not prevent relapses 
in about one third of the cases. The event free survival at 5 years after transplantation 
is about 50%, which has not improved in the last decade. Therefore new therapeutic 
approaches are urgently needed. 

In order to improve outcome it is a challenge to design uniform conditioning regimens  
and to select the most suitable donors, leading to a decrease in both treatment related 
toxicity and relapse. We showed that umbilical cord blood can be used as an alternative 
donor source, even in case of immunity naïve HLA-identical siblings. 
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Also optimising conditioning regimens should be a challenge, including patient 
tailored dosing regimens, such as bulsulphan in which intravenous dosing with 
therapeutic drug monitoring seems to be preferable over oral busulphan in children (17). 
Alternatively, treosulphan-based myeloablative conditioning provides also a high rate of 
primary engraftment and favourable acute toxicity profile in children (18).  As JMML is a 
rare disease, all attempts to improve the treatment should be performed in international 
collaborative studies and in centers for pediatric stem cell transplantation where 
substantial numbers of patients are treated. This will increase survival and hopefully 
decrease serious stem cell related side effects. 

As in 85% of the JMML patients RAS-pathway mutations are involved, targeting 
the RAS-RAF-MEK-ERK pathway would be the most logical therapeutic approach as 
an alternative for HSCT (19). A Phase II study with a farnesyltranseferase inhibitor 
(tipifarnib) showed a partial clinical response prior to transplantation, but there was no 
effect on the EFS (13, 20).

Other RAS-RAF-MEK-ERK inhibitors, like Sorafenib, have been developed and 
analyzed in leukemia and solid tumors. The efficacy has not been evaluated in JMML so 
far. Although many of these inhibitors are promising, one of the problems is that RAS 
signaling is also involved in normal cells, so inhibiting of RAS may not be as specific 
as suggested. Moreover, the effect of the RAS pathway inhibitors may be bypassed by 
mutations in other signaling pathways, like the P13K/PTEN/Akt/mTOR pathways (19). 
A novel promising technique to search for specific RAS pathway inhibitors and other 
potential effective agents in JMML could be the in silico and in vitro use of drug libraries, 
in which large series of compounds can be tested for their ability to modify the target, in 
combination with biomic profiles (21).

In our study we have analysed potential new therapeutic targets in JMML. We did not 
identify mutations in the FLT3 and BRAF genes, which suggests that it is unlikely that 
JMML patients will benefit from FLT3 inhibitors or BRAF inhibitors. 

As WT1 is one of the genes, which is indirectly regulating the RAS-RAF-MEK-ERK 
pathway, we anticipated that this would have been an interesting therapeutic target, but 
we couldn’t provide that evidence, which is unfortunate as in AML and solid tumours WT1 
is used as a new therapeutic target for immunotherapy (22, 23). 

Hence, for the future a promising mechanism, which regulates the activity of 
signalling pathways, is hypermethylation in JMML. This hypermethylation was associated 
with an aggressive biologic variant of JMML and was found to be an important predictor 
of outcome (24). Therefore it is reasonable that demethylating agents can be used, 
which was illustrated by a case report with a complete morphological and molecular 
remission with demethylating agents (25). These findings are now being implemented in 
an international EWOG-MDS/ITCC phase I/II trial with the demethylating agent azacitidine 
in JMML, which has started in 2012.

In conclusion, in 15% of JMML patients no molecular aberration is found, and future 
diagnostic challenges will be necessary to unravel the molecular characteristics of this 
group. In addition, studies are needed to identify those patients who might benefit from 
a watch and wait strategy. Further studies in JMML will result in new therapeutic options 
and hopefully in the future provide alternatives for aggressive regimens such as stem 
cell transplantation in these young children. In a rare disease like JMML it is of great 
importance that for the evaluation of the effect of new agents like RAS pathway inhibitors 
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or of specific transplantation regimens, studies are being performed in international 
collaboration.

PART II: MYELODYSPLASTIC SYNDROME

Summary
Until now only scarce information is available about the pathogenesis of childhood MDS. 
The second part of this thesis describes the studies we performed to get insight in the 
pathogenesis of childhood MDS. The results make clear that the biology of childhood 
MDS is different from that in adult MDS. 

