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ABSTRACT

Mutations in the NADP*-dependent isocitrate dehydrogenase genes 1 and 2 (IDH1 and IDH2)
have recently been found in adult acute myeloid leukemia (AML) patients with a prevalence
rising up to 33%. To investigate the frequency of IDH1/2 mutations in pediatric AML, we
characterized the mutational hotspot (exon 4) of these genes in diagnostic samples from
460 pediatric AML patients. Our analysis identified somatic IDH1/2 mutations in 4% of cases
(IDH1 R132 n=8; IDH2 R140 n=10) and the minor allele of single nucleotide polymorphism
(SNP) rs11554137 in 47 children (10.2%). IDH mutations were associated with an interme-
diate age (p=0.008), FAB M1/M2 (p=0.013) and NPM1 mutations (p=0.001). In univariate
analysis, IDH™ % compared with IDH"!¥¥"¢ patients showed a significantly improved overall
survival (OS; P=0.032) but not event-free survival (EFS; P=0.14). However, multivariate an-
alysis did not show independent prognostic significance. Children with at least one minor al-
lele of IDH1 SNP rs11554137 had similar EFS (P=0.27) and OS (P=0.62) compared with major
allele patients. Gene expression profiles of 12 IDH™ 4 were compared with 201 /DH"!dtve
patients to identify differentially expressed genes and pathways. Although only a small num-
ber of discriminating genes were identified, analysis revealed a deregulated trypthophan
metabolism, and a significant down-regulation of KYNU expression in IDH™ % cases.
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INTRODUCTION

Although treatment results in childhood acute myeloid leukemia (AML) have improved
during the last 30 years, there is still a significant number of patients with dismal progno-
sis.1® To date, analysis of cytogenetic aberrations provide the most important prognostic
information at diagnosis of this heterogeneous disease.** Furthermore, different mutations
have been identified in several genes in childhood AML, including FLT3¢, NPM17, CEBPA%?,
and WT1%1 Some of these genetic alterations have been associated with treatment out-
come and may serve as a basis for better risk assessment and molecularly based therapies.

Recently, by sequencing an AML genome, a somatic mutation was found in codon 132 of
the gene for isocitrate dehydrogenase 1 (IDH1).? The protein encoded by this gene is found
in the cytoplasm and peroxisomes. It is an NADP*-dependent isocitrate dehydrogenase and
has a significant role in cytoplasmic NADPH production. The same codon of IDH1 is fre-
quently affected by mutations in malignant glioblastomas.'®* IDH2 has the same enzymatic
activity as IDH1 but is located in the mitochondrial matrix. IDH2 mutations were reported
in codons R140 and R172 in AML.** Mutations of both IDH1 and IDH2 provide a new ability
of the enzyme to catalyse the NADPH-dependent reduction of alpha-ketoglutarate to 2-hy-
droxyglutarate (2-HG). Excess accumulation of oncometabolite 2-HG lead to DNA-damage
mediated by elevated levels of reactive oxygen species.'*** In addition, mutant IDH appears
to affect TET2 activity and thereby it induces changes of global and gene specific gene meth-
ylation.'® Discovery of IDH mutations led to renewed efforts to decipher the role of altered
metabolic processes in cancer.’” Several studies confirmed the high prevalence of IDH1 and
also IDH2 mutations in adult AML.*®2 The prognostic importance of IDH mutations has been
contradictive in these studies. Furthermore, a single nucleotide polymorphism (SNP) in exon
4 of the IDH1 gene has been reported to be associated with poor prognosis in adult cytogen-
etically normal AML (CN-AML).?*

In contrast to adult AML, only a few reports concerning genetic aberrations of the IDH
genes have been published in childhood AML. Although in a series of 257 children no IDH1
mutation was detected®, IDH1 mutations were identified in four out of 165 pediatric AML
patients in an Italian study.? To the best of our knowledge one single case of an 12-year-old
boy with an IDH2 mutation? but no studies on the IDH1 SNP rs11554137 in childhood AML
have been reported to date.

Therefore, we performed an analysis of IDH1/2 mutations and the IDH1 SNP rs11554137
in 460 childhood AML patients. All patients were intensively treated with consecutive mul-
ticenter trials of the AML-Berlin-Frankfurt-Minster (AML-BFM) and Dutch Childhood Oncol-
ogy Group (DCOG) study groups.
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PATIENTS AND METHODS

Patients

Bone marrow (BM) or peripheral blood (PB) samples from initial diagnosis were obtained
from 460 patients younger than 18 years with AML (French-American British [FAB] classifi-
cation M0-M7). A total of 335 patients were treated uniformly within the two multicenter
treatment trials AML-BFM 98 (recruitment July 1998 to June 2004, n=68) or AML-BFM 2004
(NCT00111345, start of recruitment 2004, n=267). Details of the AML-BFM 98 and the cur-
rent AML-BFM 2004 treatment protocols have been reported previously (see also Online
Supplementary Figure S2).%?%2 The other 125 children with AML were treated between
1987 and 2005 according to consecutive DCOG treatment protocols. Details of these treat-
ment protocols have been published previously; treatment consisted of four to five blocks of
intensive chemotherapy, using a standard cytarabine and anthracycline backbone.3*3? Stem
cell transplantation (SCT) in CR1 was used only in selected high-risk patients. The study was
approved by the local research ethics committees. Written informed consent from patients,
parents, or guardians was obtained. The median follow-up time for patients under follow-up
was 2.4 years (range, 0.2 - 10 years).

Cytogenetic analyses

Cytogenetic analyses were carried out and centrally reviewed using standard chromosome-
banding analysis, and using reverse transcriptase (RT-)PCR and/or fluorescent in situ hybridi-
zation for recurrent non-random genetic abnormalities, including t(15;17), inv(16), t(8;21)
and MLL gene rearrangements as previously reported.'®

Mutational analysis of IDH1 and IDH2

Preparation of mononuclear cells and extraction of genomic DNA were performed as report-
ed previously.”1%2433 The genomic regions of exon four of the IDH1/2 genes were analyzed
in two sets using primers and PCR as described.'*?* Purified PCR fragments were directly
sequenced or were screened for mutations by using denaturing high-performance liquid
chromatography. All mutations were confirmed in an independent second experiment by
direct sequencing. A total of 122 samples were analyzed by two independent laboratories
and showed identical results. Mutation analysis for NPM1 exon 12 and for FLT3/ITD was
performed as described.”3

Gene expression profiling

Gene expression data (Human Genome U133 Plus 2.0 Array, Affymetrix) were available for
12 IDH™=d and 201 IDH"'vpe cases [including 14 pediatric AML cases (1 IDHI™ =% and
13 IDH"'vpe patients) from our cell-bank not included in this study as these patients were
treated according to different protocols]. Original data files have been deposited previously
in the Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/geo) under ac-
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cession number GSE17855. Extraction of total cellular RNA, microarray processing, data ac-
quisition and data normalization have been described previously.* Differentially expressed
genes between IDH™%" cgses and IDH" " cases were calculated using t-test-based sta-
tistics (Bioconductor package LIMMA; http://www.bioconductor.org/) in the statistical data
analysis environment R, version 2.7.0 (http://www.r-project.org/). Pathway analysis was
performed using Globaltest (Bioconductor package Globaltest) for Kyoto Encyclopedia of
Genes and Genomes (KEGG)-based and Gene Ontology (GO)-based gene sets. All P values
were corrected for multiple testing according to the false discovery rate (FDR) procedure as
developed by Benjaminin and Hochberg using Bioconductor package Multtest.*®

Quantitative RT-PCR

Expression levels of selected genes (KYNU, S100A8 and S100A9) were validated using quan-
titative RT-PCR (RT-qPCR). Transcript levels were measured in duplicates based on the inter-
calation of SYBRgreen (Finnzymes, Woburn, USA) on an ABI-PRISM-7900HT system (Applied
Biosystems, Darmstadt, Germany), and calculated relative to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression.

Statistical analysis

Event-free survival (EFS) was defined as the time from diagnosis to the date of last follow-
up in complete remission or first event. Events were resistance to therapy (nonresponse),
relapse, secondary neoplasm, or death from any cause. Failure to achieve remission due to
early death or nonresponse was considered as events at time zero. Overall survival (OS) was
defined as the time of diagnosis to death from any cause or last follow-up. The Kaplan-Meier
method was used to estimate survival rates, differences were compared with the two-sided
log-rank test. The Cox proportional hazards model was used for uni- and multivariate ana-
lyses. Cumulative incidence (Cl) functions for competing events were constructed by the
method of Kalbfleisch and Prentice, and were compared with the Gray’s test. Results are
presented as estimated probability of 5-year EFS (pEFS) and estimated cumulative incidence
of relapse (pCIR) with standard error (= SE). Differences in the distribution of individual
parameters among patient subsets were analyzed using the Fisher’s exact test for categori-
zed variables and the Mann-Whitney U-test for continuous variables. All statistical analyses
were conducted using the SAS program (SAS-PC, Version 9.1; SAS Institute, Cary, USA).

RESULTS

Patient population

Mutations in IDH1 and IDH2 were analyzed in pretreatment samples from 460 newly diag-
nosed AML patients. Comparison of clinical characteristics and outcome for the tested pop-
ulation vs. the population included in the different treatment protocols revealed no signifi-

Mutation of IDH1/2 in childhood AML| 163



TABLE 1. Main clinical and biological features of patients with IDH-mutated AML.

1 IDH1 C394G R132G 6 F 103 NA NPM1 alive
2 IDH1 C394T R132C 9 F 1.8 normal NPM1 alive
3 IDH1 C394G R132G 7 M 68 11923 MLL-PTD alive
4 IDH1 G395A R132H 13 M 115 der(3q) none alive
5 IDH1 G395A R132H 7 M 1.8 t(15;17)(q22;q11)  NA alive
6 IDH1 C394T R132C 15 F 35 NA none alive
7 IDH1 C394T R132C 4 M 29 t(15;17)(922;q911) none alive
8 IDH1 G395A R132H 14 F 45 normal FLT3/ITD, alive
MLL-PTD
9 IDH2 GA19A  R140Q 8 F 13.2 t(8;21)(q22;922)  FLT3/ITD alive
10 IDH2 G419A R140Q 9 M 46.7 NA NPM1 alive
11 IDH2 G419A R140Q 15 M 78 normal NPM1 alive
12 IDH2 G419A R140Q 7 M 120 normal MLL-PTD alive
13 IDH2 G419A R140Q 10 M 66 monosomy 7 CEBPAdm alive
14 IDH2 G419A  R140Q 10 M 20 1(8;21)(022;922) NA alive
15 IDH2 C419T R140L 7 F 85 NA NPM1 dead
16 IDH2 G419A R140Q 14 F 8.6 other NPM1 alive
17 IDH2 C418T R140W 10 M 14 t(8;21)(q22;q22) none alive
18 IDH2 G419A R140Q 6 M NA normal NPM1, FLT3/  alive
ITD

Abbreviations: WBC indicates white blood cell count at diagnosis; NA, not available; CEBPAdm, CEBPA double mu-
tation. *The nucleotide sequence variations are designated according to the recommendations of the Human Ge-
nome Variation Society (http://www.hgvs.org/mutnomen/). IDH1 nucleotide numbering uses the first base of the
translation start codon as nucleotide _1 on the basis of National Center for Biotechnology Information sequence
NM_005896.2. IDH2 nucleotide numbering uses the first base of the translation start codon as nucleotide _1 on
the basis of National Center for Biotechnology Information sequence NM_002168.2.

#The protein changes are theoretically deduced and designated according to the recommendations of the Human
Genome Variation Society (http://www.hgvs.org/mutnomen/).

cant differences in induction CR rates, OS or EFS from study entry. Higher diagnostic white
blood cell (WBC) counts (P<0.001) were observed in the tested population as compared with
the whole population, whereby those tested were older (P<0.001). In addition, the tested
population included fewer patients with megakaryocytic leukemia (P=0.002).

Incidence of IDH1 and IDH2 mutations in AML patients

IDH1 and IDH2 mutations were found in 18 of 459 (4%; 95% confidence interval (Cl) +/- 1.8%)
pediatric patients with AML. Eight heterozygous point mutations were detected in exon 4 of
IDH1, all affecting codon 132. Although a conversion of CGT>TGT leading to a R132C substi-
tution and a conversion of CGT>CAT leading to a R132H were detected in three cases each,
the conversion of a CGT>GGT leading to a R132G substitution was observed in two patients.
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Eight of the ten patients with IDH2 mutations showed a conversion of CGG>CAG leading to
a R140Q substitution. One patient harboured a CGG>CTG change resulting in a R140L substi-
tution and one patient had a conversion of CGG>TGG resulting in a R140W substitution. No
mutations affecting codon R172 of IDH2 were detected. Furthermore, one missense muta-
tion in codon 116 (AAT>AGT) of IDH1, causing the substitution of the amino acid asparagine
by serine, was found. Using Polyphen-2 prediction software,*’ the alteration is located in a
highly conserved site and is scored as probably damaging. Unfortunately, no germline mate-
rial was available to test the leukemic-specific origin of this mutation. However, neither this
mutation nor the affected codon has been described before. Therefore, we regarded this
mutation as an unclassified variant and we excluded this case for all survival analyses. In this
cohort, mutations in IDH1 and IDH2 were mutually exclusive.

