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Hematopoiesis and Leukemia 

Hematopoiesis takes place in the bone marrow and is a process in which all cellular 
constituents of blood are formed. In protected bone marrow niches, pluripotent 
hematopoietic stem cells reside and give rise to multipotent progenitors. These 
progenitors ultimately differentiate into the different mature hematopoietic cells. 
Normally, only mature blood cells enter the blood stream. Leukemia is cancer of one 
of the hematopoietic cell types and is characterized by the clonal expansion of 
hematopoietic progenitor cells. Leukemia can develop at any stage in one of the 
hematopoietic cell lineages. It occurs when the normal balance in differentiation and 
proliferation is disturbed and immature malignant cells accumulate in the bone 
marrow. Depending on which cell type is affected, leukemia can be divided into 
lymphoblastic and myeloid leukemia. Based on clinical presentation a further 
subdivision is made into acute and chronic leukemia. The subject of this thesis is 
acute myeloid leukemia, AML.  

Acute Myeloid Leukemia 

Epidemiology and Prognosis 

Cancer is a rare disease in childhood, around 500 children younger than 18 years are 
diagnosed with cancer each year in the Netherlands.1 Despite this low frequency it is 
the most frequent cause of death in children aged 2-12 years.2 Leukemia is the most 
frequent type of cancer in children. In the Netherlands, each year about 140 children 
are diagnosed with leukemia. Acute lymphoblastic leukemia (ALL) is the most 
frequent subtype (83%), while AML (15%) and chronic myeloid leukemia (CML) (2%) 
are less frequent. Pediatric ALL has become a highly curable disease, as long-term 
survival is ±80% with current treatment protocols.3 In contrast, although much 
progress has been made, children with AML have a relatively poor prognosis. Even 
though ±90% of patients achieve a complete remission (CR) with induction 
chemotherapy, 30-40% of patients relapse.4 After relapse survival is poor (15-30%).5-9

Overall long-term survival in pediatric AML with current treatment protocols is 
±60%.4 To achieve this, children are treated with very intensive chemotherapy 
schedules, including stem cell transplantation (SCT) in selected cases, and 5-10% of 
children die of the toxicity of treatment.10 In addition, many survivors suffer from 
late effects of treatment.11-13

In adults, AML is more frequent than ALL and comprises 25% of all leukemias 
diagnosed.14 The incidence of AML in adults is 2.9 per 100.000 per year and this 
incidence increases with age.15 In younger adults (<50 years ) the incidence is 2 per 

100.000 per year, while in older adults (>65) this increases to an incidence of 18 per 
100.000 per year.15;16 Therefore the median age of adults diagnosed with AML is 
almost 70 years.16 Treatment of AML is largely similar in adult and pediatric AML, 
but the prognosis of adult patients diagnosed with AML is much poorer. The CR rate 
with induction chemotherapy is only 60-70% and overall survival is only ±30%. Age, 
performance status and cytogenetics are important prognostic factors in adult 
AML.16;17 In younger adults (<50 years) with a good performance status, CR can be 
achieved in ±70%, while in adults over 50 years with a good performance status this 
is only ±50%. Adults with a poor performance status have a poorer outcome; in 
patients <50 years the CR rate drops to 47%, while in patients >50 years the CR rate is 
only 30%. In recent years, the survival of younger adult AML patients has improved 
significantly, while the survival of elderly AML patients has not.16 The 2-year 
probability of overall survival (pOS) in younger patients is ±50% compared to only 
10-20% in elderly AML.16;17 The impact of cytogenetics on prognosis is discussed 
further on. 

Clinical presentation at AML diagnosis 

The presenting features of AML include fatigue, pallor, increased bleeding tendency, 
fever and infection. These features are caused by the anemia, thrombocytopenia and 
neutropenia as a result of the proliferating leukemic blasts in the bone marrow. In 
addition, leukemic cells can infiltrate organs such as lymph nodes, liver, spleen and 
skin and cause organ enlargement. In some children extramedullary leukemia is 
present at diagnosis. Around 5-15% of patients present with AML with CNS 
involvement, as evidenced by blasts in the cerebrospinal fluid. In some patients, the 
first presentation of AML is a tumor consisting of myeloid blasts (granulocytic 
sarcoma or chloroma), which can occur in any part of the body. 

Classification of AML 

AML is a heterogeneous group of disorders comprising all acute leukemias not 
derived from lymphoblastic cells and is therefore sometimes referred to as acute non-
lymphoblastic leukemia (ANLL). AML can arise spontaneously (de novo AML), as 
result of an underlying disease (secondary AML) or as a result of chemotherapeutic 
or radiation treatment (therapy-related AML). Secondary AML is relatively 
infrequent in children, compared to adults. AML can be further classified using two 
different classification systems. The French-American-British (FAB) classification 
system subdivides AML into 8 subtypes (M0 to M7) based on lineage commitment 
(granulocytic, monocytic, erythroid or megakaryocytic) and the degree of maturation 
of the blasts (Table 1).18-20 This is evaluated using morphologic and cytochemical 
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criteria. However, to correctly diagnose FAB M0 and M7 additional 
immunophenotyping is needed.

Table 1. FAB-type classification of AML 

FAB type         % of cases Morphologic features Association with specific 
pediatric adult genetic abnormality

M0 2-5 5 Myeloid leukemia with minimal differentiation
M1 10-15 10 Poorly differentiated myeloblasts
M2 25-30 35-45 Myeloblastic leukemia with granulocytic t(8;21)(q22;q22) in 30-40%

differentiation. Auer rods may be 
prominent (mainly in t(8;21) cases)

M3 5-10 5-8 Promyelocytic leukemia t(15;17(q22;q21) >90%
M4 5-15 15-25 Myelomonocytic leukemia 11q23 abnormalities
M4eo 5-15 10 As M4, with >5% abnormal eosinophilic inv(16)(p13;q22) or

precursors in the bone marrow t(16;16)(p13;q22) >90%
M5 15-25 8-15 Monoblastic leukemia, subdivided into 11q23 abnormalities

   M5a predominance of monoblasts
   M5b more differentiated with monocytic 

M6 1-3 6 Erythroid leukemia
M7 5-10 3-5 Megakaryoblastic leukemia GATA1 mutation in DS ML

t(1;22)(p13;q13) in 28%

Eo means eosinophiles, DS Down syndrome, ML myeloid leukemia 

Recently, the World Health Organisation (WHO) presented a novel classification for 
myeloid malignancies.21 In this classification the blast percentage required for the 
diagnosis of AML, was lowered from 30 to 20%. In addition, when the AML specific 
chromosomal aberrations [t(15;17), t(8;21), t(16;16) or inv(16)] are present, the disease 
is classified as AML, even when the blast percentage is below 20%. 

Table 2. World Health Organisation classification of AML21

WHO classification Comprising AML with:
1. AML with recurrent genetic abnormalities t(8;21)(q22;q22)

inv(16)(p13;q22) or t(16;16)(p13;q22)

t(15;17)(q22;q21)

11q23 abnormalities

2. AML with multilineage dysplasia Following myelodysplastic syndrome or myeloproliferative disease

Dysplasia in 50% of the cells in 2 or more lineages

3. Therapy-related AML Following exposure to alkylating agents or radiation

4. AML, not otherwise categorized

In the new WHO classification, AML is classified in 4 major categories: AML with 
recurrent genetic abnormalities, AML with multilineage dysplasia, therapy-related 
AML and AML, not otherwise categorized (Table 2). The applicability of the WHO 
classification for pediatric AML is under discussion.22

Genetics of AML 

Cytogenetics

After the first report in 1960, of a recurrent chromosomal abnormality in chronic 
myeloid leukemia, the Philadelphia chromosome, many recurrent chromosomal 
abnormalities have been described leukemia.23;24  This consists of both structural as 
well as numerical abnormalities. In Table 3 the frequencies of the most frequent 
chromosomal abnormalities in adult and pediatric AML are described.24 For the 
different chromosomal abnormalities, different frequencies are seen in adults and 
children. The t(8;21) for instance is twice as frequent in pediatric AML as in adult 
AML, while abnormalities involving chromosome 5 are six times more frequent in 
adults than in children. Overall, unfavorable cytogenetics are more frequent in adult 
than in pediatric AML.24

Table 3. Frequencies of cytogenetic abnormalities in adult and pediatric AML24

Cytogenetic abnormality Adult AML Pediatric AML
Favorable

t(8;21)(q22;q22) 6% 12%
inv(16)(p13q22) / t(16;16)(p13;q22) 5% 6%

t(15;17)(q22;q21) 8% 10%
Intermediate

Normal karyotype 45% 24%
+8 9% 10%
-Y 4% 4%

11q23 abnormalities 3% 13%
t(9;11)(p22;q23) 2% 6%

other 11q23 abnormalities 1% 7%
12p abnormalities 3% NA

+21 2% 5%
Unfavorable

-7/7q- 8% 5%
-5/5q- 7% 1%

Complex karyotype  3 abnormalities 11% 14%
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criteria. However, to correctly diagnose FAB M0 and M7 additional 
immunophenotyping is needed.

Table 1. FAB-type classification of AML 

FAB type         % of cases Morphologic features Association with specific 
pediatric adult genetic abnormality

M0 2-5 5 Myeloid leukemia with minimal differentiation
M1 10-15 10 Poorly differentiated myeloblasts
M2 25-30 35-45 Myeloblastic leukemia with granulocytic t(8;21)(q22;q22) in 30-40%

differentiation. Auer rods may be 
prominent (mainly in t(8;21) cases)

M3 5-10 5-8 Promyelocytic leukemia t(15;17(q22;q21) >90%
M4 5-15 15-25 Myelomonocytic leukemia 11q23 abnormalities
M4eo 5-15 10 As M4, with >5% abnormal eosinophilic inv(16)(p13;q22) or

precursors in the bone marrow t(16;16)(p13;q22) >90%
M5 15-25 8-15 Monoblastic leukemia, subdivided into 11q23 abnormalities

   M5a predominance of monoblasts
   M5b more differentiated with monocytic 

M6 1-3 6 Erythroid leukemia
M7 5-10 3-5 Megakaryoblastic leukemia GATA1 mutation in DS ML

t(1;22)(p13;q13) in 28%

Eo means eosinophiles, DS Down syndrome, ML myeloid leukemia 

Recently, the World Health Organisation (WHO) presented a novel classification for 
myeloid malignancies.21 In this classification the blast percentage required for the 
diagnosis of AML, was lowered from 30 to 20%. In addition, when the AML specific 
chromosomal aberrations [t(15;17), t(8;21), t(16;16) or inv(16)] are present, the disease 
is classified as AML, even when the blast percentage is below 20%. 

Table 2. World Health Organisation classification of AML21

WHO classification Comprising AML with:
1. AML with recurrent genetic abnormalities t(8;21)(q22;q22)

inv(16)(p13;q22) or t(16;16)(p13;q22)

t(15;17)(q22;q21)

11q23 abnormalities

2. AML with multilineage dysplasia Following myelodysplastic syndrome or myeloproliferative disease

Dysplasia in 50% of the cells in 2 or more lineages

3. Therapy-related AML Following exposure to alkylating agents or radiation

4. AML, not otherwise categorized

In the new WHO classification, AML is classified in 4 major categories: AML with 
recurrent genetic abnormalities, AML with multilineage dysplasia, therapy-related 
AML and AML, not otherwise categorized (Table 2). The applicability of the WHO 
classification for pediatric AML is under discussion.22

Genetics of AML 

Cytogenetics

After the first report in 1960, of a recurrent chromosomal abnormality in chronic 
myeloid leukemia, the Philadelphia chromosome, many recurrent chromosomal 
abnormalities have been described leukemia.23;24  This consists of both structural as 
well as numerical abnormalities. In Table 3 the frequencies of the most frequent 
chromosomal abnormalities in adult and pediatric AML are described.24 For the 
different chromosomal abnormalities, different frequencies are seen in adults and 
children. The t(8;21) for instance is twice as frequent in pediatric AML as in adult 
AML, while abnormalities involving chromosome 5 are six times more frequent in 
adults than in children. Overall, unfavorable cytogenetics are more frequent in adult 
than in pediatric AML.24

Table 3. Frequencies of cytogenetic abnormalities in adult and pediatric AML24

Cytogenetic abnormality Adult AML Pediatric AML
Favorable

t(8;21)(q22;q22) 6% 12%
inv(16)(p13q22) / t(16;16)(p13;q22) 5% 6%

t(15;17)(q22;q21) 8% 10%
Intermediate

Normal karyotype 45% 24%
+8 9% 10%
-Y 4% 4%

11q23 abnormalities 3% 13%
t(9;11)(p22;q23) 2% 6%

other 11q23 abnormalities 1% 7%
12p abnormalities 3% NA

+21 2% 5%
Unfavorable

-7/7q- 8% 5%
-5/5q- 7% 1%

Complex karyotype  3 abnormalities 11% 14%
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Pretreatment karyotype is an important prognostic factor in AML, in adults and 
children.24;25 AML can be categorized according to cytogenetic risk as good risk, 
intermediate risk and poor risk AML.
Although definitions for these groups differ between different study groups, t(8;21), 
inv(16) and t(15;17) are generally classified as good risk, while monosomy 5, 7 and 
complex karyotypes are classified as poor risk.24 Patients with normal karyotype are 
classified as intermediate risk. Patients with 11q23 abnormalities are currently 
classified as intermediate risk, although there are indications that t(9;11) might be a 
favorable prognostic factor, while the other 11q23 abnormalities are not.26;27

While this classification is useful for treatment stratification, these cytogenetic 
abnormalities can also guide therapy in another way. Many chromosomal 
abnormalities have been shown to result in the formation of an aberrant transcript 
and protein (Table 4). 

Table 4. Frequent cytogenetic abnormalities and fusion transcripts 

Cytogenetic Abnormality Fusion transcript
t(8;21)(q22;q22) AML1-ETO
inv(16)(p13q22) or t(16;16)(p13;q22) CBF -MYH11
t(15;17)(q21;q21) PML-RAR
t(9;11)(p21-22;q23) MLL-AF9
Other 11q23 MLL- others (>40 described)
t(6;9)(p23;q34) DEK-CAN

These fusion genes encode aberrant transcription factors. The genes involved in these 
translocations normally encode transcription factors important in the normal 
development of hematopoietic cells.28-30 When fused to another gene their function is 
altered and in many cases instead of activating genes important for differentiation, 
the same genes are now repressed. This results in a differentiation arrest and in some 
models, an increased self-renewal capacity.31-34  From mouse models it is clear that 
although there is an accumulation of immature cells, the expression of just an 
aberrant transcription factor will not induce a leukemia. 31-33 In these models 
leukemia only develops after a long latency and after acquisition of additional 
mutations. These findings were the basis of the two-hit model proposed by Kelly and 
Gilliland, as discussed below.35

Two-hit model of AML leukemogenesis 

Kelly and Gilliland proposed a model in which two classes of mutations cooperate to 
cause AML.35  Type I mutations are mutations which confer a proliferative and/or 
survival advantage, such as FLT3/ITD and RAS mutations (Figure 1).36-38 When these 

mutated proteins are expressed in hematopoietic progenitors, a myeloproliferative 
disease (MPD) is induced in mouse models.39-41 Type II mutations are mutations 
which impair normal hematopoietic differentiation and increase self-renewal. 
Examples are t(8;21), inv(16) and t(15;17).33;42;43 In  different mouse models this 
hypothesis has now been confirmed.44-47 Of course, in addition to these mutations, 
other genetic and epigenetic events influence the development and phenotype of 
AML.

Figure 1. The cooperating events theory of AML leukemogenesis (after Kelly and Gilliland).35 Two 
classes of mutations, type I mutations which induce proliferation and survival and type II mutations 
which can cause a differentiation arrest and increased self-renewal capacity, cooperate to cause AML. 
Besides these two classes of mutations, other genetic and epigenetic events also influence AML 
development.

Molecular genetics 

In addition to the well-described cytogenetic abnormalities, at the molecular level 
many new pathogenic mutations in genes important in the development of leukemia 
have been described. These molecular abnormalities can be classified into two types 
of mutations according to the Gilliland model, type I mutations which drive 
proliferation and survival and type II mutations which induce a differentiation arrest 
and increase self-renewal capacity.  
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Pretreatment karyotype is an important prognostic factor in AML, in adults and 
children.24;25 AML can be categorized according to cytogenetic risk as good risk, 
intermediate risk and poor risk AML.
Although definitions for these groups differ between different study groups, t(8;21), 
inv(16) and t(15;17) are generally classified as good risk, while monosomy 5, 7 and 
complex karyotypes are classified as poor risk.24 Patients with normal karyotype are 
classified as intermediate risk. Patients with 11q23 abnormalities are currently 
classified as intermediate risk, although there are indications that t(9;11) might be a 
favorable prognostic factor, while the other 11q23 abnormalities are not.26;27

While this classification is useful for treatment stratification, these cytogenetic 
abnormalities can also guide therapy in another way. Many chromosomal 
abnormalities have been shown to result in the formation of an aberrant transcript 
and protein (Table 4). 

Table 4. Frequent cytogenetic abnormalities and fusion transcripts 

Cytogenetic Abnormality Fusion transcript
t(8;21)(q22;q22) AML1-ETO
inv(16)(p13q22) or t(16;16)(p13;q22) CBF -MYH11
t(15;17)(q21;q21) PML-RAR
t(9;11)(p21-22;q23) MLL-AF9
Other 11q23 MLL- others (>40 described)
t(6;9)(p23;q34) DEK-CAN

These fusion genes encode aberrant transcription factors. The genes involved in these 
translocations normally encode transcription factors important in the normal 
development of hematopoietic cells.28-30 When fused to another gene their function is 
altered and in many cases instead of activating genes important for differentiation, 
the same genes are now repressed. This results in a differentiation arrest and in some 
models, an increased self-renewal capacity.31-34  From mouse models it is clear that 
although there is an accumulation of immature cells, the expression of just an 
aberrant transcription factor will not induce a leukemia. 31-33 In these models 
leukemia only develops after a long latency and after acquisition of additional 
mutations. These findings were the basis of the two-hit model proposed by Kelly and 
Gilliland, as discussed below.35

Two-hit model of AML leukemogenesis 

Kelly and Gilliland proposed a model in which two classes of mutations cooperate to 
cause AML.35  Type I mutations are mutations which confer a proliferative and/or 
survival advantage, such as FLT3/ITD and RAS mutations (Figure 1).36-38 When these 

mutated proteins are expressed in hematopoietic progenitors, a myeloproliferative 
disease (MPD) is induced in mouse models.39-41 Type II mutations are mutations 
which impair normal hematopoietic differentiation and increase self-renewal. 
Examples are t(8;21), inv(16) and t(15;17).33;42;43 In  different mouse models this 
hypothesis has now been confirmed.44-47 Of course, in addition to these mutations, 
other genetic and epigenetic events influence the development and phenotype of 
AML.

Figure 1. The cooperating events theory of AML leukemogenesis (after Kelly and Gilliland).35 Two 
classes of mutations, type I mutations which induce proliferation and survival and type II mutations 
which can cause a differentiation arrest and increased self-renewal capacity, cooperate to cause AML. 
Besides these two classes of mutations, other genetic and epigenetic events also influence AML 
development.

Molecular genetics 

In addition to the well-described cytogenetic abnormalities, at the molecular level 
many new pathogenic mutations in genes important in the development of leukemia 
have been described. These molecular abnormalities can be classified into two types 
of mutations according to the Gilliland model, type I mutations which drive 
proliferation and survival and type II mutations which induce a differentiation arrest 
and increase self-renewal capacity.  
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Type I mutations 

Many different proteins influence proliferation and survival of hematopoietic cells 
and in several of the genes encoding these proteins, pathogenetic mutations have 
been described in AML.  
The RAS gene family consists of 3 G-proteins, NRAS, KRAS and HRAS.48 The RAS 
proteins are important in relaying proliferation and survival signals from cell 
membrane receptors to intracellular signal transduction pathways.  Almost 20 years 
ago, mutations in RAS were first described in myeloid leukemias.49 In the following 
years, cohorts of pediatric and adult AML patients were screened for RAS 
mutations.50-55 NRAS mutations (incidence ±10%) were more common than KRAS
mutations (±7%) and no HRAS mutations were described in AML. Two large studies 
showed that RAS mutations had no prognostic impact in adult AML.56;57 We studied 
the incidence and prognostic significance of RAS mutations in 150 pediatric AML 
samples, which is described in chapter 3 of this thesis.58

Nakao et al. in 1996, reported a novel mutation in the receptor tyrosine kinase (RTK) 
FLT3. They described an internal tandem duplication (ITD) of FLT3 in 5/30 AML 
patients.59 In addition, a few years later point mutations in the second tyrosine kinase 
(TK2) domain of FLT3 were described.60 These mutations in FLT3 were shown to 
constitutively activate FLT3. The discovery of mutations in FLT3, lead to a flood of 
publications on FLT3 mutations in AML, as reviewed recently by Small.61  It became 
clear that the incidence of FLT3/ITD mutations increases with increasing age, with 
an incidence of approximately 11% in children with AML and 23% in adult AML.61;62

Adults and children with FLT3/ITD mutations have a poor prognosis (Figure 2).61;63

The ratio between wild-type (WT) FLT3 and FLT3/ITD (calculated as allelic ratio 
[AR=ITD/WT]) may however, be more important for prognosis, as patients with a 
low AR seem to have a prognosis comparable to patients with WT FLT3.63 FLT3-TK2
mutations occur at a frequency of around 7% in both adult and pediatric AML.61;63

The prognostic significance of FLT3-TK2 mutations in AML is unclear, although 
recently in a large pediatric AML cohort, FLT3-TK2 mutations had no impact on 
prognosis.63;64

KIT is a close family member of FLT3, and is expressed in most AML samples.65

Mutations in exons 8 and 17 of KIT were described in mastocytosis and AML.66-68 The 
exact incidence and prognostic significance is unknown, as only small cohorts of 
selected patients were studied.67-74 In addition, it was demonstrated that exon 17 
mutations induced constitutive activation of KIT, but the biochemical consequences 
of exon 8 mutations were unclear. In chapter 3 of this thesis, we describe the 
incidence of KIT exon 8 and 17 mutations in pediatric AML and investigate whether 
KIT exon 8 mutations are constitutively activating.58

Figure 2. Pediatric AML patients with a FLT3/ITD mutation have a poor prognosis. In a cohort of 234 
children 11% had a FLT3/ITD. These patients had a poor probability of event-free survival (pEFS) 
(FLT3 positive vs. FLT3 negative, 29% vs 43%, p=0.0046). FLT3 neg means no FLT3/ITD mutation, 
FLT3 pos FLT3/ITD mutated. (Figure reprinted (with permission)Zwaan et al Blood 200362).

Recently, germ-line mutations in the PTPN11 gene were linked to Noonan 
syndrome.75 PTPN11 encodes the tyrosine phosphatase SHP-2 and plays an 
important role in relaying signals from growth factor receptors to down-stream 
pathways.76 The mutations in PTPN11 were shown to activate SHP-2 and increase 
down-stream signaling, resulting in increased proliferation and survival of cells.77

Shortly after the description of PTPN11 mutations in Noonan syndrome, mutations 
in PTPN11 were also described in juvenile myelomonocytic leukemia (JMML) and 
AML.78 In chapter 4 of this thesis we describe the incidence of PTPN11 mutations in 
pediatric AML and especially in FAB M5 AML.79

The stability of these type I mutations between initial diagnosis and relapse was 
largely unknown. If mutations are conserved between initial diagnosis and relapse, 
these mutations could potentially be used to monitor response. Therefore we studied 
FLT3/ITD and FLT3-TK2 mutations in paired initially diagnosed and relapsed AML 
samples from children and adults in chapter 5.80

All above mentioned mutations induce a constitutive activation of the protein 
encoded by the mutated gene. This constitutive activation induces a change in the 
activation of intracellular pathways, including the RAS-MAPK, PI-3K/AKT and JAK-
STAT pathways and this induces growth-factor independence in cell lines and an 
increase in proliferation and survival of cells.36;37;81;82 When expressed in the bone 
marrow of mice, these mutations cause a myeloproliferative disease.38;39;41;83-86
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Type I mutations 

Many different proteins influence proliferation and survival of hematopoietic cells 
and in several of the genes encoding these proteins, pathogenetic mutations have 
been described in AML.  
The RAS gene family consists of 3 G-proteins, NRAS, KRAS and HRAS.48 The RAS 
proteins are important in relaying proliferation and survival signals from cell 
membrane receptors to intracellular signal transduction pathways.  Almost 20 years 
ago, mutations in RAS were first described in myeloid leukemias.49 In the following 
years, cohorts of pediatric and adult AML patients were screened for RAS 
mutations.50-55 NRAS mutations (incidence ±10%) were more common than KRAS
mutations (±7%) and no HRAS mutations were described in AML. Two large studies 
showed that RAS mutations had no prognostic impact in adult AML.56;57 We studied 
the incidence and prognostic significance of RAS mutations in 150 pediatric AML 
samples, which is described in chapter 3 of this thesis.58

Nakao et al. in 1996, reported a novel mutation in the receptor tyrosine kinase (RTK) 
FLT3. They described an internal tandem duplication (ITD) of FLT3 in 5/30 AML 
patients.59 In addition, a few years later point mutations in the second tyrosine kinase 
(TK2) domain of FLT3 were described.60 These mutations in FLT3 were shown to 
constitutively activate FLT3. The discovery of mutations in FLT3, lead to a flood of 
publications on FLT3 mutations in AML, as reviewed recently by Small.61  It became 
clear that the incidence of FLT3/ITD mutations increases with increasing age, with 
an incidence of approximately 11% in children with AML and 23% in adult AML.61;62

Adults and children with FLT3/ITD mutations have a poor prognosis (Figure 2).61;63

The ratio between wild-type (WT) FLT3 and FLT3/ITD (calculated as allelic ratio 
[AR=ITD/WT]) may however, be more important for prognosis, as patients with a 
low AR seem to have a prognosis comparable to patients with WT FLT3.63 FLT3-TK2
mutations occur at a frequency of around 7% in both adult and pediatric AML.61;63

The prognostic significance of FLT3-TK2 mutations in AML is unclear, although 
recently in a large pediatric AML cohort, FLT3-TK2 mutations had no impact on 
prognosis.63;64

KIT is a close family member of FLT3, and is expressed in most AML samples.65

Mutations in exons 8 and 17 of KIT were described in mastocytosis and AML.66-68 The 
exact incidence and prognostic significance is unknown, as only small cohorts of 
selected patients were studied.67-74 In addition, it was demonstrated that exon 17 
mutations induced constitutive activation of KIT, but the biochemical consequences 
of exon 8 mutations were unclear. In chapter 3 of this thesis, we describe the 
incidence of KIT exon 8 and 17 mutations in pediatric AML and investigate whether 
KIT exon 8 mutations are constitutively activating.58

Figure 2. Pediatric AML patients with a FLT3/ITD mutation have a poor prognosis. In a cohort of 234 
children 11% had a FLT3/ITD. These patients had a poor probability of event-free survival (pEFS) 
(FLT3 positive vs. FLT3 negative, 29% vs 43%, p=0.0046). FLT3 neg means no FLT3/ITD mutation, 
FLT3 pos FLT3/ITD mutated. (Figure reprinted (with permission)Zwaan et al Blood 200362).

Recently, germ-line mutations in the PTPN11 gene were linked to Noonan 
syndrome.75 PTPN11 encodes the tyrosine phosphatase SHP-2 and plays an 
important role in relaying signals from growth factor receptors to down-stream 
pathways.76 The mutations in PTPN11 were shown to activate SHP-2 and increase 
down-stream signaling, resulting in increased proliferation and survival of cells.77

Shortly after the description of PTPN11 mutations in Noonan syndrome, mutations 
in PTPN11 were also described in juvenile myelomonocytic leukemia (JMML) and 
AML.78 In chapter 4 of this thesis we describe the incidence of PTPN11 mutations in 
pediatric AML and especially in FAB M5 AML.79

The stability of these type I mutations between initial diagnosis and relapse was 
largely unknown. If mutations are conserved between initial diagnosis and relapse, 
these mutations could potentially be used to monitor response. Therefore we studied 
FLT3/ITD and FLT3-TK2 mutations in paired initially diagnosed and relapsed AML 
samples from children and adults in chapter 5.80

All above mentioned mutations induce a constitutive activation of the protein 
encoded by the mutated gene. This constitutive activation induces a change in the 
activation of intracellular pathways, including the RAS-MAPK, PI-3K/AKT and JAK-
STAT pathways and this induces growth-factor independence in cell lines and an 
increase in proliferation and survival of cells.36;37;81;82 When expressed in the bone 
marrow of mice, these mutations cause a myeloproliferative disease.38;39;41;83-86
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Type II mutations 

Cytogenetic abnormalities such as t(8;21) and inv(16), act as type II mutations, as 
described above. In addition, in several transcription factors important for the 
normal differentiation of hematopoietic cells, pathogenic mutations have been 
described in AML. In most cases these mutations occur in AML blasts with a normal 
karyotype. Functionally, the effects of these mutations mimic those of the AML 
specific translocations described earlier. 
One of these transcription factors is AML1. Point mutations in AML1, one of the 
genes involved in the t(8;21) translocation, were first described in 1999 in about 5% of 
AML cases.87 It was later shown that mutations in AML1 have the same 
consequences as the expression of the AML1-ETO protein. The mutated AML1 
protein results in repression of transcription of genes normally expressed during 
differentiation. Mutated AML1 was shown to increase self-renewal capacity and 
induce a differentiation arrest.88 Another example is the GATA-1 transcription factor. 
GATA-1 is important for normal erythropoiesis and megakaryocytic development.89

Acquired mutations in the GATA-1 transcription factor are closely linked to the 
development of a transient myeloproliferative disease (TMD) and myeloid leukemia 
in Down syndrome patients.89 These and the other mutated transcription factors are 
summarized in Table 5. These mutations by themselves do not induce leukemia or 
only after a long latency (indicating the necessity of additional oncogenic hits), but 
impair normal hematopoietic differentiation and increase self-renewal of 
hematopoietic progenitors.28;89;90 In mouse models, only when a type I and a type II 
mutation occur in the same cell, leukemia develops.44-47

Table 5. Transcription factors mutated in AML87;91-93

Transcription factor FAB type and frequency Reference
AML1 M0 ±20%, overall ±5% 87
C/EPB overall ±8% 91
GATA-1 Down syndrome AML >80% 92
PU.1 overall ±8% 93

Recently, mutations in nucleophosmin (NPM1) were described in patients with 
AML.94;95  NPM1 mutations are frequent in adults with normal karyotype (NK) AML 
(incidence 60%).96 The incidence in of NPM1 mutations increases with age as in 
pediatric AML patients the incidence in NK AML is only 27%.95 NPM is an 
abundantly expressed phosphoprotein residing in nucleoli, shuttling between the 
nucleus and cytoplasm.97 It has diverse functions, but one of the most important 
seems to be its function as shuttle and molecular chaperone for proteins.97 The 
mutations described in AML disrupt the nuclear localization of NPM and cause NPM 

to aberrantly localize to the cytoplasm (NPMc+).94 This aberrant localization disrupts 
the normal function of NPM, but it is currently under investigation what specific 
changes are introduced by NPMc+.  Therefore, it is currently not known how to 
classify NPM1 in the “type I - type II model”. Many consider NPM1 a type II 
mutation, as it occurs mostly in normal karyotype AML and is associated with a 
homeobox gene-specific gene expression signature.98 In 40% of NPM1 mutated 
patients a FLT3/ITD mutation is present.99

Gene expression profiling 

In recent years a novel way of characterizing biological samples using chip 
technology was introduced. This technique analyzes the expression levels of 
thousands of genes at the same time and is now known as DNA microarray analysis 
or gene expession profiling (GEP). The initial study describing the power of this new 
tool, analyzed acute leukemia samples and using supervised gene expression 
analysis a predictor was established which could reliably classify leukemia cases as 
either AML or ALL.100  Since then, gene expression profiling has proven to be a very 
powerful tool in AML research.101;102 For example, it was successfully used to predict 
known AML classes such as different (cyto)genetic subgroups. Most subgroups were 
shown to have strong discriminating signatures103-105 and interestingly, pediatric 
AML classifiers could also be used to accurately predict adult AML samples with the 
same genetic abnormalities.106 Possibly, GEP could in the future be used as a 
diagnostic tool, in stead of the current combination of different techniques including 
morphology, flow cytometry, cytogenetics and molecular genetics.107 GEP may also 
be useful for outcome prediction. Several studies have tried to identify gene 
expression patterns associated with prognosis.108-111 A recent study in adult AML 
was able to validate the prognostic significance of one of these gene expression 
signatures in an independent cohort109;112, but a prognostic signature generated in a 
pediatric AML study could not be validated in an independent data set.106;113

Therefore, although the results are promising, it remains to determined whether GEP 
can become more useful clinically in risk stratification than conventional methods. In 
pediatric AML, four studies using GEP in a large cohort of patients were published, 
each with a different perspective.106;113-115 The first publication showed it was possible 
to accurately discriminate between AML and ALL, precursor B- and T-ALL and 
TEL/AML1 positive and negative precursor B-ALL.115 Ross et al. showed that the it 
was possible to discriminate the different AML subtypes and that gene expression 
signatures found in pediatric AML, could also accurately classify adult AML.106 Yagi 
et al. described a gene expression signature which could predict prognosis113,
although in an independent pediatric AML cohort this could not be validated.106

Finally, Lacayo et al. evaluated pediatric AML patients with and without FLT3
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Type II mutations 

Cytogenetic abnormalities such as t(8;21) and inv(16), act as type II mutations, as 
described above. In addition, in several transcription factors important for the 
normal differentiation of hematopoietic cells, pathogenic mutations have been 
described in AML. In most cases these mutations occur in AML blasts with a normal 
karyotype. Functionally, the effects of these mutations mimic those of the AML 
specific translocations described earlier. 
One of these transcription factors is AML1. Point mutations in AML1, one of the 
genes involved in the t(8;21) translocation, were first described in 1999 in about 5% of 
AML cases.87 It was later shown that mutations in AML1 have the same 
consequences as the expression of the AML1-ETO protein. The mutated AML1 
protein results in repression of transcription of genes normally expressed during 
differentiation. Mutated AML1 was shown to increase self-renewal capacity and 
induce a differentiation arrest.88 Another example is the GATA-1 transcription factor. 
GATA-1 is important for normal erythropoiesis and megakaryocytic development.89

Acquired mutations in the GATA-1 transcription factor are closely linked to the 
development of a transient myeloproliferative disease (TMD) and myeloid leukemia 
in Down syndrome patients.89 These and the other mutated transcription factors are 
summarized in Table 5. These mutations by themselves do not induce leukemia or 
only after a long latency (indicating the necessity of additional oncogenic hits), but 
impair normal hematopoietic differentiation and increase self-renewal of 
hematopoietic progenitors.28;89;90 In mouse models, only when a type I and a type II 
mutation occur in the same cell, leukemia develops.44-47

Table 5. Transcription factors mutated in AML87;91-93

Transcription factor FAB type and frequency Reference
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GATA-1 Down syndrome AML >80% 92
PU.1 overall ±8% 93
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(incidence 60%).96 The incidence in of NPM1 mutations increases with age as in 
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nucleus and cytoplasm.97 It has diverse functions, but one of the most important 
seems to be its function as shuttle and molecular chaperone for proteins.97 The 
mutations described in AML disrupt the nuclear localization of NPM and cause NPM 

to aberrantly localize to the cytoplasm (NPMc+).94 This aberrant localization disrupts 
the normal function of NPM, but it is currently under investigation what specific 
changes are introduced by NPMc+.  Therefore, it is currently not known how to 
classify NPM1 in the “type I - type II model”. Many consider NPM1 a type II 
mutation, as it occurs mostly in normal karyotype AML and is associated with a 
homeobox gene-specific gene expression signature.98 In 40% of NPM1 mutated 
patients a FLT3/ITD mutation is present.99

Gene expression profiling 

In recent years a novel way of characterizing biological samples using chip 
technology was introduced. This technique analyzes the expression levels of 
thousands of genes at the same time and is now known as DNA microarray analysis 
or gene expession profiling (GEP). The initial study describing the power of this new 
tool, analyzed acute leukemia samples and using supervised gene expression 
analysis a predictor was established which could reliably classify leukemia cases as 
either AML or ALL.100  Since then, gene expression profiling has proven to be a very 
powerful tool in AML research.101;102 For example, it was successfully used to predict 
known AML classes such as different (cyto)genetic subgroups. Most subgroups were 
shown to have strong discriminating signatures103-105 and interestingly, pediatric 
AML classifiers could also be used to accurately predict adult AML samples with the 
same genetic abnormalities.106 Possibly, GEP could in the future be used as a 
diagnostic tool, in stead of the current combination of different techniques including 
morphology, flow cytometry, cytogenetics and molecular genetics.107 GEP may also 
be useful for outcome prediction. Several studies have tried to identify gene 
expression patterns associated with prognosis.108-111 A recent study in adult AML 
was able to validate the prognostic significance of one of these gene expression 
signatures in an independent cohort109;112, but a prognostic signature generated in a 
pediatric AML study could not be validated in an independent data set.106;113

Therefore, although the results are promising, it remains to determined whether GEP 
can become more useful clinically in risk stratification than conventional methods. In 
pediatric AML, four studies using GEP in a large cohort of patients were published, 
each with a different perspective.106;113-115 The first publication showed it was possible 
to accurately discriminate between AML and ALL, precursor B- and T-ALL and 
TEL/AML1 positive and negative precursor B-ALL.115 Ross et al. showed that the it 
was possible to discriminate the different AML subtypes and that gene expression 
signatures found in pediatric AML, could also accurately classify adult AML.106 Yagi 
et al. described a gene expression signature which could predict prognosis113,
although in an independent pediatric AML cohort this could not be validated.106

Finally, Lacayo et al. evaluated pediatric AML patients with and without FLT3
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mutations.114 They described a gene expression signature associated with mutated 
FLT3 and identified a signature associated with a favorable prognosis within the 
FLT3 mutated group.

Treatment of pediatric AML 

Pediatric AML patients in privileged countries are treated using protocols consisting 
of intensive chemotherapy. In most treatment schedules, remission is induced with a 
combination of cytarabine and an anthracycline (such as daunorubicin or idarubicin) 
with or without a third drug, usually etoposide or thioguanine.4 Depending on 
which protocol is used, different dosages and combinations with other 
chemotherapeutic drugs are used. In around 90% of patients a complete remission 
(CR, defined as less than 5% blasts in the bone marrow with recovery of the 
peripheral blood counts and no evidence of leukemia elsewhere) is achieved after 
induction chemotherapy.4 Post-remission chemotherapy is more heterogeneous and 
consists of intensive combination chemotherapy sometimes followed by stem cell 
transplantation (SCT). With the introduction of these intensive treatment schedules, 
the prognosis of pediatric AML has improved significantly from a 5-year probability 
of overall survival (pOS) from 5% in the early seventies to around 60% in the most 
recent treatment protocols (Figure 3 and Table 6)).4

Table 6. The probability of survival after diagnosis of pediatric AML in the most recent, mature 
pediatric AML studies.4;26;116-124

Study Period N
5-year pOS       
(%, with SE) Reference

AIEOP92 1992 - 2001 160 60 (4) 116
AML-BFM93 1993 - 1998 427 58 (2) 117
CCG2891 1989 - 1995 750 47 (4) 118
DCOG-ANLL92/94 1992 - 1998 78 42 (6) 119
EORTC-CLG58921 1993 - 2000 166 62 (4) 120
LAME91 1991 - 1998 247 62 (4) 121
NOPHO-AML93 1993 - 2001 223 66 (3) 26
POG8821 1988 - 1993 511 42 (2) 122
St Jude AML91 1991 - 1996 62 57 (11) 123
UK-MRC AML10 1988 - 1995 303 58 124
N means the number of patients included in the study, pOS probability of overall survival, SE standard error. 

This increase in prognosis can not only be attributed to improved chemotherapy 
schedules. Other factors, such as advances in supportive care, risk-group adapted 
therapy and stem cell transplantation have contributed to this increase. This progress 
has a price, as 5-10% of children die as a result of the toxicity of treatment and many 
survivors suffer from late effects of treatment. 10-13

Figure 3. The dramatically improved outcome of children with AML in the United Kingdom. 
In the first MRC AML trial only 5% of children with AML were still alive 10 years after diagnosis. 
Currently, around 66% of children with AML are still alive 5 years after diagnosis (reprinted with 
permission of B.E.S. Gibson). 

Despite the intensive treatment, 30-40% of patients relapse and when a relapse occurs 
the outcome is dismal, with overall survival rates of 15-30% (Table 7). 5-9 Treatment of 
relapsed pediatric AML in general consists of two intensive reinduction 
chemotherapy courses, in an attempt to induce a second complete remission (CR2). 
Several different drug combinations are used to accomplish this, usually including 
high-dose cytarabine. In addition, novel drugs or novel drug combinations are 
frequently studied at relapse. One of the most promising new drugs currently 
studied in pediatric relapsed AML is Mylotarg® (gemtuzumab ozogamicin).125;126

With combination chemotherapy a second CR is achieved in 60-80% of patients. 5-9

After achievement of CR2, it is thought that, if possible, patients should proceed to 
allogeneic SCT to increase the probability of cure.127;128 The outcome of children with 
relapsed AML in the Netherlands was unknown and is described in chapter 2 of this 
thesis.
Recently, international collaboration for the treatment of children with relapsed AML 
was initiated and a randomized treatment protocol was developed to uniformly treat 
children with relapsed AML. This I-BFM Study Group relapsed AML 2001/01 
protocol is currently accruing patients and will answer the question whether the 
addition of liposomal daunorubicin to fludarabine, cytarabine and G-CSF (FLAG) 
will improve the outcome of these children.129

Stem cell transplantation 

In addition to treatment with intensive chemotherapy, stem cell transplantation 
(SCT) is sometimes employed in the treatment of pediatric AML. 
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high-dose cytarabine. In addition, novel drugs or novel drug combinations are 
frequently studied at relapse. One of the most promising new drugs currently 
studied in pediatric relapsed AML is Mylotarg® (gemtuzumab ozogamicin).125;126

With combination chemotherapy a second CR is achieved in 60-80% of patients. 5-9

After achievement of CR2, it is thought that, if possible, patients should proceed to 
allogeneic SCT to increase the probability of cure.127;128 The outcome of children with 
relapsed AML in the Netherlands was unknown and is described in chapter 2 of this 
thesis.
Recently, international collaboration for the treatment of children with relapsed AML 
was initiated and a randomized treatment protocol was developed to uniformly treat 
children with relapsed AML. This I-BFM Study Group relapsed AML 2001/01 
protocol is currently accruing patients and will answer the question whether the 
addition of liposomal daunorubicin to fludarabine, cytarabine and G-CSF (FLAG) 
will improve the outcome of these children.129
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Table 7. Outcome of children with relapsed AML. Six study groups have reported the survival of 
children after diagnosis of relapsed AML.5-9

Initial Study pOS Follow-up Reference
AML-BFM (1988-1996) 21% 5 years 5
MRC AML 10 24% 3 years 6
LAME 89/91 33% 5 years 7
St. Jude CRH 23% 5 years 8
CCG-251/213/2861 12%* 3 years 9
CCG-2891 17%* 3 years 9
DCOG (1980 - 1998) 16% 5 years this thesis

pOS means probability of overall survival, * means that the study also included non-remitters.  

Before SCT, a high-dose chemotherapeutic conditioning regimen is administered, 
usually combined with total body irradiation (TBI). This is done to eradicate residual 
AML blasts and the remaining normal bone marrow cells, to ensure complete donor 
chimerism after SCT. Different donors can be used for SCT. In case of stem cells from 
the patient this is called an autologous SCT or autoSCT. Other donors are called 
allogeneic donors (allogeneic SCT or alloSCT)and can either be HLA-matched or 
HLA-mismatched. Matched family donors can be siblings (matched-sibling donor, 
MSD) or other family members. Parents usually are haplo-identical and thus 
mismatched donors. When a matched family donor is not available, matched-
unrelated donors (MUD) can also provide stem cells for transplantation. There is 
significant controversy in when to employ SCT in the treatment of AML. It has 
become clear that alloSCT can significantly reduce relapse risk in CR1.127;128;130;131 This 
however does not automatically translate into an increased survival, as SCT is 
associated with a significant increase in mortality, mitigating the beneficial effects of 
SCT. In addition, some patients who relapse can be salvaged by chemotherapy and 
SCT in CR2. In adults, there is evidence that in first remission patients without 
favourable cytogenetics benefit from SCT.130;132 In good-risk patients the decreased 
relapse risk does not outweigh the increased mortality, possibly because these 
patients can frequently be salvaged using chemotherapy and SCT when relapse 
occurs. In children, current practice in SCT in AML is very different between the 
USA and Europe. In Europe, SCT is not recommended in children with AML in CR1, 
except in high-risk patients in which MRD-SCT is recommended, 127 although in the 
most recent AML-BFM98 study these was no survival advantage for children with 
high-risk AML treated with MSD-SCT compared with children with chemotherapy 
alone.131 In the USA, an allogeneic SCT is recommended for all children with AML in 
CR1, except children with FAB M3 t(15;17), inv(16) positive AML and children with 
Down syndrome and AML.128 There is a general agreement that in children with 
relapsed AML in CR2, an allogeneic transplant is the best treatment option, although 
this has never been proven in a randomized clinical trial.127;128

Targeted therapy in AML 

Novel drugs are necessary to improve the prognosis of children with AML without 
additional toxicity.  
Specifically killing the leukemic cells with targeted drugs is an appealing concept as 
this would limit the side-effects of treatment. This concept can be approached in 
different ways. One way is to target conventional cytotoxic drugs specifically to 
leukemic cells using leukemia-specific characteristics, such as expression of cell-
surface markers. In addition, as our knowledge of the genetic aberrancies in AML 
has increased dramatically, it seems logical to try and target these aberrancies. One 
way to approach this is to use the model of the two classes of cooperating events in 
AML as a model to target treatment and to develop novel drugs targeting either type 
I or type II mutations and then combining these drugs.  

Targeted conventional cytotoxic drugs 

Classic cytotoxic drugs have been very successful in improving the prognosis of 
patients with AML in the last 30 years. Unfortunately, the limits of treatment with 
these drugs have been reached. It may not be possible to further increase dosages 
and intensify schedules, as the patients treated for AML already suffer from very 
serious side-effects and 5-10% of patients die as a result of the toxicity of treatment. 
These side-effects and serious toxicities are caused by the fact that classic cytotoxic 
agents target healthy as well as leukemic cells. However, innovative use of classical 
drugs might, at least partly, overcome this problem. For instance, liposomal 
daunorubicin (Daunoxome®) is a novel formulation of the classic cytotoxic agent 
daunorubicin. Daunorubicin is highly effective in treating AML, but its use is limited 
by dose-dependent cardiotoxicity.133 In liposomal daunorubicin, the daunorubicin is 
encapsulated in a unilamellar liposome. Liposomes stay intact in circulation and 
cannot extravasate in tissues with tight junctions, but in tissues with fenestrated 
capillaries, such as bone marrow or tumor, liposomes extravasate easily.134;135

Preclinical animal studies have confirmed that liposomal daunorubicin preferentially 
accumulated in tumor tissue and bone marrow, sparing other tissues, such as the 
heart.136;137  We compared the in vitro cytotoxicity of free daunorubicin and liposomal 
daunorubicin in pediatric AML and ALL in chapter 6 of this thesis.138 A clinical study 
in pediatric relapsed AML with liposomal daunorubicin is ongoing.129 This study 
randomizes between fludarabine, cytarabine and G-CSF (FLAG) and FLAG with 
liposomal daunorubicin as first course of induction chemotherapy. The study 
questions are whether liposomal daunorubicin can be added to FLAG without 
substantially increasing (cardio)toxicity and whether this will improve outcome in 
patients with relapsed AML. In addition, the BFM-AML 2004 study prospectively 
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randomizes liposomal daunorubicin vs. idarubicin in induction (in combination with 
etoposide and cytarabine) in children with newly diagnosed AML. 
Another way of targeting cytotoxic drugs is by linking an antibody to a cytotoxic 
agent. An example of such a drug is gemtuzumab ozogamicin (GO). GO consists of 
an anti-CD33 antibody conjugated to calicheamicin, a highly cytotoxic drug.139 CD33 
is an antigen expressed on hematopoietic progenitors, more mature myeloid cells 
such as macrophages and monocytes. It was previously thought that CD33 was 
expressed only by leukemic and not by normal hematopoietic stem cells (HSC), but it 
was recently shown that some HSCs do express CD33.139;140 Outside the bone 
marrow, the only cells expressing CD33 are hepatocytes.141 Over 80% of pediatric 
AML cases are CD33 positive.142 Currently, GO has been approved by the US Food 
and Drug Administration (FDA) for elderly patients with relapsed AML who cannot 
tolerate intensive chemotherapy. The toxicities encountered reflect the expression 
pattern of CD33. The most frequent and serious side-effects occur in the bone 
marrow (myelosuppression, slow platelet recovery) and liver (veno-occlusive 
disease, elevated liver enzymes).139 In addition, infusion-related side-effects are 
frequent. In children, the remission rate (combined CR and CR without platelet 
recovery) of GO as a single-agent in relapsed/refractory AML, is ±30%.125;126;143;144

GO is extensively being studied in different AML patient groups, including newly 
diagnosed AML, as single agent and in combination with other chemotherapeutic 
agents. Recently, it was reported that the addition of GO to induction chemotherapy 
significantly reduced relapse risk without additional toxicity in initially diagnosed 
adult AML.145 Longer follow-up is necessary to evaluate the effect of the addition of 
GO on survival. 