We studied the occurrence of molecular aberrations in 107 childhood MDS cases 
(chapter 6). The incidence of type I and II aberrations appeared to be lower than in adult 
MDS. Especially, genes involved in histone modification and DNA methylation are less 
frequently mutated in children as compared to adults. This underscores that aging 
influences the occurrence of mutations in these genes.

Using array-CGH we found in a relative large subgroup of pediatric MDS patients 
with chromosome 6 aberrations a common breakpoint in the IER3 gene. This gene 
is considered to be involved in the pathogenesis of adult MDS. We found that IER3 
expression is low in childhood MDS and that this low expression was associated with a 
poor outcome. Epigenetic studies showed that this downregulation was not regulated by 
hypermethylation of the IER3 promoter region  (chapter 7). 

A novel molecular pathogenetic factor in pediatric MDS seems to be the occurrence 
of mutations in the mitochondrial DNA (mtDNA). We found that these aberrations occur 
in 68% of sporadic childhood MDS cases as germline events or as somatic aberrations 
(chapter 8). This frequency is higher as compared to the frequency in adult MDS patients, 
which is surprising, as it previously has been suggested that the incidence of mtDNA 
mutations is influenced by aging. We hypothesize that in children, mtDNA mutations 
induce vulnerability for second hits in the hematopoietic stem cell. Whether this is a 
more general mechanism of predisposition of pediatric cancer needs to be determined.

In chapter 9 the auto-immune background in subsets of MDS patients is described. 
We investigated the occurrence of T-Cell receptor Vβ oligoclonality in childhood MDS 
and severe aplastic anemia (SAA). The frequency of TCR Vβ repertoire skewing in both 
MDS and SAA is around 60%, indicating that the analysis of the TCR repertoire skewing 
can not be used to differentiate between both diseases. However, it underscores the 
hypothesis that in a subset of children the MDS is caused by auto-immune deregulation, 
which may benefit from immunosuppressive therapy, instead of upfront SCT.

MDS: Discussion and future perspectives

Diagnostics challenges
Currently, the diagnosis of myelodysplastic syndrome is based on histological aberrations 
and discrepancies between histology and morphology are frequently described (26, 27). 
Typical karyotyping findings are associated with MDS, such as monosomy 7. 

Of MDS-RCC patients 60-80% have a hypocellular bone marrow, which makes the 
differentiation between severe aplastic anemia and refractory cytopenia difficult, 
especially in case of normal karyotype (7, 28). The discrimination between these two 
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diseases is important as until recently, MDS-RCC is treated with stem cell transplantation, 
whereas severe aplastic anemia is primary treated with immunosuppressive therapy. Our 
study using TCR Vβ analyses showed that auto-immunity is also involved in a subset of 
MDS-RCC patients. This finding resulted in an ongoing prospective study, in which the 
clinical relevance of TCR Vβ oligoclonality, the occurrence of glycosylphosphatidylinositol 
(GPI) anchor deficient clones (PNH clones), T-cell subtypes and immunophenotype 
are analysed. This study may identify the MDS-RCC patients who may be selected to 
benefit from immunosuppressive therapy and for whom stem cell transplantation can 
be omitted.

We showed that the frequency of recurrent molecular aberrations in childhood MDS 
is lower as compared to adults, which was especially obvious for the aberrations in genes 
involved in DNA methylation and histone modification (29-31). Other recent studies 
reported that also, mutations in the RNA splicing genes are less frequent in childhood 
MDS (15, 32-34). Altogether this indicates that childhood MDS may be a different 
biological entity than adult MDS. 

New high throughput techniques like whole genome sequencing and RNA sequencing, 
which have shown novel molecular aberrations in acute myeloid leukemia and adult MDS, 
may be helpful for further unravelling the pathogenesis of childhood MDS (16, 34). Using 
such techniques, mutations in the IDH1, IDH2 gene and the DNMT3A gene, involved in 
DNA methylation and histone modification, were recently identified in adult MDS. 

