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NORMAL HEMATOPOIESIS 

Hematopoiesis is the formation of blood cellular components. In mammalian embryonic 
development, the yolk sac and its vasculature are the source of the first blood cells called 
hematopoietic stem cells (HSCs) from which all blood cells originate 1. HSCs are produced by 
the aorta-gonad-mesonephros region, yolk sac and placenta from where they migrate to the 
fetal liver, where they expand. Hereafter, HSCs transfer to the bone marrow from where they 
establish the definitive adult hematopoiesis and reside throughout adulthood 1-2. 

HSCs are responsible for foundation of the adult blood differentiation hierarchy and 
provide continuous hematopoietic cell production. The major characteristic of HSCs is their 
self-renewal capacity, i.e., they proliferate to give rise to all different types of blood cells, 
but the pool of stem cells does not become depleted 3. HSCs are pluripotent. They generate 
more committed progenitor cells or other stem cells, i.e., common myeloid and lymphoid 
progenitor cells (CMPs and CLPs respectively) which differentiate and give rise to the prog-
eny belonging to these two lineages of blood cells 4-5. While the lymphoid progenitor cells 
generate B- and T cells as well as natural killer cells, the myeloid progenitor cells produce the 
other leukocytes, i.e. granulocytes and monocytes/macrophages, as well as red blood cells 
(erythrocytes) and platelets (Figure 1).

The life span of mature blood cells is relatively short and cell production process is 
continuous, therefore it demands tight regulation by hematopoietic growth factors. The 
hematopoietic growth factors are a family of cytokines that interact with specific receptors 
on hematopoietic cells. These molecules like stem cell factor (SCF) or KIT ligand (KIT-L), 
granulocyte-macrophage CSF (GM-CSF), granulocyte CSF (G-CSF), and macrophage CSF 
(M-CSF), regulate the functional activation of the specific cells with which they interact. 
Hematopoietic growth factors are required for the survival, proliferation, and differentiation 
of hematopoietic progenitors 6-7. 
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Figure 1. Schematic representation of hematopoiesis. Scheme is adapted from Reya et al 3. The hematopoietic 
stem cells (HSCs) can be subdivided into long-term self-renewing HSCs, short term HSCs and multipotent pro-
genitors. They give rise to common lymphoid progenitors (CLPs; the precursor of all lymphoid cells i.e., T-cells, 
B-cells, natural killer cells (NK cells), and dendritic cells) and common myeloid progenitors (CMPs; the precursor 
of all myeloid cells). CMPs give rise to granulocyte macrophage precursors (GMPs) and megakaryocyte erythrocyte 
precursors (MEPs). Subsequently, GMPs give rise to dendritic cells, granulocytes, and macrophages. MEPs give rise 
to megakaryocyte precursors (MkPs) and erythrocyte precursors (ErP), which further differentiate to platelets and 
red blood cells, respectively.  
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ACUTE MYELOID LEUKEMIA (AML)

Acute myeloid leukemia (AML) is a heterogeneous clonal disorder of hematopoietic progeni-
tor cells and is characterized by accumulation of immature myeloid cells, which are impaired 
in their ability to differentiate towards granulocytes and monocytes that lost the ability to 
respond to normal regulators of proliferation 8-9. Due to its heterogeneity, AML represents 
a group of disorders with variable underlying abnormalities and clinical behavior including 
response to therapy. 

Incidence
AML is among the most common malignant disorders in adults and it accounts approxi-
mately 25% of all leukemias in the Western world 10. Worldwide, the incidence of AML is the 
highest in the U.S, Australia, and western Europe 11. The prevelance of AML is 3.8 cases per 
100,000 individuals and increases with age, i.e., 17.9 AML cases per 100,000 adults aged over 
65 years 8. The median age for patients at diagnosis for AML is about 70 years, and three men 
are affected for every two women 8. In children, AML compromises about 20% of the acute 
leukemias. The age specific incidence is in contrast with adults and peaks with 11 cases per 
1000,000 at the age of 2 years, and decreases to 7 cases per 1000,000 throughout childhood 
and adolescence 12. 

Diagnosis and classification
AML is a heterogeneous disease with variable responses to treatment; therefore the clas-
sification of the disease is essential. AML diagnosis is a multidisciplinary process in which 
morphology, cytology, immunophenotyping, cytogenetics and currently molecular diagnos-
tics are combined. The primary diagnostic approach in AML relies on the morphological 
identification of leukemic blast cells in bone marrow and blood 9. For the identification of 
lineage involvement, cytochemistry and/or immunophenotyping are used. These methods 
serve as the basis for the traditional French-American-British (FAB) classification system 13. 
However, this system has recently been updated by a novel classification model established 
by the World Health Organization (WHO) which incorporates besides morphology, also 
cytogenetics and molecular data 14-15

For the diagnosis of AML, a marrow blast count of over 20% is required, which should be 
of myeloid origin as confirmed by immunophenotyping and/or cytochemistry 16. In addition, 
patients with clonal, recurring cytogenetic abnormalities such as t(15;17)(q22;q12), inv(16)
(p13q22) or t(16;16)(p13;q22), and t(8;21)(q22;q22) should be considered to have AML 
regardless of the blast percentage 16.

It has been suggested that the WHO classification cannot realistically always be used for 
AML because genetic information is not always available in a timely manner 17. Furthermore, 
although the recurring genetic abnormalities are often associated with distinctive morpho-
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logical findings, identification of the genetic defect provides a more objective, reproducible 
means of identifying a specific lesion. For example, the detection of the CBFβ/MYH11 
(inv(16) or t(16;16)) by molecular and/or cytogenetic techniques is reported to correlate with 
the morphological diagnosis of M4Eo FAB-class in 30% to 100% of cases 18-20.

Therapy and Prognosis 
AML therapy consists of two phases. The first phase (induction phase) is applied to achieve 
complete remission, while the second phase (post-induction) aims to prevent relapse of AML. 
In the induction therapy, cytarabine has been the backbone of treatment for several decades 
combined with an anthracyclin, usually daunorubicin 21. The addition of a third drug has 
been tested with mixed results for either etoposide or thioguanine 22-23. There is no convincing 
evidence of benefit for a third drug 21. For post-induction therapy, either chemotherapy or 
bone marrow transplantation (allogeneic or autologous) are applied when patients are at 
younger age. For patients with older age (>60 years old), treatment options are more limited 
due to the higher treatment-related toxicity 8-9.    