Correlation of IDH1/2 mutations and /DH SNP rs11554137 with clinical features, biological
characteristics and other gene mutations

As both IDH1 and IDH2 mutants cause the loss of the physiologic enzyme function resulting
in elevated 2-hydroxyglutarate levels,'**438 all statistical analyses on prevalence and prog-
nostic influence were performed with the combined mutation status of IDH1 and IDH2.
Additionally, a second analysis in which IDH1 and IDH2 mutations were each analyzed sepa-
rately for impact on OS and EFS can be found in the Online Supplement (Online Supplemen-
tary Figure S1).

There were no significant differences between IDH™ %t and [DH"14YPe patients with respect
to sex, cytogenetic risk group, central nervous system involvement, hemoglobin levels, WBC
count, platelet count, or blast count. However, IDH mutations were significantly associated
with an intermediate age (2-10 years; 79 vs. 33% in other patients, p=0.008) and with FAB
M1/M2 (71 vs. 39%, p=0.013).

A t(8;21) or a t(15;17) was diagnosed in three and two patients, respectively. Five of the
14 IDH™tated patients with available cytogenetics had a normal karyotype (35.7%). IDH1/2
mutations were significantly more often in patients with concomitant NPM1 mutations (39
vs. 10%; p=0.001). Other co-occurring mutations were partial tandem duplications in the
MLL gene (MLL-PTD) in three patients and a CEBPA double mutation in one patient. The
main biological and clinical features of the 18 IDH™ ¢ patients are summarized in Table 1.

In the present pediatric cohort, the minor allele of SNP rs11554137 (SNP+) was detected
in 47 of 460 patients (10.2%; 95% Cl +/- 2.8%). Thus, its prevalence in the pediatric patients
was comparable to adult AML patients (10.9%) and adult controls (12%).%* All baseline char-
acteristics, cytogenetic aberrations and gene mutations were similarly distributed between
SNP+ and SNP- patients.

Influence of IDH1/2 mutations and /DH SNP rs11554137 on treatment response and sur-
vival
A total of 17 patients (94%) with IDH1/2 mutations achieved a CR compared with 387
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FIGURE 1. Impact of IDH mutations and /IDH SNP rs11554137 on patient outcome. Overall survival (OS) and event-
free survival (EFS) according to IDH mutation status (A,B); OS and EFS according to IDH SNP rs11554137 status (C,D).
(A color version of this figure can be found in the appendices.)

IDH1/2%d%pe patients (88%; P=.52). In univariate analysis, IDH™ ¢ patients compared with
IDH"14e patients had a significantly superior OS while no statistical difference was observed
for EFS (OS: p=0.032; EFS: p=0.14; Figures 1A and 1B). This was also true when looking at the
risk-defined subgroups (data not shown). No difference in achievement of CR (p=0.754) was
observed between IDH SNP+ and IDH SNP- patients. In univariate analysis, SNP+ patients
showed no difference for outcome parameters (OS: p=0.62, EFS: p=0.27). A multivariate
analysis for OS considering IDH mutations status, cytogenetic risk group, WBC, and NPM1
mutation status revealed no independent prognostic significance for the IDH mutation
status (HR=0.49, Cl 95% 0.07-3.6, p=0.484; Table 2).

Gene expression profiling of IDH™ > cases

We compared the gene expression profiles of IDH™®d cases (n=12) with other AML cases
(n=201), and identified 18 significantly differentially expressed probe sets (FDR-adjusted
p<0.05; Online Supplementary Table S1). These included 3 probe sets annotating the PAWR
gene (PRKC, apoptosis, WT1, regulator protein), showing up-regulated expression. When
focussing on the probe sets with the highest fold change between IDH™ ¢ gand |DHWidtype
cases, the two most down-regulated ones annotated the calcium-binding protein encoding
genes S100A8 and S100A9 (Online Supplementary Table S2). Validation with RT-gPCR corre-
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TABLE 2. Multivariate analysis for overall survival.

IDH1/2 mutation 0.49 0.07-3.6 0.484
FLT3/ITD 0.92 0.48-1.74 0.795
NPM1 mutation 0.79 0.31-2.02 0.625
WBC count: above vs. below 100 x10%/I 1.71 1.05-2.79 0.031
Cytogenetic risk group: SR vs. HR 0.19 0.08 -0.48 <0.001

Abbreviations: Cl, confidence interval; WBC, white blood cell count; SR, standard risk; HR, high risk.
*Hazard ratios greater than or less than 1 indicate an increased or decreased risk, respectively, of an event for the

first category listed.
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FIGURE 2. Down-regulated expression levels of S100A8, S100A9 and KYNU in IDH1/2™"*¢ cases. Relative RT-
gPCR expression values are shown for S100A8 (A), S100A9 (B) and KYNU (C) per IDH1/2 mutation subtype, and
combined as IDH1/2™ "4 cases (indicated as IDH1/2 mut) vs. the IDH1/2*!¥v¢ cases (indicated as IDH1/2 wt).

lated with microarray expression values and showed down-regulated expression of SI00A8
and S100A9 in IDH™ %4 cases (Figures 2A and 2B). Pathway analysis on KEGG-based gene
sets revealed the tryptophan metabolism as the only significantly enriched KEGG-pathway
(FDR-adjusted P value <0.05). Deregulation of this process in IDH™® cases was sustained
by a pathway analysis using GO terms, which showed 25 significantly discriminative GO
terms, among which the tryptophan metabolism was clearly enriched (Online Supplemen-
tary Table S3). The expression of KYNU encoding the enzyme kynureninase, involved in this
pathway, was validated by RT-qPCR, and indeed showed a significantly down-regulated ex-
pression in IDH™ % cases (Figure 2C).

DISCUSSION

In this large cohort of pediatric patients with AML, mutations in the IDH1 and IDH2 genes
were identified as recurrent mutations in childhood AML. With a frequency of 4% in pedi-
atric AML patients, mutations in the IDH genes are substantially less frequent in pediatric
as compared with adult AML patients, where the prevalence is up to 33%.%° The lower fre-
quency of IDH1 mutations is in accordance to a recent Italian study that found /IDH1 muta-
tions in 2.4% of childhood AML cases.?® In pediatric AML, mutations in codon R140 of IDH2
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have only been described in a single case? and our findings outline that they have a similar
frequency to IDH1 in that age group. Interestingly, we did not find any mutations affecting
codon R172 of IDH2 in patients with childhood AML. This finding appears to be in line with
previous studies in adult AML where 77% of patients with R172 IDH2 mutations were elderly
patients (=60 years of age).?°

In the present study, we identified a strong association between NPM1 and IDH mutations
that was already described for adult AML patients.2%243%4% Similar to our findings for IDH mu-
tations, mutations in NPM1 also occur less frequently in pediatric AML patients compared
with adult patients (8.4 vs. 35%).” However, in contrast to adult AML, /IDH mutations were
not associated with a normal karyotype in childhood AML. Interestingly, these mutations
were also recurrently observed in patients with good risk cytogenetics (three patients with
1(8;21), two patients with t(15;17)). Both types of IDH mutations did not occur in children
below 3 years of age which affirms the distinctiveness of infant AML.

The prognostic effect of IDH mutations in adult AML has been intensively studied but re-
mains a matter of discussion. Although some studies have suggested a negative prognostic
effect for different subgroups of CN-AML patients,*®2°2 others have not found any prognos-
tic effect.’24%53 Ljttle is known about the prognostic effect of IDH mutations in childhood
AML. Interestingly, we found a positive prognostic impact of the mutations in childhood for
0S (p=0.032). In this line, all IDH™ @ patients who relapsed are now in complete remission
after stem cell transplantation. A multivariate analysis for OS revealed that the IDH mutation
status did not add new independent prognostic information to the established stratification
system. The prognostic evaluation of the mutation is certainly limited by the low number
of mutated patients and further studies are needed to complement the prognostic assess-
ment. However, the data clearly points in a different prognostic direction compared with
adult AML. Another important difference may be the considerably higher proportion of pa-
tients presenting with favorable cytogenetics as compared with adult patients, with more
than one third of IDH™ ¢ children presenting with t(8;21) and t(15;17). In adult AML, the
occurrence of IDH1/2 mutations in favorable risk patients has been observed only occasion-
ally (<1%).%23° In line with our results is a recently reported pediatric AML patient with IDH2
R140Q mutation who presented with a t(8;21) together with complex chromosomal aberra-
tions. In addition, it has to be kept in mind that dose intensity of induction chemotherapy in
pediatric protocols exceeds those in adult studies significantly. Thus, although not formally
proven, these two factors might be relevant for the profound differences in the prognostic
implications of IDH mutations.

We also found a difference between adult and childhood AML when analyzing the prog-
nostic impact of the minor allele of SNP rs11554137 located in exon 4 of IDH1. In adult CN-
AML patients, this SNP was reported to be associated with poor prognosis.?* Surprisingly,
in the present pediatric cohort SNP+ patients did not show any difference for EFS or OS
(Figures 1C and 1D).

To gain biological insight in the contribution of IDH1/2 mutations to leukemogenesis and
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their potential role in drug response in childhood AML, we compared the gene expression
profiles of IDH1/2™ut¢d AML with other pediatric AML cases. Only 18 discriminative probe
sets were identified for IDH™ %t cases, indicating that these mutations do not drive a strong
specific gene expression profile. This could be caused by a stronger profile of the underly-
ing genetic subtypes, although correcting this did not generate more discriminative genes
(data not shown). Moreover, cases in the IDH""%?e group harbouring TET2 mutations, which
were recently shown to generate similar effects as IDH1/2 mutations in AML might resemble
the IDH™%*d profile.'®* However, we did observe an affected tryptophan metabolism, and
validated down-regulated expression of the enzyme kynureninase, which is involved in the
biosynthesis of NAD cofactors from tryptophan. The implication of this altered tryptophan
metabolism in IDH™ @4 AML remains to be elucidated. Furthermore, down-regulation of
the calcium-binding proteins S100A8 and S100A9 was observed in IDH™ 4 cases. A re-
cent study reported that high expression of SI00A8 in AML correlated with poor outcome,*
which is in concordance with our data showing down-regulated S100A8 and S100A9 expres-
sion in combination with a favorable outcome in IDH1/2 mutants. Interestingly, overexpres-
sion of SI00A8 and S100A9 induces prednisone resistance in pediatric ALL, which might also
apply for the well-known steroid resistance in AML.**** However, further functional studies
have to be done to shed more light on the possible role of these genes in IDH™ e AML.

In summary, we identified IDH1 and IDH2 mutations as a recurrent but infrequent event in
childhood AML. The IDH1/2 mutation status was not associated with independent prognos-
tic significance. These results further underline the differences in the prevalence and also
prognostic importance of molecular aberrations between childhood and adult AML.
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TO THE EDITOR

Recently, next generation sequencing technology has been applied to discover tumor-spe-
cific mutations in acute myeloid leukemia (AML) genomes.! After the finding of recurrent
mutations in the enzyme isocitrate dehydroxygenase 1 (IDH1) in AML,? two studies recently
reported the identification of somatic mutations in the DNA (cytosine-5-)-methyltransferase
3 alpha (DNMT3A) gene in adult AML cases.®* Ley et al® reported the presence of DNMT3A
mutations in 22% of de novo adult AML cases, after the discovery of this mutation by se-
qguencing a whole AML genome. They found that DNMT3A mutations were highly associated
with cytogenetically normal (CN-)AML (37% [44 of 120] CN-AML cases). Yan et al* detected
DNMT3A mutations by sequencing the complete coding region of the genome (exome se-
qguencing) of nine AML-M5 samples. They found that these mutations were restricted to the
myelomonocytic (French-American-British (FAB)-M4) and monocytic (FAB-M5) AML subty-
pes, presenting in 13.6% and 20.5% of these cases, respectively. DNMT3A mutations were
localized in the methyltransferase and the Plant Homeo Domain (PHD) finger domains, and
impaired DNMT3A methyltransferase activity, or altered histone H3 affinity in vitro. Both
studies reported a poor clinical outcome for patients with DNMT3A-mutated AML.>*

We identified the presence of a somatic heterozygous R882C mutation in the DNMT3A
gene by performing exome sequencing of a pediatric AML case and confirmed this mutation
by Sanger sequencing (Figure 1). This index case concerned an 8-year-old boy with a CN-
AML of the FAB-M1 subtype, who is currently in continuous complete remission (CCR) 3.6
years after diagnosis, following treatment according to the AML MRC15-protocol. Further-
more, we identified a Wilms tumor 1 (WT1) R394W mutation in this patient resulting from
a missense mutation in exon 9, which was known to be present from previous screening for
molecular mutations. This case was also characterized by a large insertion/deletion in WT1
exon 7 and an internal tandem duplication in the FLT3 gene (Table 1).