Interestingly, in this thesis we found that 68% of the pediatric MDS patients carried 
a mtDNA mutation. This frequency is higher than in adult MDS cases, which is striking, 
especially when taking into account that the frequency of mtDNA increases with aging 
(35). We identified somatic mtDNA mutations, which we suggest to act as a first hit in the 
bone marrow, which makes the hematopoietic stem cell more vulnerable for subsequent 
aberrations. We also identified germline mtDNA mutations, which probably may lead 
to a general increased risk for additional aberrations, not only for the hematopoietic 
stem cell, but for all cells, resulting in a general increased risk for the development of 
cancer. Recently, it was shown that nuclear  microRNAs (miRNAs) translocates into the 
mitochondrial genome and regulates the mitochondrial protein synthesis and thereby 
the function of the oxidative phosphorylation (36). MiRNAs are regulators of human 
hematopoietic stem cells and their deregulation contributes to the development of 
haematological malignancies. In pediatric acute myeloid leukemia the expression of 
miRNAs is different in clinically relevant cytogenetic subgroups which suggests a role in 
the underlying biology of the leukemia (37). There is also evidence that deregulation of 
miRNAs contribute to the pathogenesis of MDS (38). 

In addition, in adults a decreased expression of mitochondrial encoded genes in 
adults with acute myeloid leukemia and dysplasia related changes was found. Further 
studies will be necessary to address the role of the mtDNA mutations, expression levels 
of mitochondrial encoded genes, miRNAs and the oxidative phosphorylation in the 
pathogenesis of childhood MDS, but also in other types of childhood cancer.

Therapeutic challenges in pediatric MDS
As for JMML, the development of better transplant conditioning regimens for MDS patients 
is a challenge. Until now a conditioning regimen with busulphan, cyclophosfamide and 
melphalan is used. Therapeutic drug monitoring of intravenously busulphan may make 
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the use of melphalan superfluous, thereby decreasing the direct and late toxicity, without 
increasing the relapse rate and graft failure rate (17). An alternative approach might be 
a treosulphan based conditioning regimen. For studies on the best conditioning regimen 
international collaborations remain necessary. There is some evidence that subsets of 
MDS patients (MDS-RCC with a matched donor) can be treated with reduced intensity 
conditioning, which reduces toxicity, but long term follow up is necessary (39).

The development of alternatives for stem cell transplantation as treatment of 
MDS would be very valuable. The involvement of autoimmunity in a subset of patients 
provides opportunities for immunosuppressive therapy such as anti-thymocyte globulin 
(ATG) and steroids. Currently, the EWOG-MDS-group runs an international study on the 
effectiveness of immunosuppressive therapy with cyclosporine A and anti-thymocyte 
globulin (ATG) for RCC patients with hypocellular bone marrow with a normal karyotype 
or trisomy 8, for whom no suitable HLA matched sibling donor is available. A randomized 
study in adults with SAA showed that the use of rabbit ATG resulted in inferior outcome 
compared to horse ATG (40). Unpublished observational data of the EWOG-MDS group 
did not reveal differences in clinical outcome between administration of horse and rabbit 
ATG (unpublished data).

In a subset of adult MDS patients autoimmunity is reflected by the presence of 
PNH clones, i.e. hematopoietic cells that are deficient in glucophosphatidylinositol 
anchored proteins. The presence of PNH clones makes hematopoietic cells susceptible 
to autoimmunity. The frequency of PNH clones and the relevance of the clone size in 
children with MDS is currently investigated in a prospective EWOG-MDS study. Recently, 
it was demonstrated that eculizumab, a complement inactivator, has a therapeutic 
effect in adult patients with paroxysmal nocturnal hemoglobinuria disease. It is unknown 
whether it might be a future therapeutic option in childhood MDS with small PNH clones.