The treatment response and survival of AML patients is dependent on prognostic  factors at 
the time of the presentation of the disease 24. Beside patient related characteristics that predict 
the response to treatment like age and disease-related factors, the pre-treatment karyotype of 
the leukemic cells has an important prognostic impact 8, and provides a mean to divide AML 
into distinct subgroups with different prognosis (Table 1). However, the limited resolution 
of cytogenetic analysis leaves smaller structural and numerical abnormalities in the DNA 
undetected. Thus, the application of cytogenetics only leaves many AML cases unclassified, 
particularly those with “normal karyotypes”, i.e., without detectable cytogenetic abnor-
malities. AMLs with normal karyotype represent 45% of all cases. A number of prognostic 
markers, such as mutations and altered expression of particular genes, have recently been 
identified and now available to risk-stratify AML patients (Table 2).    
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Table 1. Recurrent cytogenetic abnormalities in adult AML

Cytogenetic abnormality Frequency in %# Genes involved Prognostic significance#

(None) normal cytogenetics 45 Unknown Intermediate

Complex karyotype (more than 3 
abnormatilities)

11 Unknown Unfavorable

+8 9 Unknown Intermediate

t(15;17)(q22;q21) 8 PML-RARA Favorable

7/7q- 8 Unknown Unfavorable

5/5q- 7 Unknown Unfavorable

t(8;21)(q22;q22) 6 AML1-ETO Favorable

inv(16)(p13q22)/ t(16;16) (p13;q22) 5 CBFβ-MYH11 Favorable

Y 4 Unknown Intermediate

abn(12p) 3 Unknown Intermediate

plus 21 3 Unknown Intermediate

abn(17p) 2 Unknown Intermediate

del(9q) 2 Unknown Intermediate

inv(3)(q21q26)/ t(3;3)(q21;q26) 2 EVI1 Unfavorable

del(11q) 1 Unknown Intermediate

t/inv(11q23) 1 MLL Favorable

t(9;22)(q34;q11) 1 BCR-ABL Favorable/Unfavorable

t(6;9)(p23;q34) 1 DEK-CAN Unfavorable

# Based on Mrozek et al 25

Genetics in the biology and prognosis of AML
AML is a heterogeneous disease which is illustrated by the variety of cytogenetic abnormali-
ties and molecular mutations present in the leukemic blasts (Table 2). These aberrations are 
related to different pathogenic mechanisms affecting cell proliferation, differentiation, self-
renewal, apoptosis and DNA repair 26-28.

In the past decades, there has been an increasing interest in elucidating the role of molecu-
lar genetic abnormalities in AML initiation and development 29-32. These molecular insights 
add to the understanding of the pathology of the disease and they might lead towards the 
development of new targeted drugs 33. Illustrative of this approach is AML with t(15;17) that 
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generates the PML-RARA fusion gene. Optimized treatment for patients diagnosed with AML 
and t(15;17), involving all-trans retinoic acid (ATRA), increased the complete remission rate 
up to 90% to 95% 34-35. Furthermore, these genetic abnormalities can be used as new markers 
to refine risk-stratification of AML. Identification of new markers is pivotal particularly for 
AMLs lacking prognostically informative karyotypes.  

It is proposed that leukemogenesis is a multistep process that requires more than one ge-
netic aberration 26-28. This has been shown in animal models in which a single mutation is not 
sufficient for leukemogenesis 26,36-38. In a simplified model, the molecular abnormalities that 
contribute to AML development can be divided into two groups, one that provides a prolif-
eration advantage to the leukemic cells and another that impairs normal differentiation 39. 
In recent years, this simplified model is supported by the fact that in AML cases, these two 
types of molecular abnormalities occur together and aberrations belonging to the same group 
are often mutually exclusive 8,29,31-32,40.

Some mutations that provide proliferation advantage are involved in signal transduction 
pathways causing their aberrant activation. Examples of these mutations are the mutations 
leading to the activation of the receptor tyrosine kinases FLT3, c-KIT or RAS. All these muta-
tions affect the RAS signaling pathway (Table 2) 29,31,41. 

The chromosomal translocations that lead to impaired differentiation in hematopoietic cells 
result in the formation of fusion proteins. Such translocations are inv(16)/t(16;16), t(8;21) 
and t(15;17) that generate the fusion proteins CBFβ-MYH11, AML1-ETO, and PML-RARA 
respectively (Table 1). 
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Table 2: Recurrent molecular abnormalities in AML 

Genes Frequency in % Association with 
cytogenetics Prognostic significance Reference

Mutation

Nucleophosmin (NPM1) 25-35 Normal Favorable in absence of 
FLT3-ITD

42-43

DNA methyl transferase 3A (DNMT3A) 22 Normal Unfavorable 44

Fms-related tyrosine kinase 3 (FLT3), internal 
tandem duplication (ITD) 28-33 Normal/t(15;17)/t(6;9) Unfavorable 45-47

The tet oncogene family member 2 (TET2) 12-20 t(3;4)(q26;q24) Unfavorable 48-50

NAPD-dependent isocitrate dehydrogenase 
1/2 (IDH1/2) 10-16 Normal Unfavorable 51-55

Neuroblastoma RAS viral (v-ras) oncogene 
homolog (NRAS) 10-15 Inv(16) - 56-58

Additional sex comb-like 1 (ASXL1) 17-23 Trisomy 8 Unfavorable 57,59

Wilms tumor 1 (WT1) 10 Normal Unfavorable 60-62

Tumor protein p53 (TP53) <10 Complex karyotype Unfavorable 63-64

Runt-related transcription factor 1 (RUNX1; 
AML1) 6-11 Normal/trisomy21/others - 65-66

Myeloid/lymphoid or mixed lineage leukemia 
(MLL) partial tandem duplication (PTD)

5-11 of normal 
karyotypes Trisomy 11/Normal Unfavorable 67-68

Fms-related tyrosine kinase 3 (FLT3), tyrosine 
kinase domain (TKD) 5-10 Normal/inv(16) ? 47,69