Drugs targeting type I mutations in AML 

In recent years, as a result of the increased knowledge of the molecular changes in 
leukemia, novel drugs specifically targeting these changes have been developed.  
Type I mutations in AML, such as mutations in FLT3, RAS and KIT induce 
proliferation and survival of AML blasts.36;37;81;82 Therefore, they are attractive 
treatment targets. Several inhibitors of TKs (tyrosine kinase inhibitors, TKIs) have 
been developed the last few years. In Table 7 several TKIs that are being studied in 
clinical trials in AML are summarized. Imatinib mesylate (Gleevec®) was the first 
clinically available tyrosine kinase inhibitor (TKI) and was developed to specifically 
inhibit the chimeric BCR-ABL tyrosine kinase which characterizes chronic myeloid 
leukemia (CML).146 Imatinib treatment in CML was very successful, as in almost 80% 
of chronic phase CML patients a complete cytogenetic response was induced at 18 
months. It became apparent that although imatinib had been developed to 
specifically target BCR-ABL, it also inhibited other RTKs such as KIT and PDGF.147;148

As KIT is mutated in some cases of AML and wild-type (WT) expression can be 
found in most AML samples, treatment with imatinib might be beneficial. In a phase 
II trial with imatinib in WT KIT positive AML patients refractory to or not eligible for 
chemotherapy, 5/21 patients responded to imatinib treatment.149 Remarkably, none 
of the patients in this clinical trial had a KIT mutation.

Table 7. Tyrosine kinase inhibitors currently in clinical trials in AML (source: www.clinicaltrials.gov).  

Drug (formerly known as) Targets Clinical trials in AML
Imatinib (STI571) ABL, KIT and PDGFR Phase I (with chemotherapy)
Lestaurtinib (CEP-701) FLT3, TrkA Phase II/III (with chemotherapy)
Midostaurin (PKC412) FLT3, KIT, PDGFR, PKC Phase I (with chemotherapy)
Sunitinib (SU11248) FLT3, KIT, VEGFR, PDGFR, RET Phase I
Tandutinib (MLN518) FLT3, KIT, PDGFR Phase I (with chemotherapy)
Sorafenib (BAY 43-9006) Raf, FLT3, KIT, VEGFR, PDGFR Phase I/II
Dasatinib (BMS-354825) ABL, KIT, Src Phase I/II

FLT3 is frequently mutated in AML and these patients have a poor prognosis.61

Several TKIs inhibiting FLT3 have been developed and are currently under 
investigation preclinically and clinically.61 In addition, many TKIs do not specifically 
inhibit one RTK but most inhibit several RTKs, for instance both KIT and FLT3. This 
might be beneficial as more patients could be treated with the same drug and 
possibly these drugs could be more effective as different parallel pathways, involved 
in cell survival, are inhibited. A possible draw-back of this promiscuity could be that 
these drugs might have more side-effects, although this has not been reported in the 
published trials with the multi-targeted TKI sunitinib.150-152  In chapter 8 of this thesis 
we describe the sensitivity to the multitargeted TKI SU11657 in pediatric AML 
samples with and without FLT3 and KIT mutations. 
RAS is a GTP-ase and it has proven very difficult to directly inhibit RAS. Therefore 
different strategies have been employed to indirectly inhibit RAS signaling. 
Examples of drugs targeting RAS signaling are tipifarnib, a drug interfering with the 
farnesylation needed for normal RAS function153, and sorafenib, a drug inhibiting 
Raf154, one of the downstream targets of RAS. Both are now in clinical trials in AML. 
In chapter 7 we studied the in vitro cytotoxicity of tipifarnib in pediatric AML, ALL 
and normal bone marrow cells and correlated sensitivity to tipifarnib with the 
presence of RAS mutations. 
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Type I mutations in AML, such as mutations in FLT3, RAS and KIT induce 
proliferation and survival of AML blasts.36;37;81;82 Therefore, they are attractive 
treatment targets. Several inhibitors of TKs (tyrosine kinase inhibitors, TKIs) have 
been developed the last few years. In Table 7 several TKIs that are being studied in 
clinical trials in AML are summarized. Imatinib mesylate (Gleevec®) was the first 
clinically available tyrosine kinase inhibitor (TKI) and was developed to specifically 
inhibit the chimeric BCR-ABL tyrosine kinase which characterizes chronic myeloid 
leukemia (CML).146 Imatinib treatment in CML was very successful, as in almost 80% 
of chronic phase CML patients a complete cytogenetic response was induced at 18 
months. It became apparent that although imatinib had been developed to 
specifically target BCR-ABL, it also inhibited other RTKs such as KIT and PDGF.147;148

As KIT is mutated in some cases of AML and wild-type (WT) expression can be 
found in most AML samples, treatment with imatinib might be beneficial. In a phase 
II trial with imatinib in WT KIT positive AML patients refractory to or not eligible for 
chemotherapy, 5/21 patients responded to imatinib treatment.149 Remarkably, none 
of the patients in this clinical trial had a KIT mutation.

Table 7. Tyrosine kinase inhibitors currently in clinical trials in AML (source: www.clinicaltrials.gov).  

Drug (formerly known as) Targets Clinical trials in AML
Imatinib (STI571) ABL, KIT and PDGFR Phase I (with chemotherapy)
Lestaurtinib (CEP-701) FLT3, TrkA Phase II/III (with chemotherapy)
Midostaurin (PKC412) FLT3, KIT, PDGFR, PKC Phase I (with chemotherapy)
Sunitinib (SU11248) FLT3, KIT, VEGFR, PDGFR, RET Phase I
Tandutinib (MLN518) FLT3, KIT, PDGFR Phase I (with chemotherapy)
Sorafenib (BAY 43-9006) Raf, FLT3, KIT, VEGFR, PDGFR Phase I/II
Dasatinib (BMS-354825) ABL, KIT, Src Phase I/II

FLT3 is frequently mutated in AML and these patients have a poor prognosis.61

Several TKIs inhibiting FLT3 have been developed and are currently under 
investigation preclinically and clinically.61 In addition, many TKIs do not specifically 
inhibit one RTK but most inhibit several RTKs, for instance both KIT and FLT3. This 
might be beneficial as more patients could be treated with the same drug and 
possibly these drugs could be more effective as different parallel pathways, involved 
in cell survival, are inhibited. A possible draw-back of this promiscuity could be that 
these drugs might have more side-effects, although this has not been reported in the 
published trials with the multi-targeted TKI sunitinib.150-152  In chapter 8 of this thesis 
we describe the sensitivity to the multitargeted TKI SU11657 in pediatric AML 
samples with and without FLT3 and KIT mutations. 
RAS is a GTP-ase and it has proven very difficult to directly inhibit RAS. Therefore 
different strategies have been employed to indirectly inhibit RAS signaling. 
Examples of drugs targeting RAS signaling are tipifarnib, a drug interfering with the 
farnesylation needed for normal RAS function153, and sorafenib, a drug inhibiting 
Raf154, one of the downstream targets of RAS. Both are now in clinical trials in AML. 
In chapter 7 we studied the in vitro cytotoxicity of tipifarnib in pediatric AML, ALL 
and normal bone marrow cells and correlated sensitivity to tipifarnib with the 
presence of RAS mutations. 
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Drugs targeting type II mutations in AML 

The first leukemia subtype in which therapeutic targeting of a characteristic genetic 
aberrancy was possible, was acute promyelocytic leukemia (APL or FAB M3 AML). 
APL is characterized by the t(15;17) which encodes the PML-RAR  protein. The 
RAR  protein normally encodes the retinoic acid receptor  (RAR ), which acts as a 
transcription factor upon binding of retinoids. The fusion protein encodes a 
dominant negative transcription factor which prevents activation of the normal 
RAR  target genes. In the early 1980s it was shown that all-trans retinoic acid 
(ATRA) induced differentiation in an APL cell line and primary APL patient 
samples.155 These results stimulated a clinical trial with ATRA in APL patients, with 
dramatic results; in 23 of 24 patients a CR was induced.156 Since then, many trials 
have shown that ATRA is very effective in treating APL, either alone or in 
combination with chemotherapy.155 Unfortunately, it has proven problematic to 
duplicate the success story of ATRA in APL in other AML subtypes. In recent years, 
new drugs have become available which might help targeting the aberrant 
transcription factors. These drugs are less specific than ATRA, but interfere with the 
mechanisms by which genes are silenced, also known as epigenetics. Gene silencing 
is induced by hypermethylating specific CpG sequences in the promotor of the gene 
and by deacetylating histones surrounding the DNA.157 Novel drugs demethylating 
DNA (DNA methyltransferase inhibitors such as azacitidine and decitabine) or 
inhibiting the enzymes responsible for deacetylating histones (histone deacetylase 
(HDAC) inhibitors, such as valproic acid or SAHA) have become available and are 
now in clinical trials in leukemia (Table 8).158-160 In this way, it might be possible to 
interfere with the epigenetic effects of the type II mutations. 

Table 8. Current clinical trials with drugs interfering with gene silencing  
(source: www.clinicaltrials.gov).

Drug Mechanism Clinical trials in AML
5-azacytidine demethylation Phase II with HDACi and ATRA
decitabine demethylation Phase III (mono), phase I with HDACi
valproic acid HDACi Phase II with azacytidine and ATRA
MGCD-0103 HDACi Phase II (monotherapy)
PXD101 HDACi Phase II (mono), phase I with azacytidine
MS-275 HDACi Phase I with azacytidine

HDACi means histone-deacetylase inhibitor, ATRA all-trans retinoic acid, mono mono-therapy. 

Minimal residual disease 

Historically, remission is defined as a bone marrow blast percentage <5% with bone 
marrow regeneration and no evidence of leukemia elsewhere. This blast percentage 
is established using morphologic evaluation of bone marrow smears. During the last 
15 years, novel techniques have been developed which have enabled us to quantify 
the amount of leukemic blasts below the 1% level. This is called minimal residual 
disease (MRD). MRD can be detected using two different techniques, flow cytometric 
immunophenotyping and real-time quantitative polymerase chain reaction (RQ-
PCR).161 In pediatric ALL, the prognostic value of MRD has been well established 
and is now incorporated in most treatment schedules.161;162 Current prospective 
studies test the hypothesis that tailoring treatment to the level of MRD will improve 
patients' outcome.162 In AML, currently flow cytometry is the method of choice for 
MRD monitoring, as in most patients no targets for RQ-PCR are available.161;163 In 
adult AML, it is clear that patients with high MRD have a poor prognosis.164;165 In 
children with AML, it is not clear whether MRD monitoring has additional value.163

A recent study from the AML-BFM study group showed that compared with 
commonly defined risk factors in the AML-BFM studies, MRD does not provide 
additional information for outcome prediction.166 The only exception is acute 
promyelocytic leukemia (APL) with t(15;17). In APL clinical trials, MRD 
measurements using a RQ-PCR for the PML-RAR  fusion transcript, play an 
important role and the use of pre-emptive therapy when patients become RQ-PCR 
positive, improves survival.167 In recent years, as described above, many new 
leukemia-specific mutations have been described in AML. Possibly, some of these 
mutations could be used to molecularly monitor MRD using RQ-PCR. More studies 
are necessary to define the value of MRD monitoring in pediatric AML. 
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Drugs targeting type II mutations in AML 

The first leukemia subtype in which therapeutic targeting of a characteristic genetic 
aberrancy was possible, was acute promyelocytic leukemia (APL or FAB M3 AML). 
APL is characterized by the t(15;17) which encodes the PML-RAR  protein. The 
RAR  protein normally encodes the retinoic acid receptor  (RAR ), which acts as a 
transcription factor upon binding of retinoids. The fusion protein encodes a 
dominant negative transcription factor which prevents activation of the normal 
RAR  target genes. In the early 1980s it was shown that all-trans retinoic acid 
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now in clinical trials in leukemia (Table 8).158-160 In this way, it might be possible to 
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decitabine demethylation Phase III (mono), phase I with HDACi
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MS-275 HDACi Phase I with azacytidine

HDACi means histone-deacetylase inhibitor, ATRA all-trans retinoic acid, mono mono-therapy. 

Minimal residual disease 

Historically, remission is defined as a bone marrow blast percentage <5% with bone 
marrow regeneration and no evidence of leukemia elsewhere. This blast percentage 
is established using morphologic evaluation of bone marrow smears. During the last 
15 years, novel techniques have been developed which have enabled us to quantify 
the amount of leukemic blasts below the 1% level. This is called minimal residual 
disease (MRD). MRD can be detected using two different techniques, flow cytometric 
immunophenotyping and real-time quantitative polymerase chain reaction (RQ-
PCR).161 In pediatric ALL, the prognostic value of MRD has been well established 
and is now incorporated in most treatment schedules.161;162 Current prospective 
studies test the hypothesis that tailoring treatment to the level of MRD will improve 
patients' outcome.162 In AML, currently flow cytometry is the method of choice for 
MRD monitoring, as in most patients no targets for RQ-PCR are available.161;163 In 
adult AML, it is clear that patients with high MRD have a poor prognosis.164;165 In 
children with AML, it is not clear whether MRD monitoring has additional value.163

A recent study from the AML-BFM study group showed that compared with 
commonly defined risk factors in the AML-BFM studies, MRD does not provide 
additional information for outcome prediction.166 The only exception is acute 
promyelocytic leukemia (APL) with t(15;17). In APL clinical trials, MRD 
measurements using a RQ-PCR for the PML-RAR  fusion transcript, play an 
important role and the use of pre-emptive therapy when patients become RQ-PCR 
positive, improves survival.167 In recent years, as described above, many new 
leukemia-specific mutations have been described in AML. Possibly, some of these 
mutations could be used to molecularly monitor MRD using RQ-PCR. More studies 
are necessary to define the value of MRD monitoring in pediatric AML. 
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Scope of this thesis 

Although the prognosis of pediatric AML patients has improved significantly over 
the last 30 years, 30-40% of patients still relapse and 5-10% of patients die of the 
toxicity of treatment. Therefore, novel treatment approaches are needed. The focus of 
this thesis is two-fold. In the first part we describe the poor prognosis of relapsed 
pediatric AML and identify type I mutations in pediatric AML which might be used 
as prognostic factors or as targets for treatment. In the second part of this thesis, we 
examine the in vitro effects of targeted therapeutics and relate sensitivity to these 
drugs to expression and mutations of the specific targets.

Part One 
As the outcome of pediatric relapsed AML in the Netherlands was unknown, we 
studied all pediatric AML patients treated between 1980 and 1998, who subsequently 
relapsed. This is described in Chapter 2. In Chapter 3 and 4 we describe the incidence 
and prognostic significance of type I mutations in pediatric AML. In chapter 3 we 
focus on the incidence and prognostic significance of KIT and RAS mutations. In 
addition, we report the biochemical consequences of KIT exon 8 mutations. In 
chapter 4 we studied the incidence of PTPN11 mutations in pediatric AML, and 
especially in FAB M5 AML. The stability of FLT3/ITD and FLT3 point mutations in 
AML patients examined at initial diagnosis and at relapse are reported in Chapter 5. 

Part Two 
We compare the cytotoxicity of free and liposomal daunorubicin in vitro in pediatric 
AML and ALL samples in Chapter 6. In Chapter 7 the cytotoxicity of the farnesyl 
transferase inhibitor tipifarnib in pediatric AML, ALL and normal bone marrow 
samples is described. The cytotoxicity is correlated to the presence or absence of RAS 
mutations. In Chapter 8 we describe the cytotoxicity of the tyrosine kinase inhibitor 
SU11657 in pediatric AML samples. We correlated the cytotoxicity of this drug to 
FLT3 and KIT mutations and expression of KIT and FLT3.

In chapter 9 we discuss the results reported in this thesis and put them into 
perspective.

Part One 

Molecular characterization of AML
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Abstract

Although the prognosis of pediatric AML has improved considerably over the past 
decades, relapse remains the major cause of treatment failure, occurring in 30-40% of 
patients. Patients with relapsed AML have a poor prognosis. The outcome of Dutch 
pediatric relapsed AML patients is unknown. We studied all pediatric de novo AML 
patients initially diagnosed in the Netherlands between 1980 and 1998 who 
subsequently relapsed (N=113). Most patients (63%) relapsed within a year after 
reaching first complete remission (CR1) and 80% of patients received reinduction 
with curative intent, while 20% of patients received palliative care. CR2 was achieved 
in 63% of patients. Overall, the probability of 10 year overall survival (10-year pOS) 
of pediatric relapsed AML patients was 16% (SE 3%). In univariate analysis a short 
CR duration ( 1 year) and FAB M4 were associated with poor survival, while 
patients with FAB M5 had a borderline significantly improved pOS.  Stem cell 
transplantation (SCT) was performed in 25 patients after achieving CR2. In 
multivariate analysis, including alloSCT as a time-dependent variable, CR1 duration, 
FAB M4 and FAB M5, no factor was significantly associated with pOS. A significant 
proportion (24%) of the children who did not receive an alloSCT in CR2 were long-
term survivors. It is important to identify the subgroup of children with relapsed 
AML that are curable with chemotherapy alone. Half of the survivors suffered from 
serious late effects of treatment and this number was significantly increased in 
patients treated with a SCT. International collaborative studies with novel agents and 
new treatment schedules are necessary to improve the prognosis of pediatric 
relapsed AML. 

Introduction

The prognosis of children with acute myeloid leukemia (AML) has improved 
significantly over the last decades with 5-year overall survival rates (5-year pOS) in 
the most recent treatment protocols as high as 60%.4 In the Netherlands, most 
children with AML are treated according to protocols developed by the Dutch 
Childhood Oncology Group (DCOG, previously called Dutch Childhood Leukemia 
Study Group, DCLSG). Since 1980 4 protocols for the treatment of childhood AML 
have been completed, AML-80 (pilot study), AML-82, AML-87 and AML-92/94. 
Since the first pilot study in 1980, the survival of children with AML in the 
Netherlands has improved from an overall survival of 18% to 42% in the most 
recently reported DCOG-92/94 study.119;168

Relapse remains the most frequent cause of treatment failure in AML, with a 
cumulative risk of relapse of 30-40% in most pediatric AML studies.4 In the 

consecutive Dutch AML protocols AML-80, AML-82, AML-87 and AML-92/94 the 
cumulative risk of relapse was 60, 43, 47 and 26% respectively.119  Outcome of 
children with relapsed AML is poor, but information on outcome in these children is 
sparse. Probability of survival after 2-5 years ranged from 12-33%.5-9

Although the Dutch results for patients treated at initial diagnosis have been 
reported, there was no information about the outcome of children diagnosed with 
relapsed AML in the Netherlands. We therefore studied all pediatric patients who 
were diagnosed with de novo AML between 1980 and 1998 and who suffered from a 
subsequent relapse. This time period was chosen because study results are mature 
with long-term follow-up, also on the relapsed patients. In addition, it concerned 4 
consecutive DCOG treatment protocols that were relatively comparable in outline. 

Patients and Methods 

Patients

Data up to 1/1/2007 were collected from the central data collection center of the 
DCOG. All patients (N=354) registered and diagnosed with AML between 1/3/1980 
(start date of protocol AML-80) and 31/5/1998 (end date of protocol AML-94) were 
included in this study.  

Initial treatment protocol  

The DCOG protocols AML-80, AML-82, AML-87 and AML-92/94 were all described 
and published in detail before.119;168;169

In protocol AML-80, 27 pediatric newly diagnosed AML patients were treated using 
high-dose cytarabine pushes, doxorubicin and 6-thioguanine without maintenance or 
consolidation. Children with a suitable donor were eligible for stem cell 
transplantation (SCT).168

A total of 48 newly diagnosed pediatric AML patients were treated according to 
AML-82. Induction treatment was based on AML-80 and consisted of cytarabine 
pushes and doxorubicin i.v, followed by an intensification course with cytarabine, 
etoposide, cyclophosphamide and doxorubicin. Children with a matched sibling 
donor (MSD) were offered allogeneic SCT and children without a donor were treated 
with maintenance therapy according to the VAPA-10 protocol.170 No prophylactic 
cranial irradiation was given, and there was no intrathecal chemotherapy.169

DCOG AML-87 and AML-92/94 included 83 and 78 patients respectively. The Dutch 
AML-87 protocol was largely similar to the BFM-87 study.142;171 Induction treatment 
consisted of cytarabine, daunorubicin and etoposide (ADE). This was followed by a 
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6-week consolidation. After consolidation, two cycles of late intensification were 
added. All patients received prophylactic intrathecal chemotherapy with cytarabine. 
Only children with a WBC>70 x109/L at diagnosis were treated with prophylactic 
cranial irradiation. No maintenance therapy was given. Allogeneic SCT in first CR 
was recommended in children of the high-risk group only if a MSD was available. 
Protocol AML-94 was preceded by a pilot phase (AML-92 pilot) and this pilot study 
was implemented without any changes in 1994 and is therefore presented together as 
study AML-92/94.172 This protocol was based on the BFM-93 study.173 Patients 
received induction chemotherapy with idarubicin (AIE) in stead of ADE. An early 
intensification course was implemented and CNS prophylaxis consisted of five 
intrathecal injections with cytarabine. No maintenance therapy and no prophylactic 
cranial irradiation were given. Children with acute promyelocytic leukemia received 
all-trans-retinoic acid (ATRA 25 mg/m2/ day) together with the induction 
treatment. All children were to be transplanted following the second intensification 
course, either by allograft, in case a MSD was available, or by autografting.

Relapse treatment 

During the period described in this paper no formal nationwide DCOG protocol for 
the treatment of children with AML was available in the Netherlands and therefore 
children were treated using institutional protocols. The relapse treatment is 
described in the results section. 

Diagnosis 

AML was diagnosed by cytomorphological and cytochemical examination, according 
to the FAB classification, including the later modifications defining FAB M0 and FAB 
M7.18-20 Bone marrow, peripheral blood and spinal fluid samples were taken at 
diagnosis and centrally reviewed in the laboratory of the DCOG, as were all follow-
up bone marrow samples. CNS disease was defined as 5 cells per mm3 with 
detectable blasts in the cerebrospinal fluid (CSF). 

Definitions and statistical analysis 

CR was defined as less than 5% blasts in the bone marrow, with regeneration of 
normal hematopoiesis, and absence of leukemic cells in the spinal fluid or anywhere 
else on day 42 (or earlier) after the start of reinduction therapy. Patients surviving the 
first 6 weeks of therapy but who failed to achieve remission on day 42 were classified 
as nonresponders (NR). Relapse was defined as >5% blasts in the bone marrow, or 5
cells per mm3 blasts in the CSF, or leukemic infiltration elsewhere after a CR. Overall 

survival (OS) was defined as the time between relapse diagnosis and death of any 
cause. Event-free survival (EFS) was defined as the time between the date of relapse 
diagnosis and first event (relapse, death of any cause or second malignancy) or date 
of last follow-up. Patients who failed to achieve remission were classified as failures 
at time zero. Disease-free survival (DFS) was defined as the time between second 
complete remission and first event (relapse, death of any cause or second 
malignancy) or date of last follow-up. Probabilities of survival were estimated by the 
method of Kaplan and Meier and were compared using the log-rank test. To evaluate 
the role of transplantation, a Cox-regression analysis was used with treatment as 
time-dependent covariate. All surviving patients were censored at the 1st of January 
2007. The patients who were lost to follow-up were censored at the day of their last 
follow-up. A P-value of <0.05 was considered statistically significant. 

Table 1. Patient characteristics of the children with relapsed AML initially treated in the Netherlands 
between 1980 and 1998. 

Number of patients 113
Sex (% male) 51%
Median age at initial diagnosis (p25-75) 6.9 (2.1-12.0)
Median age at relapse (p25-p75) 8.2 (2.9-13.2)
WBC at initial diagnosis (*10 9/L) 21.1 (7.5-68.4)
FAB type

M0 1
M1 15
M2 24
M3 3
M4 25
M5 31
M6 3
M7 9

AUL 2
Cytogenetics

t(8;21) 7
inv(16) 5

t(15;17) 1
normal 19
t(9;11) 2

other 11q23 abnormalities 14
trisomie 8 3

t(6;9) 2
-Y 3

monosomy 7 2
complex ( 5 abnormalities) 6

Other  17
Down syndrome 2

Unknown 30
Site of relapse

BM 83
BM & CNS 4
BM & other 8

Isolated CNS 11
Isolated other 7

WBC means white blood cell, FAB French-American-British, BM bone marrow, CNS central nervous system 
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2007. The patients who were lost to follow-up were censored at the day of their last 
follow-up. A P-value of <0.05 was considered statistically significant. 
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Results

By 1/1/2007, 113 pediatric patients initially diagnosed with AML between 1980 and 
1998, were diagnosed with a relapse at a median of 9 months (range 1 - 61 months) 
from first remission. This included 4 children in who myelodysplastic syndrome 
(MDS) preceded the diagnosis of AML and 2 Down syndrome patients. An 
additional 4 patients, not included in this study, developed a secondary AML after 
treatment for Hodgkin lymphoma (n=2), Ewing sarcoma (n=1) and AML (n=1) and 
subsequently relapsed. Most patients were initially treated using DCOG protocols 
(102/113, 90%), but 11 patients were initially treated using institutional protocols.
The study population included 17 patients who did not achieve remission (non-
remitter, NR) with first-line chemotherapy, but who did achieve CR1 with second-
line chemotherapy. They were included in this study after a relapse following CR1. 
All patient characteristics are summarized in Table 1. The bone marrow (isolated or 
combined) was the most frequent site of relapse (83%), followed by isolated CNS 
relapses (10%).  Two patients died before reinduction could be attempted and in 21 
patients no reinduction was attempted (Figure 1). 

Figure 1. The fate of all 113 relapsed pediatric AML patients.
CR2 means second complete remission, SCT stem cell transplantation, CCR2 second complete continuous 

mission  CR3 third comp te remi ion. re , le ss

                    

Reasons for choosing palliative treatment were previous SCT, short first remission 
duration, toxicity of initial treatment or Down syndrome (2 patients). In 50% (14/28) 
of patients who underwent SCT in CR1, reinduction was not attempted, compared to 
only 11% (9/85) of children who were not transplanted in CR1 (Chi square p<0.0001). 
In relapsed children initially treated on DCOG studies AML 80, 82 and 87 
reinduction was attempted in more than 80% (100%, 89% and 82% respectively), 
while in children treated on DCOG AML92/94 in only 43% (10/23) of reinduction 
was attempted. This was probably caused by the relatively high number of patients 
which received a SCT in CR1 in AML92/94 (14/23, 61%) compared to only 10%, 4% 
and 23% in studies AML 80, 82 and 87. In 29% of children treated with SCT in CR1 in 
AML92/94 reinduction was attempted, while in children in this study not treated 
with a SCT in CR1, reinduction was attempted in 67% (Fisher’s exact test p=0.10). 
Children with a short CR1 duration ( 1 year) were borderline significantly less likely 
to be treated with curative intent than children with a longer CR1 duration (>1 year) 
(75 vs. 88%, p=0.08).

Reinduction treatment 

During the period studied, no nationwide protocol for the treatment of relapsed 
AML was available in the Netherlands. In 3 cases no information on the relapse 
treatment given was found. In 4/11 cases with an isolated CNS relapse only 
intrathecal treatment was intensified. Most patients (66/87, 76%) were treated with a 
reinduction regimen containing cytarabine, in half this was standard dose (SD) 
cytarabine (<1 g/m2/day) and in half higher dose (HD) cytarabine ( 1 g/m2/day). In 
most cases combination chemotherapy was given and this most frequently consisted 
of cytarabine combined with daunorubicin or another anthracycline (47/66, 71%) or 
cytarabine with L-asparaginase (9/66, 14%). Etoposide was administered in many 
patients (37/87, 42%), most frequently in combination with cytarabine and 
daunorubicin or idarubicin (ADE or AIE, 29/37, 78%). Six patients were treated 
using a combination of cladribine, idarubicin and HD cytarabine. There were 21 
patients in who reinduction was attempted with a treatment regimen not including 
cytarabine. Four patients were treated with regimens containing drugs commonly 
used in the treatment of acute lymphoblastic leukemia, such as vincristine, 
prednisolon, 6-mercaptopurine, L-asparaginase and methotrexate. Two patients were 
treated with cladribine alone. The remaining patients were treated using different 
combinations of chemotherapeutic drugs such as doxorubicin, idarubicin, thiotepa, 
cyclophosphamide, amsacrine and etoposide  
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combined) was the most frequent site of relapse (83%), followed by isolated CNS 
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remission, CR3 third complete remission. 

Reasons for choosing palliative treatment were previous SCT, short first remission 
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only 11% (9/85) of children who were not transplanted in CR1 (Chi square p<0.0001). 
In relapsed children initially treated on DCOG studies AML 80, 82 and 87 
reinduction was attempted in more than 80% (100%, 89% and 82% respectively), 
while in children treated on DCOG AML92/94 in only 43% (10/23) of reinduction 
was attempted. This was probably caused by the relatively high number of patients 
which received a SCT in CR1 in AML92/94 (14/23, 61%) compared to only 10%, 4% 
and 23% in studies AML 80, 82 and 87. In 29% of children treated with SCT in CR1 in 
AML92/94 reinduction was attempted, while in children in this study not treated 
with a SCT in CR1, reinduction was attempted in 67% (Fisher’s exact test p=0.10). 
Children with a short CR1 duration ( 1 year) were borderline significantly less likely 
to be treated with curative intent than children with a longer CR1 duration (>1 year) 
(75 vs. 88%, p=0.08).

Reinduction treatment 

During the period studied, no nationwide protocol for the treatment of relapsed 
AML was available in the Netherlands. In 3 cases no information on the relapse 
treatment given was found. In 4/11 cases with an isolated CNS relapse only 
intrathecal treatment was intensified. Most patients (66/87, 76%) were treated with a 
reinduction regimen containing cytarabine, in half this was standard dose (SD) 
cytarabine (<1 g/m2/day) and in half higher dose (HD) cytarabine ( 1 g/m2/day). In 
most cases combination chemotherapy was given and this most frequently consisted 
of cytarabine combined with daunorubicin or another anthracycline (47/66, 71%) or 
cytarabine with L-asparaginase (9/66, 14%). Etoposide was administered in many 
patients (37/87, 42%), most frequently in combination with cytarabine and 
daunorubicin or idarubicin (ADE or AIE, 29/37, 78%). Six patients were treated 
using a combination of cladribine, idarubicin and HD cytarabine. There were 21 
patients in who reinduction was attempted with a treatment regimen not including 
cytarabine. Four patients were treated with regimens containing drugs commonly 
used in the treatment of acute lymphoblastic leukemia, such as vincristine, 
prednisolon, 6-mercaptopurine, L-asparaginase and methotrexate. Two patients were 
treated with cladribine alone. The remaining patients were treated using different 
combinations of chemotherapeutic drugs such as doxorubicin, idarubicin, thiotepa, 
cyclophosphamide, amsacrine and etoposide  
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Post-remission treatment 

Treatment in CR2 consisted of chemotherapy alone or chemotherapy and stem cell 
transplantation. Stem cell transplantation was performed in 25/57 children (44%) in 
CR2, a median of 3.2 months after achieving CR2. This consisted of a matched sibling 
donor (MSD) SCT in 11, a matched unrelated donor (MUD) in 4, a haplo-identical 
SCT (mother) in one and an autologous SCT in 9 cases. In two children this was their 
second SCT from the same MSD donor both times. In one patient a MSD SCT was 
performed in CR1 and an autologous SCT in CR2. The other patients (32/57, 58%) 
received chemotherapy alone. Only 4/32 of these patients (12.5%) had been 
transplanted in CR1. The data from children who received an autologous SCT and 
children who were treated with chemotherapy alone were pooled for analysis, as it 
was previously shown that autoSCT has no survival benefit above chemotherapy.174-

176 Patients who received an alloSCT in CR2 (N=16) had longer first remissions than 
children treated with chemotherapy or autoSCT (N=41), but this difference was not 
statistically significant (median CR1 duration 16 vs. 10 months, p=0.29). 

Response to treatment 

In 57 of 90 patients (63%) second complete remission (CR2) was achieved after a 
median of 1 course of chemotherapy. In univariate analysis, sex, age, WBC, FAB-type 
and SCT in CR1 were not associated with achievement of CR2 (Table 2). None of the 
patients who were non-remitters when treated for their initially diagnosed AML 
(n=11) achieved CR2, compared to 72% of patients which did achieve CR1 on first-
line treatment (Chi-square p<0.0001). CR1 duration (CR1 1 year or CR1>1 year) 
correlated significantly with the probability of achieving CR2 (55 vs. 76%, p=0.04), 
10-year pEFS (11 vs. 26%, p=0.01), 10-year pDFS (21% vs. 35%, p=0.06) and 10-year 
pOS (13 vs. 30%, p=0.02) in univariate analysis (Table 2 and Figure 2). In univariate 
analysis FAB M5 patients had a borderline significantly improved survival compared 
to other FAB types (10-year pOS 32% (SE 10%) vs. 16% (SE 5%), p=0.076), while 
children with FAB M4 AML had a significantly poorer survival compared to other 
FAB types (10-year pOS 8.3% (SE 5.6%) vs. 24% (SE 5%), p=0.048). Median time to 
event after CR2 in children treated with chemotherapy or autoSCT was 3.5 months 
compared to 7 months for children treated with alloSCT (MWU p=0.08) and 10-year 
pDFS and pOS were also borderline significantly better in children who received an 
alloSCT in CR2 (in univariate analysis no alloSCT in CR2 vs. alloSCT in CR2 10-year 
pDFS 22% vs. 42%, p=0.07, 10-year pOS 24% vs. 50%, p=0.10). 

Figure 2A. 

Figure 2B. 

Figure 2. Outcome of children with relapsed AML. 
a. The probability of event-free survival (pEFS) in the 90 pediatric relapsed AML patients treated with 
curative intent. Patients with a short first remission (CR1  1 year) had a significantly poorer 10-year 
pEFS than patients with longer CR1 duration (CR1 >1 year) (10-year pEFS 11 vs. 26%, p=0.01).  
b. The probability of overall survival in the 90 pediatric relapsed AML patients who were treated with 
curative intent. Patients with a short first remission had a significantly poorer 10-year pOS than 
patients with longer CR1 duration (10-year pOS 13 vs. 30%, p=0.02) 

This comparison is biased by the fact that to be able to undergo SCT, it is necessary to 
have a suitable donor, to maintain CR2 until the SCT and to be in a relatively good 
condition. In multivariate analysis using Cox-regression, we corrected alloSCT in 
CR2 for time to transplant. We also included duration of CR1, FAB M4 and FAB M5 
as variables in this analysis. AlloSCT in CR2 (HR=0.56, 95% confidence interval (CI) 
0.26-1.24, p=0.15), CR1 duration (HR=1.5, 95% CI 0.78-2.88, p=0.23), FAB M4 
(HR=1.89, 95% CI 0.90-3.94, p=0.091) and FAB M5 (HR=0.59, 95% CI 0.25-1.37, 
p=0.22) were not significantly correlated with pOS.
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curative intent. Patients with a short first remission (CR1  1 year) had a significantly poorer 10-year 
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b. The probability of overall survival in the 90 pediatric relapsed AML patients who were treated with 
curative intent. Patients with a short first remission had a significantly poorer 10-year pOS than 
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This comparison is biased by the fact that to be able to undergo SCT, it is necessary to 
have a suitable donor, to maintain CR2 until the SCT and to be in a relatively good 
condition. In multivariate analysis using Cox-regression, we corrected alloSCT in 
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p=0.22) were not significantly correlated with pOS.

001-168_Goemans_21881.indd   43 24-04-2007   16:51:21



Ch
ap

te
r	

2

44

Table 2. Univariate analysis of prognostic factors for achievement of second complete remission (CR2) 
and probability of 10-year overall survival (pOS) in children in who reinduction was attempted 
(N=90). 

Characteristic at diagnosis Number NR CR2 p value
Percentage        10-

year pOS (SE) p value
Sex 0.79 0.52

male 48 17 31 21 (6)
female 42 16 26 19 (6)

Age 0.65 0.81
<10 years 49 19 30 20 (6)

10 years 41 14 27 19 (6)
WBC (*10 9/L) 0.37 0.32

<50 65 22 43 21 (5)
50 25 11 14 16 (7)

FAB type 0.98 0.52
M0 1 0 1 0
M1 13 4 9 23 (12)
M2 19 8 11 16 (8)
M3 4 2 2 25 (22)
M4 24 9 15 8 (6)
M5 22 7 15 32 (10)
M6 2 1 1 50 (35)
M7 3 1 2 0

AUL 2 1 1 50 (35)
Response initial treatment <0.0001 <0.0001

NR 11 11 0 0
CR1 79 22 57 23 (5)

SCT in CR1 0.26 0.84
no 76 26 50 21 (5)

yes 14 7 7 14 (9)
CR1 duration 0.042 0.024

1 year 53 24 29 13 (5)
>1 year 37 9 28 30 (8)

pOS means probability of overall survival, NR non-remitter, WBC white blood cell, FAB French-American-
British, AUL acute undifferentiated leukemia, SCT stem cell transplantation, CR1 first complete remission. 

Outcome

In total 18 of 113 pediatric patients survived after diagnosis of relapsed AML, with a 
median follow-up of 130 months (Table 3). The overall 10-year pOS was 16% 
(SE=3%), while the 10-year pOS was 20% (SE=4%) in patients treated with curative 
intent. The 10-year pEFS for all patients treated with curative intent was 18% 
(SE=4%), while the 10-year pDFS and pOS of patients achieving CR2 was 28% 
(SE=6%) and 32% (SE 6%). Subgroups were too small to analyze differences in 
outcome between the different treatment regimens.
The causes of death were leukemia in 86/95 patients (91%) and toxicity of treatment 
in 9 patients (7%). In the patients who died as a result of toxicity of treatment, causes 
of death included infection in 5 patients, graft versus host disease (GVHD) in 2 

patients (after a second MSD SCT and after a haplo-identical SCT), a GVH reaction 
after transfusion of non-irradiated thrombocytes in one patient and congestive heart 
failure in one patient. 
Of the 18 surviving patients, 8 had undergone alloSCT in CR2, while 10 were cured 
with chemotherapy or autoSCT (p=0.062) (Table 3). One survivor suffered from a 
second relapse after autoSCT in CR2 and was successfully treated with 
chemotherapy only. The survivors treated with alloSCT in CR2 had a longer median 
CR1 duration compared to survivors treated with chemotherapy or autoSCT (22 vs. 
10 months, p=0.12), although this difference was not statistically significant. In 10 of 
18 survivors late effects of treatment were reported (Table 3). The encountered 
medical problems were secondary malignancies (one papillary thyroid carcinoma, 
one basal cell carcinoma), hypogonadotropic hypogonadism (n=3), central and 
peripheral neurological problems (n=3), bone problems (n=2), cardiomyopathy (n=1), 
fatigue (n=1) and lung problems (n=1). Late effects were more frequently reported in 
children who received a SCT (in CR1 and/or CR2) than in children who did not 
receive a SCT, with 9/12 patients who were treated with SCT reporting late effects, 
compared to 1/6 patients treated with chemotherapy alone (Chi square p=0.019). 

Discussion

This study is the first report on the outcome of children treated for relapsed AML in 
the Netherlands. We collected data of 113 children diagnosed with a relapse of de 
novo AML initially treated between 1980 and 1998. The strengths of this study are 
that this is a nationwide study, including all relapsed pediatric AML patients 
registered at initial diagnosis with the DCOG central office, the long-term, reliable 
follow-up on the patients, including information on late effects in most patients. In 
addition, we had information on relapse treatment in the majority of patients. This 
study was retrospective and unfortunately there was no uniform treatment protocol 
for pediatric relapsed AML during this period and therefore treatment was 
heterogeneous. 

Table 3. Pediatric relapsed AML survivors, ordered according to the time of initial diagnosis. 

FAB means French-American-British, SCT stem cell transplantation, CR1 first complete remission, CR2 second 
complete remission, BM bone marrow, CNS central nervous system, m male, f female, DA daunorubicin and 
cytarabine, I induction, M maintenance, dnr daunorubicin, vcr vincristine, pred prednisolon, araC cytarabine, 
vp16 etoposide. Cyclo cyclophosphamide, HD high-dose, 6MP 6-mercaptopurine, i.th. intrathecal, ifos ifosfamide, 
6TG 6-thioguanine, LD low-dose, ADE cytarabine, daunorubicin, etoposide, dox doxorubicin, HAE high-dose 
cytarabine and etoposide, 2cda cladribine, MSD matched sibling donor, auto autologous, MUD matched 
unrelated donor. 
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median follow-up of 130 months (Table 3). The overall 10-year pOS was 16% 
(SE=3%), while the 10-year pOS was 20% (SE=4%) in patients treated with curative 
intent. The 10-year pEFS for all patients treated with curative intent was 18% 
(SE=4%), while the 10-year pDFS and pOS of patients achieving CR2 was 28% 
(SE=6%) and 32% (SE 6%). Subgroups were too small to analyze differences in 
outcome between the different treatment regimens.
The causes of death were leukemia in 86/95 patients (91%) and toxicity of treatment 
in 9 patients (7%). In the patients who died as a result of toxicity of treatment, causes 
of death included infection in 5 patients, graft versus host disease (GVHD) in 2 

patients (after a second MSD SCT and after a haplo-identical SCT), a GVH reaction 
after transfusion of non-irradiated thrombocytes in one patient and congestive heart 
failure in one patient. 
Of the 18 surviving patients, 8 had undergone alloSCT in CR2, while 10 were cured 
with chemotherapy or autoSCT (p=0.062) (Table 3). One survivor suffered from a 
second relapse after autoSCT in CR2 and was successfully treated with 
chemotherapy only. The survivors treated with alloSCT in CR2 had a longer median 
CR1 duration compared to survivors treated with chemotherapy or autoSCT (22 vs. 
10 months, p=0.12), although this difference was not statistically significant. In 10 of 
18 survivors late effects of treatment were reported (Table 3). The encountered 
medical problems were secondary malignancies (one papillary thyroid carcinoma, 
one basal cell carcinoma), hypogonadotropic hypogonadism (n=3), central and 
peripheral neurological problems (n=3), bone problems (n=2), cardiomyopathy (n=1), 
fatigue (n=1) and lung problems (n=1). Late effects were more frequently reported in 
children who received a SCT (in CR1 and/or CR2) than in children who did not 
receive a SCT, with 9/12 patients who were treated with SCT reporting late effects, 
compared to 1/6 patients treated with chemotherapy alone (Chi square p=0.019). 

Discussion

This study is the first report on the outcome of children treated for relapsed AML in 
the Netherlands. We collected data of 113 children diagnosed with a relapse of de 
novo AML initially treated between 1980 and 1998. The strengths of this study are 
that this is a nationwide study, including all relapsed pediatric AML patients 
registered at initial diagnosis with the DCOG central office, the long-term, reliable 
follow-up on the patients, including information on late effects in most patients. In 
addition, we had information on relapse treatment in the majority of patients. This 
study was retrospective and unfortunately there was no uniform treatment protocol 
for pediatric relapsed AML during this period and therefore treatment was 
heterogeneous. 

Table 3. Pediatric relapsed AML survivors, ordered according to the time of initial diagnosis. 

FAB means French-American-British, SCT stem cell transplantation, CR1 first complete remission, CR2 second 
complete remission, BM bone marrow, CNS central nervous system, m male, f female, DA daunorubicin and 
cytarabine, I induction, M maintenance, dnr daunorubicin, vcr vincristine, pred prednisolon, araC cytarabine, 
vp16 etoposide. Cyclo cyclophosphamide, HD high-dose, 6MP 6-mercaptopurine, i.th. intrathecal, ifos ifosfamide, 
6TG 6-thioguanine, LD low-dose, ADE cytarabine, daunorubicin, etoposide, dox doxorubicin, HAE high-dose 
cytarabine and etoposide, 2cda cladribine, MSD matched sibling donor, auto autologous, MUD matched 
unrelated donor. 
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As others have also reported, outcome is very poor in these children, only 18 of 113 
children are long term survivors (10-year pOS 16%) and 10-year pDFS after achieving 
CR2 was only 28%, which is comparable to previously published results (Table 3).5-9

The EFS and DFS in this cohort were significantly influenced by three long-term 
survivors who experienced a late event in CR2.  Two children were diagnosed with a 
secondary malignancy and one suffered from a second relapse and is in continuous 
CR3 with a follow-up of 138 months after second relapse.
Previous studies have identified the duration of CR1 as a prognostic factor for 
outcome in children with relapsed AML. We confirmed a short CR1 duration as a 
poor prognostic factor for pEFS, pDFS and pOS in univariate analysis, although we 
could not confirm this in multivariate analysis. In this cohort of relapsed AML 
patients FAB M4 patients had a poor prognosis, while FAB M5 patients had a 
borderline improved outcome, but again in multivariate analysis this was not 
significant. Zwaan et al. previously reported that in vitro pediatric FAB M5 AML 
samples were significantly more sensitive to cytarabine and etoposide than FAB 
M1/2 and FAB M4 samples.177

Children who were transplanted in CR1 were less likely to receive reinduction after 
relapse, although in the children who were transplanted in CR1 and in whom 
reinduction was attempted, the CR2 rate was comparable to children who had not 
been transplanted (CR2 rate SCT CR vs. no SCT CR1 50% vs. 66%, p=0.26). In 
addition, there was no difference in 10-year pOS (SCT CR vs. no SCT 14 vs. 21%, 
p=0.84). Children with a short CR1 duration (  1 year) were more likely to receive 
palliative care in stead of reinduction. There was a clear selection bias in favor of 
alloSCT in CR2 as children receiving an alloSCT had a longer CR1 duration 
compared to patients receiving autoSCT or chemotherapy. AlloSCT in CR2 was 
analyzed as a time-dependent variable to try and correct for the selection bias caused 
by the fact that to receive a SCT a patient must be in continuous CR. There was no 
significant difference in pDFS or pOS, between patients treated with a SCT or treated 
with chemotherapy alone. The retrospective nature of this study, the diverse 
treatment schedules used and the relatively small number of patients interfere with 
the analysis of prognostic factors for survival. 
In the survivors in our study, post-remission treatment in 8 patients was an alloSCT, 
while 10 patients were treated with an autoSCT or chemotherapy alone. Therefore 
8/16 patients (50%) treated with alloSCT in CR2, 3/9 patients (33%) treated with 
autoSCT in CR2 and 7/32 patients (22%) treated with chemotherapy alone are long 
term survivors. The survivors included two patients who had previously received an 
allogeneic SCT in CR1, one was treated with a second allogeneic SCT after CR2, the 
other with chemotherapy alone. In addition, one patient is a long term survivor after 
a second relapse after autologous SCT in CR2. Therefore, we conclude that there are 
patients who can be salvaged following a relapse after SCT and that there is a 
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As others have also reported, outcome is very poor in these children, only 18 of 113 
children are long term survivors (10-year pOS 16%) and 10-year pDFS after achieving 
CR2 was only 28%, which is comparable to previously published results (Table 3).5-9

The EFS and DFS in this cohort were significantly influenced by three long-term 
survivors who experienced a late event in CR2.  Two children were diagnosed with a 
secondary malignancy and one suffered from a second relapse and is in continuous 
CR3 with a follow-up of 138 months after second relapse.
Previous studies have identified the duration of CR1 as a prognostic factor for 
outcome in children with relapsed AML. We confirmed a short CR1 duration as a 
poor prognostic factor for pEFS, pDFS and pOS in univariate analysis, although we 
could not confirm this in multivariate analysis. In this cohort of relapsed AML 
patients FAB M4 patients had a poor prognosis, while FAB M5 patients had a 
borderline improved outcome, but again in multivariate analysis this was not 
significant. Zwaan et al. previously reported that in vitro pediatric FAB M5 AML 
samples were significantly more sensitive to cytarabine and etoposide than FAB 
M1/2 and FAB M4 samples.177

Children who were transplanted in CR1 were less likely to receive reinduction after 
relapse, although in the children who were transplanted in CR1 and in whom 
reinduction was attempted, the CR2 rate was comparable to children who had not 
been transplanted (CR2 rate SCT CR vs. no SCT CR1 50% vs. 66%, p=0.26). In 
addition, there was no difference in 10-year pOS (SCT CR vs. no SCT 14 vs. 21%, 
p=0.84). Children with a short CR1 duration (  1 year) were more likely to receive 
palliative care in stead of reinduction. There was a clear selection bias in favor of 
alloSCT in CR2 as children receiving an alloSCT had a longer CR1 duration 
compared to patients receiving autoSCT or chemotherapy. AlloSCT in CR2 was 
analyzed as a time-dependent variable to try and correct for the selection bias caused 
by the fact that to receive a SCT a patient must be in continuous CR. There was no 
significant difference in pDFS or pOS, between patients treated with a SCT or treated 
with chemotherapy alone. The retrospective nature of this study, the diverse 
treatment schedules used and the relatively small number of patients interfere with 
the analysis of prognostic factors for survival. 
In the survivors in our study, post-remission treatment in 8 patients was an alloSCT, 
while 10 patients were treated with an autoSCT or chemotherapy alone. Therefore 
8/16 patients (50%) treated with alloSCT in CR2, 3/9 patients (33%) treated with 
autoSCT in CR2 and 7/32 patients (22%) treated with chemotherapy alone are long 
term survivors. The survivors included two patients who had previously received an 
allogeneic SCT in CR1, one was treated with a second allogeneic SCT after CR2, the 
other with chemotherapy alone. In addition, one patient is a long term survivor after 
a second relapse after autologous SCT in CR2. Therefore, we conclude that there are 
patients who can be salvaged following a relapse after SCT and that there is a 
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significant proportion of patients who can be cured using chemotherapy alone (22% 
in this study). In the previously described pediatric relapsed AML studies the pOS 
for CR2 patients treated with chemotherapy alone ranged from 0 to 100% (Table 4).5-9

Table 4. Reports of the outcome of children with relapsed AML. 