Besides genetic aberrations and auto-immunity, epigenetics are suspected to be 
involved in the development of MDS (41). Epigenetics refer to a number of biochemical 
modifications of chromatin that have a role in genomic regulation and especially 
gene expression control, without altering the primar sequence of the DNA. The DNA 
methyltransferase inhibitor azacitidine gives a significantly better survival in adult MDS 
patients compared to the conventional treatment (42). This has prompted the design of a 
EWOG-MDS/ITCC phase I/II study with azacitidine in children with MDS. Pharmacokinetics 
and dynamics of azacitidine will be investigated, together with the analyses of the 
methylation status of specific genes involved in the pathogenesis of MDS. 

In this thesis we showed that mtDNA mutations are involved in the pathogenesis 
of childhood MDS, which apart from the importance of understanding the biology may 
have consequences for donor selection. Therefore we recommend analysis of the bone 
marrow of potential matched related donors for histology, cytogenetic analysis and 
analysis of mtDNA aberrations to prevent that MDS patients will be transplanted with 
stem cells which carry similar mtDNA mutations or another molecular aberration as first 
hit necessary for the development of MDS.  

In conclusion, in this thesis we showed that the frequency of the known type I/II 
aberrations is lower in childhood MDS as compared to adult MDS, especially in genes 
involved in epigenetic regulation. This suggests that alternative mechanisms are 
responsible for the development of MDS in children. We have shown that one of these 
mechanisms might be the frequent occurrence of mtDNA mutations. Furthermore, in a 
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subset of MDS-RCC patients an auto-immune attack is involved. Further research will 
result in the identification of patients which may benefit from specific treatment options, 
to decrease toxicity and increase the efficacy of the current treatment regimens. 
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De kans om voor de leeftijd van 18 jaar een vorm van kanker te krijgen is ongeveer 1 op 
400. Dit betekent dat in Nederland ieder jaar bij ongeveer 600 kinderen een vorm van 
kanker wordt vastgesteld. De meest voorkomende vorm van kanker op de kinderleeftijd 
is leukemie, waar verschillende vormen van bestaan. De meest voorkomende vorm 
is acute lymfatische leukemie, gevolgd door acute myeloïde leukemie (AML). Er zijn 
ook veel zeldzamere vormen van leukemie of voorstadia daarvan. In dit proefschrift 
worden twee van deze zeldzame vormen van leukemie beschreven, namelijk Juveniele 
Myelomonocytaire leukemie (JMML) en Myelodysplastisch Syndroom (MDS). JMML wordt 
in Nederland gemiddeld 3 keer per jaar vastgesteld en MDS bij gemiddeld 5 kinderen per 
jaar. Het zijn kwaadaardige afwijkingen van de bloedvormende stamcel, welke leiden tot 
abnormale bloedcelvorming. Ze kunnen overgaan in een agressieve vorm van leukemie. 
De enige behandeling met kans op genezing die tot op heden beschikbaar is voor 
kinderen met JMML en MDS, is stamceltransplantatie. Om een ingang te vinden voor 
nieuwe behandelingsmogelijkheden is meer kennis nodig over de biologie van JMML en 
MDS. In dit onderzoek worden moleculaire en genetische afwijkingen van de bloedcellen 
onderzocht, die aanleiding geven voor het ontstaan van MDS en JMML.

JUVENIELE MYELOMONOCYTAIRE LEUKEMIE
Bij JMML is sprake van een ongecontroleerde celdeling waardoor de gezonde cellen die in 
het beenmerg aanwezig zijn in de verdrukking komen. Hierdoor ontstaat bloedarmoede, 
een vergrote gevoeligheid voor infecties en een verhoogde bloedingsneiging. Ook kunnen 
de lever en milt vergroot zijn door een ophoping van leukemiecellen. 