CCAAT/enhancer binding protein alpha 
(CEBPA) 5-10 Normal Favorable 70-71

v-kit Hardy-Zuckerman 4 feline sarcoma viral 
oncogene homolog (KIT) 28 Inv(16)/t(8;21) (CBF 

leukemia)/Trisomy 4
Unfavorable in CBF 
AMLs

40,72

v-Ki-ras2 Kirsten rat sarcoma viral oncogene 
homolg (KRAS) 5 Abn3q - 56

Protein tyrosine phosphtase non-receptor 
type 11 (PTPN11; SHP2) 3 - - 73-74

Janus kinase 2 (JAK2) 2 t(8;21)/Inv(16) - 75

Casitas B-cell lymphoma (CBL) 0,7-1,1 CBF leukemia/11q deletion - 76-77

Overexpression

Brain and acute leukemia gene, cytoplasmic 
(BAALC)

~50 of normal 
karyotypes Trisomy 8/Normal Unfavorable 78-79

Meningioma (disrupted in balanced 
translocation) 1 (MN1) 50 Normal Unfavorable in normal 

karyotypes
80

v-ets Erythroblastosis virus E26 oncogene 
homolg (ERG)

~25 of normal 
karyotypes

Complex/ normal, 
chromosome 21 Unfavorable 81-82

Ecotropic viral integration site 1 (EVI1) ~6 Abn3q/ 11q23 Unfvaorable 83-84
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In recent years several novel molecular markers have been associated with prognostic 
classification of AML. For instance, the fms-like tyrosine kinase-3 gene (FLT3), a hematopoi-
etic growth factor receptor, is mutated as a result of an internal tandem duplication (ITD) 
(25-30% of the cases of AML) or by a base pair substitution in the tyrosine kinase domain 
((TKD D835) (5-7%) of the cases of AML), both resulting in ligand-independent constitutive 
activation of the FLT3 receptor. FLT3 ITDs in particular have been associated with a poor 
treatment outcome 45,47.

Insertion mutations in the nucleophosmin (NPM1) gene, which result in aberrant cyto-
plasmic localization of the protein, are seen in approximately 35% of all AML cases. These 
mutations currently represent the most common somatic gene mutation in AML and result 
in aberrant cytoplasmic localization of NPM1 42-43 (Table 2). NPM1 is involved in cell pro-
liferation and regulation of tumor suppressors TP53/p53 and ARF 85. NPM1 mutations are 
significantly associated with age, i.e., more frequent in older patients, high white blood cell 
counts, normal karyotypes, and FLT3 ITD mutations. NPM1 mutations predicted for better 
overall survival, event-free survival, and response to induction therapy in particular in the 
absence of coexisting FLT3 ITD mutations 42-43. In multivariable analysis, NPM1 mutations 
express independent favorable prognostic value 42-43,86-88. 

Proliferative mutations in the hematopoietic receptor c-KIT are present in a variety of dis-
eases, such as systemic mastocytosis, gastrointestinal stromal tumors and AML 89. In AML, 
mutations in c-KIT are detected in the extracellular domain, i.e., insertion/deletion muta-
tions in exon 8 and intracellular, i.e., tyrosine kinase domain (TKD D816), juxtamembrane 
domain, and ITD mutations. KIT mutations are exclusively found in Core Binding Factor 
(CBF) leukemias, i.e., AML with inv(16) and t(8;21) (Table 2) 72. Patients with AML t(8;21) 
with c-KIT TKD(D816) mutation have a significantly higher incidence of relapse and a lower 
overall survival than AML with t(8;21) and wild-type c-KIT 90-92. Poorer responses to treat-
ment were also demonstrated in pediatric AML with t(8;21) and c-KIT TKD(D816) 93. 

Mutations in the CBL gene is an example of gene mutations that are not directly involved 
in signal transduction. Mutations in CBL will result in increased proliferation or exerting an 
oncogenic activity which consequently contribute to leukemogenesis 77. CBL exerts E3-ligase 
activity 94. It also has a role in the termination of signaling of receptor tyrosine kinases like 
FLT3 and c-KIT which are commonly mutated in AML and then give proliferative advantage 
to leukemic cells. The mutated CBL proteins alter the amplitude and duration of tyrosine 
kinases signaling events (Table 2) 77,95-96.

Transcription factors regulate gene expression by activating target genes by DNA interac-
tion; thereby they play an important role in activating particular cell types and differentiation 
stages in the hematopoiesis. Aberrant functioning of transcription factors may result in im-
paired differentiation as observed in leukemia 97-99. An example of an aberrant transcription 
factor implicated in AML is the CCAAT/enhancer binding protein alpha (CEBPA) (Table 
2). CEBPA is a transcription factor essential for granulocytic differentiation 71. AML patients 
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with biallelic mutations in CEBPA (approximately 7% of the cases) have been associated 
with more favorable outcome in the group of patients with standard risk AML 70,100-101. The 
favorable value of CEBPA gene mutations is maintained after adjustment for cytogenetic risk, 
FLT3-ITD and CEBPA expression levels in multivariate analysis 100. In contrast, low CEBPA 
mRNA expression in AML with intermediate-risk karyotypes may be associated with poor 
prognosis 100. 

Some genes are found to be mutated in AML at comparatively low frequency. Among those 
are classical P53 mutations and mutations in the GTPases N-RAS and K-RAS (Table 2). RAS 
mutations do not show any association with clinical outcome in AML 56.  P53 mutations are 
indicative for poor response to therapy in AML; however, patients with P53 mutations often 
also carry unfavorable cytogenetic abnormalities, e.g. those involving chromosomes 5 and 7 
102-103.

Recently, a new class of gene mutations has been discovered i.e., mutations in IDH1 and 
IDH2 genes (Table 2) that seem to contribute to leukemogenesis 54,104-105. The mutations in 
the IDH genes were first identified in gliomas and patients with such tumors had a better 
outcome than those with wild-type IDH genes 106. IDH1 and IDH2 are members of the 
β-decarboxylating dehydrogenase in the tricarboxylic acid (TCA) cycle and upon mutation 
in certain arginine residues, they acquire the ability to convert α-ketoglutarate to 2-hydroxy-
glutarate, which is a potential oncometabolite and is suggested to be involved in the mutant 
IDH transforming ability 52-53,106-107. Studies investigating the prevelance of IDH mutations in 
AML showed frequencies of 5% to 33% 51-52,54-55,105,108-111 (Table 2). Some of these studies did 
not show any significant effect of these mutations on survival of AML patients 52,105,108-109,111, 
but others did 51,54-55,110. Interestingly, a single nucleotide polymorphism (SNP) located in the 
same exon of IDH1 mutational hotspot (IDH1 R132) has a negative impact on prognosis in 
AML patients 52. 