Initial Study Survival Survival with 
chemotherapy alone Reference

AML-BFM (1987-1996) 5-year pOS 21% 55% (5/9) Stahnke et al. 1998
MRC AML 10 (1988-1995) 3-year pOS 24% 18% (3/17) Webb et al. 1999
LAME 89/91 (1988-1998) 5-year pOS 33% 100% (3/3) Aladjidi et al. 2003
St. Jude Children's Hospital (1987-2002) 5-year pOS 23% 0% (0/17) Rubnitz et al. 2007
CCG-251/213/2861 (1979-1989) 3-year pOS 12%* Unknown Wells et al. 2003
CCG-2891 (1989-1995) 3-year pOS 17%* Unknown Wells et al. 2003
CCG-2951** (1997-2001) 2-year pOS 24% 62% (8/13) Wells et al. 2003
DCOG (1980-1998) 10-year pOS 16% 22% (7/32) Goemans et al. 2007
pOS means probability of overall survival. 
* Also included non-remitters. 
** Pediatric relapsed AML study 

Overall, including the patients in this study, 91 relapsed pediatric AML patients 
treated with chemotherapy alone were reported in literature and 26 of these 91 
patients were reported as survivors (29%).  Therefore, we question whether a SCT in 
CR2 is the only chance of cure for children with relapsed AML, as is commonly 
thought.127;128 A randomized clinical trial to prove this has never been performed. 
Especially when a matched donor is unavailable, intensive chemotherapy may be 
preferable over a mismatched or haplo-identical donor SCT, which is associated with 
significant morbidity and mortality.178;179 Currently however, it is not known how to 
identify the patients who do not need an alloSCT for cure after relapse. 
Long-term effects in the patients in our cohort were considerable, especially in the 
children who received a SCT. Two patients suffered from a secondary malignancy 
and 5 patients suffered from severe late effects significantly influencing their daily 
lives (low intelligence, retardation, cardiomyopathy, poor lung function and extreme 
fatigue). In some of the patients no late effects were reported at all, although one 
would expect them. Therefore the late effects of relapsed AML treatment are 
probably underestimated in this study. 
In the past there were very few treatment protocols for children with relapsed AML. 
Pediatric relapsed AML is relatively rare, and to perform a meaningful study a large 
number of patients is necessary. Recently, an international collaborative treatment 
protocol for relapsed pediatric AML was developed by the International BFM Study 
Group (I-BFM SG Relapsed AML 2001/01). This protocol randomizes patients 
between treatment with fludarabine, cytarabine and G-CSF (FLAG) versus FLAG 
with liposomal daunorubicin (Daunoxome®).129 It is advised that children in CR2 
undergo SCT. This study will include more than 400 patients from over 20 countries. 

The results will show what the outcome of relapsed pediatric AML treated with a 
uniform treatment protocol is and whether the addition of liposomal daunorubicin 
will increase the prognosis of these patients hopefully without adding unacceptable 
toxicity. It will also be valuable in identifying new prognostic factors, as it is the 
largest study in pediatric relapsed AML thus far.
Future protocols will need this international collaboration to develop novel 
treatments improving the prognosis of children with relapsed AML. Possibly new 
agents, such as gemtuzumab ozogamicin or clofarabine will increase the outcome of 
these children, hopefully without adding excessive toxicity. Both drugs have been 
studied in the setting of pediatric relapsed AML with promising results and are 
currently being studied in combination with standard chemotherapy.144;180 The novel 
tyrosine kinase inhibitors such as imatinib, lestaurtinib and midostaurin are of 
interest as they potentially are less toxic to normal tissues and therefore might be 
able to increase the prognosis of children with relapsed AML without additional 
toxicity. These drugs are currently being studied in adult (relapsed) AML in 
combination with standard chemotherapy (source: www.clinicaltrials.gov).
In conclusion, long-term survival in children with relapsed AML is poor with a 10-
year pOS of only 16%. Some children can be cured after relapse without an alloSCT, 
but further studies are required to identify the patients who need alloSCT for cure. 
No factor, including alloSCT, was associated with survival in multivariate analysis. 
The majority of survivors suffer from late effects of treatment and late effects were 
more frequent in patients who had been transplanted. International collaborative 
studies with novel drugs and treatment schedules are necessary to improve the 
prognosis of children with relapsed AML. 
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Abstract

Activating mutations in RAS and receptor tyrosine kinases such as KIT and FLT3 are 
hypothesised to cooperate with chimeric transcription factors in the pathogenesis of 
AML.
To test this hypothesis, we genotyped 150 pediatric AML samples for mutations in 
KIT (exons 8, 17), NRAS and KRAS (exons 1, 2) and FLT3/ITD. This is the largest 
cohort of pediatric AML patients reported thus far screened for all four mutations. 
40% of children with AML had a mutation in KIT (11.3%), RAS (18%) or FLT3/ITD
(11.1%). 70% of cases of core binding factor (CBF) leukemia were associated with a 
mutation of KIT or RAS. Mutations in RAS or FLT3/ITD were frequently found in 
association with a normal karyotype. Patients with a FLT3/ITD mutation had a 
significantly worse clinical outcome. However, the presence of a KIT or RAS
mutation did not significantly influence clinical outcome. We demonstrate that KIT
exon 8 mutations result in constitutive ligand-independent kinase activation that can 
be inhibited by clinically relevant concentrations of imatinib.
Our results demonstrate that abnormalities of signal transduction pathways are 
frequent in pediatric AML.  Future clinical studies are needed to determine whether 
selective targeting of these abnormalities will improve treatment results. 

Introduction

The prognosis of pediatric acute myeloid leukemia (AML) has improved 
considerably over the past decades, with overall long-term survival rates around 
60%.173;174;181;182 However, relapse remains the major cause of treatment failure, 
occurring in 30-40% of patients in first complete remission (CR). 173;174;181;182 Several 
study groups have shown that cytogenetics is an independent and strong predictor 
of outcome, both in childhood and adult AML.174;181;183 

It is hypothesized that AML results from two classes of cooperating 
mutations.35;43;46;184

Type II mutations affect hematopoietic stem cell differentiation, typically by 
mutations or translocations [e.g. t(8;21), t(15;17) or inv(16)], resulting in aberrant 
function of transcription factor complexes. However, these mutations alone are 
insufficient to induce leukemia.42 Patients with core-binding factor (CBF) leukemias, 
i.e. t(8;21) [AML1-ETO] and inv(16) [CBF -MYH11] have a better prognosis than 
patients with normal cytogenetics or non-CBF cytogenetic abnormalities, with overall 
survival rates of 70-80%.181;183 Normally, AML1 and CBF  are part of the CBF 
complex, a DNA binding transcription factor complex. Together with other factors 
the CBF regulates the transcription of many genes important for the differentiation of 

hematopoietic cells.185 In pediatric AML approximately 15% of patients have t(8;21) 
and approximately 10% of patients have an inv(16), for an overall incidence of CBF 
leukemia of 20-30% in pediatric AML patients.183 Type I mutations provide a 
proliferative and survival advantage to hematopoietic progenitors.35 This group 
includes activating mutations in receptor tyrosine kinases (RTKs) such as FLT3 and 
KIT and the GTPase RAS. 38;40;81;186

KIT receptor is a member of the type III receptor tyrosine kinase family, that also 
includes FLT3 and PDGFRs.187 Activating mutations in KIT were first described in 
the mast cell leukemia cell line HMC-1 and activating mutations in KIT have 
subsequently been identified in AML, mastocytosis, gastro-intestinal stromal tumor 
(GIST) and seminoma/dysgerminoma.66;68;188;189 Functional studies demonstrated 
that these KIT mutations conferred cytokine-independent survival and a growth 
advantage to cells.38

The RAS family of genes consists of 3 G-proteins, NRAS, KRAS and HRAS.48 The 
RAS proteins are important in relaying proliferation and survival signals from cell 
membrane receptors (including KIT and FLT3) to intracellular signal transduction 
pathways. Certain mutations in RAS induce a permanent activation of RAS. 
Mutations in NRAS or KRAS have been identified in numerous malignancies, 
including hematologic malignancies such as AML.48;52;54

We genotyped 150 pediatric AML samples for mutations in KIT (exons 8 and 17), 
NRAS (exon 1 and 2) and KRAS (exon 1 and 2). In addition, the 27 CBF AML samples 
were genotyped for KIT exon 9 and 11 mutations, which were recently described in 
t(8;21) positive AML.190 This same cohort of patients was previously tested for 
FLT3/ITD.62 This is the largest cohort of pediatric AML patients to date that has been 
screened for mutations in all four genes. 40% of children with AML had a mutation 
in KIT (11.3%), RAS (18%) or a FLT3/ITD (11.1%). Mutations in KIT and RAS were 
predominantly found in CBF leukemia, in which 70% of cases had one of these 
mutations. Mutations in RAS and FLT3/ITD occurred in 50% of samples from 
patients with normal cytogenetics. In contrast to FLT3/ITD, KIT or RAS mutations did 
not influence clinical outcome. In addition, we provide biochemical evidence that 
KIT exon 8 mutations result in constitutive activation of KIT kinase activity that can 
be inhibited by clinically relevant concentrations of imatinib mesylate.

Materials and methods 

Patient samples 

Stored cytospin slides of bone marrow or peripheral blood samples from 183 
pediatric (0- 18 years of age) AML patients were available for analysis. Samples were 
only taken after informed consent had been obtained and with Institutional Review 
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Board (IRB) approval. We excluded patients with secondary AML (n=11), mixed 
lineage leukemia (n=2), refractory anemia with excess of blasts transformation 
(RAEB-T) (n=2), AML after myelodysplastic syndrome (n=8) and Down syndrome 
AML (n=8). Two patients were not treated with curative intent and were also 
excluded. Thus the study population described here consists of 150 de novo pediatric 
AML patients.
Two collaborative groups participated in this study: the AML-‘Berlin-Frankfurt-
Münster’ Study Group (AML-BFM-SG, Münster, Germany) and the Dutch 
Childhood Oncology Group (DCOG, The Hague, the Netherlands). Both study 
groups performed central review of the diagnosis, classification and clinical follow-
up of the patients.
All patients were reclassified according to the BFM-AML risk group classification 
criteria. ‘Standard risk’ (SR) patients were defined as having favorable morphology 
(i.e. French-American-British (FAB) M2 with Auer rods, M3 or M4 with eosinophils) 
and blast cell reduction in the bone marrow on day 15 to <5% (not obligatory for FAB 
M3). All other patients were considered ‘high-risk’ (HR).191

Treatment protocols 

Patients were all treated on intensive cytarabine/anthracyclines based protocols in 
the Netherlands and Germany in the period from 02-1990 until 02-2000 (protocols 
DCOG AML 87, 94 and 97 and AML-BFM 93 and 98). The treatment protocols have 
been reported in detail elsewhere.10;142;173;181;191

In the AML BFM 93 study, the patients were stratified according to risk-groups. At 
diagnosis, patients were randomized between daunorubicin (plus cytarabine and 
etoposide,  ADE) and idarubicin (plus cytarabine and etoposide, AIE) induction 
therapy, which did not result in differences in long-term outcome.173 For HR patients, 
one of the intensification blocks was changed to high-dose cytarabine with 
mitoxantrone (HAM), which improved treatment outcome compared with protocol 
AML BFM 87.173 Sibling SCT was advised for HR patients in first CR. SR patients did 
not receive HAM and outcome was identical to the AML BFM 87 study. Protocol 
AML BFM 98 consisted of induction with the idarubicin block, followed by HAM. In 
the consolidation phase patients were randomized for either receiving the 6-week 
consolidation block followed by 1 intensification block, versus 3 intensive courses of 
chemotherapy.
The DCOG AML 87 and 94 protocols were based on the concurrent AML-BFM 
protocols. In brief, the DCOG AML 87 protocol started with an 8-day induction 
course, followed by a 6-week consolidation block. Then 2 intensification courses were 
given. Intrathecal chemotherapy was given as central nervous system (CNS) 
prophylaxis. Contrary to the AML BFM 87 study, no maintenance therapy was given. 

Sibling donor allogeneic stem cell transplantation (SCT) was advised for high-risk 
patients in first complete remission (CR). In protocol DCOG AML 94 all patients 
received the idarubicin arm in induction, as well as the HAM block for consolidation. 
No maintenance therapy was given. Patients were transplanted with either an HLA-
identical sibling donor or autograft. Patients enrolled in DCOG AML 97, which was 
identical to the Medical Research Council’s AML12 protocol, were stratified 
according to cytogenetics. Good risk patients [defined as patients with t(8;21), inv(16) 
or t(15;17)] were not eligible for SCT. Patients were randomized to induction 
treatment with either ADE (cytarabine, daunorubicin and etoposide) or MAE 
(mitoxantrone, cytarabine and etoposide), followed by 4 or 5 (randomized) treatment 
courses. The fifth extra course was high-dose cytarabine and asparaginase. If a 
matched sibling donor was available SCT was recommended as fourth or fifth course 
(randomized).

Mutation detection 

Low density mononcuclear cell populations of bone marrow or peripheral blood 
were isolated after density gradient centrifugation of the sample using Ficoll 
Isopaque. Cytospin slides were prepared and stored at -20°C. The cytospin slides 
used, contained a median of 88% of blasts (p25-p75: 81-92%). After thawing, genomic 
DNA was extracted by rehydrating the slides and purifying the DNA using the 
QiaAmp DNA Mini Kit (Qiagen, Valencia, CA, USA).  
For KIT, NRAS, and KRAS mutation detection the purified DNA was subjected to 45 
cycles of polymerase chain reaction (PCR) using the High-Fidelity PCR System (no. 
1732078; Roche, Basel, Switzerland). A nested PCR was performed in cases of low 
amplication yield.192;193 The primers sets used are available online as supplementary 
information at www.nature.com/leu. For nested PCR, 1 l of the initial PCR reaction 
was used as template for the nested PCR and amplified an additional 25 cycles.  
Negative controls were included in every set of amplifications. For nested PCR 
reactions, 1 l of the negative control (water only) from the first stage PCR was 
amplified as an additional negative control. Aliquots of the final PCR reaction were 
screened for mutations on a Transgenomic WAVE HPLC system (D-HPLC; 
Transgenomic, Inc., Omaha, NE, USA) by running a HPLC under non-denaturing 
conditions and partially denaturing conditions. D-HPLC-detected mutations were 
confirmed by two methods: 1) reamplification of the exon and repeat D-HPLC 
analysis on a different day; 2) bi-directional sequence analysis on an ABI 377 
sequencer using the BigDye terminator kit (Applied Biosystems, Inc., Foster City, 
CA, USA). 
144 patients in the study population had previously been genotyped for FLT3/ITD.
11.1% (n=16) of patients had a FLT3/ITD.
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identical sibling donor or autograft. Patients enrolled in DCOG AML 97, which was 
identical to the Medical Research Council’s AML12 protocol, were stratified 
according to cytogenetics. Good risk patients [defined as patients with t(8;21), inv(16) 
or t(15;17)] were not eligible for SCT. Patients were randomized to induction 
treatment with either ADE (cytarabine, daunorubicin and etoposide) or MAE 
(mitoxantrone, cytarabine and etoposide), followed by 4 or 5 (randomized) treatment 
courses. The fifth extra course was high-dose cytarabine and asparaginase. If a 
matched sibling donor was available SCT was recommended as fourth or fifth course 
(randomized).

Mutation detection 

Low density mononcuclear cell populations of bone marrow or peripheral blood 
were isolated after density gradient centrifugation of the sample using Ficoll 
Isopaque. Cytospin slides were prepared and stored at -20°C. The cytospin slides 
used, contained a median of 88% of blasts (p25-p75: 81-92%). After thawing, genomic 
DNA was extracted by rehydrating the slides and purifying the DNA using the 
QiaAmp DNA Mini Kit (Qiagen, Valencia, CA, USA).  
For KIT, NRAS, and KRAS mutation detection the purified DNA was subjected to 45 
cycles of polymerase chain reaction (PCR) using the High-Fidelity PCR System (no. 
1732078; Roche, Basel, Switzerland). A nested PCR was performed in cases of low 
amplication yield.192;193 The primers sets used are available online as supplementary 
information at www.nature.com/leu. For nested PCR, 1 l of the initial PCR reaction 
was used as template for the nested PCR and amplified an additional 25 cycles.  
Negative controls were included in every set of amplifications. For nested PCR 
reactions, 1 l of the negative control (water only) from the first stage PCR was 
amplified as an additional negative control. Aliquots of the final PCR reaction were 
screened for mutations on a Transgenomic WAVE HPLC system (D-HPLC; 
Transgenomic, Inc., Omaha, NE, USA) by running a HPLC under non-denaturing 
conditions and partially denaturing conditions. D-HPLC-detected mutations were 
confirmed by two methods: 1) reamplification of the exon and repeat D-HPLC 
analysis on a different day; 2) bi-directional sequence analysis on an ABI 377 
sequencer using the BigDye terminator kit (Applied Biosystems, Inc., Foster City, 
CA, USA). 
144 patients in the study population had previously been genotyped for FLT3/ITD.
11.1% (n=16) of patients had a FLT3/ITD.
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Western blot analysis of KIT exon 8 mutant isoform

The KIT exon 8 mutation TYD 417-419I was generated by site directed mutagenesis 
of wild-type KIT cDNA that had been cloned into pcDNA3.1 (Invitrogen Corp., 
Carlsbad, CA, USA).  This mutation was originally described by Gari et al68 and is 
similar to the TYD417-419RA mutation seen in one patient in the current series. 
Chinese Hamster Ovary (CHO) cells were transiently transfected with pcDNA3.1 
encoding wild-type or exon 8 mutant KIT cDNA.  Twenty-four hours after 
transfection, the cells were stimulated for 10 minutes with 100 ng/ml of KIT ligand 
(KIT LG) or vehicle control.  In addition, twenty-four hours after transfection cells 
were treated with imatinib mesylate in increasing concentrations or vehicle control, 
as previously described.194 Following treatment, protein lysates were prepared and 
immunoprecipitated with a specific anti-KIT polyclonal antiserum ( sc#168, Santa 
Cruz Biotechnologies, Santa Cruz, CA, USA).  The immunoprecipitated proteins 
were sequentially immunoblotted using an anti-phosphotyrosine monoclonal 
antibody (P-KIT) (#610000, BD transduction laboratories, San Jose, CA, USA) and 
followed by an anti-KIT polyclonal antiserum (KIT) (PC-34, Oncogene research, 
Callbiochem, San Diego, CA, USA).   The imatinb was generously provided by Dr. 
Elisabeth Buchdunger (Norartis Pharma, AG, Basel, Switzerland). 

Statistical Analysis 

To assess outcome, the following parameters were used: complete remission rate 
(CR), event-free survival (EFS), disease-free survival (DFS), overall survival (OS) and 
cumulative incidence of relapses. CR was defined as less than 5% leukemic cells in a 
bone marrow aspirate, no evidence of leukemia at any other site and hematological 
recovery, according to CALGB criteria.195 Early death was defined as death within 
the first 6 weeks of treatment. EFS was defined as the time from diagnosis until the 
date of first adverse event (relapse, death of any reason or secondary malignancy); or 
in case no events occurred, until the date of last follow-up. Patients who did not 
attain a CR were considered failures at time-point zero. DFS was defined as time 
from CR until date of first relapse or, if no relapse occurred, until the date of last 
follow-up. OS was defined as the time from diagnosis until death of any cause or last 
follow-up. Probabilities of EFS (pEFS) and OS (pOS) were estimated by the methods 
of Kaplan and Meier with standard errors according to Greenwood, and were 
compared using the log-rank test. The cumulative incidence functions of relapse 
were constructed by the method of Kalbfleisch and Prentice for patients who 
achieved a CR, and compared with Gray’s test.
For statistical comparison of categorical values the Chi-square test was used. The 
Fisher’s exact test was used when data were sparse. To assess differences in the 

distribution of continuous data, the non-parametric Mann-Whitney U test was used. 
P-values of 0.05 were considered statistically significant (2-tailed test).

Results

Patient characteristics 

We successfully evaluated 150 de novo pediatric AML patients for the incidence and 
prognostic significance of mutations of KIT (exon 8 and 17), NRAS and KRAS (both 
exons 1 and 2). In addition, the CBF AML samples included in this study were 
genotyped for KIT exon 9 and 11 mutations. These 150 patients include 91 of the 748 
(12%) de novo childhood AML patients included in the AML-BFM SG trials and 59 of 
the 120 (49%) de novo AML patients included in the DCOG trials in the above 
mentioned period. Detailed patient characteristics are available online as 
supplementary information at www.nature.com/leu . According to the BFM criteria 
56 patients (37%) were SR and 94 HR (63%), consistent with the distribution in the 
entire population of patients in the AML-BFM studies. The study population was 
compared to the AML-BFM study group patients included in this time period and 
were shown to differ only in a higher WBC count at presentation (27.3 vs. 19.4x109/L, 
p=0.027), but no significant differences in age or sex were found. Outcome was 
comparable in the study population and the overall AML-BFM population (pEFS 
44% vs. 46%, p=0.94). Of 118 patients (79%) cytogenetic information was available. Of 
these 118 patients 27 (23 %) had CBF AML, 16 had t(8;21) [13.6%] and 11 inv(16) 
[9.3%].

KIT mutations 

Overall, seventeen of the 150 patients (11.3%) had a mutation in either KIT exon 8 (6 
patients, 4%) or exon 17 (11 patients, 7.3%) (Table 1). There were no differences in age 
(p=0.52), WBC at diagnosis (p=0.45) or sex distribution (p=0.61) between patients 
with and patients without KIT mutations. None of the 27 CBF AML samples studied 
harbored a KIT exon 9 or 11 mutation. All of the mutations of KIT exon 17 involved 
residues in the KIT activation loop and have been previously shown to result in 
constitutive kinase activity.38;66 The most common affected residue was codon 816 
(D816Y or D816V, respectively). Less commonly, we found mutations encoding for 
substitutions at codon 822 (N822K) and Y823 (Y823D). None of the KIT mutated 
patients also had a FLT3/ITD.
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Western blot analysis of KIT exon 8 mutant isoform

The KIT exon 8 mutation TYD 417-419I was generated by site directed mutagenesis 
of wild-type KIT cDNA that had been cloned into pcDNA3.1 (Invitrogen Corp., 
Carlsbad, CA, USA).  This mutation was originally described by Gari et al68 and is 
similar to the TYD417-419RA mutation seen in one patient in the current series. 
Chinese Hamster Ovary (CHO) cells were transiently transfected with pcDNA3.1 
encoding wild-type or exon 8 mutant KIT cDNA.  Twenty-four hours after 
transfection, the cells were stimulated for 10 minutes with 100 ng/ml of KIT ligand 
(KIT LG) or vehicle control.  In addition, twenty-four hours after transfection cells 
were treated with imatinib mesylate in increasing concentrations or vehicle control, 
as previously described.194 Following treatment, protein lysates were prepared and 
immunoprecipitated with a specific anti-KIT polyclonal antiserum ( sc#168, Santa 
Cruz Biotechnologies, Santa Cruz, CA, USA).  The immunoprecipitated proteins 
were sequentially immunoblotted using an anti-phosphotyrosine monoclonal 
antibody (P-KIT) (#610000, BD transduction laboratories, San Jose, CA, USA) and 
followed by an anti-KIT polyclonal antiserum (KIT) (PC-34, Oncogene research, 
Callbiochem, San Diego, CA, USA).   The imatinb was generously provided by Dr. 
Elisabeth Buchdunger (Norartis Pharma, AG, Basel, Switzerland). 

Statistical Analysis 

To assess outcome, the following parameters were used: complete remission rate 
(CR), event-free survival (EFS), disease-free survival (DFS), overall survival (OS) and 
cumulative incidence of relapses. CR was defined as less than 5% leukemic cells in a 
bone marrow aspirate, no evidence of leukemia at any other site and hematological 
recovery, according to CALGB criteria.195 Early death was defined as death within 
the first 6 weeks of treatment. EFS was defined as the time from diagnosis until the 
date of first adverse event (relapse, death of any reason or secondary malignancy); or 
in case no events occurred, until the date of last follow-up. Patients who did not 
attain a CR were considered failures at time-point zero. DFS was defined as time 
from CR until date of first relapse or, if no relapse occurred, until the date of last 
follow-up. OS was defined as the time from diagnosis until death of any cause or last 
follow-up. Probabilities of EFS (pEFS) and OS (pOS) were estimated by the methods 
of Kaplan and Meier with standard errors according to Greenwood, and were 
compared using the log-rank test. The cumulative incidence functions of relapse 
were constructed by the method of Kalbfleisch and Prentice for patients who 
achieved a CR, and compared with Gray’s test.
For statistical comparison of categorical values the Chi-square test was used. The 
Fisher’s exact test was used when data were sparse. To assess differences in the 

distribution of continuous data, the non-parametric Mann-Whitney U test was used. 
P-values of 0.05 were considered statistically significant (2-tailed test).

Results

Patient characteristics 

We successfully evaluated 150 de novo pediatric AML patients for the incidence and 
prognostic significance of mutations of KIT (exon 8 and 17), NRAS and KRAS (both 
exons 1 and 2). In addition, the CBF AML samples included in this study were 
genotyped for KIT exon 9 and 11 mutations. These 150 patients include 91 of the 748 
(12%) de novo childhood AML patients included in the AML-BFM SG trials and 59 of 
the 120 (49%) de novo AML patients included in the DCOG trials in the above 
mentioned period. Detailed patient characteristics are available online as 
supplementary information at www.nature.com/leu . According to the BFM criteria 
56 patients (37%) were SR and 94 HR (63%), consistent with the distribution in the 
entire population of patients in the AML-BFM studies. The study population was 
compared to the AML-BFM study group patients included in this time period and 
were shown to differ only in a higher WBC count at presentation (27.3 vs. 19.4x109/L, 
p=0.027), but no significant differences in age or sex were found. Outcome was 
comparable in the study population and the overall AML-BFM population (pEFS 
44% vs. 46%, p=0.94). Of 118 patients (79%) cytogenetic information was available. Of 
these 118 patients 27 (23 %) had CBF AML, 16 had t(8;21) [13.6%] and 11 inv(16) 
[9.3%].

KIT mutations 

Overall, seventeen of the 150 patients (11.3%) had a mutation in either KIT exon 8 (6 
patients, 4%) or exon 17 (11 patients, 7.3%) (Table 1). There were no differences in age 
(p=0.52), WBC at diagnosis (p=0.45) or sex distribution (p=0.61) between patients 
with and patients without KIT mutations. None of the 27 CBF AML samples studied 
harbored a KIT exon 9 or 11 mutation. All of the mutations of KIT exon 17 involved 
residues in the KIT activation loop and have been previously shown to result in 
constitutive kinase activity.38;66 The most common affected residue was codon 816 
(D816Y or D816V, respectively). Less commonly, we found mutations encoding for 
substitutions at codon 822 (N822K) and Y823 (Y823D). None of the KIT mutated 
patients also had a FLT3/ITD.
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Table 1. Characteristics of RAS and KIT mutations and FLT3/ITD.

exon mutation n
KIT exon 8 Deletion D419 1

Deletion TY417-418H 1
Deletion T417 and D419 1
Deletion YD418-419S 1
Deletion YD418-419G 1
Deletion TYD417-419RA 1

exon 17 D816 V/Y 8
N822K 2
Y823D 1

NRAS exon 1 G12 D/A/S 11
G13 D 6

exon 2 Q61 K/R/P/H 6
KRAS exon 1 G12D 2

G13D 3
exon 2 0

FLT3 exon 11/12 Internal Tandem Duplication (ITD) 16

AML-associated genomic alterations of KIT exon 8 encode for constitutively-active, 
imatinib-sensitive kinases.
The KIT exon 8 mutations all consisted of in-frame deletions that were usually 
accompanied by insertion of additional nucleotides, consistent with a previous 
report.68 All mutations resulted in loss of the aspartic acid residue at amino acid 419 
located in the KIT extracellular domain. It is has been hypothesized that AML-
associated KIT exon 8 mutations result in ligand-independent activation of KIT 
kinase activity, similar to the extracellular KIT exon 9 mutations seen in GISTs.194 To 
determine the biochemical properties of these mutations we transiently expressed the 
exon 8 mutant KIT TYD417-419I in CHO cells and performed western blot analysis. 
Cells expressing mutant KIT showed constitutive ligand-independent KIT 
autophosphosphorylation, thus proving that AML-associated KIT alterations of exon 
8 are indeed gain-of-function mutations (Figure 1A).  In addition, this constitutive 
autophosphorylation was potently inhibited by imatinib in a dose-dependent 
manner, with an IC50 of approximately 200-300nM (Figure 1B). 

RAS mutations

18% (n=27) (Figure 2A) of pediatric AML patients had an activating mutation of 
either NRAS exon 1 (n=16, 10.7%), NRAS exon 2 (n=6, 4%), KRAS exon 1 (n=5, 3.3%). 
No mutations of KRAS exon 2 were found.

Figure 1A. Constitutive kinase activation of KIT exon 8 mutant isoform.  
CHO cells were transiently transfected with an expression vector encoding cDNAs for either wild-
type KIT (KITWT) or a KIT exon 8 mutant isoform (TYD417-419I).  Transfected cells were treated with 
vehicle or KITLG. KIT protein was immunoprecipitated and immunoblotted for phosphoKIT (P-KIT) 
and total KIT (KIT) as described above.  The activation of wild-type KIT is almost entirely ligand-
dependent whereas the KIT exon 8 mutant protein is constitutively phosphorylated with little change 
following ligand treatment.  The arrows indicate the location of the completely (top arrow) and 
incompletely glycosylated forms of KIT.  The vast majority of the wild-type protein is completely 
glycosylated and phosphorylation and phosphorylation is largely confined to this isoform.  In 
contrast, the majority of the KIT exon 8 mutant protein is incompletely glycosylated, and only this 
isoform undergoes any significant degree of tyrosylphosphorylation. 

Figure 1B. The kinase activity of the KIT exon 8 mutant isoform is sensitive to imatinib in vitro.   
CHO cells were transiently transfected with an expression vector encoding a KIT exon 8 mutant 
isoform (TYD417-419I).  KIT protein was immunoprecipitated as described above and immunoblotted 
for phosphoKIT (P-KIT) and total KIT (KIT) as described above. The autophosphorylation of the KIT 
exon 8 mutant isoform is potently inhibited by imatinib with an in vitro IC50 of approximately 200-
300 nM. 

One patient had two mutations in NRAS, in codons 12 and 13. One patient with 
inv(16) had both an NRAS exon 2 and a KIT exon 8 mutation (Table 1). None of the 
RAS mutated samples also had a FLT3/ITD. Overall, there was no difference in age 
(p=0.8) or sex (p=0.3) between patients with and without RAS mutations. Patients 
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Table 1. Characteristics of RAS and KIT mutations and FLT3/ITD.

exon mutation n
KIT exon 8 Deletion D419 1

Deletion TY417-418H 1
Deletion T417 and D419 1
Deletion YD418-419S 1
Deletion YD418-419G 1
Deletion TYD417-419RA 1

exon 17 D816 V/Y 8
N822K 2
Y823D 1

NRAS exon 1 G12 D/A/S 11
G13 D 6

exon 2 Q61 K/R/P/H 6
KRAS exon 1 G12D 2

G13D 3
exon 2 0

FLT3 exon 11/12 Internal Tandem Duplication (ITD) 16

AML-associated genomic alterations of KIT exon 8 encode for constitutively-active, 
imatinib-sensitive kinases.
The KIT exon 8 mutations all consisted of in-frame deletions that were usually 
accompanied by insertion of additional nucleotides, consistent with a previous 
report.68 All mutations resulted in loss of the aspartic acid residue at amino acid 419 
located in the KIT extracellular domain. It is has been hypothesized that AML-
associated KIT exon 8 mutations result in ligand-independent activation of KIT 
kinase activity, similar to the extracellular KIT exon 9 mutations seen in GISTs.194 To 
determine the biochemical properties of these mutations we transiently expressed the 
exon 8 mutant KIT TYD417-419I in CHO cells and performed western blot analysis. 
Cells expressing mutant KIT showed constitutive ligand-independent KIT 
autophosphosphorylation, thus proving that AML-associated KIT alterations of exon 
8 are indeed gain-of-function mutations (Figure 1A).  In addition, this constitutive 
autophosphorylation was potently inhibited by imatinib in a dose-dependent 
manner, with an IC50 of approximately 200-300nM (Figure 1B). 

RAS mutations

18% (n=27) (Figure 2A) of pediatric AML patients had an activating mutation of 
either NRAS exon 1 (n=16, 10.7%), NRAS exon 2 (n=6, 4%), KRAS exon 1 (n=5, 3.3%). 
No mutations of KRAS exon 2 were found.

Figure 1A. Constitutive kinase activation of KIT exon 8 mutant isoform.  
CHO cells were transiently transfected with an expression vector encoding cDNAs for either wild-
type KIT (KITWT) or a KIT exon 8 mutant isoform (TYD417-419I).  Transfected cells were treated with 
vehicle or KITLG. KIT protein was immunoprecipitated and immunoblotted for phosphoKIT (P-KIT) 
and total KIT (KIT) as described above.  The activation of wild-type KIT is almost entirely ligand-
dependent whereas the KIT exon 8 mutant protein is constitutively phosphorylated with little change 
following ligand treatment.  The arrows indicate the location of the completely (top arrow) and 
incompletely glycosylated forms of KIT.  The vast majority of the wild-type protein is completely 
glycosylated and phosphorylation and phosphorylation is largely confined to this isoform.  In 
contrast, the majority of the KIT exon 8 mutant protein is incompletely glycosylated, and only this 
isoform undergoes any significant degree of tyrosylphosphorylation. 

Figure 1B. The kinase activity of the KIT exon 8 mutant isoform is sensitive to imatinib in vitro.   
CHO cells were transiently transfected with an expression vector encoding a KIT exon 8 mutant 
isoform (TYD417-419I).  KIT protein was immunoprecipitated as described above and immunoblotted 
for phosphoKIT (P-KIT) and total KIT (KIT) as described above. The autophosphorylation of the KIT 
exon 8 mutant isoform is potently inhibited by imatinib with an in vitro IC50 of approximately 200-
300 nM. 

One patient had two mutations in NRAS, in codons 12 and 13. One patient with 
inv(16) had both an NRAS exon 2 and a KIT exon 8 mutation (Table 1). None of the 
RAS mutated samples also had a FLT3/ITD. Overall, there was no difference in age 
(p=0.8) or sex (p=0.3) between patients with and without RAS mutations. Patients 
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with RAS mutations had higher WBC counts at diagnosis when compared to patients 
without RAS mutations (median 44.3 vs. 23.9 x 109/L, p=0.076). 

KIT and RAS mutations in cytogenetic subgroups

A total of 27 patients in this study were confirmed to have CBF AML, with 16 
patients having t(8;21) and 11 with an inv(16). In this group of patients 10 (37%) had 
a KIT mutation, 8 (29.6%) had a mutation in NRAS or KRAS, and 1 patient (3.7%) had 
a FLT3/ITD mutation (Figure 2A). One patient had a mutation in both KIT exon 8 and 
NRAS exon 2. Thus, in 70% of pediatric CBF AML patients we found a type I 
mutation, compared to only 32.5% in non-CBF AML patients (p<0.0001). The 
incidence of KIT mutations in the inv(16) group was 54.5% (27.2% for exon 8 and 
27.2% for exon 17). In t(8;21) positive patients the incidence of KIT exon 8 and 17 
mutations was 31.3% (12.5% exon 8, 18.8% exon 17). The incidence of RAS mutations 
in the inv(16) or t(8;21) subgroups was 25% and 36.4%, respectively. A total of 30 
patients in the studied cohort had normal cytogenetics, with 57% of these patients 
having a mutation in either RAS (30%), or KIT (6.7%), or FLT3/ITD (20%), compared 
to only 35% in all other patients (p=0.030). One patient with a KIT mutation and six 
patients with a RAS mutation had no available cytogenetic studies.  

KIT and RAS mutations in FAB-subgroups

The three most prevalent FAB types in the patient cohort were M2 (26%), M4 (28%) 
and M5 (21%). When examining these three subgroups, it was clear that in M2 
(48.7%) and M4 (54.8%) RAS, KIT or FLT3/ITD mutations were frequent, while in 
FAB M5 only 19% of patients had a mutation of RAS (9.7%), KIT (6.5%) or FLT3/ITD
(3.2%) (Figure 2B). FAB-type M2/M4 was found in 82% of patients with KIT
mutations compared to 45% in patients without mutations (p=0.027). FAB-types M2 
and M4 were also overrepresented in the patients with RAS mutations (74% of 
mutated vs. 50% of wild-type RAS samples, p=0.021). 

Clinical outcome and prognostic significance of RAS and KIT 
mutations and FLT3/ITD 

There were no significant differences in 5-year pEFS (45% in both, p=0.77), 5-year 
pOS (60% vs. 56%, p=0.40) and cumulative incidence of relapses (44% vs. 36%, 
p=0.62) between KIT mutated and non-mutated patients. 
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Figure 2. Relationship between cytogenetics and FAB-type and mutations in RAS, KIT and FLT3/ITD
in 150 newly diagnosed pediatric AML patients.  
Overall, we found a mutation in RAS or KIT or a FLT3/ITD in 40% of patients. 

2A. In patients with normal cytogenetics this was 57% compared to 70% in patients with CBF AML. 
81.8% Of inv(16) positive patients had either a RAS or KIT mutation or a FLT3/ITD compared to 62.5% 
in t(8;21) positive patients. Mutations in RAS, KIT and FLT3/ITD were rare in patients with 11q23 
(MLL) abnormalities (18.2%), t(15;17) and patients with all other cytogenetic abnormalities (19.4%). 
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Figure 2B. In patients with FAB-types M2 and M4 we found a RAS or KIT mutation or FLT3/ITD in 
48.7% and 54.8% respectively. This was only 19.4% in patients with FAB-type M5. Patients with FAB-
type M1 had a mutation in RAS or a FLT3/ITD in 31% of cases.  

In addition, there were no significant differences in 5-year pEFS (59% vs. 41%, 
p=0.25) and 5-year pOS (67% vs. 54%, p=0.35) between patients with and without 
RAS mutations. However, patients with RAS mutations were less likely to relapse 
than patients without such mutations (22% vs. 45% cumulative incidence of relapses, 
p=0.08). When the 5-year pEFS for all 4 subgroups (no mutation, KIT mutation, RAS
mutation and FLT3/ITD) were compared (Figure 3A), patients with FLT3/ITD had a 

001-168_Goemans_21881.indd   60 24-04-2007   16:51:40



61KIT	and	RAS	mutations	in	AML

with RAS mutations had higher WBC counts at diagnosis when compared to patients 
without RAS mutations (median 44.3 vs. 23.9 x 109/L, p=0.076). 

KIT and RAS mutations in cytogenetic subgroups

A total of 27 patients in this study were confirmed to have CBF AML, with 16 
patients having t(8;21) and 11 with an inv(16). In this group of patients 10 (37%) had 
a KIT mutation, 8 (29.6%) had a mutation in NRAS or KRAS, and 1 patient (3.7%) had 
a FLT3/ITD mutation (Figure 2A). One patient had a mutation in both KIT exon 8 and 
NRAS exon 2. Thus, in 70% of pediatric CBF AML patients we found a type I 
mutation, compared to only 32.5% in non-CBF AML patients (p<0.0001). The 
incidence of KIT mutations in the inv(16) group was 54.5% (27.2% for exon 8 and 
27.2% for exon 17). In t(8;21) positive patients the incidence of KIT exon 8 and 17 
mutations was 31.3% (12.5% exon 8, 18.8% exon 17). The incidence of RAS mutations 
in the inv(16) or t(8;21) subgroups was 25% and 36.4%, respectively. A total of 30 
patients in the studied cohort had normal cytogenetics, with 57% of these patients 
having a mutation in either RAS (30%), or KIT (6.7%), or FLT3/ITD (20%), compared 
to only 35% in all other patients (p=0.030). One patient with a KIT mutation and six 
patients with a RAS mutation had no available cytogenetic studies.  

KIT and RAS mutations in FAB-subgroups

The three most prevalent FAB types in the patient cohort were M2 (26%), M4 (28%) 
and M5 (21%). When examining these three subgroups, it was clear that in M2 
(48.7%) and M4 (54.8%) RAS, KIT or FLT3/ITD mutations were frequent, while in 
FAB M5 only 19% of patients had a mutation of RAS (9.7%), KIT (6.5%) or FLT3/ITD
(3.2%) (Figure 2B). FAB-type M2/M4 was found in 82% of patients with KIT
mutations compared to 45% in patients without mutations (p=0.027). FAB-types M2 
and M4 were also overrepresented in the patients with RAS mutations (74% of 
mutated vs. 50% of wild-type RAS samples, p=0.021). 

Clinical outcome and prognostic significance of RAS and KIT 
mutations and FLT3/ITD 

There were no significant differences in 5-year pEFS (45% in both, p=0.77), 5-year 
pOS (60% vs. 56%, p=0.40) and cumulative incidence of relapses (44% vs. 36%, 
p=0.62) between KIT mutated and non-mutated patients. 
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Figure 2. Relationship between cytogenetics and FAB-type and mutations in RAS, KIT and FLT3/ITD
in 150 newly diagnosed pediatric AML patients.  
Overall, we found a mutation in RAS or KIT or a FLT3/ITD in 40% of patients. 

2A. In patients with normal cytogenetics this was 57% compared to 70% in patients with CBF AML. 
81.8% Of inv(16) positive patients had either a RAS or KIT mutation or a FLT3/ITD compared to 62.5% 
in t(8;21) positive patients. Mutations in RAS, KIT and FLT3/ITD were rare in patients with 11q23 
(MLL) abnormalities (18.2%), t(15;17) and patients with all other cytogenetic abnormalities (19.4%). 
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Figure 2B. In patients with FAB-types M2 and M4 we found a RAS or KIT mutation or FLT3/ITD in 
48.7% and 54.8% respectively. This was only 19.4% in patients with FAB-type M5. Patients with FAB-
type M1 had a mutation in RAS or a FLT3/ITD in 31% of cases.  

In addition, there were no significant differences in 5-year pEFS (59% vs. 41%, 
p=0.25) and 5-year pOS (67% vs. 54%, p=0.35) between patients with and without 
RAS mutations. However, patients with RAS mutations were less likely to relapse 
than patients without such mutations (22% vs. 45% cumulative incidence of relapses, 
p=0.08). When the 5-year pEFS for all 4 subgroups (no mutation, KIT mutation, RAS
mutation and FLT3/ITD) were compared (Figure 3A), patients with FLT3/ITD had a 
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significantly worse outcome (5-year pEFS FLT3/ITD vs. no mutation 9% vs. 47%, 
p=0.0001). The differences between all other subgroups were not significant. Patients 
with RAS mutations had the lowest cumulative incidence of relapses of all 4 groups, 
but the difference was not statistically significant (23% vs. 42% in the non-mutated 
group, p=0.17) (Figure 3B). 27% of patients received a SCT in first CR. Overall, there 
was no significant impact of SCT on DFS (Relative risk (RR) 1.07, p=0.88) or OS (RR 
1.08, p=0.81) in this cohort of patients. Multivariate analysis of DFS was performed, 
including as variables BFM risk group, WBC>50.0x109/L, SCT in CR1, KIT, RAS and 
FLT3/ITD. The only variables significantly related to outcome were the presence of a 
FLT3/ITD (DFS RR=2.49, p=0.003) and BFM risk group (RR=1.94, p=0.008). SCT in 
CR1 (RR=0.96, p=0.89), mutated KIT (RR=1.07, p=0.86) and mutated RAS (RR=0.75, 
p=0.41) did not influence DFS in multivariate analysis. Within the CBF AML 
subgroup (N=27) there was no significant difference in pEFS between patients with 
and without a KIT (pEFS=49% [SE 16%] vs. 63% [SE 12%], p=0.64). RAS mutational 
status also did not significantly influence pEFS in the CBF AML subgroup (mutated 
RAS pEFS=75% [SE 15%] vs. wild-type RAS pEFS=50% [SE 12%], p=0.32).  5-Year 
cumulative incidence of relapses in RAS mutated patients was 23% (SE 10%), in 
patients without mutations 42% (SE 6%), in KIT mutated patients 49% (SE 15%) and 
65% (SE 29%) in FLT3/ITD positive patients. There were no significant differences 
between patients without mutations and RAS (p=0.17), KIT (p=0.71) and FLT3/ITD
(p=0.10) mutated patients. 

Figure 3A. 5-year probability of event-free survival in patients with RAS and KIT mutations, FLT3/ITD
and patients without known type I mutations.  
5-Year pEFS in RAS mutated patients was 58% (SE 10%), in patients without mutations 47% (SE 6%),  
in KIT mutated patients 43% (SE 13%) and 9% (SE 8%) in patients with a FLT3/ITD 5-Year pEFS was 
significantly lower in FLT3/ITD positive patients compared to all other subgroups (FLT3/ITD vs. non-
mutated patients p=0.0001). 

Figure 3B. 5-Year cumulative incidence of relapses in patients with RAS and KIT mutations, FLT3/ITD
and patients without mutations. 

Discussion

In this study we examined the incidence and prognostic significance of KIT and RAS
mutations in a large cohort of 150 pediatric AML patients. The same cohort of 
patients was previously characterized for FLT3/ITD.62 This is the largest cohort of 
pediatric AML patients reported that has been genotyped for KIT, NRAS, KRAS and 
FLT3/ITD mutations. Overall, we found a mutation in either KIT (11.3%), RAS (18%), 
or a FLT3/ITD (11.1%) in 40% of pediatric AML patients. This is the first report of an 
AML-associated activating mutation of KIT codon Y823. However, this activating 
mutation has previously been reported in seminoma.189

The incidence of KIT mutations has mainly been studied in adult AML with a 
reported 1.3% incidence of exon 17 mutations in a large cohort of unselected adult 
AML patients (n=1114).196 The reported incidence in adult AML with inv(16) ranges 
from 10-33% and from 9-48% in t(8;21) positive adult AML.69;71;73;190 The pediatric 
AML literature on KIT mutations is sparse. One study reported one child with a KIT
mutation in a group of 15 patients with CBF AML.69 In another study, only 1 out of 
27 pediatric patients (3.7%) had a KIT exon 17 mutation.197 Recently, Meshinchi et al. 
reported KIT exon 17 mutations in 3/91 patients (3.3%) with pediatric AML.74 Thus, 
the incidence of exon 17 mutations in our study (7.3%) is considerably higher than 
the incidence reported in the literature. 
Mutations of NRAS or KRAS are found in 13-20% of cases of adult AML.51;52;54;198 RAS
mutations in pediatric AML have been previously reported, albeit, in smaller cohorts 
of patients (10 - 99 patients), with frequencies of 6-37%.50;53;55;74;199 In most studies 
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significantly worse outcome (5-year pEFS FLT3/ITD vs. no mutation 9% vs. 47%, 
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p=0.41) did not influence DFS in multivariate analysis. Within the CBF AML 
subgroup (N=27) there was no significant difference in pEFS between patients with 
and without a KIT (pEFS=49% [SE 16%] vs. 63% [SE 12%], p=0.64). RAS mutational 
status also did not significantly influence pEFS in the CBF AML subgroup (mutated 
RAS pEFS=75% [SE 15%] vs. wild-type RAS pEFS=50% [SE 12%], p=0.32).  5-Year 
cumulative incidence of relapses in RAS mutated patients was 23% (SE 10%), in 
patients without mutations 42% (SE 6%), in KIT mutated patients 49% (SE 15%) and 
65% (SE 29%) in FLT3/ITD positive patients. There were no significant differences 
between patients without mutations and RAS (p=0.17), KIT (p=0.71) and FLT3/ITD
(p=0.10) mutated patients. 
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in KIT mutated patients 43% (SE 13%) and 9% (SE 8%) in patients with a FLT3/ITD 5-Year pEFS was 
significantly lower in FLT3/ITD positive patients compared to all other subgroups (FLT3/ITD vs. non-
mutated patients p=0.0001). 