As data on DNMT3A mutations in pediatric AML were not yet available, we subsequently
screened cDNA of a large representative pediatric AML series (n=140; including 34 FAB-M4
and 27 FAB-MS5 cases, and including 46 CN-AML cases) from the Dutch Childhood Oncology
Group (DCOG) and AML-Berlin-Frankfurt-Muinster Study Group (AML-BFM SG) studies for
DNMT3A mutations in the region including amino acids 460-912, in which all but one of
the previously reported mutations were found. Remarkably, only two additional cases with
DNMT3A mutations were detected; one case harbored a R484W mutation, and the other
case harbored a V716F mutation. The characteristics of these cases are presented in Table
1. Of interest, two of the three pediatric cases with DNMT3A mutations concerned an AML
of the FAB-M1 subtype, which is in contrast with the (myelo)monocytic morphology predo-
minantly found in adult DNMT3A-mutated AML cases.** Unlike the poor clinical outcome of
adults with DNMT3-mutated AML, all three pediatric cases were in CCR at last follow-up. In
conclusion, the estimated frequency of DNMT3A mutations in our pediatric AML series is
only 2.1% (95% confidence interval (Cl) 0%-4.5%), and 6.4% (95% Cl 0%-13.4%) in the CN-
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wild type CATGAGCCGCTTGGCGA/( Figure 1. Sequence chromatograms of the DNMT3A
mutations detected in the pediatric AML index case

and the OCI-AML3 cell line. A heterozygous muta-

AML ¢ tion (C>T), changing arginine into cysteine at codon
indexcase 882, is present in the pediatric AML index case and
the OCI-AML3 cell line. The germline sample of the
index case did not harbor this mutation. Mutated nu-

germline cleotides are indicated by arrows. (A color version of
indexcase this figure can be found in the appendices.)
OCI-AML3

cellline

R882C

AML subset. In line with our data, Ho et al® recently published that no DNMT3A mutations
were observed in their pediatric AML series (n=180). Consistent with this low frequency in
children, both adult AML studies reported a high mean age (54.9 and 53.1 years, respecti-
vely) for DNMT3A mutants, indicating that these mutations are associated with a disease
onset at advanced age.>* Of note, our frequency might be slightly underestimated as we
performed mutational screening on cDNA, and Ley et al® showed that 2 of 21 (10%) mutated
alleles were not expressed. However, in the study of Yan et al* all 23 DNMT3A-mutated al-
leles were expressed.

Furthermore, we screened 12 AML cell lines derived from the German Resource Centre
for Biological Material (DSMZ, Germany), and found that the OCI-AMLS3 cell line harbored a
DNMT3A R882C mutation (Figure 1). The OCI-AML3 cell line was derived from a 57-year-old
male with FAB-M4 AML, and carries an NPM1 mutation.® Hence, this cell line can be used as
an in vitro model to further study the leukemogenic and drug-resistance aspects of DNMT3A
mutations in AML.

Our findings further illustrate the large differences in the frequency of genetic aberrations
found in pediatric and adult AML. NPM1 mutations are highly associated with DNMT3A
mutations in adult AML,** which is consistent with our finding of a DNMT3A mutation in
one pediatric NPM1-mutated case and in the NPM1-mutated OCI-AML3 cell line. In pedi-
atric AML, there is a four to five-fold lower frequency of NPM1 mutations compared with
adult AML,” which may partially explain why the frequency of DNMT3A mutations is also
lower. Moreover, pediatric AML is characterized by a different base pair insertion in NPM1
as compared with the type of NPM1 mutations found in adult AML,”® which points towards
a different ontogeny of pediatric AML. Furthermore, IDH1/2 mutations also occurred more
frequently in adult DNMT3A-mutated cases,® but these mutations are, similar as NPM1
mutations, less frequent found in pediatric AML.° None of our pediatric DNMT3A mutants
carried an IDH1/2 mutation. Because the recently discovered mutations in AML are less
frequent or even absent in pediatric AML, further genome-wide sequencing studies in pedi-
atric AML are warranted separately from adult AML to map genetic aberrations underlying
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TABLE 1. Clinical and genetic characteristics of the three DNMT3A-mutated pediatric AML cases.

#1 R882C 8.4 M 25.0 M1 CN-AML WT1ex7/9+  MRC-AML15 CCR,
FLT3/ITD 3.6 years
#2 R484W 15.7 F 9.5 M1 CN-AML CEBPA double  AML-BFM04 CCR,
mutant 6 mo*
#3 V716F 15.3 M 30.8 M4 CN-AML NPM1 AML-BFM04 CCR,
+ N-RAS 4.8 years

Abbreviations: F/M indicates female/male; WBC, white blood cell count at diagnosis; FAB, French-American-British,
CN-AML, cytogenetically normal AML; ex, exons; CCR, continuous complete remission; mo, months.
*This patient was in CCR 6 months after diagnosis, but lost to follow up data after that.

pediatric AML specifically. The discovery of these aberrations is needed to further improve
the current stagnated survival rates of pediatric AML, because they provide insight in leuke-
mogenesis and might serve as drugable targets. As genome-wide sequencing studies have
become more affordable in recent years, they promise to be a valuable tool to further dis-
sect pediatric AML.
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SUMMARY

Pediatric acute myeloid leukemia is a heterogeneous disease, and comprises diverse clini-
cal entities reflected by differences in the morphology, underlying genetic aberrations and
clinical behavior. The progress that has been made in the field of cancer molecular genetics
has provided us with techniques to further unravel the molecular genetic basis of pediatric
AML. This is warranted as with the current intensive treatment regimens, still 30% of child-
ren die of the disease or treatment-related toxicity. Novel treatment options are therefore
needed to improve survival rates, and better understanding of the pathobiology of the dif-
ferent unique entities by dissecting the underlying genetic aberrations is likely to guide the
development of novel drugs for pediatric AML. In this thesis we specifically focused on the
molecular genetic dissection of the group of pediatric AML patients that lacks chromosomal
aberrations with conventional karyotyping in their leukemic cells, the so called cytogeneti-
cally-normal subtype of AML (CN-AML), as the driving oncogenic lesions were largely un-
known in this group. We provide evidence that CN-AML patients represent a heterogeneous
population of pediatric AML, characterized by diverse underlying genetic aberrations with
distinct prognostic significance.

In the first part of this thesis we assessed the role of the primary molecular genetic aber-
rations (type-ll aberrations) that were recently discovered in adult AML. In chapter 2 we
showed that mutations in Nucleophosmin or NPM1 are present in 8% of all pediatric AML
cases, and in 20% of pediatric CN-AML (Figure 1). This frequency is 2-3 times lower than in
adult CN-AML, in which NPM1 mutations comprise 50-60% of the cases. Moreover, the main
type of NPM1 mutations differ between children and adults. NPM1 mutations characterized
a favorable prognostic group of pediatric AML patients regardless of the co-occurrence of
the poor prognostic marker FLT3/ITD, which was in particular evident in CN-AML.

In chapter 3 we determined the role of different CEBPA aberrations in pediatric AML. Mu-
tational screening revealed CEBPA mutations in 8% of all pediatric AML cases: 70% of CEBPA-
mutated cases carried two individual mutations (i.e. CEBPA double mutants), which have
previously been shown to occur typically bi-allelic. CEBPA double mutations independently
conferred a favorable prognosis. The combination of screening for CEBPA promoter hyper-
methylation and unsupervised clustering based on gene expression profiles identified 5 ca-
ses with a silenced CEBPA gene, accounting for 2% of pediatric AML cases. Moreover, gene
expression profiling revealed clustering of CEBPA-double mutated and CEBPA-silenced cases
indicating an identical expression signature of these two subtypes. Of interest, the 5 silen-
ced cases had poor outcome, although larger series are needed to confirm this observation.

In chapter 4 we showed that using MLPA, a novel DNA copy number screenings technique,
in combination with mRNA RT-PCR, the MLL partial tandem duplication (MLL/PTD) was in-
frequently (2%) found in pediatric AML. MLL/PTD-positive AML displayed different charac-
teristics than MLL-translocated AML.

In chapter 5, we combined the currently known type-l and type-Il aberrations in an in-
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tegrative analysis resulting in the largest series of pediatric AML to date. The aim was to
determine the characteristics, associations and prognostic impact of the various aberrati-
ons in one very large series of patients. Genetic aberrations were associated with specific
clinical characteristics, e.g. significant higher white blood cell counts at diagnosis in MLL-
rearranged, WT1-mutated and FLT3/ITD-positive AML patients. Moreover, the distribution
of several genetic aberrations differed significantly between children below and above the
age of 2 years. Non-random associations between different type-I and -1l aberrations were
observed, e.g. KIT mutations with CBF-AML, and FLT3/ITD with t(15;17)(922;q21), NPM1-
and WT1-mutated AML. Besides the already established ‘favorable karyotype’ group within
pediatric AML, NPM1-mutated and CEBPA double-mutated AML were both identified as
independent predictors for favorable outcome.

In the second part of this thesis genome-wide screenings techniques were applied to iden-
tify novel genetic aberrations that play a role in pediatric CN-AML. In chapter 6 we identified
the frequent involvement of Wilms tumor 1 (WT1) gene aberrations in pediatric AML via the
detection of one case with a cryptic deletion of 11p13. Besides one additional case with a
whole WT1 gene deletion, WT1 aberrations consisted of diverse gene mutations, and both
WT1 alleles were affected in at least 54% of cases. WT1 aberrations clustered in the CN-AML
subtype affecting 22% of cases, and were frequently associated with FLT3/ITD. They were
identified as a novel marker for poor outcome, and the presence of a WT1 aberration in
combination with FLT3/ITD recognized a subgroup with very poor outcome.

Subsequently we analyzed in chapter 7 the prognostic impact of the WT1 single nucleotide
polymorphism (SNP) rs16754, which is located in the mutational hotspot region, and WT1
gene expression at diagnosis. Both did not predict clinical outcome.

Using A-CGH we also identified the presence of a chromosomal translocation invisible by
conventional karyotyping, i.e. the cryptic NUP98/NSD1 translocation in 16% of pediatric CN-
AML (chapter 8). This fusion gene was mutually exclusive with other type-Il aberrations, but
frequently associated with the type-l aberration FLT3/ITD, and with WT1 mutations. This
translocation was significantly more frequent in pediatric AML than adult AML. In pediatric
as well as in adult AML, NUP98/NSD1 independently predicted dismal outcome, with 5-year
event-free survival rates below 10%. Of interest, its prognostic impact was also independent
of the poor prognostic factor FLT3/ITD. Gene expression profiles demonstrated that NUP98/
NSD1-positive cases were characterized by high expression of several HOXA and -B cluster
genes, pointing towards HOX-driven leukemogenesis in these cases.

In 2009, whole genome sequencing of the second adult AML genome unraveled the pre-
sence of mutations in the enzymes isocitrate dehydroxygenase 1 and -2 (IDH1/-2), which
were subsequently linked to CN-AML and poor outcome. Together with our German col-
laborators, we investigated the characteristics of these mutations in pediatric AML (chapter
9). We found that IDH1 and -2 mutations were infrequently present in pediatric AML, non-
randomly associated with NPM1 mutations, and that they did not independently influence
outcome. Disruption of these enzymes did not result in a strong discriminative gene expres-
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sion signature.

In chapter 10 we present a pilot study with exome sequencing in one pediatric CN-AML
sample together with its matched germline material. We discovered a mutation in the DNA
methyltransferase DNMT3A and confirmed a WT1 mutation. Subsequent screening of a pe-
diatric series however revealed that DNMT3A mutations are uncommon events in pediatric
AML.

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Heterogeneity of pediatric cytogenetically normal AML

In this thesis we showed that a diverse spectrum of recurrent molecular genetic aberrati-
ons underlies pediatric CN-AML. These aberrations affect molecules with various functions,
which provide us with knowledge on the pathways that are deregulated in AML leukemo-
genesis. Mutations in NPM1 delocalize this nucleo-cytoplasmic shuttling protein into the
cytoplasm, although the exact mechanism how mutated NPM1 contributes to development
of AML still remains to be elucidated.! The majority of NPM1 mutations occurs in cytoge-
netically normal leukemias, both in adult and pediatric AML, but the work described in this
thesis and other pediatric studies showed that their frequency is two to three times lower
in pediatric CN-AML (Figure 1).2> NPM1-mutated AML clearly characterizes a distinct entity
within AML, regardless of additional cytogenetic aberrations, pointing towards a key role
for NPM1 mutations in those leukemias.®® They are characterized by involvement of dif-
ferent hematopoietic lineages, a specific gene-expression profile, including up-regulation of
homeobox (HOX) A and -B cluster genes, and a better response to induction therapy and a
favorable long-term prognosis.®® Studies in mice recently provided indeed the first evidence
that NPM1 mutations are primary leukemogenic events in AML, as they by themselves
caused delayed-onset AML, and rapid-onset AML together with different ‘type-l aberrati-
ons’.® Mutant NPM1 in hematopoietic stem cells of mice induced HOX gene overexpression,
increased self-renewal and stimulated myelopoiesis. Taken together, NPM1 mutations are
suggested to be classified as type-Il aberrations in AML, although they do not classically
induce a differentiation arrest.