The EVI1 (ecotropic virus integration site 1) was first identified as the integration site of the 
ecotropic retrovirus leading to myeloid leukemia in murine model systems 112-113.  In humans, 
EVI1 is located on chromosome 3q26, and rearrangements on chromosome 3q26 often acti-
vate EVI1 expression in myeloid malignancies, including AML, CML, and MDS 114. EVI1 is 
a transcription factor and contains DNA-binding activity 115. In addition to its DNA-binding 
activity, EVI1 has the potential to recruit diverse proteins, such as SMAD3 and CtBP, thus 
generating regulatory complexes for transcriptional regulation 114-115. EVI1 appears essential 
for proliferation and maintenance of hematopoietic stem cells (HSC) 116-117. The role of EVI1 
in HSC regulation would suggest that EVI1 might participate in the generation of leukemia 
stem cells (LSCs) 114. Interestingly, high expression of the transcription factor EVI1 is also ap-
parent in approximately 8% of AML without 3q26 abnormalities 83. In these cases high EVI1 
expression, like in AML with 3q26 abnormalities, independently predicts for poor prognosis 
(Table 2) 83-84,118.
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High expression of the tumor suppressor Wilms tumor 1 (WT1) has also been proposed 
as a marker for inferior outcome for patients with AML. However, the definitive prognostic 
value of this marker remains to be settled 119-123. WT1 has been suggested to act as a tumor 
suppressor in childhood malignancies of the kidney and as a transcription factor with regu-
lating activity on a number of growth and differentiation factors 119,124. It has been shown 
that the expression of WT1 significantly correlates with BCL2 expression 125 , which has also 
been proposed as unfavorable prognostic marker in AML, when aberrantly expressed 126. In 
addition to aberrant expression of WT1, mutations are also found in 10% to 13% of cytoge-
netically normal AML 61-62,127. In some studies, WT1 mutations have been associated with 
inferior outcome 61-62, whereas in a larger study, WT1 mutations did not affect outcome 127. 
Furthermore, a recent study showed that WT1 (SNP) located in the proximity of the WT1 
mutational hotspot was found to be associated with reduced treatment outcome 128. 

BAALC, as a single gene, has been proposed as a clinical outcome predictor in AML 78. High 
BAALC expression appears an independent risk factor for overall survival, event free survival 
and disease free survival. Patients with high BAALC expression showed a significantly worse 
overall survival (Table 2) 78 which was subsequently confirmed in a larger cohort of AML 
patients with normal cytogenetics 129. The BAALC protein has been implicated to play a role 
in leukemia and normal expression of BAALC is restricted to hematopoietic progenitors 130.

Epigenetics of AML
Epigenetic control of gene expression has been suggested to play a pivotal role in determin-
ing the biological behavior of cells 131. One such epigenetic mechanism is DNA cytosine 
methylation, which can alter gene expression by creating new binding sites for methylation-
dependent repressor proteins 132-133 or by disrupting the ability of transcription factors to 
bind to their targets sequences 134-135. In normal development, the proper distribution of DNA 
methylation plays a critical role in tissue differentiation and homeostasis 136-137. Disruption of 
normal DNA methylation distribution is a hallmark of cancer and can play critical roles in 
initiation, progression, and maintenance of the malignant phenotype 131. For example, the 
most prevalent epigenetic alteration in AML is the transcriptional silencing of p15INK4b 
tumor suppressor gene by DNA hypermethylation 138-141, reported in 40% to 80% of AML, 
and MDS 138.

Histone modifications play an important role in the gene expression patterns of tumor sup-
pressor genes including p15INK4b 142. Polycomb genes like enhancer of zeste-2 (EZH2) and 
leukemia viral BMI-1 oncogene (BMI1) are involved in chromatin and histone modifications. 
Involvement of polycomb gene repression has been found at tumor suppressor genes in many 
tumor cell types and embryonic stem cells 143-145. This suggests that polycomb modifications 
of tumor suppressor genes are common regulatory mechanisms which contribute to cancer. 
Furthermore, overexpression of BMI1 or EZH2 has been observed in cancer, including AML, 
and may lead to abnormal repression of genes regulated by polycomb complexes 146. Muta-
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tions in polycomb genes can be a mechanism for the disruption of polycomb genes-directed 
histone modification exerted on target genes particularly tumor suppressor genes. Recently, 
mutations have detected in the additional sex comb-like 1 (ASXL1) gene. ASXL1 is an en-
hancer of trithorax and polycomb gene, and is required to maintain activation and silencing 
of homeotic loci 147. A recent study has described ASXL1 as the most frequent mutated gene 
in advanced MDS 148, which was confirmed by another report 59. Thus, disruption of pathways 
that control the distribution of histone modifications may represent a mechanism by which 
the affected genes are aberrantly repressed in AML. 

Genome-wide approaches to study AML

Gene expression profiling (GEP) 
Molecular genetics and epigenetics have provided valuable insights into questions related to 
classification, progression, and pathogenesis of AML in the past years. The start of the human 
genome project marks an increasing emphasis in the field of genome-wide analysis 149-151. 
Several new gene based approaches enable researchers to investigate changes in normal and 
malignant cells on genome-wide basis, particularly those involving DNA microarray which 
has been implicated in the studies on leukemogenesis in an early stage 152-154. 

Gene expression profiling (GEP) is the measurement of the abundance of mRNA tran-
scripts of thousands of genes using microarrays. It has been widely and successfully applied 
in cancer in general, including AML. In pioneer study, using GEP, it was shown that acute 
lymphoblastic leukemias (ALLs) could be distinguished from AML 155. Furthermore, ALLs 
possessing a rearranged MLL gene were shown to have a highly uniform and distinct gene 
expression profiles that clearly distinguishes them from conventional ALL or AML and 
warrants designation as distinct disease termed mixed-lineage leukemia 156. This distinction 
stimulated the development of therapies based on molecular targets 156.