Figure 3B. 5-Year cumulative incidence of relapses in patients with RAS and KIT mutations, FLT3/ITD
and patients without mutations. 

Discussion

In this study we examined the incidence and prognostic significance of KIT and RAS
mutations in a large cohort of 150 pediatric AML patients. The same cohort of 
patients was previously characterized for FLT3/ITD.62 This is the largest cohort of 
pediatric AML patients reported that has been genotyped for KIT, NRAS, KRAS and 
FLT3/ITD mutations. Overall, we found a mutation in either KIT (11.3%), RAS (18%), 
or a FLT3/ITD (11.1%) in 40% of pediatric AML patients. This is the first report of an 
AML-associated activating mutation of KIT codon Y823. However, this activating 
mutation has previously been reported in seminoma.189

The incidence of KIT mutations has mainly been studied in adult AML with a 
reported 1.3% incidence of exon 17 mutations in a large cohort of unselected adult 
AML patients (n=1114).196 The reported incidence in adult AML with inv(16) ranges 
from 10-33% and from 9-48% in t(8;21) positive adult AML.69;71;73;190 The pediatric 
AML literature on KIT mutations is sparse. One study reported one child with a KIT
mutation in a group of 15 patients with CBF AML.69 In another study, only 1 out of 
27 pediatric patients (3.7%) had a KIT exon 17 mutation.197 Recently, Meshinchi et al. 
reported KIT exon 17 mutations in 3/91 patients (3.3%) with pediatric AML.74 Thus, 
the incidence of exon 17 mutations in our study (7.3%) is considerably higher than 
the incidence reported in the literature. 
Mutations of NRAS or KRAS are found in 13-20% of cases of adult AML.51;52;54;198 RAS
mutations in pediatric AML have been previously reported, albeit, in smaller cohorts 
of patients (10 - 99 patients), with frequencies of 6-37%.50;53;55;74;199 In most studies 
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NRAS mutations were more frequent than KRAS mutations, in agreement with our 
own study in which 14.7% of patients had a NRAS mutation and only 3.3% a KRAS
mutation.
When we examined different subgroups, it was clear that there were non-random 
relations between the different mutations and certain cytogenetic subgroups. In 70% 
of CBF AML patients a mutation in either RAS (26%), KIT (37%), KIT and RAS (3.7%), 
or a FLT3/ITD (3.7%) was detected. FLT3/ITD was not seen in inv(16) and in only one 
patient with t(8;21). In the normal cytogenetics subgroup FLT3/ITD (20%) and RAS
(30%) mutations were frequent, while KIT mutations were rare (6.6%). Notably, in 
our series KIT mutations were as frequent as FLT3/ITD mutations. This distribution 
of mutations is markedly different from adult AML where FLT3 mutations are 
relatively common (15-30% of patients) whereas KIT mutations are rare.69;71;73;196;200

The difference in frequency of KIT mutations between pediatric and adult AML 
populations may partially be explained by the more common occurrence of inv(16) 
and t(8;21) in our population, compared to adult AML.183 These non-random 
relations between type I mutations and type II mutations provide support for the 
hypothesis that these two type of mutations cooperate in causing AML.35 Data 
supporting this hypothesis has also come from mouse models in which a type I and a 
type II mutation were induced in stem cells and the mice developed AML-like 
disease, while the two types of mutations expressed in isolation do not induce a 
leukemic phenotype.42;43;46;184 A prediction of this model is that the different 
mutations that induce proliferation should be mutually exclusive as only one 
mutation would be required for leukemogenesis. Our data support this prediction as 
the three groups of mutations in general were mutually exclusive. The non-random 
association of KIT or RAS mutations in patients with CBF leukemia suggests that 
there may be a requirement for certain signalling events for efficient leukemogenesis 
in the setting of aberrant genetic programming induced by these fusion transcription 
factors. Conversely, FLT3 mutations seem to be much more efficient in inducing 
proliferation of leukemic stem/progenitor cells with t(15;17) whereas KIT or RAS
mutations  are much less efficient and are rarely found in association with APL.200

Overall, we were able to detect a type I mutation in 40% of our patients, suggesting 
that other type I mutations contribute to leukemogenesis. Notably, 81% of patients 
with FAB M5 AML had no detectable mutation of KIT, RAS or FLT3/ITD. In the 
current report we have genotyped for four different type I mutations, but of course 
there are many more possibilities, both known (such as other mutations of FLT3 or 
PTPN11 mutations) and unknown.
We also studied the prognostic impact of KIT and RAS mutations in pediatric AML. 
Some studies have reported that KIT or RAS mutations confer a poor 
prognosis.67;70;74;198 In this cohort of patient we were unable to demonstrate any 
significant prognostic impact of RAS or KIT mutations, although this may be due to 

the fact that treatment was heterogeneous. The lack of a prognostic impact of KIT or 
RAS mutations is in marked contrast to the strong negative impact of FLT/ITD 
mutations in our study population.62 However, we cannot rule out the possibility 
that RAS and KIT mutations do have prognostic impact, albeit less strongly than 
FLT3/ITD mutations. As RAS and KIT mutations are particularly frequent in the CBF 
subgroup, we also analyzed outcome in this subgroup of AML patients, but no 
differences in outcome were detected. Interpretation of the analysis of outcome in 
this subgroup is limited by the heterogeneous treatment the patients received and 
the small number of CBF AML patients included in this study. Further studies 
should focus on the prognostic impact of RAS and KIT mutations in a large 
prospective cohort of pediatric CBF AML patients. 
This study demonstrates that KIT exon 8 mutations are legitimate gain-of-function 
mutations, resulting in ligand-independent constitutive activation of KIT (as assessed 
by autophosphorylation). In addition, we were able to show that this 
autophosphorylation could be potently inhibited in a dose-dependent fashion by the 
tyrosine kinase inhibitor imatinib mesylate with an IC50 of 200-300 nM, which is 
comparable to the IC50 found for wild-type KIT.148 Overall, 59% of the KIT mutations 
found in our study are sensitive to imatinib in vitro. Recently, two papers also 
addressed the biochemical properties of exon 8 mutated KIT. Both show that exon 8 
mutant KIT induces ligand independence.201;202 In addition, Growney et al201 show 
that PKC412 can inhibit autophosphorylation in all tested KIT mutants, including the 
imatinib resistant D816 mutants.
An important aspect of the current study is the ongoing clinical development of 
small molecule inhibitors. Tyrosine kinase inhibitors could have clinical potential in 
the treatment of pediatric AML with FLT3 or KIT mutations. In addition, drugs 
targeting activated RAS could potentially be effective in AML cases with mutated 
RAS or activating mutations in signalling proteins upstream of RAS. Future clinical 
studies are needed to test the hypothesis that the use of small molecule inhibitors 
would improve the prognosis of children with KIT, RAS or FLT3/ITD mutations. 
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own study in which 14.7% of patients had a NRAS mutation and only 3.3% a KRAS
mutation.
When we examined different subgroups, it was clear that there were non-random 
relations between the different mutations and certain cytogenetic subgroups. In 70% 
of CBF AML patients a mutation in either RAS (26%), KIT (37%), KIT and RAS (3.7%), 
or a FLT3/ITD (3.7%) was detected. FLT3/ITD was not seen in inv(16) and in only one 
patient with t(8;21). In the normal cytogenetics subgroup FLT3/ITD (20%) and RAS
(30%) mutations were frequent, while KIT mutations were rare (6.6%). Notably, in 
our series KIT mutations were as frequent as FLT3/ITD mutations. This distribution 
of mutations is markedly different from adult AML where FLT3 mutations are 
relatively common (15-30% of patients) whereas KIT mutations are rare.69;71;73;196;200

The difference in frequency of KIT mutations between pediatric and adult AML 
populations may partially be explained by the more common occurrence of inv(16) 
and t(8;21) in our population, compared to adult AML.183 These non-random 
relations between type I mutations and type II mutations provide support for the 
hypothesis that these two type of mutations cooperate in causing AML.35 Data 
supporting this hypothesis has also come from mouse models in which a type I and a 
type II mutation were induced in stem cells and the mice developed AML-like 
disease, while the two types of mutations expressed in isolation do not induce a 
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there may be a requirement for certain signalling events for efficient leukemogenesis 
in the setting of aberrant genetic programming induced by these fusion transcription 
factors. Conversely, FLT3 mutations seem to be much more efficient in inducing 
proliferation of leukemic stem/progenitor cells with t(15;17) whereas KIT or RAS
mutations  are much less efficient and are rarely found in association with APL.200

Overall, we were able to detect a type I mutation in 40% of our patients, suggesting 
that other type I mutations contribute to leukemogenesis. Notably, 81% of patients 
with FAB M5 AML had no detectable mutation of KIT, RAS or FLT3/ITD. In the 
current report we have genotyped for four different type I mutations, but of course 
there are many more possibilities, both known (such as other mutations of FLT3 or 
PTPN11 mutations) and unknown.
We also studied the prognostic impact of KIT and RAS mutations in pediatric AML. 
Some studies have reported that KIT or RAS mutations confer a poor 
prognosis.67;70;74;198 In this cohort of patient we were unable to demonstrate any 
significant prognostic impact of RAS or KIT mutations, although this may be due to 

the fact that treatment was heterogeneous. The lack of a prognostic impact of KIT or 
RAS mutations is in marked contrast to the strong negative impact of FLT/ITD 
mutations in our study population.62 However, we cannot rule out the possibility 
that RAS and KIT mutations do have prognostic impact, albeit less strongly than 
FLT3/ITD mutations. As RAS and KIT mutations are particularly frequent in the CBF 
subgroup, we also analyzed outcome in this subgroup of AML patients, but no 
differences in outcome were detected. Interpretation of the analysis of outcome in 
this subgroup is limited by the heterogeneous treatment the patients received and 
the small number of CBF AML patients included in this study. Further studies 
should focus on the prognostic impact of RAS and KIT mutations in a large 
prospective cohort of pediatric CBF AML patients. 
This study demonstrates that KIT exon 8 mutations are legitimate gain-of-function 
mutations, resulting in ligand-independent constitutive activation of KIT (as assessed 
by autophosphorylation). In addition, we were able to show that this 
autophosphorylation could be potently inhibited in a dose-dependent fashion by the 
tyrosine kinase inhibitor imatinib mesylate with an IC50 of 200-300 nM, which is 
comparable to the IC50 found for wild-type KIT.148 Overall, 59% of the KIT mutations 
found in our study are sensitive to imatinib in vitro. Recently, two papers also 
addressed the biochemical properties of exon 8 mutated KIT. Both show that exon 8 
mutant KIT induces ligand independence.201;202 In addition, Growney et al201 show 
that PKC412 can inhibit autophosphorylation in all tested KIT mutants, including the 
imatinib resistant D816 mutants.
An important aspect of the current study is the ongoing clinical development of 
small molecule inhibitors. Tyrosine kinase inhibitors could have clinical potential in 
the treatment of pediatric AML with FLT3 or KIT mutations. In addition, drugs 
targeting activated RAS could potentially be effective in AML cases with mutated 
RAS or activating mutations in signalling proteins upstream of RAS. Future clinical 
studies are needed to test the hypothesis that the use of small molecule inhibitors 
would improve the prognosis of children with KIT, RAS or FLT3/ITD mutations. 
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Letter to the editor 

Recently, Tartaglia et al reported a 4.4% prevalence of PTPN11 mutations in 
childhood acute myeloid leukemia (AML) patients included in the Italian AIEOP 
trials with a significantly increased prevalence in FAB M5 (18%).203 In addition, in a 
USA-based series a PTPN11 mutation was detected in 4% of pediatric AML samples, 
and again the prevalence of PTPN11 mutations was significantly higher in FAB M5 
compared to non-FAB M5 cases (12% vs. 2.5%, p=0.016).204

We previously reported that in a Northern European cohort (Netherlands and 
Germany) of 150 pediatric AML samples, 40% harbored a mutation in either KIT,
RAS or a FLT3/ITD.205 Remarkable in this series was the low frequency of these 
mutations in FAB M5 compared to non-FAB M5 AML (10% vs. 45%, p=0.011).
We therefore hypothesized that PTPN11 might be involved in the development of 
FAB M5 AML and investigated the prevalence of PTPN11 mutations in this patient 
cohort. Moreover, we enriched this cohort with another 24 pediatric FAB M5 AML 
patients, for a total of 55 M5 cases. This is the largest FAB M5 cohort studied for 
PTPN11 mutations reported thus far. Patients were treated on intensive 
cytarabine/anthracycline based protocols in the Netherlands (DCOG) and Germany 
(AML-BFM-SG) from 02-1990 until 09-2003.205 Both study groups perform central 
review of diagnosis and classification of patients. All 174 samples were genotyped 
for mutations in PTPN11 exons 3 and 13 using D-HPLC and direct sequencing, as 
previously described.206

Mutations affecting exons 3 and 13 were detected in 7 and 3 samples, respectively 
(Table 1). There were no differences in age, sex or white blood cell count at diagnosis 
between patients with and without a PTPN11 mutation. In one patient we detected 
both an NRAS and a PTPN11 mutation. Only 4/10 PTPN11 mutated cases were 
diagnosed with FAB M5 AML. The other FAB-types were FAB M2 (2/39), M4 (3/42) 
and M6 (1/4). The PTPN11 mutation prevalence did not differ significantly between 
FAB M5 and non-FAB M5 cohorts (7.3% vs. 5.0%, p=0.73).  Thus, the prevalence of 
PTPN11 mutations in FAB M5 in this cohort was lower than in the Italian cohort, 
although this difference was not statistically significant (Chi-square p=0.11).  We 
cannot exclude that the observed difference is due to chance, and therefore these data 
need to be validated in a larger prospective cohort of patients.
Methodological differences in mutation detection are unlikely to account for this 
difference, as the same techniques were used in the both studies. Eighteen M5 
samples were PTPN11 genotyped twice in 2 different labs, including the lab in which 
the Italian AML samples were studied, with identical results.  

Table 1. Characteristics of the 10 PTPN11 mutated patients, including genotyping results for NRAS,
KRAS, FLT3/ITD and KIT.

UPN PTPN11 NRAS KRAS FLT3/ITD KIT age (yr) sex FAB WBC (x10 9/l) karyotype
1 E69G G12A no no no 5,4 f M2au 68,6 46,XX
2 F71K NA NA NA NA 1,8 m M5 102,0 46,XY, t(9;11)
3 A72T no no no no 1,2 m M6 23,9 49,XY, complex
4 A72T no no no no 1,7 f M4eo 14,5 46,XX
5 T73I no no no no 10,5 f M4 16,4 46,XX
6 E76G no no no no 1,0 m M5 196,5 47,XX,+8,t(9;11)(p22;q23)
7 E76V no no no no 11,5 f M5 3,6 46,XX,dup(14)(q32q12)
8 S502L NA NA no NA 2,3 m M5 39,9 46,XY,add(19p)
9 S502P no no no no 8,4 m M4 38,0 NA
10 G503A no no no no 14,3 m M2au 4,8 46,XY,t(5;9)(q3;p2),del(11p)

UPN means unique patient number, NA means not available, yr means year, f means female, m means male, FAB 
means French-American-British classification, M2au means M2 with auer rods, M4eo means M4 with eosinophils, 
WBC means white blood cell 

We hypothesize that this difference might be caused by a differential genetic 
susceptibility for specific AML subtypes. A similar phenomenon has been 
documented for the prevalence of acute promyelocytic leukemia (APL). The 
prevalence of APL in the Mediterranean countries (Italy and Spain) and Hispanics is 
higher compared to Northern European countries such as Germany and non-
Hispanic whites in the USA.207 Unfortunately, the ethnic background of our patients 
is not centrally registered.
In conclusion, we detected a PTPN11 mutation in 5.4% of pediatric AML cases, but, 
in contrast to other reports the prevalence was not increased in FAB M5 AML. One 
explanation for this difference could lie in the different ethnic backgrounds of the 
patients studied. Future studies should consider the possible differences in 
prevalence of oncogenic mutations between ethnic groups. The prevalence of 
mutations in FAB M5 still is low (26%) compared to non-FAB M5 AML (50%), and 
we continue to search for novel mutations in this AML subgroup.
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Recently, Tartaglia et al reported a 4.4% prevalence of PTPN11 mutations in 
childhood acute myeloid leukemia (AML) patients included in the Italian AIEOP 
trials with a significantly increased prevalence in FAB M5 (18%).203 In addition, in a 
USA-based series a PTPN11 mutation was detected in 4% of pediatric AML samples, 
and again the prevalence of PTPN11 mutations was significantly higher in FAB M5 
compared to non-FAB M5 cases (12% vs. 2.5%, p=0.016).204

We previously reported that in a Northern European cohort (Netherlands and 
Germany) of 150 pediatric AML samples, 40% harbored a mutation in either KIT,
RAS or a FLT3/ITD.205 Remarkable in this series was the low frequency of these 
mutations in FAB M5 compared to non-FAB M5 AML (10% vs. 45%, p=0.011).
We therefore hypothesized that PTPN11 might be involved in the development of 
FAB M5 AML and investigated the prevalence of PTPN11 mutations in this patient 
cohort. Moreover, we enriched this cohort with another 24 pediatric FAB M5 AML 
patients, for a total of 55 M5 cases. This is the largest FAB M5 cohort studied for 
PTPN11 mutations reported thus far. Patients were treated on intensive 
cytarabine/anthracycline based protocols in the Netherlands (DCOG) and Germany 
(AML-BFM-SG) from 02-1990 until 09-2003.205 Both study groups perform central 
review of diagnosis and classification of patients. All 174 samples were genotyped 
for mutations in PTPN11 exons 3 and 13 using D-HPLC and direct sequencing, as 
previously described.206

Mutations affecting exons 3 and 13 were detected in 7 and 3 samples, respectively 
(Table 1). There were no differences in age, sex or white blood cell count at diagnosis 
between patients with and without a PTPN11 mutation. In one patient we detected 
both an NRAS and a PTPN11 mutation. Only 4/10 PTPN11 mutated cases were 
diagnosed with FAB M5 AML. The other FAB-types were FAB M2 (2/39), M4 (3/42) 
and M6 (1/4). The PTPN11 mutation prevalence did not differ significantly between 
FAB M5 and non-FAB M5 cohorts (7.3% vs. 5.0%, p=0.73).  Thus, the prevalence of 
PTPN11 mutations in FAB M5 in this cohort was lower than in the Italian cohort, 
although this difference was not statistically significant (Chi-square p=0.11).  We 
cannot exclude that the observed difference is due to chance, and therefore these data 
need to be validated in a larger prospective cohort of patients.
Methodological differences in mutation detection are unlikely to account for this 
difference, as the same techniques were used in the both studies. Eighteen M5 
samples were PTPN11 genotyped twice in 2 different labs, including the lab in which 
the Italian AML samples were studied, with identical results.  

Table 1. Characteristics of the 10 PTPN11 mutated patients, including genotyping results for NRAS,
KRAS, FLT3/ITD and KIT.

UPN PTPN11 NRAS KRAS FLT3/ITD KIT age (yr) sex FAB WBC (x10 9/l) karyotype
1 E69G G12A no no no 5,4 f M2au 68,6 46,XX
2 F71K NA NA NA NA 1,8 m M5 102,0 46,XY, t(9;11)
3 A72T no no no no 1,2 m M6 23,9 49,XY, complex
4 A72T no no no no 1,7 f M4eo 14,5 46,XX
5 T73I no no no no 10,5 f M4 16,4 46,XX
6 E76G no no no no 1,0 m M5 196,5 47,XX,+8,t(9;11)(p22;q23)
7 E76V no no no no 11,5 f M5 3,6 46,XX,dup(14)(q32q12)
8 S502L NA NA no NA 2,3 m M5 39,9 46,XY,add(19p)
9 S502P no no no no 8,4 m M4 38,0 NA
10 G503A no no no no 14,3 m M2au 4,8 46,XY,t(5;9)(q3;p2),del(11p)

UPN means unique patient number, NA means not available, yr means year, f means female, m means male, FAB 
means French-American-British classification, M2au means M2 with auer rods, M4eo means M4 with eosinophils, 
WBC means white blood cell 

We hypothesize that this difference might be caused by a differential genetic 
susceptibility for specific AML subtypes. A similar phenomenon has been 
documented for the prevalence of acute promyelocytic leukemia (APL). The 
prevalence of APL in the Mediterranean countries (Italy and Spain) and Hispanics is 
higher compared to Northern European countries such as Germany and non-
Hispanic whites in the USA.207 Unfortunately, the ethnic background of our patients 
is not centrally registered.
In conclusion, we detected a PTPN11 mutation in 5.4% of pediatric AML cases, but, 
in contrast to other reports the prevalence was not increased in FAB M5 AML. One 
explanation for this difference could lie in the different ethnic backgrounds of the 
patients studied. Future studies should consider the possible differences in 
prevalence of oncogenic mutations between ethnic groups. The prevalence of 
mutations in FAB M5 still is low (26%) compared to non-FAB M5 AML (50%), and 
we continue to search for novel mutations in this AML subgroup.
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Abstract

In AML, activating mutations in the FLT3 gene predict poor prognosis. We 
determined FLT3 internal tandem duplications (FLT3/ITD) and D835 point mutations 
in paired initial and relapse samples from 80 pediatric and adult AML patients. One 
D835 point mutation was found, in an initial pediatric AML sample. FLT3/ITDs were 
present in 21 initial and 22 relapse samples (26.3% and 27.5%, respectively). 
Interestingly, FLT3/ITD positivity was related to a significantly shorter time to 
relapse, most pronounced when the ITD positive status was found at relapse 
(P<0.001). However, FLT3/ITD status changed between diagnosis and relapse in 14 
cases. In 4 patients the FLT3/ITD became undetectable at relapse, in 5 patients 
FLT3/ITDs were only detected at relapse, and in 5 patients the length or number of 
FLT3/ITDs changed. Gain of FLT3/ITDs may suggest oligoclonality with selective 
outgrowth of the FLT3/ITD positive clone, whereas losses may reflect ITDs in the 
more mature leukemic cells rather than in the leukemic stem cell, or, alternatively, 
that other genetic aberrations provided a greater selective advantage. Studying 
FLT3/ITD kinetics in minimal residual disease setting may provide some answers for 
the changes we observed. FLT3/ITD is a relevant marker for prognosis, and remains 
an important target for therapeutic inhibition. 

Introduction

The fms-like tyrosine kinase 3 (FLT3) gene encodes a class III receptor tyrosine kinase 
that is predominantly expressed on hematopoietic progenitor cells, but is also found 
on a spectrum of hematologic malignancies.208 FLT3 plays an important role in stem 
cell proliferation, differentiation and survival, and activating mutations, cooperating 
with fusion genes, have been related to leukemogenesis.209 At least two types of FLT3
mutations have been found in leukemic cells that induce ligand-independent FLT3 
dimerization and constitutive activation through autophosphorylation leading to 
increased and uncontrolled cell proliferation: 1) internal tandem duplication (ITD) 
mutations of the juxtamembrane domain,81 2) point mutations such as in aspartic 
acid 835 (D835) within the activation loop of the second tyrosine kinase domain.60

The frequency of FLT3/ITD in adult patients with acute myeloid leukemia (AML) is 
approximately 20 to 30%, whereas a lower incidence of FLT3/ITD in children has 
been reported (5-22%). For both age groups the presence of an ITD has been related 
to poor prognosis.62;210 The impact of D835 point mutations on prognosis is less clear, 
possibly because it is more difficult to show a significant influence with the low 
patient numbers since D835 point mutations occur less frequent (7%). It may also be 

that the D835 point mutations are not related to prognosis because of their different 
influence on cell signaling as compared to the FLT3/ITD.211

FLT3/ITD has been suggested to serve as additional parameter in the determination 
of minimal residual disease (MRD), with the aim to predict relapse. However, this 
approach is controversial due to indications that FLT3 status may change due to 
treatment. To gain further insight into the role of FLT3/ITD and FLT3 D835 mutations 
in the development of relapses, we analyzed paired initial and relapse samples from 
a large cohort (n=80) of patients with AML.

Materials and Methods 

Bone marrow or peripheral blood samples were collected, after informed consent 
was obtained, from both pediatric (n=42) and adult (n=38) AML patients at initial 
diagnosis and at relapse. All included pairs had similar FAB types at diagnosis and 
relapse whereas cytogenetic data were predominantly only determined for the initial 
sample. Pediatric samples were obtained from the VU university medical center 
(VUmc), the Dutch Childhood Oncology Group and the AML Berlin-Frankfurt-
Munster (BFM) Group, while adult samples were obtained from the VUmc and the 
University of Leuven. Cytogenetic data were classified in 3 risk groups according to 
the Medical Research Council AML criteria (without taking response to treatment 
into consideration). Time to relapse was determined as the number of months 
between initial diagnosis and relapse.
Genomic DNA was obtained from cytospin slides or frozen cell pellets, and of 8 
samples RNA was isolated. FLT3/ITD was analyzed by PCR amplification according 
to the method of Kiyoi et al.198 but with a FAM labeled 12R-reverse primer. Product 
lengths were measured on an ABI PRISM sequencer (310 Genetic Analyzer; Applied 
Biosystems, Foster City, CA) and analyzed using GeneScan Analysis software 
(version 1.2, Applied Biosystems). FLT3/D835 mutations were determined in DNA 
samples when material was available (n=53), by lightcycler analysis (Roche 
diagnostics GmbH, Mannheim) using primers (forward: FLT3_S 5’-
ggtgaagatatgtgactttggat, reverse: FLT3_R 5’-attatagatggaagattccctgaa) and a specific 
labeled probe covering the mutation (anchor: FLT3_anchor 5’-
aaatagcagcctcacattgcccctg-FL, sensor: FLT3_sensor wt 5’LC Red705-
gttggaatcactcatgatatccgag-PH). After amplification, melting curves were analyzed for 
the presence of point mutations. 
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treatment. To gain further insight into the role of FLT3/ITD and FLT3 D835 mutations 
in the development of relapses, we analyzed paired initial and relapse samples from 
a large cohort (n=80) of patients with AML.

Materials and Methods 

Bone marrow or peripheral blood samples were collected, after informed consent 
was obtained, from both pediatric (n=42) and adult (n=38) AML patients at initial 
diagnosis and at relapse. All included pairs had similar FAB types at diagnosis and 
relapse whereas cytogenetic data were predominantly only determined for the initial 
sample. Pediatric samples were obtained from the VU university medical center 
(VUmc), the Dutch Childhood Oncology Group and the AML Berlin-Frankfurt-
Munster (BFM) Group, while adult samples were obtained from the VUmc and the 
University of Leuven. Cytogenetic data were classified in 3 risk groups according to 
the Medical Research Council AML criteria (without taking response to treatment 
into consideration). Time to relapse was determined as the number of months 
between initial diagnosis and relapse.
Genomic DNA was obtained from cytospin slides or frozen cell pellets, and of 8 
samples RNA was isolated. FLT3/ITD was analyzed by PCR amplification according 
to the method of Kiyoi et al.198 but with a FAM labeled 12R-reverse primer. Product 
lengths were measured on an ABI PRISM sequencer (310 Genetic Analyzer; Applied 
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samples when material was available (n=53), by lightcycler analysis (Roche 
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Statistical analysis 

Data were analyzed with Mann Whittney U test, Spearman Rank correlation and 
ANOVA. After log-transformation, combined influences on time to relapse were 
explored using multiple regression analysis. SPSS Statistical software version 11.0 for 
Windows (SPSS Ins. Chicago, IL) was used. All analyses were two-tailed and 
differences were considered statistically significant when P-values were < 0.05.

Table 1. Patient characteristics 

Sex Median WBC
Median % of 

blasts
Median time to 

relapse (months)
(M/F) (p25 – p75) (p25 – p75) (p25 – p75)

All cases 80 55/25 38 (7 – 86) 85 (36 – 91) 21 (26) 22 (28) 1(2) 9.9 (7 – 18)
Age

 18 years 42 33/9 34 (8 – 89) 88 (83 – 91) 9 (21) 8 (19) 1(3) 14.2 (9 – 24)
> 18 years 38 22/16 37 (3 – 70) 70 (35 – 85) 12 (32) 14 (37) 0 8.8 (7 – 13)

FAB type
M0 3 3/0 91 82 0 0 0 9.7
M1 12 7/5 43 (3 – 93) 87 (85 – 91) 5 (42) 2 (17) 0 17.8 (11 – 32)
M2 25 20/5 24 (10 – 47) 85 (52 – 88) 8 (32) 8 (32) 1 (4) 11.8 (8 – 19)
M3 3 3/0 7 85 0 0 0 34
M4 22 12/10 49 (14 – 115) 85 (73 – 92) 5 (23) 8 (36) 0 9 (6 – 16)
M5 11 8/3 43 (3 – 117) 85 (72 – 94) 3 (27) 3 (27) 0 10.2 (7 – 14)
M6 1 1/0 NaN NaN 0 1 (100) 0 3
M7 2 1/1 25 88 0 0 0 37

Unknown 1 0/1 NaN 87 0 0 0 6
Cytogenetic risk
groups

Favorable 11 10/1 44 (15 – 65) 78 (64 – 84) 3 (27) 3 (27) 0 11.0 (7 – 21)
Intermediate 34 22/12 36 (7 – 84) 89 (80 – 92) 10 (29) 10 (29) 0 10.8 (7 – 24)

Poor 8 6/2 45 (12 – 124) 66 (35 – 87) 3 (38) 4 (50) 0 8.7 (7 – 9)
Unknown 27 17/10 25 (6 – 89) 84 (54 – 90) 5 (19) 5 (19) 1 11.0 (8 – 17)

D835
point

mutationCharacteristic
Total 

number

# FLT3/ITD 
mutations 
initial (%)

# FLT3/ITD 
mutations 
relapse (%)

WBC indicates white blood cell count (x109/L) at diagnosis and the blast percentage represents the fraction of 
leukemic cells in a background of normal white blood cells isolated from blood or bone marrow at diagnosis. P25-
75 are the 25 and 75 percentiles. Cytogenetic risk groups were stratified according to the MRC strategy and data 
were available of 53 cases. 

Results and Discussion

We successfully screened a total of 160 samples, comprising 80 paired initial and 
relapse samples for length-mutations, and 53 pairs for the FLT3 D835 point mutation. 
The point mutation group was smaller due to lack of cells either from the diagnostic 
or relapse sample in 27 pairs. Table 1 summarizes the patient characteristics.
In a control experiment it was shown that 0.8% FLT3/ITD positive cells (MV4-11) and 
<5% FLT3 D835 point mutation positive cells could still be detected in a background 
of wt-cells (HL60), indicating that only smaller subclones may have been missed. Our 
samples contained at least 5% blasts, which is defined in the classical morphological 
criteria for AML. 
At initial diagnosis 21 patients (26.3%) had a FLT3/ITD, which is similar to the 
frequency at relapse (n=22, 27.5%), as also shown in previous studies by others.212;213

However, FLT3/ITD status changed in 14 patients between diagnosis and relapse, 
and included both occurrences and disappearances of FLT3/ITDs, as well as changes 
in the length or number of mutations (Table 2).  Representative examples are shown 
in Figure 1.

Figure 1. Representative Genescan analyses of paired experiments.  
The top figure is the initial sample and the bottom one the subsequent relapse. The DNA used came 
from cytospin slides (A and C) and frozen cells (B) therefore the y-axis scale from DNA of the 
cytospins is relatively lower. A: Gain of an ITD, B: Change of an ITD and C: Loss of an ITD at relapse. 

FLT3/ITD positivity was related to a significantly (P<0.03) shorter time to relapse (7.8 
vs. 12.6 months), but more pronounced (P<0.001) when the ITD positive status was 
found at relapse (6.6 vs. 13.5 months). Interestingly, the relatively short time to 
relapse was also found in the 5 patients who were initially FLT3/ITD negative but 
gained an FLT3/ITD at relapse, and for the 5 patients who had a different length or 
number of FLT3/ITDs at relapse (Table 2). Moreover, the 4 patients who lost their 
FLT3/ITD at relapse had a longer time to relapse, comparable to FLT3/ITD negative 
patients. Although the time to relapse was slightly longer in children when 
compared with adults, the relation between FLT3/ITD positivity and time to relapse 
was significant both in children (6.3 months in FLT3/ITD positive vs. 16.2 months in 
FLT3/ITD negative; P<0.0001) and adults (7.3 months in FLT3/ITD positive vs. 10.9 
months in FLT3/ITD negative; P<0.002), respectively. Age, blast percentage and 
white blood cell count (WBC) were not significantly correlated to time to relapse in 
this selected cohort. Although the relatively small number of patients with poor risk 
cytogenetics relapsed earlier, this was not statistically significant (P=0.17), when 
compared to patients from the other 2 cytogenetic risk groups. In multiple regression 
analysis correcting for FLT3/ITD positivity at relapse was the only significant 
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We successfully screened a total of 160 samples, comprising 80 paired initial and 
relapse samples for length-mutations, and 53 pairs for the FLT3 D835 point mutation. 
The point mutation group was smaller due to lack of cells either from the diagnostic 
or relapse sample in 27 pairs. Table 1 summarizes the patient characteristics.
In a control experiment it was shown that 0.8% FLT3/ITD positive cells (MV4-11) and 
<5% FLT3 D835 point mutation positive cells could still be detected in a background 
of wt-cells (HL60), indicating that only smaller subclones may have been missed. Our 
samples contained at least 5% blasts, which is defined in the classical morphological 
criteria for AML. 
At initial diagnosis 21 patients (26.3%) had a FLT3/ITD, which is similar to the 
frequency at relapse (n=22, 27.5%), as also shown in previous studies by others.212;213

However, FLT3/ITD status changed in 14 patients between diagnosis and relapse, 
and included both occurrences and disappearances of FLT3/ITDs, as well as changes 
in the length or number of mutations (Table 2).  Representative examples are shown 
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Figure 1. Representative Genescan analyses of paired experiments.  
The top figure is the initial sample and the bottom one the subsequent relapse. The DNA used came 
from cytospin slides (A and C) and frozen cells (B) therefore the y-axis scale from DNA of the 
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FLT3/ITD positivity was related to a significantly (P<0.03) shorter time to relapse (7.8 
vs. 12.6 months), but more pronounced (P<0.001) when the ITD positive status was 
found at relapse (6.6 vs. 13.5 months). Interestingly, the relatively short time to 
relapse was also found in the 5 patients who were initially FLT3/ITD negative but 
gained an FLT3/ITD at relapse, and for the 5 patients who had a different length or 
number of FLT3/ITDs at relapse (Table 2). Moreover, the 4 patients who lost their 
FLT3/ITD at relapse had a longer time to relapse, comparable to FLT3/ITD negative 
patients. Although the time to relapse was slightly longer in children when 
compared with adults, the relation between FLT3/ITD positivity and time to relapse 
was significant both in children (6.3 months in FLT3/ITD positive vs. 16.2 months in 
FLT3/ITD negative; P<0.0001) and adults (7.3 months in FLT3/ITD positive vs. 10.9 
months in FLT3/ITD negative; P<0.002), respectively. Age, blast percentage and 
white blood cell count (WBC) were not significantly correlated to time to relapse in 
this selected cohort. Although the relatively small number of patients with poor risk 
cytogenetics relapsed earlier, this was not statistically significant (P=0.17), when 
compared to patients from the other 2 cytogenetic risk groups. In multiple regression 
analysis correcting for FLT3/ITD positivity at relapse was the only significant 
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parameter predicting time to relapse (P=0.012). The follow up data after relapse were 
limited and did not allow for statistical analysis of overall survival time. 

Table 2. Relation between changes in FLT3/ ITD status and time to relapse 

Number of 
patients

Median # 
months to 

relapse ANOVA
Initial Relapse (n = 80) (p25 – p75) (P -value)

Wild type Any status 59
12.6 (9 – 21)

P <.03

FLT3/ITD+ Any status 21
7.8 (5 – 9)

II   FLT3/ITD status in relapse sample

Any status Wild type 58 13.5 (9 – 22) P <.001

Any status FLT3/ITD+ 22 6.6 (5 – 8)

Wild type Wild type 54 13.4 (9 – 22) P <.03

FLT3/ITD+ FLT3/ITD+ 12 7.4 (5 – 8)

Wild type FLT3/ITD+ 5 6.3 (5 – 19)
FLT3/ITD+ Wild type 4 15.4 (5 – 46)

FLT3/ITD+
Different 
ITD 5 4.7 (4 – 10)

FLT3/ITD status

I   FLT3/ITD status in initial sample

III  FLT3/ITD changes in initial and 
relapse sample

Time to relapse was related to either, I) FLT3/ITD+ status in initial samples, II) FLT3/ITD+ status in relapse 
samples and III) changes in FLT3/ITD status.   

At this stage, it cannot be excluded that what we report as gains of FLT3/ITDs can be 
explained by oligoclonality in the initial diagnosis samples, with subclones that were 
below the detection limit of our assay. Of interest in this respect, is that recent data 
suggest that FLT3/ITDs can be present in leukemic stem cells.214 Our results suggest 
that, when the bulk of AML cells has been eradicated by therapy, remaining 
FLT3/ITD positive leukemic stem cells may result in an early relapse. Alternatively 
the gain of a FLT3/ITD may be explained by development of a de novo mutation,
which is less likely in the relatively short period of time (± 6 month). However, 
genotoxic stress by intensive chemotherapy may result in an increased mutation 
induction, and genotoxic exposure has been linked to the occurrence of FLT3/ITDs.215

To explain the losses of FLT3/ITDs at relapse, we hypothesize that in these cases a 
FLT3/ITD positive was acquired in the more mature leukemic cells, which were 
successfully eradicated, but not in the leukemic stem cell. This may also explain why 
most, but not all patients with a FLT3/ITD have a poor prognosis.62 Whether the loss 
of a FLT3/ITD may coincide with other genetic abnormalities that confer a greater 
selective survival advantage to the leukemic cells at relapse, has yet to be elucidated 

but is in agreement with our earlier observation that the growth promoting 
mutations are usually mutually exclusive.58 A recently published exception is the 
NPM1 mutation, which is frequently found in adult AML (± 25%) and often 
coincides with FLT3/ITD. Though they showed that the NPM1 mutation is stable 
during disease evolution the relation with the pathogenesis of AML is not 
established yet.216 The exact blast percentages at relapse were only available for a 
minority of patients. However, as relapse was defined by classical morphological 
criteria (i.e. more than 5% blasts in the bone marrow), it is unlikely that the lower 
blast percentage explains the loss of FLT3/ITD, given the sensitivity of our test.
In the 5 samples where the length of the ITD mutation had changed at relapse, we 
found samples with more than one length mutation at diagnosis where either one 
was gained or lost and samples where only one length mutation was present at 
diagnosis and another one at relapse. In the latter cases, we do not know whether 
this comprises the loss of one particular clone and a gain of another clone, or that the 
length of the ITD changed during therapy. In general, the overall FLT3/ITD lengths 
ranged from 21 to 219 base pairs and there was no correlation in samples having 
changes in FLT3/ITD (range: 21 to 150 base pairs) with loss or gains of smaller or 
longer ITDs.  
The high number of FLT3/ITD positive samples that change during treatment and the 
relation between FLT3/ITD at relapse and short time to relapse is in agreement with 
data by Tiesmeier et al.217, who reported that in a relatively small cohort of 31 paired 
AML samples, 5 out of 9 FLT3/ITD positive patients showed changes (one gain, three 
losses and one change). To gain more insight into the biology of these changes in 
FLT3/ITD status, it will be crucial to determine the FLT3/ITD kinetics in serial 
minimal residual disease samples, using a more sensitive FLT3/ITD detection method 
(possibly patient specific).218 Moreover, further studies are needed to study 
oligoclonality in diagnostic samples, including flowcytometry-sorted leukemic stem 
cells.219

Only one D835 point mutation was found in a newly diagnosed pediatric sample, but 
not at relapse. The relation between D835 mutations and prognosis is not as clear as 
for the FLT3/ITD status. Of interest, the percentage of D835 point mutations in this 
cohort of relapsed patients is remarkably low. This suggests that FLT3 point 
mutations may not be involved in the development of relapse, as we would have 
expected a selection of patients with a higher frequency of these mutations in that 
case.
In conclusion, in these paired samples, FLT3/ITD positivity is related to a 
significantly shorter time to relapse, which once more stresses the need for effective 
FLT3 inhibitors for treatment. The fact that FLT3/ITD status changed in 14 patients 
signifies further research considering oligoclonality of AML. Moreover, this lack of 
stability needs to be taken into account when using FLT3 mutations as MRD marker. 
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parameter predicting time to relapse (P=0.012). The follow up data after relapse were 
limited and did not allow for statistical analysis of overall survival time. 
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P <.03

FLT3/ITD+ Any status 21
7.8 (5 – 9)

II   FLT3/ITD status in relapse sample

Any status Wild type 58 13.5 (9 – 22) P <.001

Any status FLT3/ITD+ 22 6.6 (5 – 8)

Wild type Wild type 54 13.4 (9 – 22) P <.03
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expected a selection of patients with a higher frequency of these mutations in that 
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In conclusion, in these paired samples, FLT3/ITD positivity is related to a 
significantly shorter time to relapse, which once more stresses the need for effective 
FLT3 inhibitors for treatment. The fact that FLT3/ITD status changed in 14 patients 
signifies further research considering oligoclonality of AML. Moreover, this lack of 
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Our results stress the need to study the kinetics of FLT3/ITD in MRD setting since it 
has relevance for the decision to treat patients with FLT3/ITD positive AML with 
FLT3 inhibitors at this early stage. 

Part Two 

Targeted treatment of AML 
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Abstract

Anthracyclines are effective in the treatment of leukemia, but their use is limited 
because of cardiotoxicity. Liposomal daunorubicin (L-DNR) potentially is less 
cardiotoxic than daunorubicin (DNR). We compared in vitro cytotoxicity in pediatric 
acute leukemia samples and found no significant differences in sensitivity at 
equivalent DNR concentrations.

Letter

In the treatment of AML anthracyclines and cytarabine play a central role. The use of 
anthracyclines is limited by their side-effects. The most serious late side-effect is 
cardiac dysfunction, which occurs in around 10% of children surviving AML.220

Daunoxome® is the liposomal formulation of daunorubicin (L-DNR). Animal studies 
have shown that L-DNR preferentially accumulated in tumor tissue, sparing tissues 
such as the heart.136;137 In addition, L-DNR did not cause significant alterations in 
cardiac function, in contrast to DNR.137  Trials in adult AML were encouraging, with 
an acceptable toxicity profile and significant antileukemic activity.221 Clinical studies 
in pediatric patients are limited and data on cardiotoxicity are conflicting, possibly 
because many patients had been heavily pretreated. 222-225  To evaluate the clinical 
efficacy and toxicity of liposomal daunorubicin an international phase III trial in 
children with relapsed/refractory AML (I-BFM-SG Relapsed AML 2001/01) was 
recently opened, randomizing for FLAG (fludarabine, cytarabine, G-CSF) with or 
without L-DNR (60 mg/m2/day on days 1, 3 and 5). However, it was not known if L-
DNR and DNR have equipotent cytotoxicity, and therefore we compared their in 
vitro cytotoxicity.  
Bone marrow or peripheral blood samples from 66 children (0- 18 years) were tested 
for DNR and L-DNR sensitivity. This included samples from 16 newly diagnosed 
AML, 9 relapsed AML and 19 newly diagnosed acute lymphoblastic leukemia (ALL) 
patients treated on DCOG, AML-BFM and MRC protocols between 2000 and 2005. 
We also tested 14 bone marrow (N BM) and 8 peripheral blood (N PB) samples from 
healthy children. The patient characteristics are presented in Table 1. Samples were 
taken with informed consent. The study was approved by the local Medical Ethical 
Committee and the Dutch Central Committee for Medical Research in Humans 
(CCMO). Drug resistance testing was performed using a 4 day total cell kill MTT 
assay .226 DNR and L-DNR were tested in equivalent DNR concentrations (0.002 - 2 
µg/ml). The LC50 value, the drug concentration that kills 50% of the leukemic cells, 
was used as a measure of resistance. To assess differences in the distribution of 
continuous data, the non-parametric Mann-Whitney U test was used for independent 

samples and the Wilcoxon Signed-Rank test for paired samples. Cross-resistance was 
analyzed with the Spearman correlation coefficient ( ). P-values of 0.05 were 
considered statistically significant (2-tailed test).

Table 1. Patient characteristics. Clinical characteristics of the patient samples included in this study. 

AML ALL N BM PB
number 25 19 14 8
sex (% male) 72 58 65 50
age (years)(median, p25-p75) 12.0 (7.4-14.2) 6.8 (4.8-8.9) 7.6 (6.3-11.2) 8.6 (5.6-9.8)
WBC (*10.9/L)(median, p25-p75) 44.5 (20.2-135.0) 18.8 (5.9-59.8)
FAB M0 1

M1 4
M2 4
M4 8
M5 5

Unknown 3
IPT BCP 13

T-cell 4
unknown 2

WBC white blood cell count, FAB French-American-British morphology classification, IPT immunophenotype, 
AML acute myeloid leukemia, ALL acute lymphoblastic leukemia, BCP B-cell precursor ALL, T T-cell ALL, N BM 
normal bone marrow, N PB normal peripheral blood. 

Both DNR and L-DNR were cytotoxic to leukemic cells in a dose-dependent fashion. 
There were large interpatient differences in the sensitivity to DNR (>480 times) and 
L-DNR (>200). There was strong cross-resistance between DNR and L-DNR 
(Spearman’s  = 0.89, p<0.0001). Within AML, there were no significant differences 
between the sensitivity to DNR or L-DNR (median LC50 0.035 vs. 0.028 µg/ml, 
p=0.55) (Figure 1A). Similarly in ALL there was no statistically significant difference 
in sensitivity to DNR and L-DNR (median LC50 0.018 vs. 0.021 µg/ml, p=0.60) 
(Figure 1B). Leukemic samples (N=44) were 9 times more sensitive to DNR 
(p<0.0001) and 6 times more sensitive to L-DNR (p<0.0001) than N BM mononuclear 
cells and similarly significantly more sensitive to DNR (15 times, p<0.0001) and L-
DNR (12 times, p<0.0001) than N PB mononuclear cells, reflecting the therapeutic 
index of these drugs. In a minority of samples there was a difference in sensitivity 
between DNR and LDNR, but these samples were equally distributed between more 
sensitive to DNR or LDNR. 
In this study we showed that there were no significant differences in sensitivity to L-
DNR and DNR in ALL or AML in vitro. Apart from cellular drug resistance, a 
clinically relevant factor in the comparison of DNR and L-DNR are the significant 
pharmacokinetic differences between DNR and L-DNR. Peak plasma concentrations 
of L-DNR are increased compared to free DNR and this results in a significant 
increase of the area under the curve (AUC) for L-DNR.224;227 Thus, leukemic cells in 
vivo are exposed to higher concentrations of L-DNR when equivalent doses of DNR 
and L-DNR are used. In addition, L-DNR frequently is employed at higher dosages 
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Abstract

Anthracyclines are effective in the treatment of leukemia, but their use is limited 
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Letter

In the treatment of AML anthracyclines and cytarabine play a central role. The use of 
anthracyclines is limited by their side-effects. The most serious late side-effect is 
cardiac dysfunction, which occurs in around 10% of children surviving AML.220

Daunoxome® is the liposomal formulation of daunorubicin (L-DNR). Animal studies 
have shown that L-DNR preferentially accumulated in tumor tissue, sparing tissues 
such as the heart.136;137 In addition, L-DNR did not cause significant alterations in 
cardiac function, in contrast to DNR.137  Trials in adult AML were encouraging, with 
an acceptable toxicity profile and significant antileukemic activity.221 Clinical studies 
in pediatric patients are limited and data on cardiotoxicity are conflicting, possibly 
because many patients had been heavily pretreated. 222-225  To evaluate the clinical 
efficacy and toxicity of liposomal daunorubicin an international phase III trial in 
children with relapsed/refractory AML (I-BFM-SG Relapsed AML 2001/01) was 
recently opened, randomizing for FLAG (fludarabine, cytarabine, G-CSF) with or 
without L-DNR (60 mg/m2/day on days 1, 3 and 5). However, it was not known if L-
DNR and DNR have equipotent cytotoxicity, and therefore we compared their in 
vitro cytotoxicity.  
Bone marrow or peripheral blood samples from 66 children (0- 18 years) were tested 
for DNR and L-DNR sensitivity. This included samples from 16 newly diagnosed 
AML, 9 relapsed AML and 19 newly diagnosed acute lymphoblastic leukemia (ALL) 
patients treated on DCOG, AML-BFM and MRC protocols between 2000 and 2005. 
We also tested 14 bone marrow (N BM) and 8 peripheral blood (N PB) samples from 
healthy children. The patient characteristics are presented in Table 1. Samples were 
taken with informed consent. The study was approved by the local Medical Ethical 
Committee and the Dutch Central Committee for Medical Research in Humans 
(CCMO). Drug resistance testing was performed using a 4 day total cell kill MTT 
assay .226 DNR and L-DNR were tested in equivalent DNR concentrations (0.002 - 2 
µg/ml). The LC50 value, the drug concentration that kills 50% of the leukemic cells, 
was used as a measure of resistance. To assess differences in the distribution of 
continuous data, the non-parametric Mann-Whitney U test was used for independent 

samples and the Wilcoxon Signed-Rank test for paired samples. Cross-resistance was 
analyzed with the Spearman correlation coefficient ( ). P-values of 0.05 were 
considered statistically significant (2-tailed test).