An established type-Il aberration concerns mutations in the CEBPA gene, which encode
one of the crucial transcription factors for myeloid cell differentiation.! Targeted disruption
of CEBPA results in a selective early block of granulocyte differentiation.!>*? Different me-
chanisms can abrogate CEBPA functioning, including a variety of CEBPA mutations.'* The
majority of CEBPA-mutated AML cases harbors CEBPA double mutations, which typically
affect both alleles and thereby result in complete loss of CEBPA wild-type expression.'”8
Studies in adult AML have proposed that CEBPA double mutations define a specific entity,
in contrast to cases with a single mutation only, which was based on the association with
specific characteristics, e.g. less frequently concurrent genetic aberrations, and a distinctive
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gene expression profile.>* Moreover, double mutants were associated with a favorable
outcome, but single mutants were not.?*2! Furthermore, single germline CEBPA mutations
have been found in familial AML, and the gain of a second somatic CEBPA mutation in the
AML is a frequent event.???* These data imply that germline CEBPA mutations predispose
for AML and that additional somatic CEBPA mutations or other genetic events contribute to
the development of AML. We also found a germline single CEBPA mutation and the acqui-
rement of a second CEBPA mutation in the leukemic cells of a 6-year-old girl diagnosed with
AML, indicating the variable time-latency of AML in cases with germline CEBPA mutations.
CEBPA mutations in pediatric CN-AML were observed in a similar frequency (approximately
15%) as in adult CN-AML (Figure 1), and showed the same relation with favorable outcome,
which was restricted to the double mutants.?* Another large pediatric study conducted by
the COG, however, showed favorable outcome for double as well as single mutants,?® which
might be explained by different secondary hits in these CEBPA single mutants as compared
to our series. In the revised WHO classification of 2008, NPM1-mutated AML and CEBPA-
mutated AML are now recognized as provisional entities within AML.2® However based on
the current data, one might suggest that only CEBPA double mutants should be considered
to be categorized to this entity. We found that CEBPA promoter methylation as a mechanism
to abrogate CEBPA functioning was infrequent in pediatric AML, and not present in CN-
AML.?* Of interest, the few pediatric cases with CEBPA promoter methylation had poor out-
come, which was also suggested from a small number of adult CEBPA promoter methylated
AML cases.” Independent series are therefore needed to confirm their poor prognostic im-
pact. Unsupervised analysis of gene expression profiles showed clustering of CEBPA-double
mutated and promoter methylated cases, indicating overlap in their expression signatures,
which confirmed prior observations from our hematology department in adult AML.? In
contrast, CEBPA promoter methylated cases displayed also different features than CEBPA-
double mutated cases such as an immature morphology with T-lymphoid characteristics,
a hypermethylated phenotype, and their potential association with poor outcome. These
features point towards differences in pathobiology, which is reflected by the formation of
two sub-clusters within their cluster.?’2

The third aberration investigated in this thesis, considered as a type-Il aberration and
known to be associated with trisomy 11 as well as CN-AML, is the partial tandem dupli-
cation of the MLL gene (MLL/PTD), which encodes a histone modifying enzyme.?** Using
DNA-MLPA combined with mRNA RT-PCR, we found that MLL-PTD is infrequent in all pedia-
tric AML cases, as well as in the subtype of CN-AML (approximately 4%).3! Translocations of
MLL represent approximately half of the AML cases in infants, and 20% of all pediatric AML
cases.®? Although MLL can translocate with various partner genes, all MLL translocations
together display a distinctive gene expression profile.?®* We previously showed that cases
with an MLL/PTD did not cluster together with MLL-translocated cases, suggesting that they
are a separate entity.>* Interestingly, in our HOX-based clustering of gene expression profiles
(chapter 8), we observed that MLL/PTD-positive cases were not only characterized by up-
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FIGURE 1. The frequency of the different type-Il aberrations in pediatric (A) vs. adult (B) CN-AML. Frequencies are
obtained from our own data and from literature.

regulation of HOXA as the majority of MLL-translocated cases, but also by up-regulation of
HOXB genes. In chapter 4 we showed that MLL/PTD-positive AML also displayed different
characteristics than MLL-translocated AML, such as the association with a higher age at
diagnosis, no monocytic morphology, and a high frequency of co-occurrence of FLT3/ITD.
Taken the frequencies of the above mentioned aberrations together, type-Il aberrations
underlying pediatric CN-AML were found in approximately 40% of the cases (Figure 1). Mo-
reover, the work described in this thesis adds a novel player to this pie chart, i.e. the cryptic
NUP98/NSD1 translocation that was present in 16% of pediatric CN-AML cases, and mutu-
ally exclusive with the other type-Il aberrations. Non-cryptic translocations of NUP98, which
encodes a member of the nucleopore complex, are known to be recurrent but rare events
in AML, contributing to less than 1% of all cases. NUP98 can fuse to more than 20 different
partner genes, and transfection of several NUP98 fusions impair normal differentiation in
hematopoietic progenitor cells.3>* In an in vitro model, Wang et al. demonstrated that also
the NUP98/NSD1 fusion inhibited cellular differentiation, thereby establishing it as a type-II
aberration.® Interestingly, another nucleoporin (NUP214) is also affected in 1% of AML ca-
ses by the t(6;9)(p23;934) translocation creating the DEK/NUP214 fusion, which might point
towards a similar functional contribution of translocated nucleoporins in leukemogenesis.*
For the other recurrent genetic aberrations that were identified in the second part of this
thesis, their exact role in leukemogenesis and place in the type-I/lIl model remain to be
elucidated. The Wilms tumor 1 (WT1) gene has been attributed tumor suppressor as well
as oncogene properties depending on the cellular context.*? It encodes a transcription fac-
tor essential for urogenital development, which is mutated in a subset of Wilms’ tumors, a
pediatric renal tumor.**** It is known that the majority of AML cases exhibit WT1 gene over-
expression.**¢ We discovered WT1 mutations in 22% of pediatric CN-AML (Figure 2), which
mainly clustered in exon 7 encoding the first of four zinc finger domains.*” These mutations
are predicted to result in truncated proteins lacking the C-terminal DNA binding zinc fingers.
Interestingly, it was reported that mutated transcripts were subjected to nonsense-media-
ted RNA decay, and truncated proteins could not be detected.*® However, we did detect the
mutations at DNA as well as at RNA level, but how they contribute to leukemogenesis still
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FIGURE 2. The frequency of yet unclassified molecular genetic aberrations in pediatric (A) vs. adult (B) CN-AML.
The percentages do not count up to 100%, as the overlap between the different genetic aberrations is not presen-
ted as this is not exactly known yet. Frequencies are obtained from our own data and from literature.

needs to be determined.

Another molecule known to be mutated in gliomas and discovered to be affected in AML
by whole genome sequencing, is the enzyme isocitrate dehydroxygenase 1 (IDH1).*° We
determined that IDH1 and its family member IDH2 are far less frequently mutated in pedi-
atric CN-AML than in adult CN-AML (Figure 2). It was demonstrated that mutated /IDH1/2
gained neomorphic enzyme activity resulting in 2-hydroxyglutarate production and conse-
quentially induced global DNA hypermethylation via inhibition of the TET2 enzyme.* This
study provided evidence that mutated /IDH1/2 inhibited cellular differentiation.>® However,
we found that IDH1/2 mutations did not display a strong distinctive gene expression profile.
This might be caused by a stronger profile of underlying genetic subtypes, or other genetic
aberrations exhibiting the same expression profile. One example of the latter are the loss-of-
function mutations in the ten-eleven translocation 2 (TET2) gene, that were shown to har-
bor the same mechanistic properties as mutated /IDH1/2.%° This illustrates that functionally
different proteins may induce the same leukemogenic effect. TET2 mutations also appeared
to be rare in pediatric AML.>!

Mutations in the DNA methyltransferase gene DNMT3A in pediatric AML were discovered
by us using a novel next-generation sequencing approach, i.e. sequencing the complete co-
ding region of the genomes of a tumor and its matched germline sample. Simultaneously,
similar screening approaches in adult AML also identified DNMT3A mutations, and showed
that DNMT3A mutations affected methyltransferase activtiy or histone H3 binding capacity
of DNMT3A, depending on the mutation location.>>>* As DNMT3A ensures de novo methyla-
tion of the genome, mutations subsequently led to global DNA hypomethylation.>

These genetic aberrations, i.e. mutated WT1, IDH1/2 and DNMT3A, are currently difficult
to fit in the type-1/-Il model, and one could ask if it will be possible to fit them in this model.
These aberrations are mostly seen in addition to the established type-I and -l aberrations,
e.g. WT1 aberrations are frequently observed together with a NUP98-NSD1 fusion and an
FLT3/ITD, and IDH1/2 mutations in NPM1-mutated cases. It appears to be more likely that
they constitute an additional or several additional layers of genetic aberrations, which fits
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in the concept of a multistep pathogenesis model of AML. Interestingly, the above men-
tioned mutations affect the epigenetic landscape, i.e. DNA methylation status or histone
code, which might point towards a commonly affected process in the pathobiology of AML.
Other mutated genes that were not investigated in this thesis, but which can also be added
to this group, are mutations in TET2 and additional sex combs-like 1 (ASXL1) (Figure 2).5%5455
However, transfection of mutated /IDH1/2 and TETZ2 resulted in a maturation arrest of the
transfected progenitor cells, which would these mutations categorize as type-Il aberrations
according to the Gilliland type-I/-1l model.*® In contrast to other type-Il aberrations, we sho-
wed that IDH1/2-mutated cases did not display a distinct expression profile. Their frequent
co-occurrence with NPM1 mutations might also support the presence of additional layer(s)
in the development of AML. It might suggest that the different genetic aberrations might
not so strictly be distinguished as currently being done in the classical type-I/-1l model, i.e.
the required disturbance of certain processes for leukemogenesis might be caused by one
aberration or gained by several aberrations. Furthermore, one genetic aberration might also
affect several leukemogenic processes such as maturation arrest and hyperproliferation as
suggested for MLL fusions.

As touched upon above, distinct non-random associations between the different molecu-
lar aberrations exist, suggesting cooperation between the specific aberrations in leukemo-
genesis. This has for example been shown for the PML-RARA fusion and FLT3/ITD.*® In ad-
dition to the known non-random associations between the different cytogenetic subgroups
and specific type-l aberrations, we observed significant associations between the molecular
subtypes in pediatric AML: FLT3/ITD is significantly associated with NPM1 mutations, MLL-
PTD, NUP98/NSD1 and WT1 mutations; IDH1/2 mutations are significantly associated with
NPM1-mutated AML; and WT1 mutations had a preference for the nucleoporin-transloca-
ted leukemias, i.e. NUP98/NSD1 and DEK/NUP214.%3%% The next step will be to prove that
these aberrations functionally cooperate, and to decipher their distinctive role in leukemo-
genesis.

In addition to the genetic aberrations, altered gene expression levels may also play impor-
tant roles in leukemogenesis, although they might also reflect the maturation stage of the
affected progenitor cells. However, the expression of several genes has been shown to har-
bor prognostic significance in adult (CN-)AML, such as the expression levels of EVI1, MN1,
BAALC, and ERG, which are under investigation by our group in pediatric AML.>7-5!

Pediatric versus adult CN-AML

Notable differences in the genetic aberrations exist between pediatric CN-AML and CN-AML
in adults. Although in both groups the same molecular genetic events can be found so far,
there are remarkable differences in their frequencies (Figure 1 and 2). Furthermore, it will
be interesting to determine if the remaining yet unidentified aberrations will be present in
both age cohorts or restricted to one of them. For a few cytogenetic aberrations it is known
that they exclusively occur in pediatric AML (i.e. t(7;12) and t(1;22)) or almost exclusively
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occur in adult AML (i.e. inv(3)/t(3;3)).5>** Furthermore, AML after preceding MDS is rare in
pediatric AML. Moreover, a different base-pair insertion in NPM1 dominated in pediatric
AML compared to the type of NPM1 mutations found in adult AML, which points towards a
different ontogeny of pediatric AML.23 6

One still could argue that a specific genetic subtype in AML is the same in an adult or a
child. Although this might be true, the same genetic subtype does not reach similar out-
come rates in children and adults, as the prognosis is generally more favorable in children.®
This may be due to host factors, such as the relative higher tolerability for intensive chemo-
therapy in children or differences in pharmacokinetics between adults and children. Other
features such as a developing immune system or DNA repair system might also play a role.
In addition, there may be differences in leukemia cell-specific factors, such as secondary
genetic aberrations, or differences in cellular drug sensitivity as a result of that, or by up-
regulation of the MDR1 phenotype with age.