In recent years, GEP has been successfully introduced in clinical AML research. By GEP, 
cytogenetically as well molecularly well-defined AML subclasses were predicted 157-162 and 
novel subtypes of AML were discovered 157-159,163. Attempts to predict response to therapy 
as well as outcome based on GEP have also been successful 158,164. More challenging than 
predicting known classes, is the discovery of novel subtypes of AML using GEP followed by 
unsupervised cluster analysis, i.e., grouping of samples based on similarities in expression 
profiling. A study used unsupervised hierarchical cluster analysis to define two novel mo-
lecular subclasses of AML, with predominantly normal karyotypes and significant differences 
in survival times 158. The outcome predictor predicted overall survival and appeared a strong 
independent prognostic factor 158. In another study of a representative cohort of 285 AML 
patients, sixteen clusters of AML patients were revealed by GEP 157. In this analysis, novel 
clusters were characterized by high frequencies of certain molecular lesions or mutations, but 
also included patients without these molecular lesions. However, due to the heterogeneous 
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nature of AML, the clustering resulted in fairly small groups of AML, preventing statistically 
significant survival analysis 157. Furthermore, smaller subtypes within AML have been dis-
tinguished using e.g. CEBPA mutations and EVI1 overexpression, suggesting that a specific 
combination of acquired molecular lesions result in a distinct molecular signature 157,165-167. 
These studies are illustrative of the applicability and potential of gene expression profiling in 
the discovery of novel AML subtypes.

Genome-wide genotyping and comparative genomic hybridization using microarrays 
(array-CGH) 
Microarray approaches to directly interrogate genetic alterations in a genome-wide fashion 
are of great interest. Several different microarray platforms are available for the analysis of 
genetic alterations in cancer that vary in resolution, technical performance, and the ability to 
detect DNA deletions and gains as well as copy neutral loss of heterozygosity (CN-LOH) 168-171. 
CN-LOH also referred to as acquired uniparental disomy (UPD), may reflect reduplication of 
a chromosomal region harbouring a mutated or silenced tumor suppressor gene 172.

The earliest platforms were bacterial artificial chromosome (BAC) arrays, in which large 
(up to 200 kb) DNA probes were spotted onto arrays which were subsequently hybridized 
with test and reference DNA. BAC arrays have been extensively used in studies on cancer 
and AML 171,173-186. These have been highly informative but due to the large probe size in 
BACs have limited ability to identify focal copy number abnormalities (CNA), which are a 
hallmark in leukemia 170,187-188. Oligonucleotide arrays are now more commonly used, and 
comprise up to millions of short nucleotide probes. These oligonucleotide arrays are either 
used in a comparative genomic hybridization (array-CGH) design, in which test and refer-
ence DNA are hybridized to a single array, or single channel array in which either a test or 
reference array are hybridized alone. The latter encompass SNP arrays that genotype up to 
hundreds of thousands of SNPs across the genome. This design facilitates genome-wide as-
sociation studies and the detection of both germline and somatic DNA copy number altera-
tions. However, SNP-arrays are also being used to examine associations of inherited genetic 
variants, including copy number polymorphisms, SNP genotypes, with tumor susceptibility, 
treatment response and outcome 189-190. 

BAC arrays have been used in studies of leukemia to identify genetic lesions such as dele-
tions of ETV6 in ALL 175 and gains of chromosome 19 in acute megakaryocytic leukemia 191. 
However, the most detailed insights into genetic alterations in acute leukemias have been 
obtained from higher resolution SNP array studies of diagnostic leukemia samples. An 
example is the first SNP array study in ALL that utilized a 10000 marker SNP array and 
demonstrated the ability of this approach to detect focal alterations, most commonly LOH 
involving CDKN2A/B 192. 

SNP arrays were initially designed as genotyping tool. Therefore, the distribution of mark-
ers across the genome is not even, and many genes exhibit suboptimal coverage, particularly 
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with lower resolution arrays 193. Array resolution is thus critical determinant of the ability of 
microarray analysis to identify all genetic alterations in leukemia. Moreover, detailed bioin-
formatic analyses is required in order to appropriately normalize raw array data, correct the 
aneuploidy, and generate sensitive and accurate calls of DNA copy number alterations. 

Studies applying SNP array demonstrated the ability of this approach to detect alterations 
in genes involved in leukemic transformation. When integrated with GEP, as is discussed in 
chapter 2 and 3 of this thesis, SNP array can be a more powerful tool to elucidate the effect of 
genetic aberrations on the expression of the affected genes and provide critical insights into 
the biology of the disease. 

Comparative profiling of cytosine methylation
Cytosine methylation is a major component of epigenetic regulation of gene expression and is 
linked to cancer development 194-196. Many techniques have been used to test cytosine methyla-
tion at multiple loci, but they were not suitable for comparing methylation levels at multiple 
loci within a genome 194. In contrast, analogous intragenomic profiling has been successfully 
developed for studying chromatin organization using chromatin immunoprecipitation with 
genomic arrays (ChIP-on-chip) 197. The establishment of a platform for intragenomic profil-
ing that integrates different genomic studies of epigenetic regulation is required. 

First assays focusing specifically on CpG island sequences such as Differential Methyla-
tion Hybridization (DMH) 198 and Restriction Landmark Genomic Scanning (RLGS) 199-200 
revealed valuable information on overall CpG island methylation frequencies and identified 
tumor suppressors affected by aberrant methylation events. On the other hand, information 
on DNA methylation changes in regions outside of CpG islands are missed, thus assays that 
specifically identify hyper- or hypo-methylated sequences in cancer genomes have been de-
signed 201. For example, Methylated CpG island Amplification (MCA) was successfully used 
to identify methylated sequences in particular in colon cancer 202. 

Meanwhile, a variety of enzymatic approaches have become available to distinguish be-
tween methylated and nonmethylated states at CpG sites, which are applied in Microarray 
based Integrated Analysis of Methylation by Isoschizomers (MIAMI) 203. Also, the use of 
HpaII revealed that most of the genome remains high molecular weight following digestion 
by HpaII 204. Furthermore, it was subsequently recognized that 55%-70% of HpaII sites in ani-
mal genomes are methylated at the central cytosine, which is part of a CpG dinucleotide 205-206. 
The minority of the genomic DNA that cuts to a size of hundreds of base pairs was defined 
as HpaII Tiny Fragments (HTFs). HTF enrichment by ligation-mediated PCR (HELP) 207 is 
a technique that uses HpaII to cut genomic DNA. It differs from many other assays based on 
the same approach by using the methylated-insensitive isoschizomer MspI as a control. Con-
sequently, HpaII/MspI strategy allows intragenomic pattern compression and quantification 
of the degree of methylation between two cell samples.    
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A recent study applying genome-wide methylation profiling using HELP assay predicted 
that integration of different genome-wide epigenetic regulatory marks along with gene 
expression levels provide greater power in capturing biological differences between leuke-
mia subtypes 208. Measuring gene expression, cytosine methylation and histone H3 lysine 
9 (H3K9) acetylation 208 using high-density oligonucleotide microarrays in primary AML 
and ALL specimens showed that DNA methylation and H3K9 acetylation distinguished 
these leukemias, but also that an integrative analysis combining the information from each 
platform revealed hundreds of additional differentially expressed genes that were missed by 
gene expression arrays alone 208. 