In het eerste deel van dit proefschrift onderzochten we de verschillende aspecten 
van de moleculaire achtergrond van JMML. In hoofdstuk 1 wordt een overzicht gegeven 
van moleculaire afwijkingen, die bij een groot aantal van de kinderen met JMML de 
ongecontroleerde celdeling veroorzaken. Door deze afwijkingen wordt een bepaalde eiwit 
groep in de cel, de zogenaamde RAS-eiwit groep, geactiveerd. We weten nu dat in ongeveer 
85% van de gevallen er een DNA afwijking (mutatie) aanwezig is in de genen die coderen 
voor een eiwit van deze groep: in 35% van de gevallen een PTPN11 mutatie, in 25% een 
RAS mutatie en in 11% van de gevallen is er een associatie met Neurofibromatose type 
I. Een van de andere genen van deze eiwitgroep, het zogenaamde BRAF gen (hoofdstuk 
2), lijkt bijzonder genoeg niet gemuteerd te zijn bij deze ziekte JMML. Meer recent is aan 
de hand van klinische observaties van een specifieke vorm van JMML vastgesteld, dat in 
17% van de gevallen een afwijking in het c-CBL gen wordt gevonden. In ongeveer 15% 
van de gevallen weten we niet welk gen een rol speelt bij de ontstaanswijze van JMML. 
Daarnaast beschrijven we in hoofdstuk 1 dat de aanwezigheid van deze afwijkingen 
niet alleen helpt om het agressieve beloop van de ziekte te begrijpen, maar ook om 
de diagnose te stellen. In hoofdstuk 3 en 4 hebben we gekeken naar andere genen die 
mogelijk een rol zouden kunnen spelen bij het ontstaan van JMML. 

In hoofdstuk 3 rapporteren we over FLT3 studies in JMML. In bepaalde vormen van 
AML is dit gen erg actief, waardoor er meer eiwit wordt geproduceerd. Deze overactivatie 
wordt veroorzaakt door afwijkingen in het DNA van het FLT3 gen. Dit gen codeert voor 
een receptor die de RAS-eiwit groep kan activeren. In JMML vonden wij geen bewijs 
voor overproductie van het FLT3 eiwit of voor de aanwezigheid van mutaties in het FLT3 
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gen. Deze kennis leidt tot de veronderstelling dat FLT3 remmers (reeds beschikbaar als 
behandeling) niet zinvol zijn bij de behandeling van JMML.

In hoofdstuk 4 beschrijven we de studies over het WT1 gen bij JMML. We vonden 
overproductie van het WT1 eiwit wanneer we dit vergeleken met gezonde controlepersonen, 
maar een lagere productie in vergelijking met patiënten met AML. In 4% van de JMML 
patiënten toonden we een afwijking in het DNA van het WT1 gen aan, maar dit was niet 
geassocieerd met de overproductie van het eiwit. Een vaak voorkomende variant in 
het DNA van het WT1 gen is bij kinderen met AML geassocieerd met een grote kans 
op een slechte overleving. We vonden deze variant regelmatig bij de JMML patiënten, 
maar niet gerelateerd aan een slechtere uitkomst. We concluderen dan ook dat het WT1 
gen waarschijnlijk geen belangrijke rol heeft bij het ontstaan van JMML, waardoor reeds 
beschikbare therapie, de zogenaamde immunotherapie, gericht tegen dit gen geen 
behandeloptie lijkt bij JMML patiënten.

Tot nu toe is beenmergtransplantatie de enige behandeloptie voor genezing van 
JMML. Gezien het feit dat gezinnen steeds kleiner worden met meestal maar 1 of 2 
kinderen, is de kans klein dat er een geschikte donor binnen het gezin wordt gevonden. 
Wanneer een jonge moeder zwanger is op het moment van de diagnose van JMML bij 
een van de andere kinderen, kan een transplantatie met navelstrengbloed overwogen 
worden als er sprake is van een overeenkomende weefselbloedgroep van het pasgeboren 
kind. Aangezien aan de zogenaamde afstotingsreactie tegen de leukemiecellen (= graft-
versus-leukemia) bij een stamceltransplantatie (SCT) bij JMML een belangrijke bijdrage 
wordt toegekend aan de genezing, is echter de vraag of een SCT met stamcellen van een 
pasgeboren immuun naïeve baby even effectief is als een SCT met stamcellen van een 
ouder kind. Daarom hebben wij de effectiviteit van een dergelijke procedure bestudeerd 
in de Europese registratie van JMML patiënten. Dit liet zien dat navelstrengbloed van een 
identieke pasgeboren broer of zus een goed alternatief kan zijn voor een transplantatie 
met beenmerg van een donor uit de beenmergbank.