Moreover, due to the large difference in frequencies of specific genetic subtypes of AML
the focus for novel therapies will be different. Therefore, it seems warranted to perform
separate studies to elucidate the genetic basis of, and study drug development for, pediatric
AML. The latter is also important as children are growing individuals, in which long-term ef-
fects side might be different and have more time to develop than in adults.

AML in children below the age of 2 years also seems to form a distinct entity, although it
has been shown in the AML-BFM93/98 series that their outcome was not different than
older children with AML.%® AML below 2 years of age is characterized by a high incidence of
specific genetic aberrations, such as MLL-translocations (~¥50%) and a complex karyotype
(10-15%), and the exclusive presence of the rare translocations t(7;12) and t(1;22). Further-
more, the specific entity of AML in children with Down syndrome also usually present at a
very young age. In contrast, significantly less CN-AML cases are present in this age category
as compared to older children, as we showed in chapter 5. Furthermore, it is noteworthy
that none of the ‘molecular genetic’ type-Il aberrations, i.e. NPM1 mutations, CEBPA double
mutations, MLL-PTD and NUP98/NSD1 is found in children below the age of 2 years. This
point towards a distinctive ontogeny of infant AML. For MLL-translocations, which also re-
present 80% of infant ALL, there is evidence that solely the translocation by itself can induce
a frank leukemia without the necessity of additional hits. Together with the finding that they
already arise in utero might explain the short latency for MLL-rearranged AML and ALL.

Prognostic markers and improvement of risk-group classification

In most collaborative treatment protocols, the majority of CN-AML patients are stratified
in the intermediate or standard risk-group, as risk-group classification in pediatric AML is
generally based on the presence of certain specific cytogenetic aberrations and the early
response on treatment. FLT3/ITD is the only used molecular marker up to now, included in
the current AML-Berliner-Frankfurt-Miinster (AML-BFM) Study Group protocol as high-risk
feature. In adult AML it has been acknowledged in the past years that molecular markers
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can improve risk-group stratification.®” This thesis and studies by other groups now show
that several molecular markers harbor prognostic relevance in pediatric CN-AML that can
divide this seemingly homogeneous entity into distinct, prognostic relevant disease entities.

NPM1 mutations and CEBPA double mutations independently predicted favorable out-
come in our pediatric AML series. This was also found in studies from the Children’s Onco-
logy Group (COG, USA) and correlated with the adult data.** However, discrepancies were
found for the impact of FLT3/ITD in NPM1-mutated AML. We observed no influence of the
presence of FLT3/ITD on the favorable impact of NPM1-mutated AML, whereas the COG
study did report a negative influence of FLT3/ITD, which is in concordance with most adult
studies.>* Beside small numbers, this might be influenced by differences in the mutant/wild
type (allelic) ratio of the FLT3/ITDs as it has been shown that this ratio largely determines
the prognostic impact of FLT3/ITD.”® These ratios were not reported by the COG, but in
our study high allelic ratios had no impact on the outcome of the NPM1-mutated patients.
Larger pediatric series are therefore needed to ascertain the role of FLT3/ITD and its allelic
ratio in the NPM1-mutated subtype. An important issue in determining prognostic factors
is that the impact of markers is highly treatment-dependent. The prognostic influence of
markers may disappear when survival increases or treatment differs, as might be the case
with FLT3/ITD, as slightly higher survival rates were reached in our series compared with the
COG study, and adult studies.

CEBPA-double mutated AML was found to favorably impact on outcome.? However, in
contrast to our and most adult data, the COG did not observe a difference in outcome
between CEBPA double-mutated and single-mutated AML.?> Additional aberrations may de-
fine outcome of the CEBPA single-mutated subtype. In a recent very large series of adult
AML, concurrent gene mutations were more frequent and influenced outcome in CEBPA
single-mutated AML, supporting this hypothesis, and possibly explaining the difference in
outcome found for CEBPA single-mutated AML between studies.?®

As an example how this research can be translated into the clinics, the upcoming AML-BFM
treatment protocol that is currently in development is planning to incorporate these novel
markers into their risk-group classification (personal communication Prof. Dr. D. Reinhardt).
AML characterized by NPM1 mutations and by CEBPA double mutations will be added to the
favorable risk-group, thereby extending this group from approximately 25% to 40% of the
patients. Better risk-group classification may avoid overtreatment of patients with a good
prognosis. In contrast, improved risk-group classification may prevent undertreatment of
patients with a high chance of relapse.

A novel marker that we identified in this thesis is the cryptic NUP98/NSD1 fusion, which
recognized a very poor prognostic group of pediatric as well as adult AML patients. Only a
couple of other NUP98 translocations have been investigated in adult AML for their prog-
nostic significance. Interestingly, they all conferred poor clinical outcome.”*”2 Moreover, the
DEK/NUP214 fusion is also known to confer poor outcome, and is in many adult treatment
protocols stratified into the poor risk-group.” NUP98/NSD1 now awaits further validation
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Figure 3. The frequency of type-Il and other genetic
aberrations in FLT3/ITD-positive pediatric CN-AML
cases. IDH1/2, TET2 and DNMT3A mutations were
not yet available for all these cases.
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in independent series, but novel therapeutic approaches seem urgently needed for this pa-
tient group (which will be discussed in the next paragraph).

Contradictory data exist on the impact of WT1 gene aberrations in AML; WT1 gene mu-
tations, WT1 SNP rs16754 and WT1 gene overexpression at diagnosis correlated with out-
come in some but not in all series.””-7#78 These conflicting results are present for pediatric as
well as for adult AML cohorts, although there seems consensus on the dismal prognosis of
patients with the combination of a WT1 mutation and an FLT3/ITD. Interestingly, this com-
bination frequently occurred together with the NUP98/NSD1 fusion, which might underlie
their poor outcome, and suggesting that the poor outcome is not due to WT1 mutations
and FLT3/ITD.

The type-l aberration FLT3/ITD is an established poor prognostic marker, which occurs in
approximately 45% of pediatric CN-AML cases. However, in this thesis evidence is provided
that in pediatric AML the prognosis of FLT3/ITD-positive cases might be dependent on the
underlying type-Il or driving primary genetic aberration(s), which were present in the majo-
rity of the FLT3/ITD-positive cases in our series (Figure 3). The left-over FLT3/ITD-positive ca-
ses (i.e. excluding NPM1-mutated and NUP98/NSD1-positive cases) had a similar outcome
as the FLT3/ITD wild-type cases, although numbers are small (unpublished data). It is likely
that also these cases harbor other yet unidentified primary (epi)genetic aberrations, which
might influence outcome, and that ‘solely FLT3/ITD’ does not exist.

Investigating the impact of less prevalent markers in pediatric AML such as mutations in
IDH1/2 and DNMT3A, is difficult by the low incidence of pediatric AML. Therefore, internati-
onal collaboration by combining patient cohorts is of substantial value to determine the im-
pact of these markers in such a rare disease. The recent international retrospective study on
MLL-translocations in pediatric AML facilitated by the International AML-BFM Study Group
is an excellent example of such collaboration.”

Besides genetic aberrations, improvement of risk-group classification might also result
from other variables such as expression levels of single genes or combined in expression
profiles, or from sensitive assessment of minimal residual disease (MRD) levels. As the past
decade has yielded a wide scale of novel prognostic markers, it remains important to prove
their value in a prospective evaluation, and to examine their independent and additive ef-
fect to the established risk-classification system.
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Towards subgroup-directed and targeted therapy
Within most current pediatric AML treatment protocols, patients receive therapy based
on a backbone of two induction courses consisting of an anthracycline and cytarabine fol-
lowed by consolidation courses with high-dose cytarabine. Currently only one AML sub-
type receives specific subgroup-directed therapy, i.e. acute promyelocytic leukemia (APL)
harboring t(15;17), which generates the PML/RARA fusion. They are successfully treated
(survival rates >90%) by the addition of all-trans retinoic acid (ATRA) to the chemotherapy
backbone, which activates the retinoic acid receptor (RARA), and herewith overcomes the
differentiation block induced by PML-RARA.2 In addition, AML in children with Down syn-
drome (DS-AML), which is an unique AML subtype characterized by truncating mutations
in the hematopoietic transcription factor GATA1, are treated with reduced dose-intensities,
as DS-AML cells displayed relatively sensitive in vitro drug-resistance profiles, and because
DS children experience excessive toxicity at regular doses. This improved outcome by re-
ducing treatment-related mortality.2"# Currently novel non-specific drugs in development
for AML include new formulations of old drugs, such as liposomal daunorubicin (DaunoXo-
me®), which is assumed to be less cardiotoxic than conventional anthracyclines, and novel
nucleoside analogues such as clofarabine. Another drug in development is Gemtuzumab
ozogamycin (Mylotarg®), which is a conjugated monoclonal antibody linked to the cytotoxic
compound calicheamicin, and directed against CD33 which is expressed by the majority of
AML cases.®388

The enigmatic example in the oncology field of therapy specifically targeting the leukemic
cells is imatinib mesylate, a specific tyrosine kinase inhibitor that inhibits the BCR/ABL fusion
in chronic myeloid leukemia (CML), which was developed in the late 1990s.% Since then,
diverse inhibitors have been developed against targets that are mutated or overexpressed
in cancers.®® The main focus for AML has been on inhibitors against deregulated signal trans-
duction molecules or pathways, such as the mutated growth factor receptors FLT3 and KIT
and the RAS pathway, reflecting the type-l aberrations in AML. Diverse compounds such
as FLT3-directed midostaurin and lestaurtinib and the multi-tyrosine kinase inhibitor sora-
fenib showed promising results in in vitro cytotoxicity assays or in vivo models, however,
so far monotherapy with these agents in AML have shown limited clinical activity.®**> Due
to the different cooperating events in AML, monotherapy as with imatinib in CML (where
a single fusion gene drives the disease) might not be feasible. Moreover, the combination
with chemotherapy might reveal novel insights in resistance mechanisms, such as the up-
regulation of FLT3 ligand during chemotherapy which might hinder the treatment with FLT3
inhibitors.®® Our and other studies also show that shifts of the mutational status of type-I
aberrations frequently occur during disease progression, which need to be kept in mind
when targeting these molecules.?’%8

As the primary genetic events are frequently indispensable for maintaining the malignant
clones, but generally believed to be ‘undrugable’ by conventional small molecule approa-
ches, it may be worthwhile to invest in the development of strategies to target these leu-
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kemia-driving genes or their downstream effectors.®® In this thesis NUP98/NSD1-positive
AML was identified as a very poor prognostic subtype for which novel therapy options are
urgently needed. Recent studies have demonstrated that NUP98 fusions function by trans-
criptional activation of e.g. HOX genes for which the recruitment of the CBP/p300 complex
is probably essential.!® The histone acetyltransferase activity of CBP/p300 is recruited via
the N-terminal GLFG repeats of NUP98, which are commonly present in all NUP98 fusions.
Furthermore, for the NUP98/NSD1 fusion it has been shown that besides the recruited his-
tone acetyltransferase activity, histone H3K36 methyltransferase activity by the SET domain
of NSD1 is essential for leukemogenic transformation.*® Following this, we started to inves-
tigate the potential of compounds directed against histone modifying enzymes, specifically
histone acetyl transferase (HAT) inhibitors, for this subtype of AML.1°1%2 The recent deve-
lopment of histone methylation inhibitors might also be worthwhile investigating for these
patients.’®

Although not frequently present in pediatric AML, patients characterized by promoter me-
thylated CEBPA represented another group that might potentially benefit from epigenetic
therapies.?* An adult AML study showed that these patients not only exhibit CEBPA promo-
ter methylation, but display a complete DNA hypermethylated DNA phenotype.?® There-
fore DNA methyltransferase inhibitors, which are already in phase II/1ll trials for myeloid
malignancies, might be of specific interest for this group.'®* In addition, IDH1/2- and TET2-
mutated AML might also be groups of interest for these agents. Furthermore, investigation
of the global DNA methylation status showed distinct clusters in adult AML cases.® DNA
methylation profiling is currently performed by our group in pediatric AML, and might re-
veal additional groups that from a biological point of view may be of potential interest for
demethylating agents.