Table 1. Patient characteristics. Clinical characteristics of the patient samples included in this study. 
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number 25 19 14 8
sex (% male) 72 58 65 50
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WBC white blood cell count, FAB French-American-British morphology classification, IPT immunophenotype, 
AML acute myeloid leukemia, ALL acute lymphoblastic leukemia, BCP B-cell precursor ALL, T T-cell ALL, N BM 
normal bone marrow, N PB normal peripheral blood. 

Both DNR and L-DNR were cytotoxic to leukemic cells in a dose-dependent fashion. 
There were large interpatient differences in the sensitivity to DNR (>480 times) and 
L-DNR (>200). There was strong cross-resistance between DNR and L-DNR 
(Spearman’s  = 0.89, p<0.0001). Within AML, there were no significant differences 
between the sensitivity to DNR or L-DNR (median LC50 0.035 vs. 0.028 µg/ml, 
p=0.55) (Figure 1A). Similarly in ALL there was no statistically significant difference 
in sensitivity to DNR and L-DNR (median LC50 0.018 vs. 0.021 µg/ml, p=0.60) 
(Figure 1B). Leukemic samples (N=44) were 9 times more sensitive to DNR 
(p<0.0001) and 6 times more sensitive to L-DNR (p<0.0001) than N BM mononuclear 
cells and similarly significantly more sensitive to DNR (15 times, p<0.0001) and L-
DNR (12 times, p<0.0001) than N PB mononuclear cells, reflecting the therapeutic 
index of these drugs. In a minority of samples there was a difference in sensitivity 
between DNR and LDNR, but these samples were equally distributed between more 
sensitive to DNR or LDNR. 
In this study we showed that there were no significant differences in sensitivity to L-
DNR and DNR in ALL or AML in vitro. Apart from cellular drug resistance, a 
clinically relevant factor in the comparison of DNR and L-DNR are the significant 
pharmacokinetic differences between DNR and L-DNR. Peak plasma concentrations 
of L-DNR are increased compared to free DNR and this results in a significant 
increase of the area under the curve (AUC) for L-DNR.224;227 Thus, leukemic cells in 
vivo are exposed to higher concentrations of L-DNR when equivalent doses of DNR 
and L-DNR are used. In addition, L-DNR frequently is employed at higher dosages 
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Figure 1A. 

Figure 1B. 

Figure 1. The cytotoxicity of free (DNR) and liposomal (L-DNR) daunorubicin in paired AML and 
ALL samples.  
Results are depicted in LC50 values (µg/ml), the concentration of DNR or L-DNR needed to kill 50% 
of the cells. Each symbol represents the LC50 value of an individual sample; the line connects the 
paired samples. The arrow indicates the median LC50 value.  

1A. In AML there was no statistically significant difference between the sensitivity to DNR or L-DNR 
(median LC50 0.035 vs. 0.028 µg/ml, p=0.55). 
1B. In ALL there was no statistically significant difference in sensitivity to DNR or L-DNR (median 
LC50 0.018 vs. 0.021 µg/ml, p=0.60). 

in clinical trials (for example L-DNR 80 mg/m2 in AML-BFM 2004 vs. DNR 50 
mg/m2 in MRC AML15) because of less acute side-effects. Therefore, one could 
hypothesize that, given the favorable pharmacokinetics, and similar in vitro 
cytotoxicity when using the same drug concentrations, L-DNR will be more effective 
clinically than DNR. Unfortunately no randomized clinical trials comparing L-DNR 

and DNR in leukemia are available to prove this concept. In addition to the pediatric 
relapsed AML study comparing FLAG with FLAG+L-DNR, the current AML-BFM 
Study Group 2004 protocol for pediatric newly diagnosed AML is randomizing 
idarubicin (12 mg/m2/daily x 3) vs. L-DNR (80 mg/m2/daily x 3) in induction. 
These studies may answer many of the remaining questions regarding clinical 
efficacy and cardiotoxicity of L-DNR in pediatric AML. 
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Abstract

Although the prognosis of pediatric leukemias has improved considerably, many 
patients still relapse. Tipifarnib (Zarnestra™), a farnesyl transferase inhibitor (FTI), 
was developed to target malignancies with activated RAS, including leukemia. We 
tested 52 pediatric acute myeloid leukemia (AML) and 36 pediatric acute 
lymphoblastic leukemia (ALL) samples for in vitro sensitivity to Tipifarnib using a 
total cell-kill assay and compared these results to those obtained with normal bone 
marrow (N BM) samples (n=25). AML samples were more sensitive to Tipifarnib 
compared to B-cell precursor ALL (BCP ALL) or N BM samples. Within AML, FAB 
M5 samples were most sensitive to Tipifarnib. T-ALL samples were significantly 
more sensitive than BCP ALL and N BM samples. In AML there was a marked 
correlation between Tipifarnib resistance and daunorubicin or etoposide resistance, 
but not to cytarabine or 6-thioguanine. RAS mutations were present in 32% of AML 
and 18% of ALL samples, but there was no correlation between RAS mutational 
status and sensitivity to Tipifarnib. Future studies are needed to identify biomarkers 
predictive of Tipifarnib sensitivity. In addition, clinical studies, especially in T-cell 
ALL, seem warranted. 

Introduction

Although the prognosis of pediatric ALL and AML has improved considerably over 
the past 20 years, many patients still relapse. Therefore, further improvements in 
treatment are still important. The success of imatinib in the treatment of chronic 
myelogenous leukemia has lead to enthusiasm for the development of novel agents 
that target signaling abnormalities found in leukemic cells. One such agent is 
Tipifarnib, an orally available nonpeptidomimetic farnesyl transferase inhibitor (FTI), 
specifically developed to target RAS-driven malignancies.228

The RAS gene family consists of 3 G-proteins, NRAS, KRAS and HRAS.48 The RAS 
proteins are important in relaying proliferation and survival signals from cell 
membrane receptors to intracellular signal transduction pathways. Mutations in exon 
1 and 2 of RAS family proteins induce constitutive activation of RAS-MAPK 
signaling and have been identified in numerous malignancies, including hematologic 
malignancies such as AML.48;52;54 Mutations of NRAS or KRAS are found in 13-20% of 
cases of adult AML.51;189;198 In addition, RAS mutations occur in approximately 15% 
of pediatric AML and ALL patients.50;53;55;74;199;205;229;230 Mutations in HRAS have never 
been detected in pediatric AML or ALL samples.50;55;230;231 In addition to mutated 
RAS, signaling from other leukemia-associated oncoproteins such as KIT or FLT3 are 
dependent in part on signaling via the RAS-MAPK pathway. Therefore, FTIs might 

be effective in inhibiting proliferation and survival of leukemic cells with oncogenic 
events upstream of RAS and/or directly involving RAS family members.
RAS is synthesized as a precursor protein that needs several posttranslational 
modifications to become functional, including prenylation.228 Prenylation is 
catalyzed by 3 different enzymes, farnesyl protein transferase (FPTase), 
geranylgeranyl transferase type I (GGTase I) and geranylgeranyl transferase type II 
(GGTase II). Farnesylation is the dominant class of post-translational modification 
required for proper RAS function.232 Notably, the addition of a farnesyl group is 
essential for proper intracellular localization of RAS to the inner surface of the cell 
membrane. Non-prenylated RAS cannot function in intracellular signaling. FTIs were 
developed to inhibit this process and thus interfere with the function of RAS. One 
such FTI is Tipifarnib (Zarnestra™), which was previously known as R115777.
Tipifarnib is currently being evaluated in phase II and III clinical studies for many 
different malignancies, including hematologic malignancies. In the original phase I 
study in high-risk leukemias (AML, ALL and CML), 29% of patients responded, 
including 2/34 patients that reached complete response (CR) and toxicities were 
acceptable with neurotoxicity as the dose-limiting toxicity.233 None of the patients 
included in the phase I trial harbored a RAS mutation. In a large phase II study in 
untreated elderly AML patients CR was obtained in 18%, and an additional 16% of 
patients obtained a partial response (PR).234

In this study we show that pediatric AML and T-ALL cells have a similar sensitivity 
to Tipifarnib, and both are more sensitive to Tipifarnib in vitro than pediatric BCP 
ALL or normal bone marrow (N BM) mononuclear cells. Within AML, FAB M5 
samples were most sensitive. Patient samples that were resistant to Tipifarnib were 
also resistant to etoposide or daunorubicin, but not to cytarabine or 6-thioguanine. 
However, Tipifarnib sensitivity did not correlate with the RAS mutational status of 
the samples. In fact, blasts with a RAS mutation may either be sensitive or resistant to 
Tipifarnib. Future studies are needed to identify biomarkers predictive of Tipifarnib 
sensitivity. 

Materials and methods 

Patient samples 

Bone marrow (BM) or peripheral blood (PB) samples from 113 children (0- 18 years 
of age) were successfully tested for Tipifarnib sensitivity using the MTT assay. This 
group consisted of 52 samples from newly diagnosed AML patients (35 BM and 17 
PB samples), 36 newly diagnosed ALL patients (27 BM and 9 PB samples) and 25 
healthy children (all BM samples). The patient characteristics are presented in Table 
1. The samples from healthy children were from children who underwent elective 
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untreated elderly AML patients CR was obtained in 18%, and an additional 16% of 
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In this study we show that pediatric AML and T-ALL cells have a similar sensitivity 
to Tipifarnib, and both are more sensitive to Tipifarnib in vitro than pediatric BCP 
ALL or normal bone marrow (N BM) mononuclear cells. Within AML, FAB M5 
samples were most sensitive. Patient samples that were resistant to Tipifarnib were 
also resistant to etoposide or daunorubicin, but not to cytarabine or 6-thioguanine. 
However, Tipifarnib sensitivity did not correlate with the RAS mutational status of 
the samples. In fact, blasts with a RAS mutation may either be sensitive or resistant to 
Tipifarnib. Future studies are needed to identify biomarkers predictive of Tipifarnib 
sensitivity. 

Materials and methods 

Patient samples 

Bone marrow (BM) or peripheral blood (PB) samples from 113 children (0- 18 years 
of age) were successfully tested for Tipifarnib sensitivity using the MTT assay. This 
group consisted of 52 samples from newly diagnosed AML patients (35 BM and 17 
PB samples), 36 newly diagnosed ALL patients (27 BM and 9 PB samples) and 25 
healthy children (all BM samples). The patient characteristics are presented in Table 
1. The samples from healthy children were from children who underwent elective 
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anesthesia for an ophthalmologic procedure with informed consent. The study was 
approved by the Medical Ethical Committee of our hospital as well as by the Dutch 
Central Committee for Medical Research in Humans. Three collaborative groups 
participated in this study: the AML-‘Berlin-Frankfurt-Münster’ Study Group (AML-
BFM-SG, Münster, Germany), the MRC Childhood Leukaemia Working Party (UK) 
and the Dutch Childhood Oncology Group (DCOG, The Hague, the Netherlands). 
All study groups performed central review of the diagnosis, classification and clinical 
follow-up of the patients.  

Table 1. Clinical characteristics of the patients included in this study.  

AML ALL N BM
number of patients 52 36 25
sex (% male) 62 66 56
age (years) median (p25-p75) 9.6 (3.2 - 12.5)  5.4 (2.6-8.4) 8.1 (6.3-11.8)
WBC (*10.9/L) median (p25-p75) 58.0 (19.0 - 157.0)  55.5 (6.4-193.0)
FAB classification M0 2

M1 4
M2 8
M3 4

M4 18
M5 11
M7 1

Unavailable 4
Immunophenotype BCP ALL 25

T-cell ALL 11
WBC means white blood cell count; FAB French-American-British morphology classification; AML acute myeloid 
leukemia; ALL acute lymphoblastic leukemia; BCP B-cell precursor; N BM normal bone marrow. 

Drug resistance testing 

Mononuclear cells were isolated by density gradient centrifugation with Ficoll 
Isopaque (both for the leukemic as well as the N BM samples). In the leukemic 
samples, when the blast percentage was low (<80%) as determined by May-
Grünwald-Giemsa (MGG) staining, contaminating lymphocytes were removed using 
immunomagnetic beads.235 Cellular drug resistance was measured using the MTT 
assay, a 4 day total cell kill assay, as described before.177;236  Results from bone 
marrow and peripheral blood samples were evaluated together as this does not 
influence the results of in vitro drug resistance testing.236;237 Tipifarnib (kindly 
provided by Janssen Pharmaceutica) was dissolved in DMSO and diluted further 
using culture medium (maximum final DMSO concentration 0.1%). Tipifarnib was 
tested in 6 different concentrations, in duplicate, with a concentration range of 0.008–
25 µg/ml. The concentration range was established empirically, providing the best 
dose-response curves. The median coefficient of variation for the duplicates was 
below 10%. In the AML samples a panel of 4 different drugs was tested in addition to 

Tipifarnib, including those frequently used in AML treatment (range of 
concentrations): etoposide (0.05-50 µg/ml), cytarabine (0.002-2.5 µg/ml), 6-
thioguanine (1.56–50 µg/ml) and daunorubicin (0.002-2 µg/ml). For ALL samples 
prednisolone (0.008-250 µg/ml), vincristine (0.05-50 µg/ml) and L-asparaginase 
(0.003-10 IU/ml), commonly used drugs in the treatment of ALL, were tested in 
addition to Tipifarnib.
Isolated cells (AML 0.8-1.0x106/well, ALL 2.0x106/well) were exposed to the selected 
drugs. Four wells contained only culture medium and 6 wells contained culture 
medium with cells to determine the control cell survival (CCS). After 4 days of 
culture, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma) 
was added and cells were incubated for another 6 hours. After 6 hours, formed 
formazan crystals were dissolved using acidified isopropanol. The colored product 
was measured spectrophotometrically at 560 and 720 nm. The optical density (OD) is 
linearly related to the number of viable cells. Cytotoxicity was calculated at each 
drug concentration by the equation: (OD treated well/mean OD control wells) x 
100% after correction for the background OD of the wells with culture medium only. 
Results were considered evaluable only if 1) the control wells contained 70%
leukemic cells after 4 days of culture (determined by morphology after MGG 
staining), 2) if the mean OD, after correction for background, at day 4 exceeded 0,05 
arbitrary units, 3) when the LC50 duplicates of one patient were within the same 
dilution step. The LC50 value, the drug concentration that kills 50% of the leukemic 
cells, was used as a measure of resistance. 

Mutation detection 

After isolation of the blasts, cytospin slides were prepared and stored at -20°C. After 
thawing, genomic DNA was extracted by rehydrating the slides and purifying the 
DNA using the QiaAmp DNA Mini Kit (Qiagen, Valencia, CA, USA). Mutational 
analysis of NRAS and KRAS was possible in 44 newly diagnosed AML samples and 
22 newly diagnosed ALL samples. The other samples could not be tested due to lack 
of cells. 
For NRAS and KRAS mutation detection, the purified DNA was subjected to 45 
cycles of polymerase chain reaction (PCR) using the High-Fidelity PCR System (no. 
1732078; Roche, Basel, Switzerland). A nested PCR was performed in cases of low 
amplication yield. Primers and conditions were described in detail before.193;205 For 
the nested PCR, 1 µl of the initial PCR reaction was used as template for the nested 
PCR and amplified an additional 25 cycles. Negative controls were included in every 
set of amplifications. For nested PCR reactions, 1 µl of the negative control (water 
only) from the first stage PCR was amplified as an additional negative control. 
Aliquots of the final PCR reaction were screened for mutations on a Transgenomic 
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thawing, genomic DNA was extracted by rehydrating the slides and purifying the 
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cycles of polymerase chain reaction (PCR) using the High-Fidelity PCR System (no. 
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WAVE HPLC system (D-HPLC; Transgenomic, Inc., Omaha, NE, USA) by running a 
HPLC under non-denaturing conditions and partially denaturing conditions. D-
HPLC-detected mutations were confirmed by two methods: 1) reamplification of the 
exon and repeat D-HPLC analysis on a different day; 2) bi-directional sequence 
analysis on an ABI 377 sequencer using the BigDye terminator kit (Applied 
Biosystems, Inc., Foster City, CA, USA). 

Statistical Analysis 
To assess differences in the distribution of continuous data, the non-parametric 
Mann-Whitney U test was used. P-values of 0.05 were considered statistically 
significant (2-tailed test). The correlation between resistance to Tipifarnib and 
resistance to other frequently used cytotoxic drugs was analyzed using the Spearman 
correlation coefficient (rho). P-values of 0.05 were considered statistically significant 
(2-tailed test).

Results

Sensitivity to Tipifarnib 

A total of 88 pediatric acute leukemia samples were successfully tested using the 
MTT assay to determine sensitivity to Tipifarnib. Tipifarnib cytotoxicity was dose-
dependent in the concentration range tested. There were large inter-individual 
differences in Tipifarnib sensitivity, i.e. LC50 values ranged from 0.18 - >25 µg/ml 
(140 fold).  The Tipifarnib median LC50 values and ranges in the different subgroups 
are depicted in Figure 1.  AML samples were more sensitive to Tipifarnib compared 
to BCP ALL samples (2.8 fold, median LC50 3.1 vs. 8.8 µg/ml p=0.01) (Figure 1). 
Within AML, FAB M5 samples were significantly more sensitive to Tipifarnib than 
samples with other FAB types (1.7 fold, median LC50 2.2 vs. 3.7 µg/ml, p=0.021) 
(Figure 1).  Within ALL, T-ALL samples were significantly more sensitive to 
Tipifarnib than B-cell precursor (BCP) ALL (4.2 fold, median LC50 2.1 vs. 8.8 µg/ml, 
p=0.029, Figure 1). There was no statistically significant difference in sensitivity to 
Tipifarnib between T-ALL samples and AML samples (median LC50 2.1 vs. 3.1 
µg/ml, p=0.36). 
Bone marrow mononuclear cells from 25 healthy children were tested and these 
samples were more resistant to Tipifarnib when compared to AML samples (2 fold, 
median LC50 6.1 vs. 3.1 µg/ml, p<0.0001) and T-ALL samples (2.9 fold, median LC50

6.1 vs. 2.1 µg/ml, p=0.0009). There was no statistically significant difference in 
sensitivity to Tipifarnib between N BM and BCP ALL samples (median LC50 6.1 vs. 
8.8 µg/ml, p=0.49). 

* *

Figure 1. In vitro Tipifarnib sensitivity of untreated ALL cells, AML cells and normal bone marrow (N 
BM) cells as measured with a total cell-kill assay.  
Results are depicted in LC50 values (µg/ml), the concentration of Tipifarnib needed to kill 50% of the 
cells. Each symbol represents the LC50 value of an individual sample; the horizontal line depicts the 
median LC50 value.
Within AML, samples classified as FAB M5 AML are more sensitive to Tipifarnib in vitro than other 
AML samples (p=0.021). Within ALL, T-cell ALL samples are significantly more sensitive to Tipifarnib 
in vitro than B-cell precursor (BCP) ALL samples (p=0.029). BCP ALL and N BM cells are relatively 
resistant to Tipifarnib in vitro, when compared to AML blasts (BCP ALL vs. AML p=0.01, N BM vs. 
AML p<0.0001)  

*Means statistically significant at <0.05 level. 
AML indicates acute myeloid leukemia; non-FAB M5 all FAB types other than FAB M5; ALL acute lymphoblastic 
leukemia; BCP B-cell precursor ALL; T-cell T-cell ALL; N BM normal bone marrow. 

Is Tipifarnib resistance associated with resistance to conventional cytotoxic drugs? 
In addition to the novel agent Tipifarnib, most samples were also tested for 
sensitivity to conventional cytotoxic drugs. In samples in which both Tipifarnib and 
the conventional drug were tested, we analyzed whether Tipifarnib resistance was 
correlated to resistance to other drugs, using Spearman’s rho correlation coefficient. 
Within the AML samples tested, there was a marked correlation between Tipifarnib 
resistance and resistance to etoposide ( =0.53, p<0.0001) or daunorubicin (  =0.62, 
p<0.0001), while there was only a weak correlation between resistance to Tipifarnib 
and resistance to cytarabine ( =0.36, p=0.01) or 6-thioguanine ( =0.32, p=0.03) (Table 
2A).
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median LC50 value.
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AML samples (p=0.021). Within ALL, T-cell ALL samples are significantly more sensitive to Tipifarnib 
in vitro than B-cell precursor (BCP) ALL samples (p=0.029). BCP ALL and N BM cells are relatively 
resistant to Tipifarnib in vitro, when compared to AML blasts (BCP ALL vs. AML p=0.01, N BM vs. 
AML p<0.0001)  

*Means statistically significant at <0.05 level. 
AML indicates acute myeloid leukemia; non-FAB M5 all FAB types other than FAB M5; ALL acute lymphoblastic 
leukemia; BCP B-cell precursor ALL; T-cell T-cell ALL; N BM normal bone marrow. 

Is Tipifarnib resistance associated with resistance to conventional cytotoxic drugs? 
In addition to the novel agent Tipifarnib, most samples were also tested for 
sensitivity to conventional cytotoxic drugs. In samples in which both Tipifarnib and 
the conventional drug were tested, we analyzed whether Tipifarnib resistance was 
correlated to resistance to other drugs, using Spearman’s rho correlation coefficient. 
Within the AML samples tested, there was a marked correlation between Tipifarnib 
resistance and resistance to etoposide ( =0.53, p<0.0001) or daunorubicin (  =0.62, 
p<0.0001), while there was only a weak correlation between resistance to Tipifarnib 
and resistance to cytarabine ( =0.36, p=0.01) or 6-thioguanine ( =0.32, p=0.03) (Table 
2A).
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Table 2. Correlation between in vitro intrinsic resistance to Tipifarnib and resistance to other cytotoxic 
drugs in untreated pediatric AML (Table 2A) and ALL (Table 2B) samples. 

Table 2A. 

Median LC50 value (p25-p75) (ug/ml) Spearman's rho* p-value number
Tipifarnib 3.1 (1.58 - 5.45) -  - 52
Daunorubicin 0.17 (0.10 - 0.30) 0,62 <0.0001 50
Etoposide 2.99 (1.64 - 8.0) 0,53 <0.0001 49
Cytarabine 0.37 (0.13 - 0.67) 0,36 0,01 50
6-Thioguanine 5.0 (2.94 - 7.65) 0,32 0,03 49

*Spearman’s rho correlation coefficient for the correlation between Tipifarnib resistance and resistance to the 
other tested drugs. 

Table 2B. 

Median LC50 value (p25-p75) (ug/ml) Spearman's rho* p-value number
Tipifarnib 4.8 (1.87 - 10.4)  -  - 36
Prednisolon 0.32 (0.05 - 6.2) -0,35 0,05 32
Vincristine 0.70 (0.13 - 6.7) 0,009 0,96 32
L-Asparaginase 0.14 (0.03 - 0.94) 0,003 0,99 32

*Spearman’s rho correlation coefficient for the correlation between Tipifarnib resistance and resistance to the 
other tested drugs. 

Within ALL there was no correlation between resistance to Tipifarnib and resistance 
to vincristine ( =0.009, p=0.96), L-asparaginase ( =0.003, p=0.99) or prednisolone 
( =-0.35, p=0.05) (Table 2B). Among samples with T-ALL or BCP ALL, there was no 
correlation between resistance to Tipifarnib and resistance to vincristine, L-
asparaginase or prednisolone (data not shown). 

RAS mutations and Tipifarnib sensitivity 

We were able to examine NRAS and KRAS mutations in 44 newly diagnosed AML 
samples, and 22 newly diagnosed ALL samples. Overall, 14/44 AML (32%) and 4/22 
ALL (18.2%) samples had a RAS mutation. NRAS mutations (9/44, 20.5%) were more 
frequent than KRAS mutations (5/44, 11.4%) in AML, while there was no difference 
in the incidence of NRAS (2/22, 9.1%) and KRAS (2/22, 9.1%) mutations in ALL. We 
hypothesized that Tipifarnib might have greater activity against leukemic cells with 
mutated NRAS or KRAS. We therefore compared the in vitro sensitivity to Tipifarnib 
in patient samples with and without RAS mutations. The median LC50 values and 
ranges for AML samples with and without RAS mutations are depicted in Figure 2A. 
There were no statistically significant differences in the in vitro sensitivity to 
Tipifarnib between AML samples with and without RAS mutations (median LC50 3.5 
vs. 2.4 µg/ml, p=0.24). Not only was there no difference in the median LC50 value, 
but both RAS mutated and wild-type subgroups contained samples which were 
relatively sensitive or resistant compared with the median.

There was no difference in Tipifarnib sensitivity between NRAS and KRAS mutated 
AML blasts (3.2 vs. 4.9 µg/ml, p=0.24).
There were only 4 samples in the ALL cohort screened that had a RAS mutation 
(Figure 2B). The 4 RAS mutated ALL samples appeared more sensitive to Tipifarnib 
than the 18 ALL samples without a RAS mutation (median LC50 3.8 vs. 8.5 µg/ml), 
but a meaningful statistical analysis was not possible because of the low number of 
RAS mutated samples. As KRAS or NRAS mutations were each found in only 2 
patients, we cannot draw conclusions on differences in sensitivity between NRAS or 
KRAS mutated ALL samples and ALL samples with wild-type NRAS and KRAS
genes.

Figure 2. The relation between in vitro Tipifarnib sensitivity and RAS mutational status in pediatric 
untreated AML (Figure 2A) and ALL (Figure 2B) samples. 
In vitro tipifarnib test results are depicted in LC50 values (µg/ml), the concentration of Tipifarnib 
needed to kill 50% of the cells. Each symbol represents the LC50 value of an individual sample; the 
horizontal line depicts the median LC50 value. RAS mutational status is stated as either absence (wild-
type RAS) or presence (RAS mutated). RAS mutated samples comprise mutations in either NRAS or 
KRAS, which are also depicted separately. 
2A. There were no differences in in vitro Tipifarnib sensitivity between pediatric AML patients with 
and without RAS mutations (p=0.20). In addition, there was no difference in sensitivity to Tipifarnib 
between NRAS and KRAS mutated AML samples (p=0.24). 
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Table 2. Correlation between in vitro intrinsic resistance to Tipifarnib and resistance to other cytotoxic 
drugs in untreated pediatric AML (Table 2A) and ALL (Table 2B) samples. 

Table 2A. 

Median LC50 value (p25-p75) (ug/ml) Spearman's rho* p-value number
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6-Thioguanine 5.0 (2.94 - 7.65) 0,32 0,03 49

*Spearman’s rho correlation coefficient for the correlation between Tipifarnib resistance and resistance to the 
other tested drugs. 

Table 2B. 

Median LC50 value (p25-p75) (ug/ml) Spearman's rho* p-value number
Tipifarnib 4.8 (1.87 - 10.4)  -  - 36
Prednisolon 0.32 (0.05 - 6.2) -0,35 0,05 32
Vincristine 0.70 (0.13 - 6.7) 0,009 0,96 32
L-Asparaginase 0.14 (0.03 - 0.94) 0,003 0,99 32

*Spearman’s rho correlation coefficient for the correlation between Tipifarnib resistance and resistance to the 
other tested drugs. 

Within ALL there was no correlation between resistance to Tipifarnib and resistance 
to vincristine ( =0.009, p=0.96), L-asparaginase ( =0.003, p=0.99) or prednisolone 
( =-0.35, p=0.05) (Table 2B). Among samples with T-ALL or BCP ALL, there was no 
correlation between resistance to Tipifarnib and resistance to vincristine, L-
asparaginase or prednisolone (data not shown). 

RAS mutations and Tipifarnib sensitivity 

We were able to examine NRAS and KRAS mutations in 44 newly diagnosed AML 
samples, and 22 newly diagnosed ALL samples. Overall, 14/44 AML (32%) and 4/22 
ALL (18.2%) samples had a RAS mutation. NRAS mutations (9/44, 20.5%) were more 
frequent than KRAS mutations (5/44, 11.4%) in AML, while there was no difference 
in the incidence of NRAS (2/22, 9.1%) and KRAS (2/22, 9.1%) mutations in ALL. We 
hypothesized that Tipifarnib might have greater activity against leukemic cells with 
mutated NRAS or KRAS. We therefore compared the in vitro sensitivity to Tipifarnib 
in patient samples with and without RAS mutations. The median LC50 values and 
ranges for AML samples with and without RAS mutations are depicted in Figure 2A. 
There were no statistically significant differences in the in vitro sensitivity to 
Tipifarnib between AML samples with and without RAS mutations (median LC50 3.5 
vs. 2.4 µg/ml, p=0.24). Not only was there no difference in the median LC50 value, 
but both RAS mutated and wild-type subgroups contained samples which were 
relatively sensitive or resistant compared with the median.

There was no difference in Tipifarnib sensitivity between NRAS and KRAS mutated 
AML blasts (3.2 vs. 4.9 µg/ml, p=0.24).
There were only 4 samples in the ALL cohort screened that had a RAS mutation 
(Figure 2B). The 4 RAS mutated ALL samples appeared more sensitive to Tipifarnib 
than the 18 ALL samples without a RAS mutation (median LC50 3.8 vs. 8.5 µg/ml), 
but a meaningful statistical analysis was not possible because of the low number of 
RAS mutated samples. As KRAS or NRAS mutations were each found in only 2 
patients, we cannot draw conclusions on differences in sensitivity between NRAS or 
KRAS mutated ALL samples and ALL samples with wild-type NRAS and KRAS
genes.

Figure 2. The relation between in vitro Tipifarnib sensitivity and RAS mutational status in pediatric 
untreated AML (Figure 2A) and ALL (Figure 2B) samples. 
In vitro tipifarnib test results are depicted in LC50 values (µg/ml), the concentration of Tipifarnib 
needed to kill 50% of the cells. Each symbol represents the LC50 value of an individual sample; the 
horizontal line depicts the median LC50 value. RAS mutational status is stated as either absence (wild-
type RAS) or presence (RAS mutated). RAS mutated samples comprise mutations in either NRAS or 
KRAS, which are also depicted separately. 
2A. There were no differences in in vitro Tipifarnib sensitivity between pediatric AML patients with 
and without RAS mutations (p=0.20). In addition, there was no difference in sensitivity to Tipifarnib 
between NRAS and KRAS mutated AML samples (p=0.24). 
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Figure 2B. There was no difference in in vitro Tipifarnib sensitivity between RAS mutated ALL 
samples and wild-type RAS ALL samples. There were only 2 patients in both the NRAS and KRAS 
mutated subgroups.  

Discussion

In this study we determined the Tipifarnib sensitivity of pediatric leukemic samples 
and normal bone marrow mononuclear cells. Tipifarnib was initially developed as a 
targeted drug, interfering with the function of RAS. RAS is involved in the 
development and progress of many malignancies including leukemia. RAS acts as a 
cellular switch that normally is activated in response to other molecular events such 
as ligand-dependent activation of growth factor receptors (e.g. FLT3). In human 
cancer cells, RAS can either be activated by overexpression of these receptors, or by 
oncogenic gain-of-function tyrosine kinases (e.g. BCR-ABL) and RAS 
mutations.37;229;238 Thus a drug targeting activated RAS could potentially benefit a 
large number of pediatric leukemia patients.  
We found large, 140 fold, interindividual differences in the in vitro sensitivity of 
AML and ALL blasts to Tipifarnib. The concentration range tested includes 
concentrations achieved in the adult phase I study, where at a dose level of 600 mg 
twice daily Tipifarnib peak plasma concentrations were ±1.8 µg/ml.233

Pediatric AML samples were more sensitive to Tipifarnib in vitro than pediatric BCP 
ALL samples. This result is congruent with the results from a phase I trial conducted 
in patients with poor risk leukemias that included both AML and ALL patients.233 In 
this study, none of the 6 ALL patients responded, while 32% of AML patients 
showed a response when treated with Tipifarnib. In the published adult clinical trial 
of Tipifarnib for poor risk leukemias, no T-ALL patients were included.233 Within 
AML, FAB M5 samples were most sensitive to Tipifarnib. T-ALL samples were 
significantly more sensitive to Tipifarnib than BCP ALL samples and in the same 

concentration range as AML samples. This is remarkable as we showed previously 
that pediatric T-ALL samples usually are more resistant to cytotoxic drugs in vitro, as 
were the T-ALL samples tested for vincristine, prednisolone and L-asparaginase in 
this study (data not shown).239 These results suggest that further pre-clinical and 
clinical studies of Tipifarnib in T-ALL are needed. The normal BM samples were 
more resistant to Tipifarnib than the AML and T-ALL samples, reflecting the 
therapeutic index. The BCP ALL samples were as resistant to Tipifarnib as the N BM 
samples.
In AML, there was a moderate to strong correlation between intrinsic resistance to 
Tipifarnib and resistance to daunorubicin or etoposide, but only a weak correlation 
between resistance to cytarabine or 6-thioguanine and resistance to Tipifarnib. In the 
ALL samples there was no correlation between resistance to Tipifarnib and resistance 
to prednisolone, vincristine or L-asparaginase. These data suggest that combining 
Tipifarnib with cytarabine or 6-thioguanine may be more efficacious than combining 
it with daunorubicin or etoposide. Notably, this resistance profile was determined 
using cells from untreated patients and therefore reflects intrinsic resistance at 
diagnosis. Currently, two clinical trials are evaluating the toxicity and efficacy of 
Tipifarnib combined with conventional cytotoxic drugs. One study combines 
Tipifarnib with idarubicin and cytarabine and the other combines Tipifarnib and 
etoposide. One possible explanation for the correlation between in vitro resistance to 
Tipifarnib and in vitro resistance to daunorubicin or etoposide could be their 
recognized status as P-gp substrates. There is conflicting data on the status of 
Tipifarnib as a P-gp substrate.240-242 However, P-gp is expressed in less than 10% of 
newly diagnosed pediatric AML samples and is therefore unlikely to be the cause of 
the intrinsic drug resistance observed in the samples we tested.243  Another 
explanation for the observed correlation could be that these drugs share a common 
mechanism of action.
The causes of clinical resistance to FTIs, intrinsic or acquired, are not known yet. To 
study intrinsic Tipifarnib resistance, cells from patients treated in clinical trials with 
Tipifarnib are being analyzed using micro-array analysis to determine what 
differences are found in responding versus unresponsive patients.244 In the Tipifarnib 
monotherapy phase I trial in heavily pretreated relapsed and refractory leukemia, the 
CR rate in AML was only 8%. However, in an ongoing clinical study of monotherapy 
with Tipifarnib in untreated elderly patients with AML, a CR rate of 18% has been 
reported with an overall response rate of 34%.233;234 This difference in clinical 
response to Tipifarnib between untreated and pretreated AML, could be caused by 
additional, acquired, resistance between Tipifarnib and drugs used in first-line 
treatment of AML such as daunorubicin and etoposide. In addition, in an in vitro 
study, cells with certain mutations in FTase beta were resistant to treatment with the 
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Figure 2B. There was no difference in in vitro Tipifarnib sensitivity between RAS mutated ALL 
samples and wild-type RAS ALL samples. There were only 2 patients in both the NRAS and KRAS 
mutated subgroups.  

Discussion

In this study we determined the Tipifarnib sensitivity of pediatric leukemic samples 
and normal bone marrow mononuclear cells. Tipifarnib was initially developed as a 
targeted drug, interfering with the function of RAS. RAS is involved in the 
development and progress of many malignancies including leukemia. RAS acts as a 
cellular switch that normally is activated in response to other molecular events such 
as ligand-dependent activation of growth factor receptors (e.g. FLT3). In human 
cancer cells, RAS can either be activated by overexpression of these receptors, or by 
oncogenic gain-of-function tyrosine kinases (e.g. BCR-ABL) and RAS 
mutations.37;229;238 Thus a drug targeting activated RAS could potentially benefit a 
large number of pediatric leukemia patients.  
We found large, 140 fold, interindividual differences in the in vitro sensitivity of 
AML and ALL blasts to Tipifarnib. The concentration range tested includes 
concentrations achieved in the adult phase I study, where at a dose level of 600 mg 
twice daily Tipifarnib peak plasma concentrations were ±1.8 µg/ml.233

Pediatric AML samples were more sensitive to Tipifarnib in vitro than pediatric BCP 
ALL samples. This result is congruent with the results from a phase I trial conducted 
in patients with poor risk leukemias that included both AML and ALL patients.233 In 
this study, none of the 6 ALL patients responded, while 32% of AML patients 
showed a response when treated with Tipifarnib. In the published adult clinical trial 
of Tipifarnib for poor risk leukemias, no T-ALL patients were included.233 Within 
AML, FAB M5 samples were most sensitive to Tipifarnib. T-ALL samples were 
significantly more sensitive to Tipifarnib than BCP ALL samples and in the same 

concentration range as AML samples. This is remarkable as we showed previously 
that pediatric T-ALL samples usually are more resistant to cytotoxic drugs in vitro, as 
were the T-ALL samples tested for vincristine, prednisolone and L-asparaginase in 
this study (data not shown).239 These results suggest that further pre-clinical and 
clinical studies of Tipifarnib in T-ALL are needed. The normal BM samples were 
more resistant to Tipifarnib than the AML and T-ALL samples, reflecting the 
therapeutic index. The BCP ALL samples were as resistant to Tipifarnib as the N BM 
samples.
In AML, there was a moderate to strong correlation between intrinsic resistance to 
Tipifarnib and resistance to daunorubicin or etoposide, but only a weak correlation 
between resistance to cytarabine or 6-thioguanine and resistance to Tipifarnib. In the 
ALL samples there was no correlation between resistance to Tipifarnib and resistance 
to prednisolone, vincristine or L-asparaginase. These data suggest that combining 
Tipifarnib with cytarabine or 6-thioguanine may be more efficacious than combining 
it with daunorubicin or etoposide. Notably, this resistance profile was determined 
using cells from untreated patients and therefore reflects intrinsic resistance at 
diagnosis. Currently, two clinical trials are evaluating the toxicity and efficacy of 
Tipifarnib combined with conventional cytotoxic drugs. One study combines 
Tipifarnib with idarubicin and cytarabine and the other combines Tipifarnib and 
etoposide. One possible explanation for the correlation between in vitro resistance to 
Tipifarnib and in vitro resistance to daunorubicin or etoposide could be their 
recognized status as P-gp substrates. There is conflicting data on the status of 
Tipifarnib as a P-gp substrate.240-242 However, P-gp is expressed in less than 10% of 
newly diagnosed pediatric AML samples and is therefore unlikely to be the cause of 
the intrinsic drug resistance observed in the samples we tested.243  Another 
explanation for the observed correlation could be that these drugs share a common 
mechanism of action.
The causes of clinical resistance to FTIs, intrinsic or acquired, are not known yet. To 
study intrinsic Tipifarnib resistance, cells from patients treated in clinical trials with 
Tipifarnib are being analyzed using micro-array analysis to determine what 
differences are found in responding versus unresponsive patients.244 In the Tipifarnib 
monotherapy phase I trial in heavily pretreated relapsed and refractory leukemia, the 
CR rate in AML was only 8%. However, in an ongoing clinical study of monotherapy 
with Tipifarnib in untreated elderly patients with AML, a CR rate of 18% has been 
reported with an overall response rate of 34%.233;234 This difference in clinical 
response to Tipifarnib between untreated and pretreated AML, could be caused by 
additional, acquired, resistance between Tipifarnib and drugs used in first-line 
treatment of AML such as daunorubicin and etoposide. In addition, in an in vitro 
study, cells with certain mutations in FTase beta were resistant to treatment with the 
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FTI lonafarnib and in 2 patients that developed clinical FTI resistance identical 
mutations were described.245

Because Tipifarnib was originally developed to target malignancies with RAS
mutations, we compared the RAS genotype with the in vitro sensitivity to Tipifarnib. 
32% of the AML and 18% of the ALL patient samples had a mutation in either NRAS
or KRAS. However, there was no correlation of RAS genotype with in vitro 
sensitivity to Tipifarnib in either ALL or AML. Patients with RAS mutations could be 
either relatively sensitive or relatively resistant to Tipifarnib. Previous reports 
already indicated that malignant cells with wild-type RAS could be sensitive to 
Tipifarnib, but we are the first to describe that leukemic blasts with RAS mutations 
can be resistant in vitro to the cytotoxic effects of Tipifarnib.233;246 One explanation for 
the lack of correlation between RAS mutational status and sensitivity to Tipifarnib, 
may be that farnesylation is only one form of prenylation, and RAS proteins are also 
subject to other types of prenylation. Notably, HRAS undergoes farnesylation but not 
geranylgeranylation, whereas NRAS and KRAS can undergo farnesylation or 
geranylgeranylation.232 NRAS and KRAS become subject to geranylgeranylation 
when cells are treated with FTIs, allowing attachment to the cell membrane and 
participation in signal transduction. Therefore, geranylgeranylation of RAS could 
overcome the inhibitory effects of Tipifarnib on RAS farnesylation and explain the 
lack of correlation between RAS mutations and in vitro sensitivity to Tipifarnib.  
Tipifarnib is a general inhibitor of farnesylation and thus not only affects RAS 
prenylation, but also interferes with the function of many other proteins that need 
farnesylation for normal function. The mediator of the cytotoxic effects of Tipifarnib 
is thought to be one of these proteins. Cell cycle regulatory protein that requires 
farnesylation, such as RhoB and CENP-E, would be a likely candidate mediating the 
effects of Tipifarnib. There are reports that an increase in geranylgeranylated RhoB 
(resulting from inhibition of farnesylation) inhibits proliferation and induces 
apoptosis.247;248 Treatment of cells with an FTI alters the interaction between CENP-E 
and the microtubules, resulting in an accumulation of cells prior to metaphase.249

Recently, a study identified Rab geranylgeranyl transferase, in addition to farnesyl 
transferase, as a target of many FTIs.250 As the target for Tipifarnib induced 
cytotoxicity is unknown, further investigation is warranted. 
It should be noted that the differences in Tipifarnib sensitivity we observed, were 
larger within the subgroups than between the subgroups. This phenomenon has also 
been described for other drugs that we have previously reported on. For instance, it 
is well known that pediatric AML is clinically much more resistant to chemotherapy 
than pediatric ALL. Notably, we previously found that AML was 2.6 fold more 
resistant to daunorubicin and 4.9 fold more resistant to etoposide in vitro than 
ALL.177 Therefore, we believe that the differences described in this study are 
clinically relevant. Moreover, we have previously reported that in vitro drug 

resistance testing has prognostic significance both in ALL (where a combined 
prednisolone-vincristine-asparaginase score was most predictive) and AML 
(resistance to cytarabine).236;251

In conclusion, pediatric AML and T-ALL samples are more sensitive to Tipifarnib 
than N BM and BCP ALL samples. We identified AML FAB M5 and T-cell ALL as 
the most Tipifarnib-sensitive subsets of pediatric acute leukemia. These results 
suggest that Tipifarnib might be an active agent in the treatment of T-ALL. Further 
(pre-)clinical studies are needed to confirm this observation. In AML we observed a 
marked correlation between resistance to Tipifarnib and resistance to daunorubicin 
or etoposide. In contrast, there was only a weak correlation between resistance to 
Tipifarnib and resistance to cytarabine or 6-thioguanine. These results suggest that 
combining Tipifarnib and cytarabine might be efficacious in AML. There was no 
correlation between Tipifarnib resistance and resistance to commonly used ALL 
drugs. Interestingly, sensitivity to Tipifarnib was independent of RAS mutational 
status. Patients without RAS mutations can be sensitive to Tipifarnib and patients 
with a RAS mutation can be resistant. Further studies are needed to identify robust 
biomarkers that are predictive of clinical response to Tipifarnib. 
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already indicated that malignant cells with wild-type RAS could be sensitive to 
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is thought to be one of these proteins. Cell cycle regulatory protein that requires 
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Recently, a study identified Rab geranylgeranyl transferase, in addition to farnesyl 
transferase, as a target of many FTIs.250 As the target for Tipifarnib induced 
cytotoxicity is unknown, further investigation is warranted. 
It should be noted that the differences in Tipifarnib sensitivity we observed, were 
larger within the subgroups than between the subgroups. This phenomenon has also 
been described for other drugs that we have previously reported on. For instance, it 
is well known that pediatric AML is clinically much more resistant to chemotherapy 
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ALL.177 Therefore, we believe that the differences described in this study are 
clinically relevant. Moreover, we have previously reported that in vitro drug 
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prednisolone-vincristine-asparaginase score was most predictive) and AML 
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the most Tipifarnib-sensitive subsets of pediatric acute leukemia. These results 
suggest that Tipifarnib might be an active agent in the treatment of T-ALL. Further 
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correlation between Tipifarnib resistance and resistance to commonly used ALL 
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with a RAS mutation can be resistant. Further studies are needed to identify robust 
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Abstract

New treatment strategies to improve the outcome of pediatric acute myeloid 
leukemia (AML) are required as 40% of children diagnosed with AML do not 
survive.  Around 30% of pediatric AML patients harbour a mutation in the tyrosine 
kinases FLT3 ( 20%) or KIT ( 10%). In this study we investigated whether pediatric 
AML samples (N=61) were sensitive to the tyrosine kinase inhibitor SU11657 (similar 
to the clinically available drug sunitinib) in vitro, and whether sensitivity was related 
to expression of, and mutations in, FLT3 and KIT. Overall, SU11657 showed only 
moderate cytotoxicity. A FLT3 mutation was detected in 35% and a KIT mutation in 
8% of the samples. FLT3 and KIT mutated samples were significantly more sensitive 
to SU11657 than WT KIT and FLT3 samples. Samples without KIT or FLT3 
mutations, but with a high wild-type (WT) KIT expression were significantly more 
sensitive to SU11657 than samples with low KIT expression. Further clinical 
evaluation of SU11657 and sunitinib combined with chemotherapy would be of 
interest. Inclusion in clinical trials should not be restricted to patients with FLT3 or 
KIT mutations. 