MYELODYSPLASTISCH SYNDROOM
MDS is een ziektebeeld met verschillende gezichten. De symptomen op het moment van 
het stellen van de diagnose kunnen erg lijken op die van acute leukemie: bloedarmoede, 
verhoogde gevoeligheid voor infecties en/of bloedingsneiging. Tot nu toe is er slechts 
weinig informatie beschikbaar over de ontstaanswijze van MDS op de kinderleeftijd. Het 
tweede deel van dit proefschrift beschrijft studies, die we hebben uitgevoerd om inzicht 
te krijgen in de biologische eigenschappen van deze ziekte op de kinderleeftijd.

In hoofdstuk 6 bestudeerden we het optreden van moleculaire afwijkingen in 107 
kinderen met MDS. De incidentie van moleculaire en genetische veranderingen (type I 
en II afwijkingen) bleek veel lager te zijn dan bij volwassenen met MDS. Het was vooral 
opvallend dat de frequentie van afwijkingen in bepaalde genen die een rol spelen bij 
het aflezen van de DNA code, opvallend veel lager is dan bij volwassenen met MDS. Dit 
betekent dat veroudering het optreden van deze moleculaire afwijkingen beïnvloedt. 

Met behulp van een nieuwe techniek waarmee kleine afwijkingen in chromosomen 
kunnen worden aangetoond, zagen we dat meerdere patiënten met MDS met een 
afwijking op chromosoom 6 een gemeenschappelijke afwijking hadden in een bepaald 
gen, het IER3 gen (hoofdstuk 6). Bij volwassenen is vastgesteld dat dit gen een rol speelt 
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bij het ontstaan van MDS. Wij toonden bij kinderen aan dat de hoeveelheid eiwit dat 
door dit gen wordt geproduceerd wordt laag was en dat dit met een slechte uitkomst 
geassocieerd was. We konden echter niet aantonen waardoor deze verlaagde productie 
werd bepaald.

Een niet eerder beschreven oorzakelijke factor bij het ontstaan van kinderMDS zijn 
afwijkingen in het mitochondrieel DNA (mtDNA). Mitochondriën spelen een essentiële 
rol bij de energieproductie van de cel en bezitten hun eigen DNA. Wij vonden bij 68% 
van de kinderen met MDS een afwijking in het mtDNA. Deze frequentie ligt hoger dan bij 
volwassenen. Onze hypothese is dat bij kinderen mtDNA mutaties in de bloedvormende 
stamcel leiden tot een verhoogde gevoeligheid voor het ontwikkelen van additionele 
afwijkingen, de zogenaamde tweede hit. Mogelijk spelen mtDNA mutaties ook een rol bij 
het ontstaan van andere vormen van kinderkanker.

In hoofdstuk 9 wordt de rol van auto-immuniteit bij het ontstaan van een specifieke 
vorm van MDS beschreven, de zogenaamde refractaire cytopenie. Dit ziektebeeld is 
moeilijk te onderscheiden van een andere beenmergaandoening, te weten aplastische 
anemie (AA). Bij een deel van de kinderen met MDS lijkt net zoals bij AA, auto-immuniteit 
tegen vroege voorloper stamcellen op te treden. We onderzochten de aanwezigheid van 
T-cel receptor Vβ oligoklonaliteit bij kinderen met refractaire cytopenie en aplastische 
anemie. De frequentie van deze zogenaamde auto-immuniteit is zowel bij refractaire 
cytopenie als aplastische anemie 60%, hetgeen duidelijk maakt dat deze test niet 
gebruikt kan worden om beide ziektes van elkaar te onderscheiden. Het onderstreept 
echter de hypothese dat bij een subgroep van patiënten met MDS de verstoringen in 
het immuunsysteem  verantwoordelijk zijn voor het ontstaan van de MDS en dat deze 
patiënten mogelijk baat kunnen hebben bij een behandeling met immuunsuppresieve 
therapie.
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