As the majority of AML blasts overexpress WT1, including the poor prognostic group har-
boring WT1 mutations, another field of interest might be peptide-based and dendritic cell
vaccines directed against WT1. Phase-I/Il trials in adult AML with WT1 vaccinations showed
promising results.0¢1%7

The value of genome-wide approaches

Genome-wide profiling of copy number alterations (CNAs) using high-resolution A-CGH and
SNP-A did not reveal many recurrent acquired CNAs in AML, and provided evidence that
AML is a relatively genomically stable disease when compared to other malignancies such
as ALL and various solid tumors.1%1! One exception are the FAB-M6/M7 subtypes which
significantly carried more CNAs in pediatric as well as adult AML.2%®¢1 However, we and
others showed that A-CGH and SNP-A are valuable tools to identify somatically mutated
genes, and to unravel genes not previously implicated in AML that may be relevant for pa-
thogenesis. We identified the involvement of WT1 gene aberrations via the detection of one
case with a cryptic 11p13-deletion, and discovered the frequent involvement of the cryptic
NUP98/NSD1 translocation via threewo cases with CNAs of NUP98 resulting in unbalanced
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translocations.*” Other studies unraveled the involvement of TET2 mutations via the detec-
tion of a minimally affected region of loss of heterozygosity (LOH) on chromosome 4q24 by
SNP-A, and the involvement of ASXL1 in myeloid malignancies was revealed in a similar way
using A-CGH profiling.**#1* SNP-A profiling has furthermore the ability to reveal regions of
segmental uniparental disomy (UPD), which was shown to occur in approximately 10-20%
of AML cases, serving as a mechanism to duplicate an oncogenic mutation with loss of the
normal wild-type allele.'* 11511 These platforms are anticipated to further reveal affected
genes in AML.

At the transcriptome level, gene expression profiling (GEP) has already proven its value in
cancer research in different areas, such as class prediction, class discovery and class com-
parison.**”1*° Ross and colleagues firstly showed that GEP is able to predict specific cytoge-
netic subtypes in pediatric AML.1?° We recently showed that specific cytogenetic subtypes
comprising approximately 40% of pediatric AML cases could be predicted with a very high
accuracy with a classifier consisting of only 75-probe sets.?* In contrast, gene expression sig-
natures were less predictive for molecular genetic subtypes in pediatric AML, which was si-
milar for adult AML cases.'?* In unsupervised clustering analysis of our gene expression data
the specific cytogenetic subtypes grouped together. In addition, several other distinctive
clusters were present for which the common factor or pathway remains to be elucidated. In
one of these clusters CEBPA double mutations clustered together with all CEBPA-promoter
methylated cases, confirming a prior observation from our adult hematology department.?”
Two additional cases were present in this cluster besides the CEBPA-promoter methylated
cases, also characterized by silenced CEBPA and sharing the distinctive T-lymphoid characte-
ristics. The origin of these CEBPA-silenced leukemias and their prognostic impact remain to
be clarified, and comparing their signatures with immature T-ALL cases might be of interest.

NUP98/NSD1-positive AML cases were characterized by a gene expression profile with
deregulated homeobox (HOX) gene expression. Expression of several HOX genes promo-
tes self-renewal of hematopoetic stem cells, but down-regulation is necessary to allow dif-
ferentiation to mature blood cells.’? Persistent overexpression is expected to give rise to
pre-leukemic clones, and has been shown to be potent leukemogenic events, especially
together with cofactors such overexpression of MEIS1.12312> Deregulation of HOX genes fre-
quently occur in AML, and we showed that pediatric AML could be separated in three dis-
tinct clusters based on only HOXA and -B gene expression patterns. NUP98/NSD1-positive
cases represented a part of the HOXA and -B activated cluster, in which also NPM1-mutated,
MLL/PTD-positive and DEK/NUP214-positive AML cases were present. This cluster was dis-
tinct from MLL-translocated AML, which were, in the majority of cases, characterized by
HOXA up-regulation only. Investigating these distinct HOX expression clusters might reveal
the specific mechanisms of action by the driving genetic aberrations. Furthermore, they
might reveal novel HOX-activating mechanism in cases without the currently known primary
oncogenic events.

Taken together, these studies showed that GEP can discover patient groups sharing leu-
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kemic features that empowers us to identify novel leukemogenic mechanisms underlying
pediatric AML. GEP has also proven to be valuable for predicting prognosis,'?28 for drug
discovery by comparing expression signatures in the so-called C-MAP database of the Broad
Institute, which comprises expression signatures of various cancer cell lines treated with a
wide variety of bioactive small molecules,*?**3° and for recognizing subsets of patients with
highly drug-resistant profiles.!3!

The development of next-generation sequencing has made it possible to get a comple-
te picture of the mutational landscape of an AML genome. Applying high-throughput se-
qguencing to candidate genes, such as genes known to be involved in leukemogenesis or
the complete kinome, did not reveal a satisfactory number of novel mutations in AML.132133
However, the unbiased genome-wide approach of sequencing the complete AML genome
has led to the identification of recurrent IDH1/2 mutations, which had not been associated
with AML before.*® 134 We performed a pilot study with exome sequencing, and found a
DNMT3A mutation in pediatric AML, which was also discovered in adult AML by exome as
well as whole genome sequencing.>* 13 It is believed that the application of these techni-
ques to a larger group of AML samples, will accelerate our understanding of the mutational
landscape of AML. Furthermore, it was recently reported that novel chimeric fusion genes
resulting from cryptic rearrangements can also be found by whole genome sequencing by
applying specific data analysis strategies.’®> However, it remains important to distinguish
driver from passenger aberrations to understand their contribution to leukemogenesis. The
development of high-resolution array-based and next-generation sequencing techniques is
also utilized in other fields, such as genome-wide methylation assays, profiling of histone
modifications using chromatin immunoprecipitation coupled with whole genome promoter
microarray (ChIP-on-Chip) techniques, and miRNA expression profiling, which are currently
also applied by our group in pediatric AML. Integration of all those data will be a great chal-
lenge, which will need support from the bioinformatic field, but promises to be valuable for
the unraveling of AML, and malignancies in general.

CONCLUSION

In this thesis we provided evidence that CN-AML is heterogeneous and characterized by
a diverse spectrum of underlying genetic aberrations with distinct prognostic significance.
Although we already determined a variety of genetic aberrations, in a large part the coope-
rating genetic events in leukemogenesis are still unknown to date. The application of advan-
ced molecular techniques, in particular next-generation sequencing, will likely accelerate
our insight in the genetic landscape of AML in the near future and lead to the identification
of these aberrations. Deciphering the functional consequences of newly identified aber-
rations will however be a challenge, but is needed in order to develop new therapies to im-
prove the cure rates of pediatric AML. For a rare disease such as pediatric AML international
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collaboration will be of utmost importance to implement these findings in clinical practice.
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NEDERLANDSE SAMENVATTING

Van alle kinderen die leukemie (bloedkanker) krijgen, gaat het in 15 tot 20% om de vorm
acute myeloide leukemie (AML). Bij acute leukemie vermenigvuldigen onrijpe witte bloed-
cellen zich razendsnel en stapelen zich op in het beenmerg (de bloedfabriek), waardoor
de productie van normale witte bloedcellen, rode bloedcellen en bloedplaatjes verstoord
raakt. AML is een heterogene ziekte, waarbij de leukemie kan zijn ontstaan uit voorloper-
cellen voor rode bloedcellen, bloedplaatjes en bepaalde soorten witte bloedcellen, samen
genaamd myeloide voorlopercellen. Momenteel kan met hele intensieve chemotherapie
ongeveer 70% van de kinderen met AML worden genezen. Echter bij een deel van de kin-
deren reageert de AML niet op de therapie (refractaire AML) of komt deze terug (recidief
AML). Daarnaast gaat de intensieve chemotherapie gepaard met relatief hoge sterfte (5 tot
10%) en ernstige bijwerkingen ten gevolge van de therapie. Daarom is het niet mogelijk de
huidige chemotherapie nog verder te verzwaren (intensiveren). Om de overleving van AML
bij kinderen te verbeteren, moet dus worden gezocht naar nieuwe behandel strategieén.

AML is eigenlijk een algemene term die veel verschillende subtypes omvat. Deze subtypes
verschillen onder andere in hun onderliggende afwijkingen in het DNA van de leukemiecel-
len, wat de verschillende eigenschappen van de AML bepaalt en daarmee de respons op
huidige therapie en de prognose voor de patiént. Op dit moment worden de meeste kinde-
ren met AML behandeld volgens een standaard behandelingsschema, waarbij twee of drie
risicogroepen worden onderscheiden op basis van enkele DNA afwijkingen in de leukemie-
cellen en de vroege respons op therapie. Verbetering van de behandeling zou kunnen wor-
den gerealiseerd door de risicogroep indeling te verbeteren op basis van het subtype AML.
Daarnaast lijkt de ontwikkeling van doelgerichte therapieén, die specifiek de leukemiecel-
len aanpakt en niet alle snel delende cellen zoals bij chemotherapie, veelbelovend, omdat
hiervan de bijwerkingen mogelijk minder zijn. Hiervoor is inzicht nodig in de onderliggende
ziektemakende mechanismen van de leukemiecellen, die veelal worden veroorzaakt door
de genetische veranderingen in het DNA van deze leukemiecellen.

De grote technische vooruitgang op het gebied van de moleculaire genetica in de afge-
lopen jaren biedt de mogelijkheid om steeds verder deze genetische veranderingen in het
DNA van de leukemiecellen te ontrafelen. In dit proefschrift wordt ingezoomd op het sub-
type AML dat bij standaard chromosomen onderzoek geen afwijkingen laat zien, het zoge-
naamde subtype ‘cytogenetisch normale AML ofwel CN-AML. Deze groep omvat 20 tot 25%
van de kinderen met AML. Aangezien in CN-AML de onderliggende drijvende genetische
afwijkingen voor het ontstaan van de leukemie grotendeels onbekend waren, was het doel
van dit proefschrift hierin inzicht te krijgen, om patiénten met CN-AML beter in te kunnen
delen in risicogroepen voor behandeling en om aangrijpingspunten te verkrijgen voor het
ontwikkelen van nieuwe behandelingen voor deze patiénten. In deel 1 van dit proefschrift
hebben we eerst gekeken naar de frequentie en karakteristiecken van DNA veranderingen
in genen (stukjes DNA die coderen voor een eiwit), die recent ontdekt zijn in CN-AML bij
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volwassen. In deel 2 zijn vervolgens nieuwe moleculair genetische onderzoekstechnieken
toegepast om nieuwe genetische afwijkingen en daarmee subtypes binnen CN-AML bij kin-
deren te ontdekken.

In hoofdstuk 2 onderzochten we mutaties in het Nucleophosmin (NPM1) gen, die in 2005
in volwassen AML werden ontdekt. NPM1 mutaties bleken aanwezig te zijn in 8,4% van de
totale groep van kinder-AML, en in 20% in het CN-AML subtype. Deze frequentie was 2 tot
3 keer lager dan in volwassen CN-AML, waar de frequentie van NPM1 mutaties 50 tot 60%
bedraagt. Daarnaast verschilde ook het type NPM1 mutatie tussen volwassen en kinderen
met AML. NPM1 mutaties karakteriseerden een groep patiénten met een goede prognose.
In onze studie was dit onafhankelijk van de mutatie in het FLT3 gen (FLT3/ITD), wat een be-
kende slechte prognostische factor is binnen kinder-AML.

In hoofdstuk 3 hebben we gekeken naar de rol van verschillende afwijkingen van het CEB-
PA gen, dat codeert voor een belangrijke myeloide transcriptiefactor. Een mutatiescreening
liet CEBPA mutaties zien in 7,9% van AML bij kinderen, en 70% hiervan had twee verschil-
lende CEBPA mutaties (CEBPA dubbelmutanten). De aanwezigheid van deze CEBPA dubbel-
mutanten was geassocieerd met een goede prognose in tegenstelling tot de aanwezigheid
van CEBPA enkelmutanten, wat in overeenstemming was met gegevens uit studies in vol-
wassen AML. Daarnaast onderzochten we de uitschakeling van CEBPA door verhoogde DNA
methylatie (CEBPA promoter hypermetylatie), waardoor het gen niet meer tot expressie
kan komen en kan coderen voor het functionele C/EBPa eiwit. Dit bleek met 1,3% zeldzaam
te zijn in kinder-AML. In analyses van gen expressieprofielen, welke een profiel weergeven
van de expressie van alle genen in AML cellen, clusterden de casussen met CEBPA promotor
hypermethylatie, samen met de CEBPA dubbelmutanten. Dit duidt op een gemeenschappe-
lijk mechanisme overeenkomstig tussen deze twee AML subtypes met verschillende CEBPA
afwijkingen.

In hoofdstuk 4 gebruikten we een nieuwe DNA screeningstechniek (in het Engels ‘mul-
tiplex ligation-dependent probe amplification’ (MLPA)) om de frequentie van de DNA af-
wijking MLL-PTD, dat is een parti€le tandem duplicatie van het MLL gen, vast te stellen in
kinder-AML. Uiteenlopende frequenties van MLL-PTD waren in kinder-AML gerapporteerd
door verschillende studies, wat mogelijk gebaseerd zou kunnen zijn op het gebruik van ver-
schillende detectiemethoden. Gebruikmakend van MLPA in combinatie met het aantonen
van expressie van deze afwijking (met mRNA RT-PCR) bleek MLL-PTD slechts in 2,5% van de
AML-en bij kinderen aanwezig.