Introduction

New strategies to improve outcome of pediatric AML are important as 30-40% of 
children diagnosed with AML do not survive, despite current intensive 
chemotherapy protocols.4 In the last few years, mutations in the receptor tyrosine 
kinase receptors (RTKs) FLT3 and KIT have been described in AML. Two types of 
FLT3 mutations are predominant, i.e. FLT3 internal tandem duplications (FLT3/ITD)
in the juxtamembrane domain, and FLT3 mutations near amino acid D835 in the 
second tyrosine kinase domain (FLT3-TK2). The incidence of FLT3/ITD mutations in 
pediatric AML is approximately 11% and these patients have a poor prognosis.62;252

In addition, it was recently described that not the presence of an ITD per se, but 
rather the ratio between wild-type (WT) FLT3 and FLT3/ITD (allelic ratio, AR) is 
important for prognosis, with patients with an AR>0.4 having a poor prognosis, 
whilst the outcome of patients with an AR<0.4 was comparable to WT FLT3
patients.63 Another study reported that the length of the ITD was of prognostic 
significance253, but this could not be confirmed by others.254;255 The incidence of FLT3-
TK2 mutations is approximately 7%, and appears to have no prognostic significance 
in pediatric AML.63 KIT mutations in pediatric AML have been described in exons 8, 
11 and 17 and occur most frequently (±40%) in AML characterized by t(8;21) or 
inv(16).58;72;256 Recently, it has been reported  that KIT mutations also have a negative 
impact on prognosis in adult and pediatric AML.257-260

As a result of the successful introduction of the tyrosine kinase inhibitor (TKI) 
imatinib mesylate for the treatment of chronic myeloid leukemia (CML)261;262, interest 
in mutated FLT3 and KIT as possible treatment targets in AML has increased. 
Currently, different FLT3 inhibitors are being evaluated for their clinical efficacy in 
AML, e.g. CEP701 (lestaurtinib), PKC412 (midostaurin), MLN518 (tandutinib) and 
BAY 43-9006 (sorafenib).263-266 In general, modest responses are observed consisting 
of a transient drop of peripheral blood and/or bone marrow blasts. These responses 
occurred more frequently in patients with FLT3 mutations than in patients with wild-
type (WT) FLT3.263-266

The specificity of these TKI is different, some are relatively specific for FLT3, others 
affect many different tyrosine kinases. It is anticipated that a very specific drug will 
have less side-effects than a drug hitting multiple targets. However, the latter could 
be more practical in clinical use. Sunitinib (SU11248, Sutent®) is an orally available, 
multitargeted kinase inhibitor. SU11248 targets include FLT3, KIT, PDGF and VEGF 
receptors with IC50s in the low nM range.267;268  In addition to these well-
characterized targets sunitinib has been shown to also inhibit many other kinases, 
including some serine/threonine kinases, and therefore is a relatively promiscuous 
TKI.269  In a phase I trial with sunitinib in 15 patients with refractory AML (11 
patients evaluable for response), all patients with mutated FLT3 (n=4) had a partial 
or morphologic response (complete response but without platelet recovery).150 In the 
patients without FLT3 mutations, 2 of 7 achieved a partial response.  All responses 
were of short duration (4-16 weeks). SU11657, an analogue of SU11248 developed as 
a research tool, and an inhibitor of the same RTK family members, was shown to be 
highly effective in treating leukemia and neuroblastoma in in vivo models.47;270;271

In this study, we investigated the in vitro cytotoxicity of SU11657 in 61 primary 
pediatric AML samples as a model for the efficacy of a multitargeted KIs. We 
correlated in vitro response to SU11657 to the presence of FLT3 and KIT mutations 
and expression of KIT and FLT3. We show that pediatric AML samples overall are 
only moderately sensitive to SU11657. However, FLT3 and KIT mutated samples are 
significantly more sensitive to SU11657 compared to WT samples. In addition, WT 
samples with high KIT expression also were significantly more sensitive than 
samples with low KIT expression. Interestingly, some samples without FLT3 or KIT
mutations are relatively in vitro sensitive to SU11567, and some FLT3 or KIT mutated 
samples are relatively resistant. This shows that SU11657 in fact may hit other targets 
as well and that primary resistance occurs even in FLT3 and KIT mutated samples.
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AML samples (N=61) were sensitive to the tyrosine kinase inhibitor SU11657 (similar 
to the clinically available drug sunitinib) in vitro, and whether sensitivity was related 
to expression of, and mutations in, FLT3 and KIT. Overall, SU11657 showed only 
moderate cytotoxicity. A FLT3 mutation was detected in 35% and a KIT mutation in 
8% of the samples. FLT3 and KIT mutated samples were significantly more sensitive 
to SU11657 than WT KIT and FLT3 samples. Samples without KIT or FLT3 
mutations, but with a high wild-type (WT) KIT expression were significantly more 
sensitive to SU11657 than samples with low KIT expression. Further clinical 
evaluation of SU11657 and sunitinib combined with chemotherapy would be of 
interest. Inclusion in clinical trials should not be restricted to patients with FLT3 or 
KIT mutations. 

Introduction

New strategies to improve outcome of pediatric AML are important as 30-40% of 
children diagnosed with AML do not survive, despite current intensive 
chemotherapy protocols.4 In the last few years, mutations in the receptor tyrosine 
kinase receptors (RTKs) FLT3 and KIT have been described in AML. Two types of 
FLT3 mutations are predominant, i.e. FLT3 internal tandem duplications (FLT3/ITD)
in the juxtamembrane domain, and FLT3 mutations near amino acid D835 in the 
second tyrosine kinase domain (FLT3-TK2). The incidence of FLT3/ITD mutations in 
pediatric AML is approximately 11% and these patients have a poor prognosis.62;252

In addition, it was recently described that not the presence of an ITD per se, but 
rather the ratio between wild-type (WT) FLT3 and FLT3/ITD (allelic ratio, AR) is 
important for prognosis, with patients with an AR>0.4 having a poor prognosis, 
whilst the outcome of patients with an AR<0.4 was comparable to WT FLT3
patients.63 Another study reported that the length of the ITD was of prognostic 
significance253, but this could not be confirmed by others.254;255 The incidence of FLT3-
TK2 mutations is approximately 7%, and appears to have no prognostic significance 
in pediatric AML.63 KIT mutations in pediatric AML have been described in exons 8, 
11 and 17 and occur most frequently (±40%) in AML characterized by t(8;21) or 
inv(16).58;72;256 Recently, it has been reported  that KIT mutations also have a negative 
impact on prognosis in adult and pediatric AML.257-260

As a result of the successful introduction of the tyrosine kinase inhibitor (TKI) 
imatinib mesylate for the treatment of chronic myeloid leukemia (CML)261;262, interest 
in mutated FLT3 and KIT as possible treatment targets in AML has increased. 
Currently, different FLT3 inhibitors are being evaluated for their clinical efficacy in 
AML, e.g. CEP701 (lestaurtinib), PKC412 (midostaurin), MLN518 (tandutinib) and 
BAY 43-9006 (sorafenib).263-266 In general, modest responses are observed consisting 
of a transient drop of peripheral blood and/or bone marrow blasts. These responses 
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patients evaluable for response), all patients with mutated FLT3 (n=4) had a partial 
or morphologic response (complete response but without platelet recovery).150 In the 
patients without FLT3 mutations, 2 of 7 achieved a partial response.  All responses 
were of short duration (4-16 weeks). SU11657, an analogue of SU11248 developed as 
a research tool, and an inhibitor of the same RTK family members, was shown to be 
highly effective in treating leukemia and neuroblastoma in in vivo models.47;270;271

In this study, we investigated the in vitro cytotoxicity of SU11657 in 61 primary 
pediatric AML samples as a model for the efficacy of a multitargeted KIs. We 
correlated in vitro response to SU11657 to the presence of FLT3 and KIT mutations 
and expression of KIT and FLT3. We show that pediatric AML samples overall are 
only moderately sensitive to SU11657. However, FLT3 and KIT mutated samples are 
significantly more sensitive to SU11657 compared to WT samples. In addition, WT 
samples with high KIT expression also were significantly more sensitive than 
samples with low KIT expression. Interestingly, some samples without FLT3 or KIT
mutations are relatively in vitro sensitive to SU11567, and some FLT3 or KIT mutated 
samples are relatively resistant. This shows that SU11657 in fact may hit other targets 
as well and that primary resistance occurs even in FLT3 and KIT mutated samples.
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Materials and Methods 

Patient samples and cell lines 

Bone marrow (BM) or peripheral blood (PB) samples from 61 children (0- 18 years of 
age) were included in this study. The study was approved by the Medical Ethical 
Committee of our hospital as well as by the Dutch Central Committee for Medical 
Research in Humans. Three collaborative groups participated in this study: the AML-
‘Berlin-Frankfurt-Münster’ Study Group (AML-BFM-SG, Münster, Germany), the 
MRC Childhood Leukaemia Working Party (UK) and the Dutch Childhood 
Oncology Group (DCOG, The Hague, the Netherlands). All study groups performed 
central review of the diagnosis, classification and clinical follow-up of the patients. 
Patients were all treated on intensive cytarabine/anthracyclines based pediatric 
protocols.
Three different AML cell lines were used to validate the SU11657 MTT test: HL-60, 
MV4-11 and Kasumi-1. HL-60 has no KIT or FLT3 mutation, MV4-11 has a 
homozygous FLT3/ITD and Kasumi-1 has a KIT N822K mutation.

Drug resistance testing 

AML cells were isolated by density gradient centrifugation with Ficoll Isopaque. 
When the blast percentage was low (<80%) as determined by May-Grünwald-Giemsa 
(MGG) staining, contaminating lymphocytes were removed using immunomagnetic 
beads.235 Cellular resistance was measured using the MTT assay, a 4 day total cell kill 
assay, as described before.177;236  Results from bone marrow (BM) and peripheral 
blood (PB) samples were evaluated together as this does not influence the results of 
in vitro drug resistance testing.236;237 SU11657 (kindly provided by Pfizer Inc, New 
York, NY, USA) was dissolved in DMSO and diluted further using culture medium 
(maximum final DMSO concentration 0.1%). SU11657 was tested in 6 different 
concentrations, in duplicate, with a concentration range of 0.009 - 10 µM. This 
concentration range was first established using the MV4;11 and Kasumi-1 cell lines 
and compared with the HL60 cell line as a control (Figure 1A). This concentration 
range was then tested in primary samples and provided the best dose-response 
curves, although in general there was only moderate cytotoxicity (Figure 1B).

Figure 1A. 

Figure 1. Dose-response curves for SU11657 in cell lines and primary patient samples. 
A. Three cell lines were tested using the MTT assay. In short, they were cultured in vitro with 6 
different concentrations SU11657 (in duplicate) and 6 controls without drug. After 4 days of culture 
the amount of living cells was quantified using the MTT assay. The HL60 cell line has wild-type FLT3 
and KIT, the MV4-11 cell line has a FLT3/ITD mutation and the Kasumi-1 cell line an N822K KIT 
mutation. The two cell lines with a KIT or FLT3 mutation were highly sensitive to SU11657 (leukemic 
cell survival (LCS) at 0.625 µM 3% for MV4-11, 6% for Kasumi-1), while the HL60 cell line was 
relatively resistant (LCS at 0.625 µM 98%). 

Figure 1 B. 

B. Three examples of primary AML samples tested in the MTT assay are shown. The sample with 
wild-type (WT) KIT and FLT3 is relatively resistant to SU11657 (LCS at 0.625 µM 94%), while the 
FLT3/ITD and KIT D816V mutated sample are relatively sensitive to SU11657 (LCS at 0.625 µM 54 
and 59%). 

Cells (AML 0.8-1.0x106/ml, cell lines 0.3x106/ml) were exposed to SU11657. Four 
wells contained only culture medium and 6 wells contained culture medium with 
cells but no drug to determine the control cell survival (CCS). After 4 days of culture, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich, 
St Louis, MO, USA) was added and cells were incubated for another 6 hours. After 6 
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Materials and Methods 
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protocols.
Three different AML cell lines were used to validate the SU11657 MTT test: HL-60, 
MV4-11 and Kasumi-1. HL-60 has no KIT or FLT3 mutation, MV4-11 has a 
homozygous FLT3/ITD and Kasumi-1 has a KIT N822K mutation.

Drug resistance testing 

AML cells were isolated by density gradient centrifugation with Ficoll Isopaque. 
When the blast percentage was low (<80%) as determined by May-Grünwald-Giemsa 
(MGG) staining, contaminating lymphocytes were removed using immunomagnetic 
beads.235 Cellular resistance was measured using the MTT assay, a 4 day total cell kill 
assay, as described before.177;236  Results from bone marrow (BM) and peripheral 
blood (PB) samples were evaluated together as this does not influence the results of 
in vitro drug resistance testing.236;237 SU11657 (kindly provided by Pfizer Inc, New 
York, NY, USA) was dissolved in DMSO and diluted further using culture medium 
(maximum final DMSO concentration 0.1%). SU11657 was tested in 6 different 
concentrations, in duplicate, with a concentration range of 0.009 - 10 µM. This 
concentration range was first established using the MV4;11 and Kasumi-1 cell lines 
and compared with the HL60 cell line as a control (Figure 1A). This concentration 
range was then tested in primary samples and provided the best dose-response 
curves, although in general there was only moderate cytotoxicity (Figure 1B).

Figure 1A. 

Figure 1. Dose-response curves for SU11657 in cell lines and primary patient samples. 
A. Three cell lines were tested using the MTT assay. In short, they were cultured in vitro with 6 
different concentrations SU11657 (in duplicate) and 6 controls without drug. After 4 days of culture 
the amount of living cells was quantified using the MTT assay. The HL60 cell line has wild-type FLT3 
and KIT, the MV4-11 cell line has a FLT3/ITD mutation and the Kasumi-1 cell line an N822K KIT 
mutation. The two cell lines with a KIT or FLT3 mutation were highly sensitive to SU11657 (leukemic 
cell survival (LCS) at 0.625 µM 3% for MV4-11, 6% for Kasumi-1), while the HL60 cell line was 
relatively resistant (LCS at 0.625 µM 98%). 

Figure 1 B. 

B. Three examples of primary AML samples tested in the MTT assay are shown. The sample with 
wild-type (WT) KIT and FLT3 is relatively resistant to SU11657 (LCS at 0.625 µM 94%), while the 
FLT3/ITD and KIT D816V mutated sample are relatively sensitive to SU11657 (LCS at 0.625 µM 54 
and 59%). 

Cells (AML 0.8-1.0x106/ml, cell lines 0.3x106/ml) were exposed to SU11657. Four 
wells contained only culture medium and 6 wells contained culture medium with 
cells but no drug to determine the control cell survival (CCS). After 4 days of culture, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich, 
St Louis, MO, USA) was added and cells were incubated for another 6 hours. After 6 
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hours, formed formazan crystals were dissolved using acidified isopropanol. The 
colored product was measured spectrophotometrically at 560 and 720 nm. The 
optical density (OD) is linearly related to the number of viable cells. Cytotoxicity was 
calculated at each drug concentration by the equation: (OD treated well/mean OD 
control wells) x 100% after correction for the background OD of the wells with 
culture medium only. Results were considered evaluable only if 1) the control wells 
contained 70% leukemic cells after 4 days of culture (determined by morphology 
after MGG staining), 2) if the mean OD, after correction for background, at day 4 
exceeded 0,05 arbitrary units.
SU11657 in general had only modest cytotoxic effects. In many patients an LC50 
value, the concentration that kills 50% of the cells, was either not reached or only at 
the highest concentrations tested, although a decrease in viable cells was evident 
(Figure 1B). Therefore, we used the leukemic cell survival (LCS) at 0.625 µM as a 
measure of resistance in this study, as this discriminated best between sensitive and 
resistant samples. 

Mutation detection 

Genomic DNA was obtained from cytospin slides or frozen cell pellets. FLT3/ITD 
was analyzed using an optimized PCR protocol according to Kiyoi et al.,  with a 
FAM-labeled 12R primer.80;272 Product lengths were measured on an ABI PRISM 
sequencer (310 Genetic Analyzer; Applied Biosystems, Foster City, CA, USA) and 
analyzed using GeneScan Analysis software (version 1.2, Applied Biosystems). 
ITD/wild-type ratios (allelic ratio, AR) were calculated using the peak surface area. 
When multiple ITD peaks were present, these were added together. FLT3-TK2 were 
determined in DNA samples using LightCycler analysis (Roche diagnostics GmbH, 
Mannheim, Germany) as described previously in detail.80 After amplification, 
melting curves were analyzed for the presence of mutations. In case of an aberrant 
curve, direct sequencing was performed to describe the exact mutation. For KIT 
mutational analysis RNA was used. Total cellular RNA was isolated from cell pellets 
using Trizol reagent (Invitrogen, Breda, the Netherlands) according to the 
manufacturer’s protocol. After precipitation with ethanol pellets were dissolved in 
water. Single-stranded cDNA was prepared using a standard protocol. Using this 
cDNA, PCRs were performed amplifying exons 5-10 (PCR 1), 9-14 (PCR 2) and 13-17 
(PCR 3) respectively. The primers used are detailed in Table 1.

Table 1. Primers used for KIT sequencing. 

Forward primer Reverse primer
PCR 1 ttatgaacgtcaggcaacgt cgaaaccaatcagcaaagg

PCR2 tacaacgatgtgggcaag caaaagatcaccatagcaac

PCR 3 tattgtgaatctacttggagcc aatcccataggaccagacg

cDNA was denatured at 94°C, followed by 30 cycles consisting of 94°C for 30 sec, 
59°C for 1 min and 72°C  for 1 min, followed by 4°C. The PCR products were then 
analyzed using bi-directional direct sequencing using the Big Dye Terminator v3.1 
cycle sequencing kit (Applied Biosystems), according to the manufacturer’s protocol, 
on an ABI PRISM sequencer (3130 Genetic Analyzer Applied Biosystems).  

Expression of FLT3 and KIT

Expression of FLT3 and KIT was quantified using flow cytometry. After isolation of 
the leukemic cells, as described above, cells were washed twice with phosphate 
buffered saline (PBS) with 0.01% sodium azide and 0.1% bovine serum albumin 
(BSA) and then incubated with a mouse monoclonal anti-FLT3 antibody (dilution 
1:50, sc-19635 Santa Cruz Biotechnology, Santa Cruz, CA, USA) or a mouse 
monoclonal anti-KIT antibody (dilution 1:50, Santa Cruz Biotechnology, sc-13508) 
during 30 minutes at room temperature. After washing the cells and resuspension, a 
secondary antibody (dilution 1:50, FITC-labeled rabbit anti-mouse IgG, Dako, 
Glostrup, Denmark) was added and incubated at room temperature, in the dark, for 
30 minutes. Then the cells were washed, resuspended in PBS and subsequently a 
minimum of 10.000 cells were analyzed on a Becton Dickinson FACScan flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The expression of FLT3 and 
KIT is described as the percentage of FLT3 or KIT positive cells.

Statistical Analysis 

To assess differences in the distribution of continuous data, the non-parametric 
Mann-Whitney U test was used, as the data analyzed do not follow a normal 
distribution. Correlations between continuous data were analyzed using Spearman’s 
rho. P-values of 0.05 were considered statistically significant (2-tailed test). 
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59°C for 1 min and 72°C  for 1 min, followed by 4°C. The PCR products were then 
analyzed using bi-directional direct sequencing using the Big Dye Terminator v3.1 
cycle sequencing kit (Applied Biosystems), according to the manufacturer’s protocol, 
on an ABI PRISM sequencer (3130 Genetic Analyzer Applied Biosystems).  

Expression of FLT3 and KIT

Expression of FLT3 and KIT was quantified using flow cytometry. After isolation of 
the leukemic cells, as described above, cells were washed twice with phosphate 
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(BSA) and then incubated with a mouse monoclonal anti-FLT3 antibody (dilution 
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during 30 minutes at room temperature. After washing the cells and resuspension, a 
secondary antibody (dilution 1:50, FITC-labeled rabbit anti-mouse IgG, Dako, 
Glostrup, Denmark) was added and incubated at room temperature, in the dark, for 
30 minutes. Then the cells were washed, resuspended in PBS and subsequently a 
minimum of 10.000 cells were analyzed on a Becton Dickinson FACScan flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The expression of FLT3 and 
KIT is described as the percentage of FLT3 or KIT positive cells.

Statistical Analysis 

To assess differences in the distribution of continuous data, the non-parametric 
Mann-Whitney U test was used, as the data analyzed do not follow a normal 
distribution. Correlations between continuous data were analyzed using Spearman’s 
rho. P-values of 0.05 were considered statistically significant (2-tailed test). 
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Results

Patient characteristics 

The primary AML samples used in this study were taken from 61 pediatric AML 
patients, 43 with initially diagnosed and 18 with relapsed AML. There were no 
paired initially diagnosed and relapsed samples included in this study. The 
characteristics of these patients are presented in Table 2.

Table 2.Clinical characteristics of the patients included in this study.  

Number of patients 61
Sex (% male) 62%
Age (years) median (p25-p75) 10.3 (4,0 -13.1)
WBC (*10e9/L) median (p25-p75) 88.9 (21.8-180)
Initially diagnosed AML 43
Relapsed AML 18
FAB classification

M0 3
M1 10
M2 8
M3 4
M4 16
M5 12
M6 0
M7 2

Unavailable 6
Cytogenetics

Normal karyotype 19
t(8;21) 5
inv(16) 4

t(15;17) 4
11q23 abnormality 13

trisomie 8 0
monosomie 5 or 7 3

Single random abnormalities 8
Complex karyotype 2

Unknown 3
Mutations

FLT3/ITD 17
FLT3-TK2 4

KIT 5
M means male; f female; WBC white blood cell count; FAB French-American-British morphology classification; 
AML acute myeloid leukemia; FLT3/ITD FLT3 internal tandem duplication; FLT3-TK2 FLT3 tyrosine kinase 
domain 2. 

Sensitivity to SU11657 

A total of 61 pediatric AML samples were successfully tested using the MTT assay to 
determine sensitivity to SU11657. The leukemic cell survival (LCS) at 0.625 µM, used 
as a measure of sensitivity, differed from 28% to 100%, with a median of 78%.  There 
was no significant difference in sensitivity to SU11657 between samples taken at 
initial diagnosis and samples taken at relapse (initially diagnosed vs. relapsed AML 
LCS at 0.625 µM 78 vs. 81%, p=0.8). As none of the patients was treated using TKIs, 
we pooled data from initially diagnosed and relapsed AML samples for all further 
analyses.
The median LCS at 0.625 µM SU11657 differed between the various FAB types. FAB 
M2 samples were significantly more sensitive to SU11657 than the other samples 
(median LCS 63% vs. 85%, p=0.009) and most FAB M5 samples were also relatively 
sensitive to SU11657 (median LCS 68%), although compared to all other samples this 
was not significantly different (p=0.4). There was no relation between karyotype and 
sensitivity to SU11657 in vitro (data not shown). 

FLT3 and KIT mutations

A FLT3/ITD mutation was present in 17/61 samples (28.3%). In addition, we 
analyzed the ITD length and allelic ratio (AR) in all FLT3/ITD positive samples. The 
AR ranged from 0.02 to 4.6 (median 0.72) and ITD length varied between 18 and 68 
base pairs (bp) (median 36 bp).  In 4/61 (6.5%) samples we detected a FLT3 mutation 
in the TK2 domain (2x D835Y, 1x D835H and 1x deletion I836). In another 5/61 
(8.1%) cases we detected a KIT mutation (2x TY417-418 deletion, 1x D816Y, 1x D816V 
and 1x N822K). All mutations were mutually exclusive. There was a strong relation 
between FAB type and specific mutations. All KIT mutations were found in samples 
with FAB type M2 and M4 (3 and 2 cases respectively). FLT3/ITD mutations were 
detected in all FAB types except FAB M7, and were most frequent in FAB M1 (4/10 
samples), M2 (3/8 samples) and M3 (3/4 samples). In FAB M5 AML only one of 12 
samples was FLT3/ITD positive.  A FLT3-TK2 mutation was detected in 3/12 FAB 
M5 AML samples and in one FAB M0 sample. 

Sensitivity to SU11657 in FLT3 or KIT mutated AML samples

FLT3/ITD positive samples were significantly more sensitive to SU11657 than 
samples without a FLT3 or KIT mutation (non-mutated vs. FLT3/ITD median LCS at 
0.625 µM 86 vs. 65%, p=0.001) (Figure 2). There was no relation between AR or ITD 
length and sensitivity to SU11657 in FLT3/ITD mutated samples (AR Spearman’s 
rho=-0.1, p=0.7, ITD length Spearman’s rho=-0.04, p=0.9).
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Results

Patient characteristics 

The primary AML samples used in this study were taken from 61 pediatric AML 
patients, 43 with initially diagnosed and 18 with relapsed AML. There were no 
paired initially diagnosed and relapsed samples included in this study. The 
characteristics of these patients are presented in Table 2.

Table 2.Clinical characteristics of the patients included in this study.  

Number of patients 61
Sex (% male) 62%
Age (years) median (p25-p75) 10.3 (4,0 -13.1)
WBC (*10e9/L) median (p25-p75) 88.9 (21.8-180)
Initially diagnosed AML 43
Relapsed AML 18
FAB classification

M0 3
M1 10
M2 8
M3 4
M4 16
M5 12
M6 0
M7 2

Unavailable 6
Cytogenetics

Normal karyotype 19
t(8;21) 5
inv(16) 4

t(15;17) 4
11q23 abnormality 13

trisomie 8 0
monosomie 5 or 7 3

Single random abnormalities 8
Complex karyotype 2

Unknown 3
Mutations

FLT3/ITD 17
FLT3-TK2 4

KIT 5
M means male; f female; WBC white blood cell count; FAB French-American-British morphology classification; 
AML acute myeloid leukemia; FLT3/ITD FLT3 internal tandem duplication; FLT3-TK2 FLT3 tyrosine kinase 
domain 2. 

Sensitivity to SU11657 

A total of 61 pediatric AML samples were successfully tested using the MTT assay to 
determine sensitivity to SU11657. The leukemic cell survival (LCS) at 0.625 µM, used 
as a measure of sensitivity, differed from 28% to 100%, with a median of 78%.  There 
was no significant difference in sensitivity to SU11657 between samples taken at 
initial diagnosis and samples taken at relapse (initially diagnosed vs. relapsed AML 
LCS at 0.625 µM 78 vs. 81%, p=0.8). As none of the patients was treated using TKIs, 
we pooled data from initially diagnosed and relapsed AML samples for all further 
analyses.
The median LCS at 0.625 µM SU11657 differed between the various FAB types. FAB 
M2 samples were significantly more sensitive to SU11657 than the other samples 
(median LCS 63% vs. 85%, p=0.009) and most FAB M5 samples were also relatively 
sensitive to SU11657 (median LCS 68%), although compared to all other samples this 
was not significantly different (p=0.4). There was no relation between karyotype and 
sensitivity to SU11657 in vitro (data not shown). 

FLT3 and KIT mutations

A FLT3/ITD mutation was present in 17/61 samples (28.3%). In addition, we 
analyzed the ITD length and allelic ratio (AR) in all FLT3/ITD positive samples. The 
AR ranged from 0.02 to 4.6 (median 0.72) and ITD length varied between 18 and 68 
base pairs (bp) (median 36 bp).  In 4/61 (6.5%) samples we detected a FLT3 mutation 
in the TK2 domain (2x D835Y, 1x D835H and 1x deletion I836). In another 5/61 
(8.1%) cases we detected a KIT mutation (2x TY417-418 deletion, 1x D816Y, 1x D816V 
and 1x N822K). All mutations were mutually exclusive. There was a strong relation 
between FAB type and specific mutations. All KIT mutations were found in samples 
with FAB type M2 and M4 (3 and 2 cases respectively). FLT3/ITD mutations were 
detected in all FAB types except FAB M7, and were most frequent in FAB M1 (4/10 
samples), M2 (3/8 samples) and M3 (3/4 samples). In FAB M5 AML only one of 12 
samples was FLT3/ITD positive.  A FLT3-TK2 mutation was detected in 3/12 FAB 
M5 AML samples and in one FAB M0 sample. 

Sensitivity to SU11657 in FLT3 or KIT mutated AML samples

FLT3/ITD positive samples were significantly more sensitive to SU11657 than 
samples without a FLT3 or KIT mutation (non-mutated vs. FLT3/ITD median LCS at 
0.625 µM 86 vs. 65%, p=0.001) (Figure 2). There was no relation between AR or ITD 
length and sensitivity to SU11657 in FLT3/ITD mutated samples (AR Spearman’s 
rho=-0.1, p=0.7, ITD length Spearman’s rho=-0.04, p=0.9).
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The samples with a FLT3-TK2 mutation also were significantly more sensitive to 
SU11657 than samples without FLT3/ITD or KIT mutations (WT vs. FLT3-TK2 
mutated samples median LCS at 0.625 µM 86% vs. 64%, p=0.035). There was no 
significant difference in sensitivity to SU11657 between FLT3/ITD and FLT3-TK2
mutated samples (median LCS at 0.625 µM 65 vs. 64%, p=0.96). 

Figure 2. Sensitivity of primary pediatric AML samples to SU11657.  
Sensitivity to SU11657, expressed as leukemic cell survival (LCS in %) at 0.625 µM SU11657, in relation 
to FLT3 and KIT mutations. Each symbol represents a single patient and the median is depicted by a 
horizontal line. FLT3/ITD, FLT3 tyrosine kinase domain 2 (FLT3-TK2) and KIT mutated samples are 
significantly more sensitive in vitro to the tyrosine kinase inhibitor SU11657 than wild-type (WT) 
samples (p=0.001, p=0.037 and 0.047, respectively).  

The 5 samples with a KIT mutation also were significantly more sensitive to SU11657 
than WT FLT3 and KIT samples (median LCS at 0.625 µM 86% vs. 71%, p=0.047). 
There was no significant difference in sensitivity to SU11657 between FLT3/ITD and 
KIT mutated samples (LCS at 0.625 µM 65% vs. 71%, p=0.5). 
Despite these clear differences in sensitivity to SU11657 between the various 
subgroups, there was considerable overlap in sensitivity between individual patient 
samples with and without a FLT3 or KIT mutation. For instance, some patient 
samples with a mutation in FLT3 were relatively resistant to SU11657 (Figure 1). In 
addition, there were some samples without a FLT3/ITD, FLT3-TK2 or KIT mutation, 
which were relatively sensitive to SU11657. We divided all samples into two groups, 
samples with an LCS at 0.625 µM below the median (78%) (“sensitive”) and all 
samples with a LCS at 0.625 µM equal to or above the median (“resistant”). In the 
FLT3 and KIT WT group 12/35 samples (34%) were sensitive to SU11657, in the 

FLT3/ITD group 12/17 (71%), in the FLT3-TK2 group 3/4 (75%) and in the KIT 
mutated group 3/5 samples (60%)(Chi square p=0.05), illustrating the overlap 
between the different subgroups. 

Expression of FLT3 and KIT 

Using flow cytometry, we were able to analyze FLT3 and KIT receptor expression in 
40/61 and 42/61 samples. FLT3 and KIT were expressed in most samples (>20% 
FLT3 or KIT positive cells in 30/40 and 30/42 samples, respectively). The median 
expression of FLT3 was 48% (p25-p75 21-79%) and the median expression of KIT 61% 
(p25-p75 17-78%).
There was no relation between the presence or absence of a FLT3 mutation and the 
expression of FLT3 (median FLT3 expression WT FLT3 samples vs. FLT3 mutated 
samples 40% vs. 59%, p=0.36). This analysis could not be performed for KIT, as in 
only 2 KIT mutated samples KIT expression was measured.  
In the samples without a FLT3 or KIT mutation, we analyzed whether there was a 
relation between expression of the WT receptors and sensitivity to SU11657. Samples 
with an expression below the median were designated “low” expression and samples 
with an expression above the median as “high” expression. The median LCS at 0.625 
µM in samples with low FLT3 expression (n=13) was not different from the LCS in 
samples with high FLT3 expression (n=11) (median LCS at 0.625 µM 90 vs. 91%, 
p=0.8) (Figure 3A). In contrast, samples with a high KIT expression (n=11) were 
significantly more sensitive to SU11657 than samples with low KIT expression (n=14) 
(LCS at 0.625 µM 76 vs. 94%, p=0.035) (Figure 3B). 

Discussion

This is the first report on the in vitro sensitivity of the multitargeted TKI SU11657 in 
primary AML samples. SU11657 is very similar to sunitinib (Sutent® or SU11248), 
which was FDA approved for the treatment of imatinib-resistant gastro-intestinal 
stromal tumors (GIST) and renal cell carcinoma (RCC), and has also been studied 
clinically in AML.150 SU11657 and sunitinib are multitargeted kinase TKIs, inhibiting 
many TKs including VEGF, FLT3 and KIT receptors with IC50s in the nM range.267;268

We used SU11657 as a model to study the cytotoxicity of promiscuous drugs such as 
sunitinib and midostaurin (PKC412). In this study we show that in vitro there are 
large interindividual differences in sensitivity to the TKI SU11657, although the in 
vitro cytotoxicity of SU11657 was only modest in general.  
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significant difference in sensitivity to SU11657 between FLT3/ITD and FLT3-TK2
mutated samples (median LCS at 0.625 µM 65 vs. 64%, p=0.96). 
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samples (p=0.001, p=0.037 and 0.047, respectively).  
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There was no significant difference in sensitivity to SU11657 between FLT3/ITD and 
KIT mutated samples (LCS at 0.625 µM 65% vs. 71%, p=0.5). 
Despite these clear differences in sensitivity to SU11657 between the various 
subgroups, there was considerable overlap in sensitivity between individual patient 
samples with and without a FLT3 or KIT mutation. For instance, some patient 
samples with a mutation in FLT3 were relatively resistant to SU11657 (Figure 1). In 
addition, there were some samples without a FLT3/ITD, FLT3-TK2 or KIT mutation, 
which were relatively sensitive to SU11657. We divided all samples into two groups, 
samples with an LCS at 0.625 µM below the median (78%) (“sensitive”) and all 
samples with a LCS at 0.625 µM equal to or above the median (“resistant”). In the 
FLT3 and KIT WT group 12/35 samples (34%) were sensitive to SU11657, in the 

FLT3/ITD group 12/17 (71%), in the FLT3-TK2 group 3/4 (75%) and in the KIT 
mutated group 3/5 samples (60%)(Chi square p=0.05), illustrating the overlap 
between the different subgroups. 

Expression of FLT3 and KIT 

Using flow cytometry, we were able to analyze FLT3 and KIT receptor expression in 
40/61 and 42/61 samples. FLT3 and KIT were expressed in most samples (>20% 
FLT3 or KIT positive cells in 30/40 and 30/42 samples, respectively). The median 
expression of FLT3 was 48% (p25-p75 21-79%) and the median expression of KIT 61% 
(p25-p75 17-78%).
There was no relation between the presence or absence of a FLT3 mutation and the 
expression of FLT3 (median FLT3 expression WT FLT3 samples vs. FLT3 mutated 
samples 40% vs. 59%, p=0.36). This analysis could not be performed for KIT, as in 
only 2 KIT mutated samples KIT expression was measured.  
In the samples without a FLT3 or KIT mutation, we analyzed whether there was a 
relation between expression of the WT receptors and sensitivity to SU11657. Samples 
with an expression below the median were designated “low” expression and samples 
with an expression above the median as “high” expression. The median LCS at 0.625 
µM in samples with low FLT3 expression (n=13) was not different from the LCS in 
samples with high FLT3 expression (n=11) (median LCS at 0.625 µM 90 vs. 91%, 
p=0.8) (Figure 3A). In contrast, samples with a high KIT expression (n=11) were 
significantly more sensitive to SU11657 than samples with low KIT expression (n=14) 
(LCS at 0.625 µM 76 vs. 94%, p=0.035) (Figure 3B). 

Discussion

This is the first report on the in vitro sensitivity of the multitargeted TKI SU11657 in 
primary AML samples. SU11657 is very similar to sunitinib (Sutent® or SU11248), 
which was FDA approved for the treatment of imatinib-resistant gastro-intestinal 
stromal tumors (GIST) and renal cell carcinoma (RCC), and has also been studied 
clinically in AML.150 SU11657 and sunitinib are multitargeted kinase TKIs, inhibiting 
many TKs including VEGF, FLT3 and KIT receptors with IC50s in the nM range.267;268

We used SU11657 as a model to study the cytotoxicity of promiscuous drugs such as 
sunitinib and midostaurin (PKC412). In this study we show that in vitro there are 
large interindividual differences in sensitivity to the TKI SU11657, although the in 
vitro cytotoxicity of SU11657 was only modest in general.  
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Figure 3 A. 

Figure 3 B. 

Figure 3. Sensitivity of primary AML samples without a FLT3 or KIT mutation in relation to 
expression of FLT3 and KIT.  
In primary AML samples FLT3 and KIT expression was analyzed using flow cytometry. The 
percentage of FLT3 or KIT positive cells in a sample was measured. We defined two groups, samples 
with an expression below (“low) and samples with an expression above the median (“high”). 
Sensitivity to SU11657 was expressed as leukemic cell survival (LCS in %) at 0.625 µM SU11657.  
Each symbol represents a single patient and the median is depicted by a horizontal line.  
A. The median LCS at 0.625 µM in samples with low FLT3 expression (n=13) was not different from 
the LCS at 0.625 µM in samples with high FLT3 expression (n=11) (median LCS at 0.625 µM 90 vs. 
91%, p=0.8).  
B. Samples with a high KIT expression (n=11) were significantly more sensitive to SU11657 than 
samples with low KIT expression (n=14) (LCS at 0.625 µM 76 vs. 94%, p=0.035) 

FLT3 and KIT mutated samples are significantly more sensitive to SU11657 than 
samples without FLT3 or KIT mutations. Although FLT3 and KIT mutated samples 
were significantly more sensitive as a group, there was significant overlap between 
the mutated and WT group. In addition, in WT KIT and FLT3 samples, samples with 

a high KIT expression were significantly more sensitive to SU11657 than samples 
with low KIT expression, while this could not be confirmed for WT FLT3. FAB M2 
samples were significantly more sensitive to SU11657 than other samples.
Why are some FLT3 or KIT mutated samples in vitro resistant to SU11657? In vitro
studies with other FLT3 TKIs have shown that sensitivity to FLT3 inhibitors is not 
always correlated to inhibition of FLT3 signaling. In addition, it was recently 
reported that the level of inhibition of FLT3 phosphorylation does not always 
correlate with the cytotoxicity of the FLT3 TKI.273;274  Therefore, it seems that in some 
FLT3 mutated samples the leukemic cells are not predominantly dependent on 
aberrant FLT3 signalling, but are able to use other pathways for proliferation and 
survival. The same mechanism could occur in resistant KIT mutated samples and this 
could explain the resistance to SU11657 that we found in 25-40% of the FLT3 and KIT 
mutated samples. Unfortunately, due to lack of material we were unable to perform 
mechanistical studies in our patient samples. 
In contrast, a third of the FLT3 and KIT WT samples were relatively sensitive to 
SU11657. One possible explanation is that some of these samples may harbour a FLT3
mutation outside the JM and TK2 domain, as FLT3 mutations have been shown to 
occur outside of these hot-spots, although in a low frequency.275;276 Another possible 
explanation could be that one of the other SU11657 targets was overexpressed in the 
sensitive samples. In this study we did find a relationship between high KIT 
expression and sensitivity to SU11657, but no relationship between FLT3 expression 
and sensitivity to SU11657. SU11657 and SU11248 are relatively promiscuous KIs and 
inhibit several kinases in addition to KIT and FLT3. VEGF and PDGF receptors are 
the two best characterized SU11248 targets, but many other kinases are also 
inhibited.269 Examples include the tyrosine kinases JAK1 and RET, but some 
serine/threonine kinases are also inhibited by SU11248.269;277 Dependence on these 
targets may explain the SU11657 sensitivity in some samples. As many different 
targets may contribute to sensitivity, we have not investigated expression of targets 
other than KIT and FLT3.
Clinically, VEGF may be a highly relevant target as bone marrow biopsies of AML 
patients have shown increased angiogenesis and in addition, VEGF-A secretion was 
an independent risk factor for relapse.278-280 VEGF-A binds to the RTKs VEGF-R1 and 
VEGF-R2. As sunitinib inhibits VEGF-R1, 2 and 3, not only patients with FLT3 or KIT
mutations may benefit from this drug, but also AML patients with increased bone 
marrow angiogenesis.
A novel finding in this study was that different FAB types have different sensitivities 
to SU11657. All FAB M2 samples were sensitive to SU11657. In 6/8 cases this could 
be explained by a KIT or FLT3 mutation, although the 2 WT samples also were 
sensitive to SU11657. In addition, 8/12 FAB M5 AML samples were sensitive to 
SU11657. In 4/8 cases this could be explained by a mutation in FLT3, but in the other 
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samples without FLT3 or KIT mutations. Although FLT3 and KIT mutated samples 
were significantly more sensitive as a group, there was significant overlap between 
the mutated and WT group. In addition, in WT KIT and FLT3 samples, samples with 

a high KIT expression were significantly more sensitive to SU11657 than samples 
with low KIT expression, while this could not be confirmed for WT FLT3. FAB M2 
samples were significantly more sensitive to SU11657 than other samples.
Why are some FLT3 or KIT mutated samples in vitro resistant to SU11657? In vitro
studies with other FLT3 TKIs have shown that sensitivity to FLT3 inhibitors is not 
always correlated to inhibition of FLT3 signaling. In addition, it was recently 
reported that the level of inhibition of FLT3 phosphorylation does not always 
correlate with the cytotoxicity of the FLT3 TKI.273;274  Therefore, it seems that in some 
FLT3 mutated samples the leukemic cells are not predominantly dependent on 
aberrant FLT3 signalling, but are able to use other pathways for proliferation and 
survival. The same mechanism could occur in resistant KIT mutated samples and this 
could explain the resistance to SU11657 that we found in 25-40% of the FLT3 and KIT 
mutated samples. Unfortunately, due to lack of material we were unable to perform 
mechanistical studies in our patient samples. 
In contrast, a third of the FLT3 and KIT WT samples were relatively sensitive to 
SU11657. One possible explanation is that some of these samples may harbour a FLT3
mutation outside the JM and TK2 domain, as FLT3 mutations have been shown to 
occur outside of these hot-spots, although in a low frequency.275;276 Another possible 
explanation could be that one of the other SU11657 targets was overexpressed in the 
sensitive samples. In this study we did find a relationship between high KIT 
expression and sensitivity to SU11657, but no relationship between FLT3 expression 
and sensitivity to SU11657. SU11657 and SU11248 are relatively promiscuous KIs and 
inhibit several kinases in addition to KIT and FLT3. VEGF and PDGF receptors are 
the two best characterized SU11248 targets, but many other kinases are also 
inhibited.269 Examples include the tyrosine kinases JAK1 and RET, but some 
serine/threonine kinases are also inhibited by SU11248.269;277 Dependence on these 
targets may explain the SU11657 sensitivity in some samples. As many different 
targets may contribute to sensitivity, we have not investigated expression of targets 
other than KIT and FLT3.
Clinically, VEGF may be a highly relevant target as bone marrow biopsies of AML 
patients have shown increased angiogenesis and in addition, VEGF-A secretion was 
an independent risk factor for relapse.278-280 VEGF-A binds to the RTKs VEGF-R1 and 
VEGF-R2. As sunitinib inhibits VEGF-R1, 2 and 3, not only patients with FLT3 or KIT
mutations may benefit from this drug, but also AML patients with increased bone 
marrow angiogenesis.
A novel finding in this study was that different FAB types have different sensitivities 
to SU11657. All FAB M2 samples were sensitive to SU11657. In 6/8 cases this could 
be explained by a KIT or FLT3 mutation, although the 2 WT samples also were 
sensitive to SU11657. In addition, 8/12 FAB M5 AML samples were sensitive to 
SU11657. In 4/8 cases this could be explained by a mutation in FLT3, but in the other 
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4 cases no FLT3 or KIT mutation was present. The reason for the sensitivity to 
SU11657 in the six WT FAB M2 and M5 samples could not be explained solely by a 
high KIT expression (2 samples had high KIT expression, 2 low KIT expression and 
in 2 KIT expression was not measured). Possibly other SU11657 targets play a role in 
this sensitivity. 
Our in vitro data are in agreement with findings in clinical studies. Although FLT3 
TKIs as single agents, show some clinical efficacy in AML, their effects have been 
limited to a decrease in PB blasts and in some cases also a decrease in BM blast 
percentages.150;263-265 These effects were most pronounced in patients with activating 
FLT3 mutations, but a significant number of patients with an activating FLT3
mutation did not respond. In addition, these responses were only short lived with a 
duration of a few weeks to a few months. These moderate responses and transitory 
effects may be due to several mechanisms including insufficient levels of FLT3 
inhibition, lack of dependence on FLT3 signalling for proliferation or survival or 
selection of resistant cell populations. In CML and GIST patients various mechanisms 
have been described to explain resistance to the  TKI imatinib.281 The most frequent 
mechanism was selection of a clone with a secondary mutation in BCR-ABL kinase 
domain, interfering with the binding of imatinib. In all clinical trials with FLT3 TKIs 
in AML, only one patient has been described with an acquired additional FLT3
mutation leading to resistance to PKC412.282 AML is a multi-hit disease in contrast to 
CML, and therefore blasts are probably not dependent on one oncogenic event for 
proliferation and survival, but use different parallel pathways. Therefore, more 
promiscuous TKIs such as sunitinib could possibly be more effective in treating 
AML, as different kinases are inhibited. In the sunitinib phase I trial in refractory 
AML all patients with a FLT3 mutation responded and one patient achieved a 
complete remission without platelet recovery (morphologic response). In addition, 
2/7 FLT3 WT (29%) patients had a partial response. These clinical data correlate well 
with our in vitro data where 30% of FLT3 and KIT WT samples are sensitive to 
SU11657. One fear in using the more promiscuous TKIs is that this promiscuity 
would also translate into more side-effects. However, clinical trials with sunitinib 
have shown that it is well tolerated and serious side-effects are rare.150-152

Overall, our in vitro results with SU11657 and the phase I trial with sunitinib indicate 
that clinical studies in AML using multi-targeted KIs such as sunitinib should not be 
restricted to FLT3 or KIT mutated patients, as a significant proportion of AML 
patients without FLT3 or KIT mutations could potentially benefit. In addition, 
primary resistance occurs even in FLT3 and KIT mutated samples. As our in vitro
data and available clinical data150 show only modest cytotoxic effects, it will be of 
great importance to combine sunitinib with conventional chemotherapy or other 
molecularly targeted drugs.  

Acknowledgements

The authors wish to thank all the patients, as well as the hospitals and clinicians 
participating in the AML-BFM Study Group, the MRC Childhood Leukaemia 
Working Party and the Dutch Childhood Oncology Group, as well as their reference 
laboratories, who provided us with the patient samples and the clinical and cell-
biological data. This work was performed in the setting of the International BFM 
Study Group (chaired by M. Schrappe, Kiel, Germany). The technicians of the 
research laboratory of Pediatric Oncology of the VU university medical center 
handled all samples.  

This work was partially funded by ZonMW AGIKO grant 920-03-374 (BFG). SU11657 
was provided free of charge by Sugen Inc (now Pfizer Inc). 