Another study using HELP assay showed clustering of AML patients by methylation data 
into 16 groups. Five of these groups defined new AML subtypes that shared no other known 
feature. In addition, DNA methylation profiles segregated patients with CEBPA aberrations 
from other subtypes of leukemia, defined four epigenetically distinct forms of AML with 
NPM1 mutations, and showed that established AML1-ETO, CBFβ-MYH11, and PML-RARA 
leukemia entities are associated with specific methylation profiles 131. 

HELP assay also revealed that AMLs carrying one recently identified class of mutated i.e., 
IDH1 and IDH2 genes which involved in citrate metabolism 52-53,106,108 display global DNA hy-
permethylation and a specific hypermethylation signature 209. Furthermore, the expression of 
the oncometabolite 2HG 210 by IDH mutated AMLs induced global DNA hypermethylation 209. 
This study showed that oncogenic alterations in core cellular metabolic pathways can lead 
to leukemic transformation by dysregulation of the epigenetic machinery in hematopoietic 
cells.   

The studies applying HELP assay show that this technique may allow insights into the 
metabolic process of cytosine methylation which is the major mediator of epigenetic regula-
tion. This had not been possible with single-locus studies or intragenomic comparison. 

Next generation sequencing (NGS)
Next generation sequencing (NGS) is referred to as a new technology arising after the 
automated Sanger method which had been first described in 1977 211. This technology can 
generate hundreds of millions of sequences of short DNA fragments in a single run 212-213. 
NGS offers many advantages over microarray-based assays. First, NGS provides higher base 
pair resolution, with the exception of tilling arrays which still require a large number of 
probes to reach a high resolution. Second, NGS has fewer artefacts, such as noise in the form 
of cross-hybridization, caused by the hybridization step on microarrays. Third, the genome 
coverage is not limited in NGS by the repertoire of probe sequences fixed on the array. This is 
particularly important for the analysis of repetitive regions of the genome, which are typically 
masked out on microarrays. Finally, NGS has a larger dynamic range and provides high-
coverage thereby increasing the confidence of the resultant data 212-213.

﻿C
hapter 1

SA+.indd   24 5/16/11   10:37 AM



25

The main limitations of NGS are its current cost and availability. The overall cost of NGS 
including machine depreciation and reagent expense is much higher than the expenses of 
microarray analysis. With the improvements of sequencing chemistry and institutional sup-
port for the procurement of sequencing platforms, NGS will become a main modality of 
genome-wide profiling experiments 212.

Significant challenges of NGS technologies are data management and analysis. NGS gener-
ates an immense amount of data that can reach terabytes per machine run in raw image 
files. This makes data storage a challenge even in centers with considerable expertise in the 
management of genomic data 214. Genomic alignment and assembly require bioinformatics 
skills. New and improved algorithms are needed to identify genome enrichment 212.  Taken 
together, NGS offers higher resolution and well defined data than array-based experiments 
for profiling the whole-genome 213-214. 

The application of NGS has allowed cancer genomics to move from focused approaches 
such as single-gene sequencing and array analysis to comprehensive genome-wide approach-
es. NGS can be applied to cancer samples in various ways. These vary by the type of input 
material (for example, DNA, RNA or chromatin), the proportion of the genome targeted 
(the whole genome, transcriptome or a subset of genes) and the genomic variation studied 
(structural change, point mutation, gene expression or chromosomal conformation) 215.

The first NGS study was reported in 2008, a description of the nucleotide sequence of DNA 
from an AML compared with DNA from normal skin of the same patient 216. The results 
obtained from this study revealed eight genes with acquired mutations that had not previ-
ously been implicated in AML, such as the protein phosphatise PTPRT and the peptide/
drug transporter SLC15A1, and also two genes that had previously been described i.e., NPM1 
and FLT3 216. This NGS-based study demonstrated the need for unbiased whole-genome ap-
proaches to discover all mutations associated with cancer pathogenesis. Since then, several 
complete sequences of cancer genomes together with matched normal tissue genomes have 
been reported 44,104,217-220. 

A following study using NGS in AML have revealed recurrent mutations in the isocitrate 
dehydrogenase gene (IDH1) 104. Subsequent work has confirmed and extended this finding, 
showing that mutations in IDH1 and related gene IDH2 are highly recurrent in patients with 
an intermediate-risk cytogenetic profile (20 to 30% frequency) and are associated with a poor 
prognosis in selected subgroups of patients 54,110,221. Very recently, a new study using whole-
genome sequence approach in de novo AML with an intermediate-risk cytogenetic profile has 
revealed different mutations in the DNA methyltransferase gene DNMT3A at high frequency 
(22.1% of the patients) 44. DNMT3A mutations may also be independently associated with a 
poor treatment outcome 44.  

It is likely that NGS methods will continue to lead to the comprehensive discovery of a 
majority of the alterations in the cancer genome. It is also probable that this will be fol-
lowed by the application of comprehensive sequencing approaches to cancer diagnostics. 
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Computational analysis will become a central part of these discovery and diagnostic efforts. 
Information databases that connect genomic findings with clinical parameters to assess the 
relevance of the genome alterations are also required to realize the potential of cancer ge-
nomics 215. These developments will ultimately potentiate accurate genome-based diagnosis 
to be applied for an increasingly greater number of patients with cancer.
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SCOPE OF THIS THESIS

AML is a heterogeneous disease characterized by a variety of cytogenetic abnormalities and 
molecular mutations that are assumed to have a role in the pathobiology of the disease and 
that may have diagnostic and therapeutic value in the clinical practice. 

The work in this thesis is divided into two parts. The first part (Chapter 2 and 3) deals with 
the application of DNA microarray technology (SNP arrays) for the identification of novel 
abnormalities in AML. 

Chapter 2 describes the development of a software tool SNPExpress which allow the concur-
rent interpretation of genotype, polymorphic copy number variations (CNVs), LOH regions, 
and copy number variations in a combinatorial and efficient way with gene expression data 
using various array platforms.