In hoofdstuk 5 presenteren wij een overzicht van de tot het moment van schrijven be-
kende genetische afwijkingen in kinder-AML aan de hand van de indeling in de zogenaamde
type-l en -l afwijkingen. Type-l afwijkingen zijn de genetische afwijkingen in de leukemiecel
die leiden tot de ongeremde groei (proliferatie), en type-Il afwijkingen veroorzaken een stop
in de uitrijping (maturatie stop) van de leukemiecel. Deze twee typen afwijkingen zijn mi-
nimaal nodig voor het ontstaan van leukemie uit een normale cel. De verscheidenheid van
kinder-AML wordt gereflecteerd in de verschillende type-I en -1l afwijkingen. In dit hoofd-
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stuk bevestigden wij in het grootste overzicht van kinder-AML tot nu toe, dat specifieke
type-l en -ll afwijkingen met elkaar zijn geassocieerd, zoals FLT3/ITD die vaak samen gaat
met t(15;17), maar ook met het subtype met NPM1 mutaties. Ook is er een groot verschil
tussen de verdeling van de genetische afwijkingen en daarmee de verschillende subtypes
van AML bij kinderen onder en boven de twee jaar. Daarnaast karakteriseren de verschil-
lende afwijkingen groepen van kinderen met AML met een zeer uiteenlopende prognose,
en in een statistisch model werd de onafhankelijkheid van deze factoren voor het voorspel-
len van de recidief- en overlevingskans vastgesteld.

Vervolgens pasten wij de techniek van genoombrede ‘array-comparative genomic hybridi-
zation (A-CGH)’ toe op 43 CN-AML patiénten samples. Met deze techniek kunnen met een
hoge resolutie veranderingen in het aantal kopieén van alle chromosomen in één leukemie
DNA sample gedetecteerd worden. Een casus vertoonde een verlies van een klein stukje van
chromosoom 11 (11p13 deletie) met daarin het WT1 gen, en het WT1 gen op het andere
chromosoom bleek een mutatie te hebben. In hoofdstuk 6 en 7 hebben we vervolgens de
frequentie van diverse WT1 afwijkingen onderzocht in een grote groep van kinder-AML.
Hierin vonden we dat WT1 mutaties voorkomen bij 12% van de AML-en bij kinderen, en dat
deze specifiek associéren met het CN-AML subtype (22%). Ook kwamen ze significant vaker
voor samen met een FLT3/ITD. In meer dan 40% van de AML-en waren beide WT1 genen
aangedaan. WT1 mutaties bleken een nieuwe marker te zijn voor een slechte prognose, en
in combinatie met de aanwezigheid van een FLT3/ITD herkenden ze een groep patiénten
met een 5-jaars overlevingskans van slechts 21% met de huidige therapie. Vervolgens ke-
ken we ook naar de associatie van een enkele verandering in het WT1 gen die echter niet
leidt tot een ander WT1 eiwit (synonymous single nucleotide polymorphism (SNP) rs16754)
(hoofdstuk 7), maar wel gelokaliseerd is in de regio waarin de meeste mutaties voorkomen.
Daarnaast onderzochten we ook de expressie van het WT1 gen in deze groep patiénten. In
tegenstelling tot volwassen AML, correleerden in onze kinder-AML groep beide markers, dat
zijn de aanwezigheid van WT1 SNP rs16754 en de hoogte van WT1 expressie, niet met de
kans op overleving.

Met de A-CGH techniek vonden we ook twee patiénten met een afwijking van het NUP98
gen op chromosoom 11p15 (hoofdstuk 8). Dit bleek te berusten op een translocatie tussen
chromosoom 5 en 11, wat leidt tot een fusie tussen de genen NUP98 en NSD1 (NUP98/
NSD1), welke onzichtbaar is met standaard chromosomen onderzoek (cryptisch). Wij screen-
den vervolgens ruim 1000 volwassen en kinder-AML samples specifiek op de aanwezigheid
van NUP98/NSD1, en vonden dat dit fusiegen significant vaker in CN-AML (16%) bij kinderen
voorkomt dan bij volwassen CN-AML (2%). NUP98/NSD1 werd vaak samen gevonden met
FLT3/ITD en WT1 mutaties, maar ging nooit samen met andere type-Il afwijkingen. Daar-
naast toonden we met gen expressieprofielen aan dat NUP98/NSD1-positieve AML gekarak-
teriseerd wordt door hoge expressie van diverse HOXA en -B cluster genen, wat inzicht geeft
in het mechanisme van deze leukemie. De aanwezigheid van NUP98/NSD1 associeerde met
een zeer slechte prognose voor zowel kinderen als volwassenen, met een 5-jaars event-vrije
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overleving beneden de 10%. Dit was onafhankelijk van de slechte prognostische factor FLT3/
ITD. NUP98/NSD1 identificeert hiermee een niet eerder herkende groep van jonge patién-
ten met AML met een zeer slechte prognose voor wie nieuwe behandelingsmogelijkheden
dringend nodig zijn.

In hoofdstuk 9 onderzochten wij in samenwerking met met een Duitse onderzoeksgroep
de frequentie en karakteristieken van mutaties in de enzymen isocitraat dehydrogenase 1
en 2 (genen IDH1 en -2) in AML bij kinderen. Deze mutaties werden in 2009 ontdekt bij het
compleet in kaart brengen van de volledige volgorde van een genoom van het tweede vol-
wassen AML sample wereldwijd. IDH1 en -2 mutaties werden vervolgens geassocieerd met
CN-AML en een slechte prognose binnen volwassen AML. Wij vonden dat IDH1 en -2 muta-
ties weinig voorkomen binnen AML bij kinderen, vaak naast een NPM1 mutatie voorkomen,
maar geen relatie hebben met een slechte overlevingskans. Defecte IDH1 of -2 enzymen
bleken geen karakteristiek gen expressieprofiel te geven.

In hoofdstuk 10 presenteren wij een pilotstudie waarin we met de nieuwe techniek ‘Exo-
me sequencing’ de basenparen volgorde van alle coderende regio’s (genen) va het genoom
bepaalden van één leukemie DNA sample samen met DNA van normale cellen van deze
patiént. We detecteerden een mutatie in het DNA methyltransferase gen DNMT3A en een
mutatie in WT1. DNMT3A mutaties werden recent ook gevonden in volwassen AML (~22%),
maar met een screening van een kinder-AML cohort toonden we vervolgens aan dat deze
mutaties zeer weinig (2%) binnen kinder-AML optreden.

Concluderend hebben we in dit proefschrift laten zien dat CN-AML bij kinderen niet één
ziekte is, maar bestaat uit verschillende subtypes gekarakteriseerd door verschillende on-
derliggende moleculair genetische afwijkingen die duidelijk subgroepen van patiénten
onderscheiden met uiteenlopende overlevingskansen. Hiermee kunnen we een deel van
de patiénten nu beter indelen in risicogroepen, en daarnaast geven deze afwijkingen in-
zicht in de biologie van de AML en daarmee aanknopingspunten voor het ontwikkelen van
doelgerichte therapieén. Hoewel we in dit proefschrift al een grote groep van genetische
afwijkingen hebben vastgesteld binnen CN-AML bij kinderen, is in een groot deel het volle-
dige plaatje van (epi)genetische afwijkingen leidend tot de AML nog onbekend. Het is waar-
schijnlijk dat de toepassing van geavanceerde moleculaire technieken, waaronder ‘whole
genome sequencing’, ons inzicht in het genetische landschap van AML in de nabije toekomst
flink zal doen toenemen. Het vervolgens onderzoeken van de functionele consequenties van
deze afwijkingen voor de leukemiecel zal nodig zijn voor het ontwikkelen van doelgerichte
therapieén en daarmee het verbeteren van de overlevingskansen voor kinderen met AML.
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FIGURE 2. Survival curves of all childhood AML patients with and without NPM1 mutations, and according to the
combined NPM1 and FLT3/ITD status.

(A)+(C) pEFS; (B)+(D) pOS. Patients are divided by their NPM1 status (A+B), and show a significantly favorable
outcome for NPM1-mutated AML patient for pEFS, but not for pOS. When excluding the patients with favora-
ble cytogenetics, this difference was borderline statistically significant (see text result section). When subdivided
in 4 subgroups according to their combined NPM1 and FLT3/ITD status (C+D), no impact on outcome is seen of
FLT3/ITD in NPM1-mutated subgroup.
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FIGURE 3. Survival curves of the subgroup of CN-AML patients with and without NPM1 mutations, and according
to the combined NPM1 and FLT3/ITD status.

(A)+(C)+(E) pEFS, (B)+(D)+(F) pOS. (A) and (B) shows the curves of patients divided by their NPM1 status, and
NPM1-mutated AML patients show a favorable outcome in the CN-AML subgroup. (C) and (D) show the curves
when patients are subdivided in 4 groups according to their NPM1 and FLT3/ITD status, which show that FLT3/ITD
does not abrogate the favorable outcome of the NPM1-mutated AML patients. (E) and (F): the patients are now
subdivided in the 3 prognostic relevant subgroups according to NPM1 and FLT3/ITD status, i.e. NPM1-mutated AML
patients have an excellent outcome and NPM1 wild-type patients can be subdivided based on their FLT3/ITD status.
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FIGURE 3. Unsupervised clustering of gene expression data revealed clustering of cases with aberrant CEBPA

237 AML patients —»

predominantly in one cluster in pediatric de novo AML.

(A) Pair wise correlations between gene expression profiles of 237 de novo pediatric AML samples, calculated on
the basis of 1608 probe sets (cutoff: 16-fold), are displayed in a correlation plot. Colors of boxes represent the
Pearson’s correlation coefficient with a color gradient ranging from deep blue for a negative correlation, to vivid
red for a positive correlation. Distinct clusters of samples, which can be recognized by the red blocks showing high
correlation along the diagonal, are observed. The first column to the right of the plot indicates the major cytogene-
tic subgroup the samples belong to [dark blue: inv(16), pale red: t(8;21), bright blue t(15;17), yellow: t(7;12), light
blue: 11923, dark grey: normal cytogenetics, light grey: other cytogenetic aberrations and white: failure]. Clus-
tering of these cytogenetic subgroups is seen. The second, third and fourth column represent presence (blue) or
absence (yellow) of a CEBPA mutation, CEBPA double mutation and CEBPA promoter methylation, respectively. The
majority of CEBPA mutant cases aggregated together with all CEBPA hypermethylated cases in one main cluster.
(B) An enlarged view of the correlation plot focusing on the CEBPA main cluster is shown. The order of the patient
samples in this cluster from top to bottom is as follows: #4728, #5033, #3496, #3451, #4736, #3439, #5041, #5061,
#4746, #5063, #5047, #4396, #4445, #4747, #5013. Additionally, four histograms show the expression of CEBPA
(204039_at), CD7 (214551 _s_at), CD3D (213539_at) and TRIB2 (202478_at). Within the CEBPA main cluster, two
sub-clusters based on expression of CEBPA can be identified and are separated by a grey line, i.e. CEBPA low or
absent expression (n=5), including the three CEBPA promoter methylated cases, and CEBPA high expression with
the CEBPA mutant cases (n=10). The five silenced CEBPA cases are further characterized by high CD3 and CD7 ex-
pression. Silenced case #4728 and single-mutated case #5041 show high TRIB2 expression, which has been shown

to inhibit C/EBPa p42.
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FIGURE 1. Distribution of the different type-l and type-Il aberrations in pediatric AML. The heterogeneity of pe-
diatric AML is reflected by the presence of the different type-I and type-Il genetic aberrations. However, in a large
amount of cases the type-Il (A) or type-I (B) aberrations have not yet been identified.
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FIGURE 2. Type-l aberrations per type-ll-defined subtype. Distribution of the different type-I aberrations accor-

ding to the different type-Il-defined subtypes including >10 cases, i.e. (A): MLL-rearrangements, (B): t(8;21), (C):
inv(16), (D): t(15;17), (E): NPM1-mutated and (F): CEBPA double mutated AML.
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FIGURE 3. Distribution of the different type-l and type-Il aberrations according to age. The largest differences in
the frequencies of type-Il (A) and type-I (B) aberrations were found between children older and younger than 2
years.
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FIGURE 4. Survival analysis of the type-1 and type-Il aberrations in pediatric AML. Kaplan-Meier estimates for pOS
(A+D), pEFS (B+E) and CIR (C+F) for the different type-Il and type-I aberrations, respectively.
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FIGURE 1. WT1 aberrations in patient #1885 detected by array-CGH and sequencing.