001-168_Goemans_21881.indd   114 24-04-2007   16:52:45



115In	vitro	sensitivity	to	SU11657

4 cases no FLT3 or KIT mutation was present. The reason for the sensitivity to 
SU11657 in the six WT FAB M2 and M5 samples could not be explained solely by a 
high KIT expression (2 samples had high KIT expression, 2 low KIT expression and 
in 2 KIT expression was not measured). Possibly other SU11657 targets play a role in 
this sensitivity. 
Our in vitro data are in agreement with findings in clinical studies. Although FLT3 
TKIs as single agents, show some clinical efficacy in AML, their effects have been 
limited to a decrease in PB blasts and in some cases also a decrease in BM blast 
percentages.150;263-265 These effects were most pronounced in patients with activating 
FLT3 mutations, but a significant number of patients with an activating FLT3
mutation did not respond. In addition, these responses were only short lived with a 
duration of a few weeks to a few months. These moderate responses and transitory 
effects may be due to several mechanisms including insufficient levels of FLT3 
inhibition, lack of dependence on FLT3 signalling for proliferation or survival or 
selection of resistant cell populations. In CML and GIST patients various mechanisms 
have been described to explain resistance to the  TKI imatinib.281 The most frequent 
mechanism was selection of a clone with a secondary mutation in BCR-ABL kinase 
domain, interfering with the binding of imatinib. In all clinical trials with FLT3 TKIs 
in AML, only one patient has been described with an acquired additional FLT3
mutation leading to resistance to PKC412.282 AML is a multi-hit disease in contrast to 
CML, and therefore blasts are probably not dependent on one oncogenic event for 
proliferation and survival, but use different parallel pathways. Therefore, more 
promiscuous TKIs such as sunitinib could possibly be more effective in treating 
AML, as different kinases are inhibited. In the sunitinib phase I trial in refractory 
AML all patients with a FLT3 mutation responded and one patient achieved a 
complete remission without platelet recovery (morphologic response). In addition, 
2/7 FLT3 WT (29%) patients had a partial response. These clinical data correlate well 
with our in vitro data where 30% of FLT3 and KIT WT samples are sensitive to 
SU11657. One fear in using the more promiscuous TKIs is that this promiscuity 
would also translate into more side-effects. However, clinical trials with sunitinib 
have shown that it is well tolerated and serious side-effects are rare.150-152

Overall, our in vitro results with SU11657 and the phase I trial with sunitinib indicate 
that clinical studies in AML using multi-targeted KIs such as sunitinib should not be 
restricted to FLT3 or KIT mutated patients, as a significant proportion of AML 
patients without FLT3 or KIT mutations could potentially benefit. In addition, 
primary resistance occurs even in FLT3 and KIT mutated samples. As our in vitro
data and available clinical data150 show only modest cytotoxic effects, it will be of 
great importance to combine sunitinib with conventional chemotherapy or other 
molecularly targeted drugs.  
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Summary

Although the prognosis of pediatric AML patients has improved significantly over 
the last 30 years, 30-40% of patients relapse and 5-10% of patients die of the toxicity 
of treatment. Therefore, novel treatment approaches are needed. In the first part of 
this thesis (chapter 2-5), we described the poor prognosis of relapsed pediatric AML 
and we identified type I mutations in pediatric AML which might be used as targets 
for treatment. In the second part of this thesis (chapter 6-8), we examined the in 
vitro effects of targeted therapeutics and related sensitivity to these drugs to the 
expression and the presence of mutations of the specific targets.
In chapter 2 we studied the clinical outcome of all pediatric AML patients initially 
diagnosed between 1980 and 1998 who subsequently relapsed (N=113). Most 
patients (63%) relapsed within one year after reaching first complete remission 
(CR1). In 80% of patients reinduction therapy was given with curative intent. No 
uniform treatment protocol was used. CR2 was achieved in 63% of patients, 
however the probability of 5 year overall survival (10-year pOS) was only 16%. In 
univariate analysis a short CR duration ( 1 year) and FAB M4 were associated with 
poor survival, while patients with FAB M5 had a borderline significantly improved 
pOS.  Stem cell transplantation (SCT) was performed in 25 patients after achieving 
CR2. In multivariate analysis, including SCT as a time-dependent variable, CR1 
duration, FAB M4 and FAB M5, no factor was significantly associated with pOS. A 
significant proportion (24%) of children in CR2 who did not receive an allogeneic 
stem cell transplantation are long-term survivors. Half of the survivors suffered 
from late effects of treatment, especially the children who had been transplanted. 
This study shows that there are children with relapsed AML who can be cured 
without a SCT. It is important to identify these patients and spare them a SCT which 
is associated with frequent and severe long-term side-effects. The prognosis of 
relapsed AML is poor and collaborative studies with novel agents and new 
treatment schedules are necessary to improve outcome. 
In the study described in chapter 3 we genotyped 150 pediatric AML samples for 
mutations in KIT (exons 8, 17), NRAS and KRAS (exons 1, 2) and FLT3/ITD.58 40% of 
children with AML had a mutation in KIT (11.3%), RAS (18%) or FLT3/ITD (11.1%). 
We found interesting non-random associations between type I and type II 
mutations. Seventy percent of the core binding factor (CBF) leukemia cases had a 
mutation in KIT or RAS. Mutations in RAS (30%) or FLT3/ITD (20%) were frequently 
found in association with a normal karyotype. Patients with a FLT3/ITD mutation 
had a significantly worse clinical outcome, but the presence of a KIT or RAS
mutation did not significantly influence clinical outcome in our study. Small patient 
numbers precluded a meaningful analysis of outcome within the CBF AML 
subgroup. We demonstrated that KIT exon 8 mutations result in constitutive ligand-

independent kinase activation which could be inhibited by imatinib. Remarkable in 
our study was the low frequency of KIT, RAS and FLT3 mutations in FAB M5 
compared to non-FAB M5 AML (10% vs. 45%, p=0.011). It was previously  reported 
that PTPN11 mutations were frequent in FAB M5 AML.203;204 We therefore 
hypothesized that PTPN11 might be involved in the development of FAB M5 AML 
and investigated the prevalence of PTPN11 mutations in this patient cohort in 
chapter 4.79 We enriched this cohort with another 24 pediatric FAB M5 AML 
patients, for a total of 55 FAB M5 AML cases. The PTPN11 mutation prevalence did 
not differ significantly between the FAB M5 and the non-FAB M5 cohorts (7.3% vs. 
5.0%, p=0.73). Overall, we found a KIT, RAS, FLT3/ITD or PTPN11 mutation in 44% 
of patients. There were large differences between subgroups, as in CBF AML we 
found a KIT, RAS, FLT3/ITD or PTPN11 mutation in 70% of patients, while in FAB 
M5 this was only 27%. For some of these mutated proteins, novel drugs are now 
available which might be useful in the treatment of AML.  
In chapter 5 we determined FLT3 internal tandem duplications (FLT3/ITD) and 
D835 point mutations in paired initial and relapse samples from 80 pediatric and 
adult AML patients.80 Only one D835 point mutation was found, in an initial 
pediatric AML sample. A FLT3/ITD was present in 26% of newly diagnosed and 
27% of relapsed AML samples. FLT3/ITD status changed between diagnosis and 
relapse in 14 cases. In 4 patients the FLT3/ITD became undetectable at relapse, in 5 
patients FLT3/ITDs were only detected at relapse, and in 5 patients the length or 
number of ITDs changed. FLT3/ITD positivity was related to a significantly shorter 
time to relapse, which was most pronounced when the ITD positive status was 
found at relapse. These results indicate that FLT3/ITD is not conserved between 
initial diagnosis and relapse and this makes it unsuitable as an MRD marker. 
In the second part of this thesis we focused on targeted treatment of AML. Novel 
drugs are necessary to improve the prognosis of children with AML preferably 
without additional toxicity. Specifically killing the leukemic cells with targeted 
drugs is an appealing concept as this might limit the side-effects of treatment. In 
chapter 6 we compared the cytotoxicity of free daunorubicin (DNR) and liposomal 
daunorubicin (L-DNR) in acute leukemia, normal bone marrow (N BM) and 
peripheral blood (PB) samples.138 There was strong cross-resistance between DNR 
and L-DNR, and within AML and ALL there were no significant differences 
between the sensitivity to DNR or L-DNR. Leukemic samples were significantly 
more sensitive to DNR and L-DNR than N BM and N PB mononuclear cells, 
reflecting the therapeutic index of these drugs. In conclusion, this study has shown 
that there is no significant difference in cytotoxicity between DNR and L-DNR and 
that therefore, L-DNR might be more effective clinically, as it is employed in higher 
dosages and has a greater AUC.
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Summary

Although the prognosis of pediatric AML patients has improved significantly over 
the last 30 years, 30-40% of patients relapse and 5-10% of patients die of the toxicity 
of treatment. Therefore, novel treatment approaches are needed. In the first part of 
this thesis (chapter 2-5), we described the poor prognosis of relapsed pediatric AML 
and we identified type I mutations in pediatric AML which might be used as targets 
for treatment. In the second part of this thesis (chapter 6-8), we examined the in 
vitro effects of targeted therapeutics and related sensitivity to these drugs to the 
expression and the presence of mutations of the specific targets.
In chapter 2 we studied the clinical outcome of all pediatric AML patients initially 
diagnosed between 1980 and 1998 who subsequently relapsed (N=113). Most 
patients (63%) relapsed within one year after reaching first complete remission 
(CR1). In 80% of patients reinduction therapy was given with curative intent. No 
uniform treatment protocol was used. CR2 was achieved in 63% of patients, 
however the probability of 5 year overall survival (10-year pOS) was only 16%. In 
univariate analysis a short CR duration ( 1 year) and FAB M4 were associated with 
poor survival, while patients with FAB M5 had a borderline significantly improved 
pOS.  Stem cell transplantation (SCT) was performed in 25 patients after achieving 
CR2. In multivariate analysis, including SCT as a time-dependent variable, CR1 
duration, FAB M4 and FAB M5, no factor was significantly associated with pOS. A 
significant proportion (24%) of children in CR2 who did not receive an allogeneic 
stem cell transplantation are long-term survivors. Half of the survivors suffered 
from late effects of treatment, especially the children who had been transplanted. 
This study shows that there are children with relapsed AML who can be cured 
without a SCT. It is important to identify these patients and spare them a SCT which 
is associated with frequent and severe long-term side-effects. The prognosis of 
relapsed AML is poor and collaborative studies with novel agents and new 
treatment schedules are necessary to improve outcome. 
In the study described in chapter 3 we genotyped 150 pediatric AML samples for 
mutations in KIT (exons 8, 17), NRAS and KRAS (exons 1, 2) and FLT3/ITD.58 40% of 
children with AML had a mutation in KIT (11.3%), RAS (18%) or FLT3/ITD (11.1%). 
We found interesting non-random associations between type I and type II 
mutations. Seventy percent of the core binding factor (CBF) leukemia cases had a 
mutation in KIT or RAS. Mutations in RAS (30%) or FLT3/ITD (20%) were frequently 
found in association with a normal karyotype. Patients with a FLT3/ITD mutation 
had a significantly worse clinical outcome, but the presence of a KIT or RAS
mutation did not significantly influence clinical outcome in our study. Small patient 
numbers precluded a meaningful analysis of outcome within the CBF AML 
subgroup. We demonstrated that KIT exon 8 mutations result in constitutive ligand-

independent kinase activation which could be inhibited by imatinib. Remarkable in 
our study was the low frequency of KIT, RAS and FLT3 mutations in FAB M5 
compared to non-FAB M5 AML (10% vs. 45%, p=0.011). It was previously  reported 
that PTPN11 mutations were frequent in FAB M5 AML.203;204 We therefore 
hypothesized that PTPN11 might be involved in the development of FAB M5 AML 
and investigated the prevalence of PTPN11 mutations in this patient cohort in 
chapter 4.79 We enriched this cohort with another 24 pediatric FAB M5 AML 
patients, for a total of 55 FAB M5 AML cases. The PTPN11 mutation prevalence did 
not differ significantly between the FAB M5 and the non-FAB M5 cohorts (7.3% vs. 
5.0%, p=0.73). Overall, we found a KIT, RAS, FLT3/ITD or PTPN11 mutation in 44% 
of patients. There were large differences between subgroups, as in CBF AML we 
found a KIT, RAS, FLT3/ITD or PTPN11 mutation in 70% of patients, while in FAB 
M5 this was only 27%. For some of these mutated proteins, novel drugs are now 
available which might be useful in the treatment of AML.  
In chapter 5 we determined FLT3 internal tandem duplications (FLT3/ITD) and 
D835 point mutations in paired initial and relapse samples from 80 pediatric and 
adult AML patients.80 Only one D835 point mutation was found, in an initial 
pediatric AML sample. A FLT3/ITD was present in 26% of newly diagnosed and 
27% of relapsed AML samples. FLT3/ITD status changed between diagnosis and 
relapse in 14 cases. In 4 patients the FLT3/ITD became undetectable at relapse, in 5 
patients FLT3/ITDs were only detected at relapse, and in 5 patients the length or 
number of ITDs changed. FLT3/ITD positivity was related to a significantly shorter 
time to relapse, which was most pronounced when the ITD positive status was 
found at relapse. These results indicate that FLT3/ITD is not conserved between 
initial diagnosis and relapse and this makes it unsuitable as an MRD marker. 
In the second part of this thesis we focused on targeted treatment of AML. Novel 
drugs are necessary to improve the prognosis of children with AML preferably 
without additional toxicity. Specifically killing the leukemic cells with targeted 
drugs is an appealing concept as this might limit the side-effects of treatment. In 
chapter 6 we compared the cytotoxicity of free daunorubicin (DNR) and liposomal 
daunorubicin (L-DNR) in acute leukemia, normal bone marrow (N BM) and 
peripheral blood (PB) samples.138 There was strong cross-resistance between DNR 
and L-DNR, and within AML and ALL there were no significant differences 
between the sensitivity to DNR or L-DNR. Leukemic samples were significantly 
more sensitive to DNR and L-DNR than N BM and N PB mononuclear cells, 
reflecting the therapeutic index of these drugs. In conclusion, this study has shown 
that there is no significant difference in cytotoxicity between DNR and L-DNR and 
that therefore, L-DNR might be more effective clinically, as it is employed in higher 
dosages and has a greater AUC.
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As our knowledge of the genetic aberrancies in AML has increased dramatically, it 
is appealing to therapeutically target these aberrancies. In this thesis we have 
described 2 different drugs targeting type I mutations. In chapter 7, we investigated 
pediatric AML and ALL samples for in vitro sensitivity to Tipifarnib and compared 
these results to those obtained with N BM samples.226 Tipifarnib is an orally 
available farnesyl transferase inhibitor (FTI), specifically developed to target RAS-
driven malignancies.228 AML samples were more sensitive to Tipifarnib compared 
to B-cell precursor ALL or N BM samples. Within AML, FAB M5 samples were most 
sensitive to Tipifarnib. T-ALL samples were significantly more sensitive than BCP 
ALL and N BM samples. RAS mutations were present in 32% of AML and 18% of 
ALL samples, but there was no correlation between RAS mutational status and 
sensitivity to Tipifarnib. Therefore, Tipifarnib is most effective in vitro in FAB M5 
AML and T-cell ALL, but this sensitivity cannot be explained by the RAS mutational 
status.
In chapter 8, we investigated whether pediatric AML samples were sensitive to the 
tyrosine kinase inhibitor SU11657 in vitro, and whether sensitivity was related to 
expression of, and mutations in, FLT3 and KIT. SU11657 is very similar to SU11248 
(also known as sunitinib or Sutent®) which is clinically available. Overall, SU11657 
showed moderate cytotoxicity. FLT3 and KIT mutated samples were significantly 
more sensitive to SU11657 than WT KIT and FLT3 samples. Samples without KIT or 
FLT3 mutations, but with a high WT KIT expression were significantly more 
sensitive to SU11657 than samples with low KIT expression. About a third of FLT3
and KIT mutated samples was resistant to SU11657 in vitro and in contrast, a third 
of the FLT3 and KIT WT samples were relatively sensitive to SU11657. Therefore, 
SU11657 might be clinically useful in more than just KIT and FLT3 mutated patients. 
In this thesis we have shown that there still is a lot of work to do to improve the 
prognosis of children with (relapsed) AML and that not all patients with relapsed 
AML need a SCT to be cured. We can identify type I mutations in almost half of 
pediatric AML patients. Unfortunately, FLT3/ITD mutations are not conserved 
between initial diagnosis and relapse in many patients and cannot be used for MRD 
follow-up. We demonstrated that L-DNR is as effective in vitro as DNR. This is 
important as L-DNR possibly is less (cardio)toxic and therefore employment of L-
DNR in stead of DNR might be as effective clinically but associated with fewer side-
effects. Type I mutations can also be used as treatment targets using newly 
developed drugs. Our results with Tipifarnib and SU11657 demonstrate that 
although a drug is developed for a specific target, its efficacy does not always 
depend on these targets and therefore should also be investigated in patients 
without the intended target.
In the last few years much has been learned about the genetic abnormalities 
associated with AML and new drugs have been developed targeting theses 

abnormalities. In the next years, clinical research with these new drugs will show 
whether they will be able to improve the prognosis of children with AML. 

General discussion 

With current chemotherapeutic agents and treatment schedules we have reached an 
unsatisfactory plateau in the outcome of children with AML. If we want to cure 
more children, we need to study the biology of AML and identify novel treatment 
targets.
In the first part of this thesis we reported the poor prognosis of Dutch children with 
recurrent AML, we described the frequency of KIT, RAS and PTPN11 mutations in 
pediatric AML and investigated the stability of FLT3 mutations between initial 
diagnosis and relapse.
As others have also reported, outcome is very poor in children with recurrent AML, 
as only 18 of the 113 children with relapsed AML in our study are long term 
survivors.5-9 In the previously described pediatric relapsed AML cohorts the pOS 
for CR2 patients treated with chemotherapy alone ranged from 0 to 100%, and 22% 
of the children in our cohort treated with chemotherapy only are long-term 
survivors. Therefore, we question whether a SCT in CR2 is the only chance of cure 
for children with relapsed AML, as is commonly thought.127;128 A randomized 
clinical trial to prove this has never been performed. Especially when a matched 
donor is unavailable, intensive chemotherapy may be preferable over a mismatched 
or haplo-identical donor SCT, which is associated with significant morbidity and 
mortality.178;179 Future research should try to identify the characteristics of children 
who do not need a SCT after relapse for cure. Most importantly, as the survival after 
relapse in general is poor, initial treatment should be optimized further to prevent 
the occurrence of relapse. When a relapse does occur, optimal treatment in the 
setting of a clinical trial should be offered to all patients. The I-BFM-SG AML 
committee has opened the first international randomized pediatric relapsed AML 
study in 2001/2002, randomizing children between FLAG and FLAG-DNX. This 
initiative has been an important step forward in the treatment of children with 
relapsed AML, providing a broad platform for future studies. 
In our study on the prevalence of KIT and RAS mutations in pediatric AML, we also 
investigated the prognostic significance of these mutations. As KIT mutations were 
most common in CBF AML, we studied the prognostic relevance of KIT mutations 
in this subgroup. In this relatively small group of patients (N=27) we could not 
show a prognostic significance for KIT mutations, but recently, different groups 
have demonstrated that children and adults with CBF AML and a KIT exon 17 
mutation have a poor prognosis.257-260;283 The presence of KIT mutations in most CBF 
AML patients and the poor prognosis of patients with KIT exon 17 mutations, make 
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As our knowledge of the genetic aberrancies in AML has increased dramatically, it 
is appealing to therapeutically target these aberrancies. In this thesis we have 
described 2 different drugs targeting type I mutations. In chapter 7, we investigated 
pediatric AML and ALL samples for in vitro sensitivity to Tipifarnib and compared 
these results to those obtained with N BM samples.226 Tipifarnib is an orally 
available farnesyl transferase inhibitor (FTI), specifically developed to target RAS-
driven malignancies.228 AML samples were more sensitive to Tipifarnib compared 
to B-cell precursor ALL or N BM samples. Within AML, FAB M5 samples were most 
sensitive to Tipifarnib. T-ALL samples were significantly more sensitive than BCP 
ALL and N BM samples. RAS mutations were present in 32% of AML and 18% of 
ALL samples, but there was no correlation between RAS mutational status and 
sensitivity to Tipifarnib. Therefore, Tipifarnib is most effective in vitro in FAB M5 
AML and T-cell ALL, but this sensitivity cannot be explained by the RAS mutational 
status.
In chapter 8, we investigated whether pediatric AML samples were sensitive to the 
tyrosine kinase inhibitor SU11657 in vitro, and whether sensitivity was related to 
expression of, and mutations in, FLT3 and KIT. SU11657 is very similar to SU11248 
(also known as sunitinib or Sutent®) which is clinically available. Overall, SU11657 
showed moderate cytotoxicity. FLT3 and KIT mutated samples were significantly 
more sensitive to SU11657 than WT KIT and FLT3 samples. Samples without KIT or 
FLT3 mutations, but with a high WT KIT expression were significantly more 
sensitive to SU11657 than samples with low KIT expression. About a third of FLT3
and KIT mutated samples was resistant to SU11657 in vitro and in contrast, a third 
of the FLT3 and KIT WT samples were relatively sensitive to SU11657. Therefore, 
SU11657 might be clinically useful in more than just KIT and FLT3 mutated patients. 
In this thesis we have shown that there still is a lot of work to do to improve the 
prognosis of children with (relapsed) AML and that not all patients with relapsed 
AML need a SCT to be cured. We can identify type I mutations in almost half of 
pediatric AML patients. Unfortunately, FLT3/ITD mutations are not conserved 
between initial diagnosis and relapse in many patients and cannot be used for MRD 
follow-up. We demonstrated that L-DNR is as effective in vitro as DNR. This is 
important as L-DNR possibly is less (cardio)toxic and therefore employment of L-
DNR in stead of DNR might be as effective clinically but associated with fewer side-
effects. Type I mutations can also be used as treatment targets using newly 
developed drugs. Our results with Tipifarnib and SU11657 demonstrate that 
although a drug is developed for a specific target, its efficacy does not always 
depend on these targets and therefore should also be investigated in patients 
without the intended target.
In the last few years much has been learned about the genetic abnormalities 
associated with AML and new drugs have been developed targeting theses 

abnormalities. In the next years, clinical research with these new drugs will show 
whether they will be able to improve the prognosis of children with AML. 

General discussion 

With current chemotherapeutic agents and treatment schedules we have reached an 
unsatisfactory plateau in the outcome of children with AML. If we want to cure 
more children, we need to study the biology of AML and identify novel treatment 
targets.
In the first part of this thesis we reported the poor prognosis of Dutch children with 
recurrent AML, we described the frequency of KIT, RAS and PTPN11 mutations in 
pediatric AML and investigated the stability of FLT3 mutations between initial 
diagnosis and relapse.
As others have also reported, outcome is very poor in children with recurrent AML, 
as only 18 of the 113 children with relapsed AML in our study are long term 
survivors.5-9 In the previously described pediatric relapsed AML cohorts the pOS 
for CR2 patients treated with chemotherapy alone ranged from 0 to 100%, and 22% 
of the children in our cohort treated with chemotherapy only are long-term 
survivors. Therefore, we question whether a SCT in CR2 is the only chance of cure 
for children with relapsed AML, as is commonly thought.127;128 A randomized 
clinical trial to prove this has never been performed. Especially when a matched 
donor is unavailable, intensive chemotherapy may be preferable over a mismatched 
or haplo-identical donor SCT, which is associated with significant morbidity and 
mortality.178;179 Future research should try to identify the characteristics of children 
who do not need a SCT after relapse for cure. Most importantly, as the survival after 
relapse in general is poor, initial treatment should be optimized further to prevent 
the occurrence of relapse. When a relapse does occur, optimal treatment in the 
setting of a clinical trial should be offered to all patients. The I-BFM-SG AML 
committee has opened the first international randomized pediatric relapsed AML 
study in 2001/2002, randomizing children between FLAG and FLAG-DNX. This 
initiative has been an important step forward in the treatment of children with 
relapsed AML, providing a broad platform for future studies. 
In our study on the prevalence of KIT and RAS mutations in pediatric AML, we also 
investigated the prognostic significance of these mutations. As KIT mutations were 
most common in CBF AML, we studied the prognostic relevance of KIT mutations 
in this subgroup. In this relatively small group of patients (N=27) we could not 
show a prognostic significance for KIT mutations, but recently, different groups 
have demonstrated that children and adults with CBF AML and a KIT exon 17 
mutation have a poor prognosis.257-260;283 The presence of KIT mutations in most CBF 
AML patients and the poor prognosis of patients with KIT exon 17 mutations, make 
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KIT an attractive treatment target. Several drugs inhibiting KIT, such as imatinib, 
sunitinib, midostaurin and dasatinib have been developed and are currently in 
clinical trials (www.clinicaltrials.gov). We also showed that RAS mutations did not 
influence prognosis in pediatric AML and this was later confirmed in two large 
adult AML cohorts.56;57 Striking in this study was the low frequency of FLT3, KIT
and RAS mutations in FAB M5 AML. Although it was previously reported that 
mutations in the phosphatase SHP-2 (gene name PTPN11) were more frequent in 
FAB M5 AML, we could not confirm this in our western European cohort of 
pediatric AML patients. We hypothesize that there might be ethnic differences in 
the incidence of PTPN11 mutations, as the studies with the highest PTPN11 
mutation frequencies were from Italy and the USA.203;204 A similar phenomenon was 
previously described for t(15;17) positive AML.284-286 In addition, Iris Hollink and 
Brian Balgobind  (PhD students at the Erasmus MC in Rotterdam, supervised by 
Michel Zwaan), are trying to elucidate the cooperating events in FAB M5 AML, as 
until now these are largely unknown. Currently, a post-doc in our lab (Isabelle 
Hubeek, PhD) is studying the role of other phosphatases and of signal regulatory 
protein alpha (SIRP ) in AML, including FAB M5 AML. 
From our results and literature99, it is clear that there are non-random relations 
between type I and type II mutations. Certain type I mutations occur most 
frequently with specific type II mutations. KIT mutations are frequent in t(8;21) and 
inv(16) AML, while they are rare in other cytogenetic subgroups, while FLT3/ITD 
mutations are frequent in t(15;17) and t(6;9) AML99;202;283;287;288. The most frequent 
cooperating genetic abnormalities are summarized in Table 1.

Table 1. Non-random relations between type I and type II mutations.  

Type I
mutation karyotype molecular
FLT3/ITD t(15;17) PML-RAR

t(6;9) DEK-CAN
NK NPM1

CEBP
AML1

FLT3-TK2 NK Unknown
KIT t(8;21) AML1-ETO

inv(16) CBF -MYH11
RAS NK Unknown

t(8;21) AML1-ETO
inv(16) CBF -MYH11

JAK +8 Unknown

Type II mutation

NK means normal karyotype, TK2 tyrosine kinase domain 2.

These non-random relations between type I mutations and type II mutations 
provide support for the hypothesis that these two type of mutations cooperate in 
causing AML.43 In addition, in mouse models, only when a type I and a type II 

mutation occur in the same cell, leukemia develops.44-47 Another prediction of this 
model is that the different mutations that induce proliferation should be mutually 
exclusive as only one mutation would be required for leukemogenesis. Our data, 
and the reports in literature, support this prediction as the different type I mutations 
in general are mutually exclusive.99 These non-random associations between type I 
and type II mutations suggest that there may be a requirement for certain signaling 
events for efficient leukemogenesis in the setting of aberrant genetic programming 
induced by these fusion transcription factors. Different combinations of type I and II 
mutations also have a different outcome, as was described for FLT3/ITD and NPM1
mutations.96 Patients with a FLT3/ITD mutation have a poor prognosis, regardless of 
the NPM1 mutational status, while within the group of patients with WT FLT3,
patients with a NPM1 mutation have a favorable and patients without an NPM1
mutation an intermediate prognosis. 
In all our studies, we have investigated the bulk of the AML cells, as is present at 
diagnosis in blood or bone marrow. We have shown that in a significant number of 
AML patients the FLT3/ITD status changes between initial diagnosis and relapse.80

Therefore, with the current information, FLT3/ITD does not seem a reliable MRD 
marker. Recently, it was shown that not in all patients the FLT3/ITD is present in the 
CD34(+)/CD33(-) progenitor compartment and that only patients with a FLT3/ITD
positive progenitor blast population had a poor prognosis.289 These results suggest 
that there is significant heterogeneity and/or clonal instability in the leukemic blast 
population and that FLT3/ITD is not necessarily present in the leukemic progenitor 
or stem cell giving rise to AML. Possibly only patients with FLT3/ITD in the 
leukemic progenitor/stem cell have a poor prognosis and acquiring a FLT3/ITD in a 
more mature blast does not affect prognosis. This hypothesis is strengthened by our 
results that patients with a FLT3/ITD have a shorter time to relapse, especially when 
the FLT3/ITD is present at relapse. One could hypothesize that patients who were 
negative for FLT3/ITD at diagnosis, and became positive at relapse, already 
harbored the FLT3/ITD in the leukemic progenitor/stem cell responsible for the 
relapse, but the subpopulation was too small to be picked up in the bulk of the cells. 
It will be interesting to study in which leukemic blast populations a type I mutation 
is present at diagnosis, and follow them in the different populations during 
treatment in minimal residual disease (MRD) and possibly at relapse. In a new 
project in our lab (headed by Jacqueline Cloos, PhD), these kinetics are studied for 
FLT3 and other type I mutations. 
Why do patients with a FLT3/ITD mutation, and especially patients with this 
mutation in their leukemic progenitors, have such a poor prognosis? It was 
published that the presence of a FLT3/ITD greatly increased beta-catenin levels and 
that interference with beta-catenin decreased the clonogenic capacity of FLT3/ITD
positive cells.290 Beta-catenin has been shown to be crucial for stem cell self-

001-168_Goemans_21881.indd   122 24-04-2007   16:52:55



123Summary,	discussion	and	future	perspectives

KIT an attractive treatment target. Several drugs inhibiting KIT, such as imatinib, 
sunitinib, midostaurin and dasatinib have been developed and are currently in 
clinical trials (www.clinicaltrials.gov). We also showed that RAS mutations did not 
influence prognosis in pediatric AML and this was later confirmed in two large 
adult AML cohorts.56;57 Striking in this study was the low frequency of FLT3, KIT
and RAS mutations in FAB M5 AML. Although it was previously reported that 
mutations in the phosphatase SHP-2 (gene name PTPN11) were more frequent in 
FAB M5 AML, we could not confirm this in our western European cohort of 
pediatric AML patients. We hypothesize that there might be ethnic differences in 
the incidence of PTPN11 mutations, as the studies with the highest PTPN11 
mutation frequencies were from Italy and the USA.203;204 A similar phenomenon was 
previously described for t(15;17) positive AML.284-286 In addition, Iris Hollink and 
Brian Balgobind  (PhD students at the Erasmus MC in Rotterdam, supervised by 
Michel Zwaan), are trying to elucidate the cooperating events in FAB M5 AML, as 
until now these are largely unknown. Currently, a post-doc in our lab (Isabelle 
Hubeek, PhD) is studying the role of other phosphatases and of signal regulatory 
protein alpha (SIRP ) in AML, including FAB M5 AML. 
From our results and literature99, it is clear that there are non-random relations 
between type I and type II mutations. Certain type I mutations occur most 
frequently with specific type II mutations. KIT mutations are frequent in t(8;21) and 
inv(16) AML, while they are rare in other cytogenetic subgroups, while FLT3/ITD 
mutations are frequent in t(15;17) and t(6;9) AML99;202;283;287;288. The most frequent 
cooperating genetic abnormalities are summarized in Table 1.

Table 1. Non-random relations between type I and type II mutations.  

Type I
mutation karyotype molecular
FLT3/ITD t(15;17) PML-RAR

t(6;9) DEK-CAN
NK NPM1

CEBP
AML1

FLT3-TK2 NK Unknown
KIT t(8;21) AML1-ETO

inv(16) CBF -MYH11
RAS NK Unknown

t(8;21) AML1-ETO
inv(16) CBF -MYH11

JAK +8 Unknown

Type II mutation

NK means normal karyotype, TK2 tyrosine kinase domain 2.

These non-random relations between type I mutations and type II mutations 
provide support for the hypothesis that these two type of mutations cooperate in 
causing AML.43 In addition, in mouse models, only when a type I and a type II 

mutation occur in the same cell, leukemia develops.44-47 Another prediction of this 
model is that the different mutations that induce proliferation should be mutually 
exclusive as only one mutation would be required for leukemogenesis. Our data, 
and the reports in literature, support this prediction as the different type I mutations 
in general are mutually exclusive.99 These non-random associations between type I 
and type II mutations suggest that there may be a requirement for certain signaling 
events for efficient leukemogenesis in the setting of aberrant genetic programming 
induced by these fusion transcription factors. Different combinations of type I and II 
mutations also have a different outcome, as was described for FLT3/ITD and NPM1
mutations.96 Patients with a FLT3/ITD mutation have a poor prognosis, regardless of 
the NPM1 mutational status, while within the group of patients with WT FLT3,
patients with a NPM1 mutation have a favorable and patients without an NPM1
mutation an intermediate prognosis. 
In all our studies, we have investigated the bulk of the AML cells, as is present at 
diagnosis in blood or bone marrow. We have shown that in a significant number of 
AML patients the FLT3/ITD status changes between initial diagnosis and relapse.80

Therefore, with the current information, FLT3/ITD does not seem a reliable MRD 
marker. Recently, it was shown that not in all patients the FLT3/ITD is present in the 
CD34(+)/CD33(-) progenitor compartment and that only patients with a FLT3/ITD
positive progenitor blast population had a poor prognosis.289 These results suggest 
that there is significant heterogeneity and/or clonal instability in the leukemic blast 
population and that FLT3/ITD is not necessarily present in the leukemic progenitor 
or stem cell giving rise to AML. Possibly only patients with FLT3/ITD in the 
leukemic progenitor/stem cell have a poor prognosis and acquiring a FLT3/ITD in a 
more mature blast does not affect prognosis. This hypothesis is strengthened by our 
results that patients with a FLT3/ITD have a shorter time to relapse, especially when 
the FLT3/ITD is present at relapse. One could hypothesize that patients who were 
negative for FLT3/ITD at diagnosis, and became positive at relapse, already 
harbored the FLT3/ITD in the leukemic progenitor/stem cell responsible for the 
relapse, but the subpopulation was too small to be picked up in the bulk of the cells. 
It will be interesting to study in which leukemic blast populations a type I mutation 
is present at diagnosis, and follow them in the different populations during 
treatment in minimal residual disease (MRD) and possibly at relapse. In a new 
project in our lab (headed by Jacqueline Cloos, PhD), these kinetics are studied for 
FLT3 and other type I mutations. 
Why do patients with a FLT3/ITD mutation, and especially patients with this 
mutation in their leukemic progenitors, have such a poor prognosis? It was 
published that the presence of a FLT3/ITD greatly increased beta-catenin levels and 
that interference with beta-catenin decreased the clonogenic capacity of FLT3/ITD
positive cells.290 Beta-catenin has been shown to be crucial for stem cell self-
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renewal.291 Possibly, beta-catenin signaling induced by FLT3/ITD, increases 
leukemic stem cell frequency, which was reported to be correlated with poor 
prognosis in adult AML.292 This might be one explanation for the poor prognosis 
associated with FLT3/ITD.

In the second part of this thesis we studied targeted drugs in vitro. Targeted drugs 
are defined as drugs specifically targeting leukemic cells. This includes conventional 
drugs in a new formulation (such as liposomal daunorubicin), but also drugs 
developed to interfere with oncogenic proteins expressed in leukemic cells, such as 
Tipifarnib and SU11657. 
For all drugs, conventional and targeted, in vivo response to treatment is determined 
by at least five variables: dose, treatment schedule, cellular drug resistance, 
pharmacokinetics and regrowth potential of the residual leukemic cells. We study 
cellular drug resistance by testing drugs in vitro using a cytotoxicity assay. In the 
case of DNR and L-DNR, for which we have shown in this thesis that there are no 
differences in in vitro cytotoxicity, there are large differences in pharmacokinetics. 
The volume of distribution of L-DNR in children is only ± 2 l/m2, compared to ± 
1500 l/m2 for free DNR.224;227 This results in a significant increase of the area under 
the curve for L-DNR and thus leukemic cells in vivo are exposed to higher 
concentrations of L-DNR when equivalent doses of DNR and L-DNR are used. In 
addition, L-DNR is employed at higher dosages in clinical trials (for instance L-
DNR 80 mg/m2 x 3 days in the current AML-BFM Study Group 2004 trial vs. 
daunorubicin 50 mg/m2 x 3 days in the current MRC AML15 trial), because of the 
different toxicity profile. Therefore, we speculate that as more L-DNR reaches the 
leukemic cells compared to DNR and there is no difference in in vitro cytotoxicity, L-
DNR will be more effective clinically than DNR. This should be studied in 
prospective randomized clinical trials. Preclinical animal studies have shown that L-
DNR preferentially accumulated in tumor tissue sparing other tissues, such as the 
heart.136;137 In addition, L-DNR did not cause significant alterations in cardiac 
function, in contrast to DNR.137  L-DNR has been most extensively studied in Kaposi 
sarcoma (KS) and in a phase IV study of KS patients no significant cardiotoxic 
events were observed despite high cumulative drug doses and relatively long 
follow-up.293  Clinical studies in pediatric patients are limited, but side-effects 
appear to be manageable. 222-224;294 Data on cardiotoxicity in these trials is conflicting, 
possibly because many patients had been heavily pretreated, including 
anthracycline and radiotherapy. The upfront AML-BFM 2004 and I-BFM-SG 
2001/01 relapsed AML studies will answer some of the questions concerning the 
clinical efficacy and (cardio)toxicity of L-DNR. Hopefully, L-DNR will at least retain 
or even improve on the antileukemic efficacy of current anthracyclines, without the 
cardiotoxic effects. 

In addition to the targeted conventional drug liposomal daunorubicin, we also 
studied two novel drugs, specifically developed to inhibit oncogenic proteins 
involved in AML leukemogenesis, namely Tipifarnib, a farnesyl transferase 
inhibitor developed to inhibit RAS, and SU11657, a tyrosine kinase inhibitor (TKI) of 
KIT and FLT3. Unexpectedly, samples without a RAS mutation were shown to be as 
sensitive to Tipifarnib as samples with a RAS mutation. An explanation for this may 
be that farnesylation is only one form of prenylation, and RAS proteins are also 
subject to other types of prenylation. NRAS and KRAS become subject to 
geranylgeranylation when cells are treated with FTIs, allowing attachment to the 
cell membrane and subsequent activation of downstream signal transduction.232

Therefore, geranylgeranylation of RAS could overcome the inhibitory effects of 
Tipifarnib on RAS farnesylation and explain the lack of correlation between RAS
mutations and in vitro sensitivity to Tipifarnib. Tipifarnib is a general inhibitor of 
farnesylation and thus not only affects RAS prenylation, but also interferes with the 
function of many other proteins that need farnesylation for normal function. Cell 
cycle regulatory proteins that require farnesylation, such as RhoB and CENP-E, 
would be a likely candidate mediating the effects of Tipifarnib.247-249 Recently, 
microarray analyses in Tipifarnib treated cancer cells have been performed295;296, but 
the target(s) responsible for Tipifarnib induced cytotoxicity are still unknown and 
therefore further investigation is warranted. A phase II trial with Tipifarnib as a 
single agent in untreated elderly AML patients reported a CR rate of 14%.297 Phase 
I/II trials in adult AML using Tipifarnib combined with conventional induction 
chemotherapy are ongoing (source www.clinicaltrials.gov). One of these trials 
recently reported a higher response rate in patients treated with Tipifarnib added to 
cytarabine and idarubicin (AI) compared to patients treated with AI alone (77 vs. 
68%, p=0.29), although the differences were not significant.298 A phase I trial with 
Tipifarnib was performed in children with solid tumors, but currently no clinical 
trials in pediatric leukemia are underway.299 Therefore in conclusion, Tipifarnib 
may be a promising new drug in AML, especially when combined with 
conventional chemotherapy, but it is not inhibiting RAS signal transduction. A new 
drug interfering with RAS signaling would still be very interesting as almost 20% of 
patients with AML have a RAS mutation. 
Our results with the tyrosine kinase inhibitor SU11657 showed that KIT and FLT3
mutated samples were significantly more sensitive than samples without FLT3 and 
KIT mutations, although a third of FLT3 and KIT mutated samples was relatively 
resistant to SU11657. Therefore, it seems that in some mutated samples the leukemic 
cells are not predominantly dependent on aberrant FLT3 or KIT signaling, but are 
able to use other pathways for proliferation and survival.  Willemijn Scholten in our 
lab is developing a new flow cytometric technique to investigate the 
phosphorylation level of different proteins involved in these pathways, such as 
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renewal.291 Possibly, beta-catenin signaling induced by FLT3/ITD, increases 
leukemic stem cell frequency, which was reported to be correlated with poor 
prognosis in adult AML.292 This might be one explanation for the poor prognosis 
associated with FLT3/ITD.

In the second part of this thesis we studied targeted drugs in vitro. Targeted drugs 
are defined as drugs specifically targeting leukemic cells. This includes conventional 
drugs in a new formulation (such as liposomal daunorubicin), but also drugs 
developed to interfere with oncogenic proteins expressed in leukemic cells, such as 
Tipifarnib and SU11657. 
For all drugs, conventional and targeted, in vivo response to treatment is determined 
by at least five variables: dose, treatment schedule, cellular drug resistance, 
pharmacokinetics and regrowth potential of the residual leukemic cells. We study 
cellular drug resistance by testing drugs in vitro using a cytotoxicity assay. In the 
case of DNR and L-DNR, for which we have shown in this thesis that there are no 
differences in in vitro cytotoxicity, there are large differences in pharmacokinetics. 
The volume of distribution of L-DNR in children is only ± 2 l/m2, compared to ± 
1500 l/m2 for free DNR.224;227 This results in a significant increase of the area under 
the curve for L-DNR and thus leukemic cells in vivo are exposed to higher 
concentrations of L-DNR when equivalent doses of DNR and L-DNR are used. In 
addition, L-DNR is employed at higher dosages in clinical trials (for instance L-
DNR 80 mg/m2 x 3 days in the current AML-BFM Study Group 2004 trial vs. 
daunorubicin 50 mg/m2 x 3 days in the current MRC AML15 trial), because of the 
different toxicity profile. Therefore, we speculate that as more L-DNR reaches the 
leukemic cells compared to DNR and there is no difference in in vitro cytotoxicity, L-
DNR will be more effective clinically than DNR. This should be studied in 
prospective randomized clinical trials. Preclinical animal studies have shown that L-
DNR preferentially accumulated in tumor tissue sparing other tissues, such as the 
heart.136;137 In addition, L-DNR did not cause significant alterations in cardiac 
function, in contrast to DNR.137  L-DNR has been most extensively studied in Kaposi 
sarcoma (KS) and in a phase IV study of KS patients no significant cardiotoxic 
events were observed despite high cumulative drug doses and relatively long 
follow-up.293  Clinical studies in pediatric patients are limited, but side-effects 
appear to be manageable. 222-224;294 Data on cardiotoxicity in these trials is conflicting, 
possibly because many patients had been heavily pretreated, including 
anthracycline and radiotherapy. The upfront AML-BFM 2004 and I-BFM-SG 
2001/01 relapsed AML studies will answer some of the questions concerning the 
clinical efficacy and (cardio)toxicity of L-DNR. Hopefully, L-DNR will at least retain 
or even improve on the antileukemic efficacy of current anthracyclines, without the 
cardiotoxic effects. 

In addition to the targeted conventional drug liposomal daunorubicin, we also 
studied two novel drugs, specifically developed to inhibit oncogenic proteins 
involved in AML leukemogenesis, namely Tipifarnib, a farnesyl transferase 
inhibitor developed to inhibit RAS, and SU11657, a tyrosine kinase inhibitor (TKI) of 
KIT and FLT3. Unexpectedly, samples without a RAS mutation were shown to be as 
sensitive to Tipifarnib as samples with a RAS mutation. An explanation for this may 
be that farnesylation is only one form of prenylation, and RAS proteins are also 
subject to other types of prenylation. NRAS and KRAS become subject to 
geranylgeranylation when cells are treated with FTIs, allowing attachment to the 
cell membrane and subsequent activation of downstream signal transduction.232

Therefore, geranylgeranylation of RAS could overcome the inhibitory effects of 
Tipifarnib on RAS farnesylation and explain the lack of correlation between RAS
mutations and in vitro sensitivity to Tipifarnib. Tipifarnib is a general inhibitor of 
farnesylation and thus not only affects RAS prenylation, but also interferes with the 
function of many other proteins that need farnesylation for normal function. Cell 
cycle regulatory proteins that require farnesylation, such as RhoB and CENP-E, 
would be a likely candidate mediating the effects of Tipifarnib.247-249 Recently, 
microarray analyses in Tipifarnib treated cancer cells have been performed295;296, but 
the target(s) responsible for Tipifarnib induced cytotoxicity are still unknown and 
therefore further investigation is warranted. A phase II trial with Tipifarnib as a 
single agent in untreated elderly AML patients reported a CR rate of 14%.297 Phase 
I/II trials in adult AML using Tipifarnib combined with conventional induction 
chemotherapy are ongoing (source www.clinicaltrials.gov). One of these trials 
recently reported a higher response rate in patients treated with Tipifarnib added to 
cytarabine and idarubicin (AI) compared to patients treated with AI alone (77 vs. 
68%, p=0.29), although the differences were not significant.298 A phase I trial with 
Tipifarnib was performed in children with solid tumors, but currently no clinical 
trials in pediatric leukemia are underway.299 Therefore in conclusion, Tipifarnib 
may be a promising new drug in AML, especially when combined with 
conventional chemotherapy, but it is not inhibiting RAS signal transduction. A new 
drug interfering with RAS signaling would still be very interesting as almost 20% of 
patients with AML have a RAS mutation. 
Our results with the tyrosine kinase inhibitor SU11657 showed that KIT and FLT3
mutated samples were significantly more sensitive than samples without FLT3 and 
KIT mutations, although a third of FLT3 and KIT mutated samples was relatively 
resistant to SU11657. Therefore, it seems that in some mutated samples the leukemic 
cells are not predominantly dependent on aberrant FLT3 or KIT signaling, but are 
able to use other pathways for proliferation and survival.  Willemijn Scholten in our 
lab is developing a new flow cytometric technique to investigate the 
phosphorylation level of different proteins involved in these pathways, such as 

001-168_Goemans_21881.indd   125 24-04-2007   16:53:00



Ch
ap

te
r	

9

126

pERK, pAKT and pNF B. Using this technique we will be able to study the 
activation of several pathways in patient material, using a small number of cells. A 
third of the FLT3 and KIT WT samples were relatively sensitive to SU11657. One 
explanation was that samples with high KIT WT expression were significantly more 
sensitive to SU11657 than samples with low WT KIT expression, although there was 
no difference in sensitivity between samples with low and high FLT3 expression. In 
addition, SU11657 and SU11248 are relatively promiscuous kinase inhibitors and 
inhibit several kinases in addition to KIT and FLT3. The VEGF and PDGF receptors 
are the two best characterized targets, but many other kinases are also inhibited, 
including the tyrosine kinases JAK1 and RET, but some serine/threonine kinases 
are also inhibited.269;277 Dependence on these targets may explain the SU11657 
sensitivity in some samples. More promiscuous TKIs such as sunitinib could 
possibly be more effective in treating AML than specific TKIs, as many different 
kinases are inhibited. One fear in using the more promiscuous TKIs is that this 
might translate into more side-effects. However, clinical trials with sunitinib have 
shown that it is well tolerated and serious side-effects are rare.150-152 Currently, no 
clinical trial using sunitinib in AML is ongoing unfortunately, despite encouraging 
results in a phase I trial and FDA approval for sunitinib in the treatment of imatinib-
resistant gastro-intestinal stromal tumors and renal cell carcinoma.150

One important conclusion from our research is that although many novel drugs are 
developed as targeted drugs, their antileukemic efficacy may not depend on the 
target it was developed for. The first targeted drug for who this became apparent 
was imatinib, developed to inhibit BCR-ABL in CML, which was shown to be 
highly effective in hypereosinophilic syndrome (HES).300-302 HES was later shown to 
be caused by the FIP1L1-PDGFRalpha fusion protein, which is constitutively active 
and can be inhibited by imatinib.303 In case of Tipifarnib, developed as a targeted 
drug interfering with RAS signaling, the antileukemic efficacy is not caused by 
interference with RAS. The basis for the antileukemic effects of Tipifarnib is still 
unknown and is under investigation. Therefore, it will be important to study new 
targeted drugs in heterogeneous patient populations as they can be effective in 
unexpected patient groups. In addition, new techniques such as profiling of the 
effects of kinase inhibitors against a screen of kinases, will show novel targets of a 
targeted drug.269 Clinically, the general expectation is that these novel targeted 
drugs will be less toxic to normal tissues. However, interference with unexpected 
targets may cause unexpected side-effects, as was shown for sunitinib, which was 
shown to cause hypothyroidism based on inhibition of the RET kinase.277;304

Future perspectives 

Gene expression profiling 

To further improve our knowledge on leukemogenesis and to identify prognostic 
factors and novel treatment targets, with the ultimate goal of improving the 
prognosis of children suffering from AML, we need new techniques to study AML. 
One of these techniques is gene expression profiling (GEP). In addition to the use of 
GEP as a diagnostic tool to accurately classify AML, it is also a powerful research 
tool.
GEP has been used to identify novel AML subgroups based on their characteristic 
GEP. Bullinger et al. identified two novel molecular AML subgroups with 
significantly different survival times, consisting mainly of patients with normal 
karyotype.109 A study by Valk et al. identified 16 clusters of AML patients using 
unsupervised cluster analysis.108 GEP can also be used to study the biology of AML 
as many genetic abnormalities have a distinct gene expression signature. Therefore 
cases with a signature consistent with a specific genetic abnormality but without 
this abnormality, will probably harbor a genetic abnormality which mimics most of 
the effects of this abnormality. This was first shown in mantle cell lymphoma (MCL) 
where a GEP associated with the t(11;14)(q13;q32), fusing the CCND1 and IGH 
genes, was shown to include samples without this characteristic translocation.305 In 
addition, these samples lacked the classical cyclin D1 overexpression seen in t(11;14) 
samples. Recently, it was shown that these cyclin D1 negative MCL samples have a 
t(2;12)(p12;p13) which fuses the CCND2 gene and IGK locus and causes 
overexpression of cyclin D2, explaining the GEP described.306  Similarly, in pediatric 
ALL a GEP was identified which included not only patients with BCR-ABL positive 
ALL, but also children without this cytogenetic abnormality.307 The patients with 
this “BCR-ABL-like” GEP had a poor prognosis. Currently, the molecular 
abnormality underlying this phenomenon is under investigation. 
When the exact mechanism by which a specific genetic abnormality is linked to the 
development of leukemia is unknown, GEP can give clues as to which pathways are 
involved, as was described for NPM1 mutated AML.98 Finally, GEP profiling can 
aid drug discovery in AML. It can be used to discover novel drug targets, as was 
described for mixed-lineage leukemia (MLL or 11q23) positive infant ALL.308 Using 
GEP it was shown that MLL positive infant ALL samples overexpress FLT3. These 
samples were then also screened for FLT3 mutations and it was shown that 16% of 
these samples had a FLT3 mutation. In vitro and in vivo, MLL positive cells with a 
FLT3 mutation or with FLT3 overexpression were shown to be sensitive to 
treatment with PKC412, a FLT3 inhibitor. GEP can also be used to screen for novel 

001-168_Goemans_21881.indd   126 24-04-2007   16:53:02



12�Summary,	discussion	and	future	perspectives

pERK, pAKT and pNF B. Using this technique we will be able to study the 
activation of several pathways in patient material, using a small number of cells. A 
third of the FLT3 and KIT WT samples were relatively sensitive to SU11657. One 
explanation was that samples with high KIT WT expression were significantly more 
sensitive to SU11657 than samples with low WT KIT expression, although there was 
no difference in sensitivity between samples with low and high FLT3 expression. In 
addition, SU11657 and SU11248 are relatively promiscuous kinase inhibitors and 
inhibit several kinases in addition to KIT and FLT3. The VEGF and PDGF receptors 
are the two best characterized targets, but many other kinases are also inhibited, 
including the tyrosine kinases JAK1 and RET, but some serine/threonine kinases 
are also inhibited.269;277 Dependence on these targets may explain the SU11657 
sensitivity in some samples. More promiscuous TKIs such as sunitinib could 
possibly be more effective in treating AML than specific TKIs, as many different 
kinases are inhibited. One fear in using the more promiscuous TKIs is that this 
might translate into more side-effects. However, clinical trials with sunitinib have 
shown that it is well tolerated and serious side-effects are rare.150-152 Currently, no 
clinical trial using sunitinib in AML is ongoing unfortunately, despite encouraging 
results in a phase I trial and FDA approval for sunitinib in the treatment of imatinib-
resistant gastro-intestinal stromal tumors and renal cell carcinoma.150

One important conclusion from our research is that although many novel drugs are 
developed as targeted drugs, their antileukemic efficacy may not depend on the 
target it was developed for. The first targeted drug for who this became apparent 
was imatinib, developed to inhibit BCR-ABL in CML, which was shown to be 
highly effective in hypereosinophilic syndrome (HES).300-302 HES was later shown to 
be caused by the FIP1L1-PDGFRalpha fusion protein, which is constitutively active 
and can be inhibited by imatinib.303 In case of Tipifarnib, developed as a targeted 
drug interfering with RAS signaling, the antileukemic efficacy is not caused by 
interference with RAS. The basis for the antileukemic effects of Tipifarnib is still 
unknown and is under investigation. Therefore, it will be important to study new 
targeted drugs in heterogeneous patient populations as they can be effective in 
unexpected patient groups. In addition, new techniques such as profiling of the 
effects of kinase inhibitors against a screen of kinases, will show novel targets of a 
targeted drug.269 Clinically, the general expectation is that these novel targeted 
drugs will be less toxic to normal tissues. However, interference with unexpected 
targets may cause unexpected side-effects, as was shown for sunitinib, which was 
shown to cause hypothyroidism based on inhibition of the RET kinase.277;304

Future perspectives 

Gene expression profiling 

To further improve our knowledge on leukemogenesis and to identify prognostic 
factors and novel treatment targets, with the ultimate goal of improving the 
prognosis of children suffering from AML, we need new techniques to study AML. 
One of these techniques is gene expression profiling (GEP). In addition to the use of 
GEP as a diagnostic tool to accurately classify AML, it is also a powerful research 
tool.
GEP has been used to identify novel AML subgroups based on their characteristic 
GEP. Bullinger et al. identified two novel molecular AML subgroups with 
significantly different survival times, consisting mainly of patients with normal 
karyotype.109 A study by Valk et al. identified 16 clusters of AML patients using 
unsupervised cluster analysis.108 GEP can also be used to study the biology of AML 
as many genetic abnormalities have a distinct gene expression signature. Therefore 
cases with a signature consistent with a specific genetic abnormality but without 
this abnormality, will probably harbor a genetic abnormality which mimics most of 
the effects of this abnormality. This was first shown in mantle cell lymphoma (MCL) 
where a GEP associated with the t(11;14)(q13;q32), fusing the CCND1 and IGH 
genes, was shown to include samples without this characteristic translocation.305 In 
addition, these samples lacked the classical cyclin D1 overexpression seen in t(11;14) 
samples. Recently, it was shown that these cyclin D1 negative MCL samples have a 
t(2;12)(p12;p13) which fuses the CCND2 gene and IGK locus and causes 
overexpression of cyclin D2, explaining the GEP described.306  Similarly, in pediatric 
ALL a GEP was identified which included not only patients with BCR-ABL positive 
ALL, but also children without this cytogenetic abnormality.307 The patients with 
this “BCR-ABL-like” GEP had a poor prognosis. Currently, the molecular 
abnormality underlying this phenomenon is under investigation. 
When the exact mechanism by which a specific genetic abnormality is linked to the 
development of leukemia is unknown, GEP can give clues as to which pathways are 
involved, as was described for NPM1 mutated AML.98 Finally, GEP profiling can 
aid drug discovery in AML. It can be used to discover novel drug targets, as was 
described for mixed-lineage leukemia (MLL or 11q23) positive infant ALL.308 Using 
GEP it was shown that MLL positive infant ALL samples overexpress FLT3. These 
samples were then also screened for FLT3 mutations and it was shown that 16% of 
these samples had a FLT3 mutation. In vitro and in vivo, MLL positive cells with a 
FLT3 mutation or with FLT3 overexpression were shown to be sensitive to 
treatment with PKC412, a FLT3 inhibitor. GEP can also be used to screen for novel 
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drugs associated with a specific effect, as was done for drugs with differentiation-
inducing effects in AML.309 In this project a differentiation GEP was defined and 
then 1,739 compounds were screened for the induction of this profile in AML cells. 
This method identified eight new compounds that reliably induced the 
differentiation signature and, furthermore, yielded functional evidence of bona fide 
differentiation. These results indicate that GEP may be a powerful approach for 
chemical drug screening. 
Currently we are involved in a large collaborative GEP project in which almost 200 
pediatric AML samples from 4 different AML study groups will be investigated. In 
this project several different research question have been formulated, including 
AML classification, identification of a prognostic GEP, differences in GEP between 
paired samples obtained at initially diagnosis and relapse, differences in GEP 
between children who are in continuous complete remission and children who 
relapse, differences in GEP between patients in vitro sensitive and in vitro resistant 
to conventional cytotoxic drugs (such as cytarabine) and the expression of VEGF 
and VEGF-related genes. Of course, the data from this project will also be used to 
identify possible new targets for the treatment of pediatric AML. 
In addition to GEP, several other high-throughput screening methods such as array 
comparative genome hybridization (array-CGH), single-nucleotide polymorphism 
array (SNP-array) and proteomics will contribute substantially to our knowledge of 
the biology of AML in the coming years. 