Chapter 3 is concerned with the application of combinational approach of genome-wide 
genotyping and gene expression profiling (GEP). The molecular data analysis performed by 
SNPExpress revealed BCL11B as a novel recurrent abnormality in AML. 

The second part of this thesis represents studies dealing with recently discovered genetic 
mutations in AML. The impact of these gene mutations on prognosis in large cohorts of 
patients with AML was investigated. 

Chapter 4 presents investigations regarding the distribution of mutations in the CBL gene 
in primary AML patients and the association of these mutations with specific genetically 
defined AML subtypes.

In chapter 5, we investigated with a high-throughput mutation screening approach the 
involvement of RNA surveillance mechanism (Nonsense mediated RNA decay) (NMD) in 
AMLs carrying mutations in the WT1 gene. These mutations introduce premature termina-
tion codon (PTC). 

Finally, in chapter 6, by applying high-throughput mutation screening involving denaturing 
high performance liquid chromatography (dHPLC) the prevalence and the prognostic value 
of isocitrate dehydrogenase 1 (IDH1) and isocitrate dehydrogenase 2 (IDH2) mutations in 
primary AML cohort were examined. 

Chapter 7 provides a summary of the findings reported in the thesis and a general discussion 
of the results and their relationship to future studies. 
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Abstract 

Background: Accurate analyses of comprehensive genome-wide SNP genotyping and gene 
expression data sets is challenging for many researchers. In fact, obtaining an integrated view 
of both large scale SNP genotyping and gene expression is currently complicated since only a 
limited number of appropriate software tools are available. 

Results: We present SNPExpress, a software tool to accurately analyze Affymetrix and Illu-
mina SNP genotype calls, copy numbers, polymorphic copy number variations (CNVs) and 
Affymetrix gene expression in a combinatorial and efficient way. In addition, SNPExpress al-
lows concurrent interpretation of these items with Hidden-Markov Model (HMM) inferred 
Loss-of-Heterozygosity (LOH)- and copy number regions. 

Conclusion: The combined analyses with the easily accessible software tool SNPExpress will 
not only facilitate the recognition of recurrent genetic lesions, but also the identification of 
critical pathogenic genes.
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Background

High-density genome-wide views of biological samples, using high-throughput DNA 
mapping and mRNA gene expression microarrays facilitate the identification of recurrent 
molecular lesions. Both types of microarrays, which are being produced by different manu-
facturers, e.g., Nimblegen, Agilent, Sequenom, Applied Biosystems, Illumina and Affymetrix, 
typically contain large numbers of small oligonucleotides that interrogate the genome. Cur-
rently available DNA arrays contain over 500.000 probe sets, while the gene expression arrays 
target over 20.000 genes. Efficient analysis of these large datasets remains a challenge for 
many researchers. 

The Affymetrix and Illumina DNA mapping platforms have been designed to specifically 
target sequences containing single nucleotide polymorphisms (SNPs). SNPs are currently es-
timated to be present at a frequency of 1 out of 300 nucleotides 1. By including different probe 
sets to detect the possible SNP variants, genome-wide genotyping is feasible. In fact, these 
types of arrays have been developed for genome-wide association studies; however, these 
platforms can easily be applied to determine copy numbers of these chromosomal markers, 
similar to array comparative genomic hybridization (CGH). Because of the high number of 
SNPs, sample DNA can be examined with an inter-marker distance of 6 to 12 kb, and (micro) 
deletions and/or amplifications are detectable. By comparing disease samples to normal germ 
line DNA, a detailed overview of acquired gains and losses of the genome is obtained. In 
fact, although our knowledge is still developing, it has recently become apparent that that 
copy number variation (CNV) accounts for a substantial amount of genetic variation in the 
human genome 2. The high-resolution scanning technologies enable the analyses of CNV and 
associated phenotypes 2. 

The power of DNA mapping has been shown extensively in cancer research. Chromosomal 
gains and losses as well as regions of loss-of-heterozygosity (LOH) have been shown in, for 
instance, leukemia 3-4, lung cancer 5-7 and colon cancer 8. Recognition of recurrent lesions 
will ultimately result in the identification of pathogenic genes. For instance, SNP array analy-
sis of a set of cancer cell lines has lead to the identification of the microphthalmia-associated 
transcription factor MITF as a melanoma oncogene 9. 

On the Illumina platform genotypes are determined using hybridization of genomic DNA 
to BeadChips followed by an enzymatic discrimination step. On the Affymetrix platform, 
genotype calls and copy numbers are determined by a probe set consisting of mismatch 
and perfect match probes. In analogy with the expression probe set, the genotype and copy 
number of an individual SNP is dependent on the balance of genotype calls in the associated 
probe set. Several methods for genotype calling 10-13 and assessment of copy number 14-15 have 
been developed. Advanced analysis methods of DNA mapping array data have focused on 
the identification of regions of LOH, or gains and losses 16-19. 
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A particular SNP genotype or a numerical change in chromosome copy number can have 
profound effects on gene expression. A possible relation to tumor development was shown 
in breast cancer, where a 17q23 amplification was related to increased expression of genes 
at that locus 20 and in acute myeloid leukemia (AML), where amplification of 8p24 was as-
sociated with increased expression of genes such as MYC 21. In fact, SNPs as well as CNVs 
have recently been shown to have consistent effects, often in cis, on gene expression 22-23. The 
integrated analysis of gene expression and SNP array data is a prerequisite to recognize these 
effects. To our knowledge, only one software package is able to visualize chromosome copy 
number and gene expression levels 19. Here, we present a package, SNPExpress, which allows 
concurrent interpretation of genotype, HMM inferred LOH regions, copy number, CNVs, 
HMM inferred copy number and gene expression data. Due to the simple format of the input 
data, our package is not restricted to specific methods to determine genotype, copy numbers 
or expression level. Little knowledge of software is necessary to use SNPExpress, making the 
tool accessible for a wide audience.