(A) The left part of the figure shows a chromosome 11 ideogram and corresponding oligonucleotide array-CGH
plot of the ratio of patient #1885 DNA and control DNA (blue tracing) versus the dye-swap experiment (red tracing)
from an array-CGH experiment (105K oligonucleotide array-CGH platform, Agilent technologies, Palo Alto, USA). A
cryptic 11p13 deletion of approximately 2.5 Mb is found, which area includes the WT1 gene. The right part of the
figure zooms in on the deleted area and presents the genes located in this area. (B) Sequence analysis of patient
#1885 showing a ¢.901C>T nonsense mutation translating into a termination codon on the remaining WT1 allele.
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FIGURE 2. Location of the WT1 gene mutations and their overlap with MRD detection areas.

The location of the WT1 gene mutations detected in initial diagnosis and relapse childhood AML samples is sche-
matically presented according to the exon structure of the WT1 gene. Two areas of mutational hotspots were
identified in exon 7. Two pairs of primer-probe combinations currently used for WT1-based MRD detection are also
depicted in the figure and show overlap with the locations of the mutations.
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FIGURE 4. Survival curves of childhood AML patients with and without WT1 mutations.

Kaplan-Meier estimates for 5-year pOS (A) and pEFS (B), showing log-rank P values. The 5-year CIR is depicted in
(C) and was analyzed according to the Kalbfleisch and Prentice method using Gray’s test for statistical significance.
WT1-mutated AML patients have a significantly worse outcome in terms of pOS, pEFS and CIR when compared with
patients with WT1 wild-type AML.
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FIGURE 1. Discovery of NUP98/NSD1 fusion in two CN-AML cases.

(A) Array-CGH profiles of chromosome 11p15 showing the ratio of tumor/control DNA (blue tracing) versus the in-
verted experiment (red tracing). The profile of patient #3495 (top panel) shows a part of the 0.4 Mb duplication in-
volving the 5’ part of NUP98 (indicated by the blue vertical arrow), and the profile of patient #4716 (bottom panel)
shows the 0.1 Mb deletion involving the 3’ part of NUP98 (indicated by the red vertical bar). The horizontal arrows
indicate the bar representing the NUP98 gene. (B) Split-signal FISH analysis of NUP98 for patients #3495 and #4716
using a partly overlapping green and red probe located in NUP98 (cen indicates probe situated more centromeric;
tel indicates probe situated more telomeric. (C) RT-PCR analysis using NUP98- and NSD1-specific primers and GAP-
DH primers as internal control reveals a specific NUP98/NSD1 fusion transcript in patients #3495 and #4716. The
reciprocal NSD1-NUP98 transcript was not detected in both patients (pos indicates positive control [#5007], neg
indicates negative control [normal bone marrow] and ntc indicates nontemplate control). (D) Sequence analysis
confirmed an identical in-frame fusion between NUP98 exon 12 and NSD1 exon 6 in both patients. (E) The NUP98/
NSD1 fusion protein will harbor the GLFG-repeats of NUP98, and amongst others the PHD fingers and SET domain
of NSD1. (F) Dual-color FISH analysis using a green probe for NUP98 and a red probe for NSD1 confirmed the fusion
of NUP98 and NSD1 at the chromosomal level.
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FIGURE 2. Aberrant nuclear-staining pattern of NUP98/NSD1-positive samples.

Immunofluoresence of leukemic cells with antibodies directed against the N-terminus of NUP98 (green) and the
C-terminus of NSD1 (red) is shown for a NUP98/NSD1-positive (A) and a NUP98/NSD1-negative patient sample (B).
Patient #3397 shows a pattern of nuclear speckles for NUP98 staining as well as NSD1 staining, indicating accumu-
lation of the NUP98/NSD1 fusion protein in aggregates in the nucleus, in contrast to patient #4576. DAPI indicates
4,6-diamidino-2-phenylindole.
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Figure 4. NUP98/NSD1 confers a poor outcome in pediatric as well as adult AML.
Survival curves of the pediatric cohort (n=238; A-C) and adult cohort (n=727; D-F) depicting the CIR according to the
Kalbfleisch and Prentice method (A,D) and Kaplan-Meier estimates of the pEFS (B,E) and pOS (C,F).
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Figure 5. NUP98/NSD1 clearly identifies a poor prognostic subgroup within pediatric as well as adult FLT3/ITD-
positive AML. Survival curves of the pediatric cohort (A-C) and adult cohort (D-F) depicting the CIR according to the
Kalbfleisch and Prentice method (A,D) and Kaplan-Meier estimates of the pEFS (B,E) and pOS (C,F) according to the
NUP98/NSD1 and FLT3/ITD status.
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126 probe sets

I HOXB genes

274 pedriatic AML cases

Figure 6. Clustering of 274 pediatric AML cases based on the 126 most discriminative probe sets for NUP98/
NSD1.

Hierarchical clustering of 274 pediatric AML cases based on the 126 most discriminative probe sets (FDR-adjusted P
value <0.05) for NUP98/NSD1 AML is presented in a heat map. The 13 NUP98/NSD1 cases are indicated with a red
vertical bar below the heat map; the other AML cases are indicated with a gray vertical bar. In the heat map, cells
represent relative log 2 expression values and have been color-coded on a scale ranging from bright green (-2) to
bright red (+2), with black indicating no change relative to the median. Besides clustering of the NUP98/NSD1 ca-
ses, a group of other AML cases show a partly similar gene expression profile mainly based on the highly expressed
HOXB probe sets, indicated by the gray bar at the right of the heat map.
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FIGURE 7. Distinct expression pattern of the HOXA and -B cluster genes in pediatric AML with NUP98/NSD1.

(A) Principal component analysis (PCA) of pediatric AML subgroups characterized by specific type-Il aberrations
(n=210) was carried out based on all HOXA and -B-annotating probe sets present on the HGU133 Plus 2.0 microar-
ray (Affymetrix). Each color-coded circle represents an individual AML case. Three distinct groups are observed in
the PCA, which are indicated by the white circles. (B) Heat map showing the expression of all HOXA and -B-annota-
ting probe sets in which the cells represent relative log 2 expression values and are color-coded on a scale ranging
from bright green (-2) to bright red (+2), with black indicating no change relative to the median. The pediatric AML
cases are grouped together based on their specific type-Il aberration as indicated by the color-coded bars below
the heat map, and the probe sets are alphabetically ordered. Three groups with distinct expression patterns are
observed, that is, group 1, characterized by low or absent expression of HOXA and -B genes; group 2, characterized
by solely high expression of HOXA genes (mainly HOXA5-A10); and group 3, characterized by expression of both
HOXA and -B genes (mainly HOXA5-A10 and HOXB2-B6). The latter included the NUP98/NSD1 cases.
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FIGURE 1. Impact of IDH mutations and /IDH SNP rs11554137 on patient outcome. Overall survival (OS) and event-
free survival (EFS) according to /IDH mutation status (A,B); OS and EFS according to IDH SNP rs11554137 status (C,D).
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ABBREVIATIONS

AIEOP

ALL
AMLP
AML1
APL
A-CGH

ATRA
BAC
BAALC

BFM SG
BM
bzIP
CBF
CBFB
(@]
CEBPA

C/EBPa

CIR
CML
CN-AML
CoG

CR
DCOG
DDX10

DEK
DHPLC

DNA
DNMT3A

EFS
ERG

Associazone Italiana Ematologica Oncolo-
gica Pediatrica

Acute lymphoblastic leukemia
Acute myeloid leukemia

Acute myeloid leukemia 1 (gene)
Acute promyelocytic leukemia

Array-based comparative genome hybridi-
zation

All-trans retinoic acid

Bacterial artificial chromosome

Brain and acute leukemia, cytoplasmic
(gene)

Berlin-Frankfurt-Minster Study Group
Bone marrow

Basic Leucine Zipper domain
Core-binding factor

Core-binding factor, beta subunit (gene)
Cluster of differentiation

CAAT/enhancer binding protein alpha
(gene)

CAAT/enhancer binding protein alpha
(protein)

Cumulative incidence of relapses
Chronic myeloid leukemia
Cytogeneticaly normal AML
Children’s Oncology Group
Complete remission

Dutch Childhood Oncology Group

DEAD (Asp-Glu-Ala-Asp) box polypeptide
10 (gene)

DEK oncogene (gene)

Denaturing high perfomance liquid chro-
matography

Deoxyribonucleic acid

DNA (cytosine-5)-methyltransferase 3
alpha (gene)

Event-free survival

v-ETS erythroblastosis virus E26 oncogene
homolog (gene)

ETO
ETV6
FAB

FDR

FISH
FLT3/ITD

FLT3/TKD
GAPDH

GEO
GEP
HD
HAT
HMT
HOXA/B
HR

HSC
HOVON

IDH1/2
JARID1A

KIT

K-RAS

LAME

LCK

LIMMA
LOH
MDS
MEIS1
miRNA
MLL-PTD

MN1

Eight twenty one (gene)

ETS variant 6
French-American-British

False discovery rate
Fluorescent in situ hybridization

FMS-like tyrosine kinase 3 (gene) internal
tandem duplication

FLT3 tyrosine kinase domain mutation

Glyceraldehyde-3-phosphate dehydro-
genase (gene)

Gene Expression Omnibus

Gene expression profiling
Heterodimerization domain
Histone acetyltransferase
Histone methyltransferase
Homeobox A/B (cluster of genes)
Hazard ratio

Hematopoietic stem cell

Hematology/oncology foundation for
adults in the Netherlands

Isocitrate dehydrogenase 1/2 (gene)

Jumoniji, AT rich interactive domain 1A
(gene)

v-kit Hardy-Zuckerman 4 feline sarcoma
viral oncogene (gene)

v-ki ras2 Kirsten rat sarcoma viral onco-
gene homolog (gene)

Leucémies Aigués Myéloblastiques de
I’Enfant Cooperative Group

Lymphocyte-specific protein tyrosine
kinase (gene)

Linear models for microarray data
Loss of heterozygosity
Myelodysplastic syndrome

Meis homeobox 1 (gene)
MicroRNA

Mixed-lineage leukemia (gene) partial
tandem duplication

Meningioma 1 (gene)
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MNX1
(HLXB9)

MLPA

MRC
mRNA
MYH11
NPM1
N-RAS

NSD1

NUP98
NUP214
oS

PAC

PCR
PEST

PHD finger
PML
PTPN11

Motor neuron and pancreas homeobox
1 (gene)

Multiplex ligation-dependent probe
amplification

Medical Research Council
Messenger RNA

Myosin, heavy chain 11 (gene)
Nucleophosmin (gene)

Neuroblastoma RAS viral (v-ras) oncogene
homolog (gene)

Nuclear receptor binding SET domain
protein 1 (gene)

Nucleoporin 98kD (gene)
Nucleoporin 214kD (gene)
Overall survival

P1-derived artificial chromosome
Polymerase chain reaction

Proline (P), glutamic acid (E), serine (S),
and threonine (T) domain

Plant Homeo Domain finger
Promyelocytic leukemia (gene)

Protein tyrosine phosphatase, non-recep-
tor type 11 (gene)
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RARA
RFS

RNA
RT-PCR
RT-gPCR
RUNX1
SB

SCT
SerpinB2

SNP
TAD
TCR
TET2
TOP1
TRIB2
UPD
VSN
WBC
WHO
WT1

Retinoic acid receptor, alpha (gene)
Relapse-free survival

Ribonucleic acid

Reverse transcription PCR

Real-time quantitative PCR

Runt-related transcription factor 1 (gene)
Southern blot

Stem cell transplantation

Serpin peptidase inhibitor, clade B (oval-
bumin), member 2 (gene)

Single nucleotide polymorphism
Transactivation domain

T-cell receptor

Tet oncogene family member 2
Topoisomerase (DNA) | (gene)

Tribbles homolog 2 (gene)

Uniparental disomy

Variance and stabilization normalization
White blood cell count

World Health Organization

Wilms tumor 1 (gene)
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Gefeliciteerd, u hebt zojuist ‘Molecular genetic insights in ... normal pediatric acute
myeloid leukemia’ uitgelezen
Een stukje DNA dat de code bevat voor de productie van een eiwit

Fusie-eiwit dat wordt beschreven in hoofdstuk 8, en dat een groep kinderen met
AML met een zeer slechte overleving op de huidige therapie identificeert

Naamgever van de universiteit in Rotterdam

Stad waar het 50° ASH congres is georganiseerd (2 woorden, 3+9)

Ziekte die jaarlijks bij ongeveer 120 kinderen in Nederland wordt vastgesteld
Specialisme dat zich bezig houdt met afwijkingen in het bloed

Statistische maat voor de waarschijnlijkheid dat het gevonden resultaat berust op
toeval (Engels)

Gen dat wordt beschreven in hoofdstuk 3

Type behandeling dat erop gericht is de groei van kankercellen te remmen zonder
schade aan te brengen aan gezonde cellen (2 woorden, 12+8)

Achternaam van de promotor van dit proefschrift

Titel die de auteur van dit proefschrift op 16 november 2011 hoopt te verkrijgen
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