Which cells to target? 

One of the most relevant questions in AML treatment currently is, whether further 
improvement of treatment results will come from optimizing therapy aimed at the 
bulk of the leukemic cells or by specifically targeting the leukemic stem cell (LSC). It 
is currently thought that we are relatively effective in killing the bulk of the 
leukemic cells, but that quiescent LSC are relatively unaffected by current therapy 
and ultimately give rise to relapse in many patients. The research presented in this 
thesis, both the mutational analyses and the in vitro cytotoxicity studies, has 
focused on the bulk of the cells and has not studied LSC. Specific therapy aimed at 
eradicating the LSC might improve the outcome of patients with AML. To 
specifically eradicate the LSC, we need to identify LSC-specific characteristics which 
can then be targeted. Currently known LSC-specific characteristics are few, as LSC 
share many characteristics with normal hematopoietic stem cells (HSC). LSC, but 
not HSC, were shown to have constitutively active NF B and in vitro and in vivo
these LSCs could effectively be eradicated using a combination of a proteasome 
inhibitor and idarubicin, while HSC were relatively unaffected.310;311 Currently, 
several drugs affecting NF B are in clinical trials, including the proteasome 

inhibitor Bortezomib (www.clinicaltrials.gov).312 Josefien Vink and Niels Franke 
(PhD students in our joined pediatric hematology/oncology and adult hematology 
laboratory) are currently studying NF B signaling and several drugs interfering 
with NF B in childhood leukemia, in combination with conventional 
chemotherapeutic agents. Another approach has been to identify cell surface 
markers specific for LSCs. Recently, Anna van Rhenen, a PhD student in our lab has 
identified C-type lectin-like molecule-1 (CLL-1) as a specific marker for LSCs.313 We 
hope that by linking a cytotoxic agent to an anti-CLL1 antibody, we will be able to 
develop a very effective and specific drug targeted at LSCs. More research will have 
to be performed to further characterize LSCs and their micro-environment to 
develop specific treatment strategies.

How to target leukemic cells? 

There are many challenges in the development of novel targeted drugs. There is the 
question what is better: a specific drug targeting only one or a few proteins, or more 
promiscuous drugs hitting several targets at once. A specific drug might be less 
toxic, but only useful in a few patients, while more promiscuous drugs might be 
effective in more patients, but also have more side-effects. One should keep in mind 
that even the most promiscuous novel drugs are still targeted compared to the 
conventional cytotoxic drugs and that not all side-effects are severe, such as the 
hypothyroidism caused by sunitinib.304

The clinical efficacy of the tyrosine kinase inhibitors such as midostaurin, 
lestaurtinib and tandutinib, as single agent in AML has been disappointing, when 
compared to the success story of imatinib in CML.261;262 In general, modest 
responses are observed consisting of a transient drop of peripheral blood and/or 
bone marrow blasts.150;263-266 This shows that AML is a more advanced and complex 
disease than CML and that AML blasts probably use several pathways for 
proliferation and survival. This should influence the development of novel drugs, as 
it might be more effective to target the down-stream pathways, such as the MAP 
kinase and PI-3 kinase pathways, common to the different upstream abnormalities. 
Drugs interfering with these pathways are under development.314;315 It will be 
interesting to see what the toxicities associated with these drugs are, as the 
pathways inhibited probably are not specific for leukemic cells. Another possibility 
to overcome resistance to TKI monotherapy, is to combine different inhibitors and 
prevent leukemic cells from using parallel pathways. In vitro, combination of a TKI 
and a conventional cytotoxic drug has been shown to be synergistic.316-318 Some in 
vitro studies have shown that sequence is important when combining TKIs and 
conventional chemotherapy.316;319 Treatment with chemotherapy followed by a TKI 
was synergistic, while treatment with a TKI followed by chemotherapy was 
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antagonistic. Another study has shown synergistic, sequence-independent 
cytotoxicity of the TKI tandutinib in AML.320 Currently, the clinical approach is to 
add the novel inhibitors to standard induction chemotherapy to try and improve 
current treatment outcome.298;321-324 The exact timing of these targeted drugs is also 
still open for discussion, especially since they have not been very effective in 
cytoreduction as single-agent.150;263-266 Possibly, the best time to use these drugs is 
not in the setting of overt leukemia, but in a minimal residual disease setting or as 
pre-emptive therapy at the detection of molecular relapse, as is done in APL.325

Future studies will need to identify the best combination of timing of these drugs. 
In addition to the novel targeted drugs, a whole new way of targeting AML is under 
development, namely immunotherapy. The most common form of immunotherapy 
in AML treatment is the allogeneic stem cell transplantation, where a large part of 
the effectivity of this treatment has been related to the graft versus leukemia effect 
(GVL) as evidenced by the increased efficacy of allogeneic over autologous SCT and 
the efficacy of donor lymphocyte infusions.175;176;326 A way to increase the GVL effect 
and in addition, possibly reduce the serious long-term side-effects of the intensive 
preparative regimen preceding SCT, is to use reduced intensity conditioning 
(RIC).327;328 In children experience with RIC is limited, but seems to be associated 
with more serious grade III/IV graft versus host disease. Follow-up is too short too 
comment on the possible reduction of long-term side-effects associated with SCT. 
Over 30 years ago, immunotherapy with irradiated autologous AML blasts was first 
investigated.329 In recent years, several approaches have been developed to activate 
the immune system to eradicate AML blast. Some approaches use vaccination with 
peptides expressed by AML blasts, others involve vaccination with AML peptide-
loaded dendritic cells (DCs) or AML-derived DCs.330-332 In our group, Ilse 
Houtenbos, PhD, and Marisa Westers, PhD, have done much research into AML-DC 
vaccines.330;333 It is clear that these vaccinations are feasible and that anti-AML blast 
immune responses can be elicited, but that more research has to be done to develop 
more effective vaccines.333;334 Clinical trials are needed to assess the anti-leukemic 
efficacy of these vaccination schedules. 

The need for (inter)national collaboration in pediatric AML 

Pediatric AML is a rare disease, in the Netherlands only 20-25 patients each year are 
diagnosed. In order to perform relevant laboratory and clinical research, to 
ultimately improve the prognosis of pediatric AML, it is absolutely necessary to 
collaborate nationally and internationally. It is extremely important to develop an 
international community of pediatric AML researchers, who collaborate with each 
other to further our knowledge about this disease as fast as possible, without 
redundancies. In this way the rare patient material can be used as effective as 

possible and patients will benefit from the knowledge gathered. Fortunately, much 
collaboration already exists, within the Netherlands within the DCOG, with 
Germany with the AML-BFM study group and internationally within the I-BFM 
study group. This thesis is evidence of this successful (inter)national collaboration. I 
feel these collaborations could be optimized further by detailed knowledge of each 
others work and optimal use of patient material.
For clinical trials, collaboration will become even more important than it is now. As 
pediatric AML is rare, only the larger countries such as the USA, the UK and 
Germany are able to include enough patients into randomized clinical trials.4
Smaller countries should ideally join one of the large randomized studies to increase 
the power of these studies. With the novel targeted drugs under development it is 
likely that the future of AML treatment is subgroup-directed therapy, as specific 
drugs are useful in specific subgroups only. This will further decrease the power of 
clinical trials and therefore international collaboration in pediatric AML trials will 
become necessary even for larger countries and study groups. 
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drugs are useful in specific subgroups only. This will further decrease the power of 
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Nederlandse samenvatting

Nieuwe vooruitzichten in de karakterisering en behandeling 
van acute myeloïde leukemie 

Acute myeloïde leukemie (AML) is een vorm van bloedkanker, een kwaadaardige 
aandoening van de voorloper bloedcellen in het beenmerg (de bloedfabriek). 
Beenmerg bevindt zich in de holle ruimte van de botten. Normaal gesproken rijpen 
jonge voorloper bloedcellen uit tot functionele, volwassen bloedcellen. In AML rijpen 
de voorloper bloedcellen niet voldoende uit en gaan zij zich ongeremd 
vermenigvuldigen. Daardoor hopen onrijpe, niet functionele AML cellen zich op in 
het beenmerg en bloed en verdringen de normale voorloper bloedcellen. Daardoor 
ontstaat er ontstaat een tekort aan normale bloedcellen. Dit leidt tot bloedarmoede (te 
weinig rode bloedcellen), bloedingsneiging (te weinig bloedplaatjes) en infecties (te 
weinig witte bloedcellen). AML is een heterogene ziekte met verschillende subtypes. 
Deze heterogeniteit wordt veroorzaakt door het feit dat AML kan ontstaan uit 
voorloper cellen van witte bloedcellen, rode bloedcellen en bloedplaatjes. AML kan 
ingedeeld worden naar het type voorloper cel wat betrokken is en dit wordt de FAB 
classificatie genoemd. Bij kinderen is AML relatief zeldzaam, 20-25 kinderen per jaar 
krijgen AML in Nederland. Acute lymfatische leukemie (ALL), een andere vorm van 
leukemie, komt vaker voor op de kinderleeftijd (100-120 kinderen per jaar in 
Nederland). Bij volwassenen komt AML veel vaker voor dan bij kinderen, ongeveer 
500 volwassenen per jaar krijgen AML. 
Tot het begin van de zeventiger jaren gingen de meeste kinderen met AML dood, 
slechts 5% leefde nog vijf jaar na diagnose. In de zeventiger jaren werden de eerste 
patiënten behandeld met combinaties van anti-kanker medicijnen (ook wel 
chemotherapie of cytostatica genoemd). Sindsdien is er veel bereikt in de 
behandeling van kinderen met AML. Inmiddels leeft 50-60% van de kinderen met 
AML 5 jaar na de diagnose nog. Deze vooruitgang is bereikt door het steeds verder 
intensiveren van de behandeling met chemotherapie. Dit heeft ook nadelen, 5-10% 
van de kinderen gaat tijdens de behandeling dood als gevolg van bijwerkingen van 
de behandeling. Bovendien heeft meer dan de helft van de kinderen die overleeft, 
last van lange termijn effecten van de behandeling. Daarom zijn we nog niet tevreden 
over de behandeling van kinderen met AML. We willen meer kinderen genezen met 
minder bijwerkingen op korte en lange termijn. Om dit te bereiken moeten er nieuwe 
behandelingsstrategieën ontwikkeld worden. 

In het eerste deel van dit proefschrift (hoofdstuk 2-5) beschrijven we de slechte 
prognose van kinderen met AML die hun AML terugkrijgen (een recidief krijgen) en 

we identificeren mutaties (ziekte-veroorzakende veranderingen in het erfelijke 
materiaal, DNA) in kinder AML cellen, die gebruikt zouden kunnen worden als 
prognostische factor en als aangrijpingspunt voor de behandeling. In het tweede deel 
van dit proefschrift (hoofdstuk 6-8), onderzochten we de effecten van nieuwe 
leukemie-specifieke geneesmiddelen op AML cellen in een reageerbuis.
In hoofdstuk 2 bestudeerden we de klinische uitkomst van alle Nederlandse 
kinderen met AML, in eerste instantie gediagnosticeerd tussen 1980 en 1998, die 
vervolgens een recidief kregen (N=113). De meeste kinderen kregen al binnen een 
jaar na het verdwijnen van de leukemie als gevolg van de initiële behandeling (eerste 
complete remissie of CR1), een recidief (63%). In 80% van de patiënten werd 
geprobeerd opnieuw een remissie (CR2) te bereiken met chemotherapie. Er was geen 
uniform behandelingsprotocol. In 63% van de patiënten werd CR2 bereikt en de kans 
om na 5 jaar nog in leven te zijn was 16% voor de hele groep kinderen met een 
recidief AML. Bij univariate analyse waren een korte CR1 duur ( 1 jaar) en AML 
FAB type M4 geassocieerd met een slechte overleving, terwijl er een trend was dat 
patiënten met FAB type M5 een betere overleving hadden.  Een beenmerg 
transplantatie (BMT) werd in 25 kinderen uitgevoerd na het bereiken van CR2. In 
multivariate analyse (met als variabelen CR1 duur, FAB M4, FAB M5 en BMT als 
tijdsafhankelijke variabele) was geen enkele factor geassocieerd met de 
overlevingskans. Een significant deel (22%) van de kinderen die in CR2 geen BMT 
ontvingen en dus alleen met chemotherapie behandeld werden, was 5 jaar na de 
diagnose van het recidief, nog in leven. De helft van de kinderen die in leven bleven 
had last van lange termijn effecten van de behandeling, en dit waren voornamelijk de 
kinderen die een BMT ontvangen hadden. Deze gegevens laten zien dat recidief 
AML ook in Nederland een slechte prognose heeft, dat er kinderen zijn die na een 
recidief overleven met alleen chemotherapie en dat de meeste kinderen die 
behandeld zijn met een BMT last hebben van lange termijn bijwerkingen.  
In het onderzoek dat beschreven is in hoofdstuk 3 hebben we leukemiecellen van 
150 kinderen met AML, onderzocht op de aanwezigheid van mutaties in het DNA 
coderend voor de KIT en FLT3 receptoren en het signaaltransductie eiwit RAS. Deze 
mutaties worden ook wel type I mutaties genoemd en zorgen voor proliferatie en 
overleving van leukemie cellen. Veertig procent van de kinderen met AML had een 
mutatie in KIT (11.3%), RAS (18%) of FLT3 (11.1%). We toonden aan dat bepaalde KIT
mutaties (in exon 8) resulteren in continue activatie, onafhankelijk van de 
aanwezigheid van ligand. Bovendien toonden we aan dat deze activatie geremd kan 
worden door behandeling met het nieuwe geneesmiddel imatinib. We zagen een 
interessante associatie tussen specifieke type I mutaties en bepaalde cytogenetische 
afwijkingen (type II mutaties). Zeventig procent van de AML gevallen met 
zogenaamde “core-binding factor” (CBF) AML had een mutatie in KIT of RAS.
Mutaties in RAS of FLT3 werden vaak gevonden in AML zonder chromosomale 
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kinderen die een BMT ontvangen hadden. Deze gegevens laten zien dat recidief 
AML ook in Nederland een slechte prognose heeft, dat er kinderen zijn die na een 
recidief overleven met alleen chemotherapie en dat de meeste kinderen die 
behandeld zijn met een BMT last hebben van lange termijn bijwerkingen.  
In het onderzoek dat beschreven is in hoofdstuk 3 hebben we leukemiecellen van 
150 kinderen met AML, onderzocht op de aanwezigheid van mutaties in het DNA 
coderend voor de KIT en FLT3 receptoren en het signaaltransductie eiwit RAS. Deze 
mutaties worden ook wel type I mutaties genoemd en zorgen voor proliferatie en 
overleving van leukemie cellen. Veertig procent van de kinderen met AML had een 
mutatie in KIT (11.3%), RAS (18%) of FLT3 (11.1%). We toonden aan dat bepaalde KIT
mutaties (in exon 8) resulteren in continue activatie, onafhankelijk van de 
aanwezigheid van ligand. Bovendien toonden we aan dat deze activatie geremd kan 
worden door behandeling met het nieuwe geneesmiddel imatinib. We zagen een 
interessante associatie tussen specifieke type I mutaties en bepaalde cytogenetische 
afwijkingen (type II mutaties). Zeventig procent van de AML gevallen met 
zogenaamde “core-binding factor” (CBF) AML had een mutatie in KIT of RAS.
Mutaties in RAS of FLT3 werden vaak gevonden in AML zonder chromosomale 
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afwijkingen. Patiënten met een FLT3/ITD mutatie hadden een significant slechtere 
prognose, maar de aanwezigheid van een KIT of RAS mutatie had geen significante 
invloed op de prognose in deze studie. Er was mogelijk een invloed van KIT mutaties 
op de prognose van kinderen met CBF AML, maar door het kleine aantal patiënten 
in deze subgroep, konden we geen betrouwbare statistische analyse uitvoeren. De 
frequentie van FLT3, KIT en RAS mutaties was opvallend laag in FAB type M5 in 
onze studie, vergeleken met de frequentie in de overige FAB types (10% versus 45%). 
Er werd eerder beschreven dat mutaties in PTPN11 frequent (33%) voorkwamen in 
FAB type M5. Daarom wilden we graag weten of PTPN11 mutaties betrokken 
zouden kunnen zijn bij de ontwikkeling van FAB M5 AML. Daarom onderzochten 
we in hoofdstuk 4 de prevalentie van PTPN11 mutaties in het eerder genoemde 
cohort van 150 kinderen met AML. In dit cohort zat al materiaal van 31 kinderen met 
FAB M5 AML en we verrijkten dit cohort met materiaal van nog 24 kinderen met 
FAB M5 AML en onderzochten in totaal materiaal van 174 kinderen, waarvan 55 
kinderen met FAB M5 AML. In tegenstelling tot wat eerder beschreven werd, was de 
prevalentie van PTPN11 mutaties laag en in het FAB M5 AML cohort niet hoger dan 
in andere FAB types. De frequentie van type I mutaties in FAB M5 AML blijft dus 
significant lager dan die in andere FAB types. In hoofdstuk 5 hebben we de stabiliteit 
van 2 verschillende mutaties in FLT3 (FLT3/ITD en FLT3 D835 mutaties) onderzocht 
in gepaard materiaal, verkregen bij diagnose en later bij het recidief van dezelfde 
patiënt, van 80 kinderen en volwassenen met AML. De FLT3 D835 mutatie werd 
slechts in 1 patiënt gevonden. Een FLT3/ITD mutatie was aanwezig in 26% van de 
monsters afgenomen bij initiële diagnose en in 27% van de monsters afgenomen bij 
diagnose van het recidief. FLT3/ITD mutatie positieve patiënten kregen significant 
eerder een recidief dan patiënten zonder FLT3/ITD en dit effect was het meest sterk 
wanneer een patiënt FLT3/ITD positief was bij het recidief. In 14 patiënten 
veranderde de FLT3/ITD status tussen initiële diagnose en recidief. In 4 patiënten 
was de FLT3/ITD niet meer aantoonbaar in het recidief, in 5 patiënten was er alleen in 
het recidief een FLT3/ITD aantoonbaar en in 5 patiënten veranderde de lengte of het 
aantal ITDs. Het instabiele karakter van FLT3/ITD mutaties tussen diagnose en 
recidief maakt het meten ervan ongeschikt voor het vervolgen van de respons op de 
behandeling.

In het tweede deel van dit proefschrift ligt de nadruk op de leukemie-specifieke 
behandeling van AML. Nieuwe geneesmiddelen zijn noodzakelijk om de prognose 
van kinderen met AML te verbeteren, zonder de toxiciteit van de behandeling verder 
te doen toenemen. Het gericht doden van leukemie cellen met leukemie-specifieke 
geneesmidddelen is een aantrekkelijk concept, aangezien dit nauwelijks effect zou 
hebben op normale cellen en dus minder bijwerkingen zou hebben. We hebben 

nieuwe, leukemie-specifieke geneesmiddelen onderzocht door leukemiecellen in een 
reageerbuis te kweken met verschillende concentraties van het geneesmiddel. 
In hoofdstuk 6 hebben we de effectiviteit in het doden van cellen vergeleken van 
twee cytostatica, daunorubicine (DNR) en liposomaal daunorubicine (L-DNR) in een 
reageerbuis. Daunorubicine wordt veel gebruikt in de behandeling van AML, maar 
kan onder andere ernstige hartproblemen veroorzaken. Liposomaal daunorubicine is 
daunorubicine verpakt in een liposoom (een vetbolletje), waardoor het veel minder 
goed kan doordringen in de cellen van het hart, maar wel goed in de leukemiecellen. 
We onderzochten of L-DNR even effectief was als DNR. Er was een sterke 
kruisresistentie tussen DNR en L-DNR en cellen van kinderen met AML en ALL 
waren even gevoelig voor DNR en L-DNR. Leukemie cellen waren significant 
gevoeliger voor DNR en L-DNR dan normale beenmerg en bloedcellen. Dus L-DNR 
lijkt in een reageerbuis even goed te werken als DNR, maar heeft potentieel minder 
bijwerkingen dan DNR. 
Onze kennis over de genetische afwijkingen in AML, is de afgelopen jaren sterk 
toegenomen, zoals geïllustreerd in hoofdstuk 2-5. Daarmee is het aantrekkelijk 
geworden te proberen deze afwijkingen te gebruiken als aangrijpingspunt voor de 
behandeling van AML. In dit proefschrift hebben we 2 nieuwe geneesmiddelen 
onderzocht die ontwikkeld zijn om de effecten van type I mutaties specifiek te 
remmen.
In hoofstuk 7, onderzochten we leukemiecellen van kinderen met AML en ALL voor 
gevoeligheid voor het nieuwe geneesmiddel Tipifarnib. We vergeleken die 
gevoeligheid met de gevoeligheid van normale beenmerg cellen. Tipifarnib is een 
farnesyltransferase remmer die als een pil in te nemen is en specifiek ontwikkeld 
werd om het eiwit RAS te remmen als behandeling voor kankers met gemuteerd 
RAS. AML cellen waren gevoeliger voor Tipifarnib dan B-cel precursor ALL of 
normale beenmerg cellen. T-cel ALL en FAB M5 AML cellen waren het meest 
gevoelig voor Tipifarnib. Anders dan verwacht, was er geen relatie met de 
aanwezigheid van een RAS mutatie en gevoeligheid voor Tipifarnib. Daarmee is de 
oorzaak voor de verhoogde gevoeligheid van FAB M5 AML en T-ALL cellen nog 
onbekend. In hoofdstuk 8 onderzochten we of leukemiecellen van kinderen met 
AML gevoelig waren voor het nieuwe geneesmiddel SU11657, dat ontwikkeld werd 
om FLT3 en KIT te remmen. SU11657 lijkt sterk op een klinisch gebruikt 
geneesmiddel, Sunitinib ofwel Sutent®. We relateerden gevoeligheid voor SU11657 
aan de hoeveelheid normale KIT en FLT3 receptor op de leukemie cellen en aan de 
aanwezigheid van FLT3 en KIT mutaties. De meeste AML monsters waren relatief 
ongevoelig voor SU11657. FLT3 en KIT gemuteerde monsters waren gevoeliger voor 
SU11657 dan niet gemuteerde monsters. In de patiënten zonder FLT3 of KIT mutatie, 
waren monsters met veel KIT receptor expressie gevoeliger dan monsters met een 
lage KIT expressie. Ongeveer 1/3 van de FLT3 en KIT gemuteerde monsters was 
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invloed op de prognose in deze studie. Er was mogelijk een invloed van KIT mutaties 
op de prognose van kinderen met CBF AML, maar door het kleine aantal patiënten 
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frequentie van FLT3, KIT en RAS mutaties was opvallend laag in FAB type M5 in 
onze studie, vergeleken met de frequentie in de overige FAB types (10% versus 45%). 
Er werd eerder beschreven dat mutaties in PTPN11 frequent (33%) voorkwamen in 
FAB type M5. Daarom wilden we graag weten of PTPN11 mutaties betrokken 
zouden kunnen zijn bij de ontwikkeling van FAB M5 AML. Daarom onderzochten 
we in hoofdstuk 4 de prevalentie van PTPN11 mutaties in het eerder genoemde 
cohort van 150 kinderen met AML. In dit cohort zat al materiaal van 31 kinderen met 
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recidief maakt het meten ervan ongeschikt voor het vervolgen van de respons op de 
behandeling.

In het tweede deel van dit proefschrift ligt de nadruk op de leukemie-specifieke 
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van kinderen met AML te verbeteren, zonder de toxiciteit van de behandeling verder 
te doen toenemen. Het gericht doden van leukemie cellen met leukemie-specifieke 
geneesmidddelen is een aantrekkelijk concept, aangezien dit nauwelijks effect zou 
hebben op normale cellen en dus minder bijwerkingen zou hebben. We hebben 
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In hoofdstuk 6 hebben we de effectiviteit in het doden van cellen vergeleken van 
twee cytostatica, daunorubicine (DNR) en liposomaal daunorubicine (L-DNR) in een 
reageerbuis. Daunorubicine wordt veel gebruikt in de behandeling van AML, maar 
kan onder andere ernstige hartproblemen veroorzaken. Liposomaal daunorubicine is 
daunorubicine verpakt in een liposoom (een vetbolletje), waardoor het veel minder 
goed kan doordringen in de cellen van het hart, maar wel goed in de leukemiecellen. 
We onderzochten of L-DNR even effectief was als DNR. Er was een sterke 
kruisresistentie tussen DNR en L-DNR en cellen van kinderen met AML en ALL 
waren even gevoelig voor DNR en L-DNR. Leukemie cellen waren significant 
gevoeliger voor DNR en L-DNR dan normale beenmerg en bloedcellen. Dus L-DNR 
lijkt in een reageerbuis even goed te werken als DNR, maar heeft potentieel minder 
bijwerkingen dan DNR. 
Onze kennis over de genetische afwijkingen in AML, is de afgelopen jaren sterk 
toegenomen, zoals geïllustreerd in hoofdstuk 2-5. Daarmee is het aantrekkelijk 
geworden te proberen deze afwijkingen te gebruiken als aangrijpingspunt voor de 
behandeling van AML. In dit proefschrift hebben we 2 nieuwe geneesmiddelen 
onderzocht die ontwikkeld zijn om de effecten van type I mutaties specifiek te 
remmen.
In hoofstuk 7, onderzochten we leukemiecellen van kinderen met AML en ALL voor 
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aanwezigheid van een RAS mutatie en gevoeligheid voor Tipifarnib. Daarmee is de 
oorzaak voor de verhoogde gevoeligheid van FAB M5 AML en T-ALL cellen nog 
onbekend. In hoofdstuk 8 onderzochten we of leukemiecellen van kinderen met 
AML gevoelig waren voor het nieuwe geneesmiddel SU11657, dat ontwikkeld werd 
om FLT3 en KIT te remmen. SU11657 lijkt sterk op een klinisch gebruikt 
geneesmiddel, Sunitinib ofwel Sutent®. We relateerden gevoeligheid voor SU11657 
aan de hoeveelheid normale KIT en FLT3 receptor op de leukemie cellen en aan de 
aanwezigheid van FLT3 en KIT mutaties. De meeste AML monsters waren relatief 
ongevoelig voor SU11657. FLT3 en KIT gemuteerde monsters waren gevoeliger voor 
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resistent tegen SU11657 en 1/3 van de samples zonder KIT of FLT3 mutatie was 
gevoelig voor SU11657. Duidelijk is dus dat niet alleen kinderen met bekende 
mutaties in FLT3 en KIT mogelijk voordeel kunnen hebben bij behandeling met 
sunitinib en dat, gezien de beperkte effectiviteit van SU11657 alleen, dit 
geneesmiddel waarschijnlijk gecombineerd zal moeten worden met conventionele 
chemotherapie. Bovendien blijkt een deel van de FLT3 en KIT gemuteerde monsters 
intrinsiek resistent tegen SU11657, zonder dat zij eerder bloot werden gesteld aan 
SU11657 of een ander soortgelijk geneesmiddel. 

In dit proefschrift hebben we geprobeerd een basis te leggen voor de verdere 
klinische ontwikkeling van leukemie-specifieke therapie voor kinderen met AML. 
We hebben laten zien dat de prognose van kinderen met een recidief AML slecht is, 
maar dat niet alle kinderen een BMT nodig hebben om te genezen. Er zijn in de 
leukemie cellen van kinderen met AML, in bijna de helft van de gevallen mutaties 
aanwezig, die mogelijk te gebruiken zijn als prognostische factor of als 
aangrijpingspunt voor de behandeling. In het geval van FLT3/ITD hebben we 
aangetoond dat deze mutaties niet stabiel zijn tussen initiële diagnose en recidief en 
dit maakt het meten van FLT3/ITD ongeschikt als maat voor minimale rest ziekte.  
Liposomaal daunorubicin is in een reageerbuis net zo effectief als gewoon 
daunorubicine en dit is belangrijk omdat liposomaal daunorubicine potentieel 
minder bijwerkingen heeft en gebruikt kan worden in hogere doseringen. Als laatste 
hebben we laten zien dat geneesmiddelen die ontwikkeld worden specifiek voor een 
afwijking zoals Tipifarnib voor RAS en SU11657 voor KIT en FLT3, niet altijd via dat 
aangrijpingspunt effectief zijn. Daarom moet het klinisch onderzoek naar deze 
geneesmiddelen niet beperkt blijven tot patiënten met bekende mutaties. Meer 
onderzoek is nodig om te voorspellen welke kinderen goed zullen reageren op 
behandeling met deze geneesmiddelen.
Er is de afgelopen jaren veel vooruitgang geboekt in onze kennis over de genetische 
afwijkingen geassocieerd met AML en bovendien zijn er verschillende nieuwe 
geneesmiddelen ontwikkeld die deze afwijkingen aanpakken. In de komende jaren 
zal klinisch onderzoek met deze nieuwe geneesmiddelen laten zien of hiermee de 
prognose van kinderen met AML verbeterd kan worden. 
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work on FLT3 and other type I mutations in pediatric AML has been an inspiration. I 
hope you will challenge me with your ideas during my thesis defense. Lieber Dirk, 
ich möchte dich danken dass du platzt nimmst in meine Kommission für das 
promovieren und ich freue mich sehr dass du am 6. Juli dabei bist. 
Het patiëntenmateriaal voor mijn onderzoek was afkomstig van verschillende 
kinderleukemie studiegroepen, waarvoor ik hen heel veel dank verschuldigd ben. 
Allereerst natuurlijk de SKION, die op uitstekende wijze vrijwel al het klinische en 
veel preklinisch onderzoek naar verschillende vormen van kinderkanker in 
Nederland faciliteert. Hartelijk dank voor het patiëntmateriaal en de klinische 
gegevens gebruikt in mijn onderzoek.
Wir haben schon seit mehrere Jahre eine sehr gute und erfolgreiche Zusammenarbeit 
mit der deutsche AML-BFM Study Group. Viele samples (und die da zugehörige 
klinische Informationen) haben den Weg zu unserem Labor gefunden und haben 
dabei einen sehr wichtigen Beitrag an unsere Erforschung geliefert. Auch der 
persönliche Kontakt war immer sehr gut. Ursula und Dirk, vielen Dank und ich hoffe 
noch viele Jahre zusammen arbeiten zu können. Weiter möchte ich gern Martin 
Zimmermann erwähnen, der Statisticus von der AML-BFM Study Group. Deine 
Hilfe und Anweisungen bei der Analyse von meinen Daten (auch wenn es keine 
BFM Daten waren) waren von unschätzbaren Wert, herzlichen Dank dafür!
The UK Childhood Leukaemia Working Party also contributed a significant number 
of samples to the studies described in my thesis. Dear Brenda, thank you for this 
collaboration and your always helpful comments on my manuscripts. 
Een belangrijk deel van mijn onderzoek, is gebeurd in samenwerking met dr. 
Michael Heinrich (Portland, Oregon, USA). Dear Mike, the collaboration with you 
was very fruitful scientifically and enjoyable personally. Thank you so much for your 
work, the efforts of the people in your lab and your input in the manuscripts we 
wrote together. I am sorry you cannot join us on the 6th of July.
En dan nu de mensen die het meest betrokken zijn geweest bij “het werk”, mijn 
analisten Desiree en Anne. Beste Anne, jij was mijn steunpunt in het HOI lab de 
eerste jaren, ook als ik in de kliniek zat. Je leerde me de kneepjes van de MTT test en 
hebt onvermoeibaar voor me “geFACSt”. Ontzettend bedankt! Beste Desiree, helaas 
heb je ons verlaten, maar je bijdrage aan dit proefschrift was onontbeerlijk. Bedankt 
voor het meedenken, meewerken, al die PCRs en het staren naar sequence traces!  
Isabelle, mijn Meander-kamergenote en steun en toeverlaat: ik zou niet weten hoe ik 
mijn onderzoek had moeten doen zonder jouw gezelligheid, de gedeelde chocolade, 
morele steun en wetenschappelijke input! Ik hoop dat we nog vaak bij Marion bij 
zullen praten over het leven (onder het genot van kroket-friet ) en samen veel 
projecten mogen begeleiden. 
AIOs van “mijn” generatie, Mark en Josefien. We hebben het erg gezellig gehad 
samen en elkaar gesteund in de goede en slechte tijden die ieder promotie onderzoek 

kent. Bedankt voor een gezellige tijd en heel veel succes met jullie eigen promotie! 
Corine, eerst wat meer in de achtergrond als AIO bij de volwassen Hematologie, 
maar inmiddels meer vriendin dan collega. Bedankt voor de goede gesprekken en 
steun in goede en slechte tijden. Ook de dag van jouw promotie gaat komen!
Wanneer je langere tijd ergens werkt, zie je ook de nieuwe mensen beginnen. Niels 
en Sharyar, jullie zijn beide enthousiaste, intelligent artsen die ons onderzoek de 
volgende boost zullen geven. Ik ben benieuwd naar jullie resultaten en zie jullie heel 
graag ook weer terug als collega arts-assistent kindergeneeskunde. Dannis, AIO én 
fellow kinderoncologie, heel veel succes met je onderzoek.  
Het HOI-lab bestaat niet meer, maar in geest zeker nog wel. Een warm bad waar ik 
de afgelopen jaren heel veel steun aan heb gehad, zowel op werk- als op privé-
gebied. Ina, Nettie, Zinia en Richard, bedankt voor een gezellige tijd en al jullie 
inspanningen voor mijn onderzoek. Loekie, dank je wel voor je hulp in het eerste jaar 
van mijn onderzoek, met name de dooisessies zullen me altijd bijblijven. Een zeer 
belangrijke en groeiende (onderzoeks)groep is de PLEK (polikliniek late effecten van 
kinderkanker). Eline, ik heb bewondering voor de manier waarop je het onderzoek 
binnen de PLEK opgestart hebt en daar nu de vruchten van mag plukken. Katja, erg 
leuk dat jij nu ook gaat promoveren! De clinici Anjo, Arjenne, Valerie, Floor, Dannis 
en Margreet maken natuurlijk een belangrijk onderdeel uit van de kinderoncologie 
groep. Ik hoop dat we ook in de toekomst een goede en interessante uitwisseling 
tussen clinici en laboratoriumonderzoekers zullen houden. Annette Heus, hartelijk 
dank voor je hulp, zeker ook bij het organiseren van het symposium. 
Meerdere studenten hebben de afgelopen jaren veel werk verzet voor mijn 
onderzoek. Jolanda, Judith, Mirjam, Sophie, Susanne en Daniel: ontzettend bedankt 
voor jullie enthousiasme en hulp! 
Ons lab zit nu al meer dan 1 jaar in het nieuwe CCA en sindsdien hebben we een 
gezamenlijke AIO kamer van de Kinderoncologie-hematologie en de volwassen 
Hematologie. Daarmee heb ik ook allerlei nieuwe collega’s gekregen. Anna en Bijan, 
beide ook in de eindfase van hun onderzoek, bedankt voor jullie steun met de laatste 
loodjes en zelf ook heel veel succes! Marvin, Monique en Willemijn, jullie staan nog 
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Jeroen, Martine, Otto, Angelika en Hans, bedankt voor jullie interesse en tips. Ik ben 
erg blij met de samenwerking met de Hematologie en denk dat daar nog veel moois 
uit voort zal komen! 
Als AGIKO sta je steeds met één been in het lab en één been in de kliniek. Dat is erg 
leuk, maar kan soms ook moeilijk zijn. Gelukkig heb ik naast de geweldige groep 
mensen in het lab, een net zo geweldige groep collega arts-assistenten 
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Een belangrijk deel van mijn onderzoek, is gebeurd in samenwerking met dr. 
Michael Heinrich (Portland, Oregon, USA). Dear Mike, the collaboration with you 
was very fruitful scientifically and enjoyable personally. Thank you so much for your 
work, the efforts of the people in your lab and your input in the manuscripts we 
wrote together. I am sorry you cannot join us on the 6th of July.
En dan nu de mensen die het meest betrokken zijn geweest bij “het werk”, mijn 
analisten Desiree en Anne. Beste Anne, jij was mijn steunpunt in het HOI lab de 
eerste jaren, ook als ik in de kliniek zat. Je leerde me de kneepjes van de MTT test en 
hebt onvermoeibaar voor me “geFACSt”. Ontzettend bedankt! Beste Desiree, helaas 
heb je ons verlaten, maar je bijdrage aan dit proefschrift was onontbeerlijk. Bedankt 
voor het meedenken, meewerken, al die PCRs en het staren naar sequence traces!  
Isabelle, mijn Meander-kamergenote en steun en toeverlaat: ik zou niet weten hoe ik 
mijn onderzoek had moeten doen zonder jouw gezelligheid, de gedeelde chocolade, 
morele steun en wetenschappelijke input! Ik hoop dat we nog vaak bij Marion bij 
zullen praten over het leven (onder het genot van kroket-friet ) en samen veel 
projecten mogen begeleiden. 
AIOs van “mijn” generatie, Mark en Josefien. We hebben het erg gezellig gehad 
samen en elkaar gesteund in de goede en slechte tijden die ieder promotie onderzoek 

kent. Bedankt voor een gezellige tijd en heel veel succes met jullie eigen promotie! 
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maar inmiddels meer vriendin dan collega. Bedankt voor de goede gesprekken en 
steun in goede en slechte tijden. Ook de dag van jouw promotie gaat komen!
Wanneer je langere tijd ergens werkt, zie je ook de nieuwe mensen beginnen. Niels 
en Sharyar, jullie zijn beide enthousiaste, intelligent artsen die ons onderzoek de 
volgende boost zullen geven. Ik ben benieuwd naar jullie resultaten en zie jullie heel 
graag ook weer terug als collega arts-assistent kindergeneeskunde. Dannis, AIO én 
fellow kinderoncologie, heel veel succes met je onderzoek.  
Het HOI-lab bestaat niet meer, maar in geest zeker nog wel. Een warm bad waar ik 
de afgelopen jaren heel veel steun aan heb gehad, zowel op werk- als op privé-
gebied. Ina, Nettie, Zinia en Richard, bedankt voor een gezellige tijd en al jullie 
inspanningen voor mijn onderzoek. Loekie, dank je wel voor je hulp in het eerste jaar 
van mijn onderzoek, met name de dooisessies zullen me altijd bijblijven. Een zeer 
belangrijke en groeiende (onderzoeks)groep is de PLEK (polikliniek late effecten van 
kinderkanker). Eline, ik heb bewondering voor de manier waarop je het onderzoek 
binnen de PLEK opgestart hebt en daar nu de vruchten van mag plukken. Katja, erg 
leuk dat jij nu ook gaat promoveren! De clinici Anjo, Arjenne, Valerie, Floor, Dannis 
en Margreet maken natuurlijk een belangrijk onderdeel uit van de kinderoncologie 
groep. Ik hoop dat we ook in de toekomst een goede en interessante uitwisseling 
tussen clinici en laboratoriumonderzoekers zullen houden. Annette Heus, hartelijk 
dank voor je hulp, zeker ook bij het organiseren van het symposium. 
Meerdere studenten hebben de afgelopen jaren veel werk verzet voor mijn 
onderzoek. Jolanda, Judith, Mirjam, Sophie, Susanne en Daniel: ontzettend bedankt 
voor jullie enthousiasme en hulp! 
Ons lab zit nu al meer dan 1 jaar in het nieuwe CCA en sindsdien hebben we een 
gezamenlijke AIO kamer van de Kinderoncologie-hematologie en de volwassen 
Hematologie. Daarmee heb ik ook allerlei nieuwe collega’s gekregen. Anna en Bijan, 
beide ook in de eindfase van hun onderzoek, bedankt voor jullie steun met de laatste 
loodjes en zelf ook heel veel succes! Marvin, Monique en Willemijn, jullie staan nog 
aan het begin van een leuke en heel leerzame periode. Het is erg leuk om te zien hoe 
dat ook alweer was. Heel veel plezier en succes de komende jaren. Alle analisten en 
andere medewerkers van de Hematologie bedankt voor de interesse en hulp het 
laatste jaar. Ook de stafleden van de Hematologie, Peter, Gert, Arjan, Roel, Sonja, 
Jeroen, Martine, Otto, Angelika en Hans, bedankt voor jullie interesse en tips. Ik ben 
erg blij met de samenwerking met de Hematologie en denk dat daar nog veel moois 
uit voort zal komen! 
Als AGIKO sta je steeds met één been in het lab en één been in de kliniek. Dat is erg 
leuk, maar kan soms ook moeilijk zijn. Gelukkig heb ik naast de geweldige groep 
mensen in het lab, een net zo geweldige groep collega arts-assistenten 
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kindergeneeskunde! De gezelligheid en solidariteit zijn super, ondanks alle drukte. 
Gedurende mijn lange periodes in het lab, bleven jullie altijd geïnteresseerd in mij en 
mijn onderzoek. Ik ben blij voor een langere periode de kliniek in te gaan en nu écht 
kinderarts te worden. 
Alle mensen die hierboven vernoemd staan waren erg belangrijk voor mijn werk, 
maar zonder een gezond privé-leven is een succesvolle carrière onmogelijk. Anneke, 
je bent mijn beste vriendin en we hebben samen al veel meegemaakt. Heerlijk 
ontspannen in de sauna bespreken we regelmatig alles wat ons bezighoudt. Ik ben 
heel blij dat je er op dit hoogtepunt bij zult zijn als mijn paranymf. Paula en Jolanda, 
samen met Anneke mijn basis, dank jullie wel voor de interesse en medeleven over 
ontdooide stikstofvaten en ander lab-leed en natuurlijk voor de gezelligheid onder 
het genot van een gezamenlijk gekookt diner.  
Lieve Niels, jarenlang heb je me gesteund in alles wat ik graag wilde. Ontzettend 
bedankt, zonder jou was me dit niet gelukt.  
Lieve Florian, Tristan, Stefan en Rowan, het deel uitmaken van een grote familie 
heeft alleen maar voordelen. Jullie hebben allemaal op jullie eigen manier je interesse 
en steun voor mij en mijn werk laten blijken. Ik ben heel erg blij met mijn 4 broers! 
Lieve papa en mama, er zijn geen woorden om jullie te bedanken… Mijn eerste 
stappen op het onderzoeksvlak in de VS werden al door jullie gesteund en jullie 
staan altijd achter mij, wat ik ook doe. Ik hou van jullie! 
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