Implementation 

SNPExpress, written in JAVA (version 1.5), uses tab-delimited files as input and is currently 
available for use with Affymetrix DNA mapping arrays (10K 2.0, 100K set and 500K set), 
Illumina HumanHap550 Genotyping BeadChip and Affymetrix GeneChips (HG-U95Av2, 
HG-U133A and B, HG-U133 plus 2.0). A file containing a matrix with each column repre-
senting the genotypes of one array and rows starting with Illumina or Affymetrix SNP IDs 
is mandatory. The genotype should be formatted as homozygous ‘AA’ or ‘BB’, heterozygous 
‘AB’, or, ‘noCall’ (Affymetrix)/ ‘NC’ (Illumina). Similar matrix files containing copy numbers 
or gene expression values are optional.  Copy numbers should be centered around 2, where 2 
represents the normal copy number of the autosomes and 1 for the male X chromosome. The 
maximum displayed copy number is 4, in case the copy number is above 4 this is indicated 
by the greyblue background. Copy number-, genotype- and gene expression files required for 
SNPExpress can be generated through tools such as Affymetrix BRLMM 10, GCOS/CNAT 
4.0 24, or dChipSNP 19 with additional formatting in Microsoft Excel. In case of Illumina data, 
SNP Express includes the non-synonymous SNPs and the MHC region; however, mitochon-
drial SNPs and Y-chromosome SNPs are not visualized. All files can be optionally uploaded 
as tab- or comma-delimited .txt files or binary files. These binary files can be created from .txt 
files by the menu item ‘convert data source’.

SNPExpress maps both the SNP IDs (Illumina and Affymetrix) and the expression probe 
set IDs (Affymetrix) to the genome through internal alignment tables, using annotation 
provided by the manufacturer 25-26 and 27. Annotation was generated using NCBI build 36.1. 

Regions showing LOH are calculated through a hidden Markov Model, which has been 
described previously 16. The probability values for heterogeneous calls required for the HMM 
have been generated through sets of genotypes of normal samples. For the 100K and 500K 
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array, 90 samples and 270 samples, respectively, of different ethnical background from the 
HapMap project are available through the NCBI GEO website (and provided by the manu-
facturer) 28-29. For the 10K array normal matched blood samples available through the GEO 
public repository have been processed 30. Since reference normal Illumina genotype datasets 
are currently not publicly available, LOH regions using this platform are not supported in 
this version of SNPExpress. 

SNPExpress includes the option to visualize the results of a novel analytical method that 
infers the copy number of each SNP based on a HMM model, which is implemented in 
dChipSNP 19,31. Also, all CNVs 2, currently cataloged in the Database of Genome Variants 32, 
can be visualized.

Example expression, copy number, genotype and HMM copy number example files of two 
AML patients can be downloaded from 33.

Results

Genotypes and copy numbers are displayed as sequential blocks of which color indicates 
genotype, horizontal coordinate indicates position on the chromosome and vertical coor-
dinate indicates copy number (Figure 1). The colored genotype blocks are drawn sequential 
in chromosome-wide view and proportional to chromosomal location when zoomed into a 
region of interest. Gene expression levels are visualized as vertical bar at the chromosomal 
position of the gene-specific probe set. The height of the bar is proportional to the gene expres-
sion value.  The default value is 500 and expression higher than 500 is capped at 500, however, 
these values are user-definable. In the event that multiple probe sets span the same region in 
the chromosome-wide view the vertical gene expression bars are red and proportional to the 
highest expression value. Zooming into the location of interest discloses the individual probe 
sets. Links of SNP IDs to public databases are available by holding the ctrl-key and clicking 
on a SNP ID.

Distinct background colors are used to accentuate genomic changes. Individual copy 
numbers are indicated as gain (pink background) or loss (green background) when their 
value exceeds a user-defined value. The default deviation threshold is 0.5. LOH is highlighted 
at diploid level by a bold magenta line (Figure 1). All colors can be adapted to the users’ 
preferences.

From the menu, the user is able to choose to visualize either one chromosome of multiple 
samples or the complete genome of one sample. Detailed information, containing informa-
tion such as SNP ID, associated gene symbol, probe set ID, cytoband and expression value, is 
shown on a mouse-over display. Furthermore, a gene of interest is directly visualized through 
a search function, and its associated SNPs are indicated with an orange background color. 
The options to display known CNVs (purple background) or the HMM copy number results 
(thin magenta line) are included (Figure 1C). Finally, relevant data of a particular minimal 
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deleted of amplified region can be exported (i.e. Sample, Probe_set_id, Chromosome, Loca-
tion (bp), Cytoband, Associated gene, Genotype, Copy number and Inferred LOH of the 
selected region) and high-resolution images of the visualization can be saved in the Portable 
Network Graphic (PNG) format. 

To illustrate the power of SNPExpress, DNA mapping array profiles of tumor samples of 
a series of 48 patients with AML were generated using Affymetrix 250K NspI DNA map-
ping arrays. Ficoll separation of the mononuclear cells from AML typically yields >80% pure 
population of leukemic blast cells. High molecular weight DNA was isolated from these 
malignant cells and the Affymetrix mapping arrays were used according to the protocol of 
the manufacturer. Genotypes were calculated using BRLMM and copy numbers were as-
sessed using dChipSNP. Biotin-labeled cRNA of the same AML samples was hybridized on 
Affymetrix HG-U133 plus 2.0 GeneChips, as described elsewhere 34. The resulting dataset was 
imported in SNPExpress for analyses. Large chromosomal regions showing loss or gains of 
genetic material are known to be apparent in leukemic blasts of AML patients. Well-known 
examples of chromosomal lesions in AML are monosomies of chromosome 5 and 7, which 
have been associated with a poor prognosis 35. Using SNPExpress, monosomies of chromo-
some 7 were evidently demonstrated in AML samples, previously shown by cytogenetics to 
have lesions involving chromosome 7 (Figure 1). SNPExpress also correctly predicted the 
presence of LOH as a result of the absence of one chromosome 7. In fact, 17 out of 21 numeri-
cal cytogenetic aberrations, i.e., whole chromosomes and interstitial deletions, in 48 AML 
samples analyzed, were recognized by using SNPExpress. Four numerical abnormalities, 
present in less than 30% of the AML cells, were missed. Chromosomal gains, losses as well as 
uniparental disomy (UPD) may also have other important consequences, such as affecting 
expression of (imprinted) genes. Combinatorial visualization of genotype, copy number and 
gene expression is a prerequisite to recognize these aberrations. For example, the majority 
of genes show located on chromosome 7 show an overall decrease in expression in AML 
samples with a monosomy 7 (Figure 1). 

Large regions of homozygosity are present in approximately 20% of primary AML cases 
as a result of segmental UPD 4,36. These regions of UPD seemed to be non-random and may 
be used to unmask pre-existing recessive mutations in leukemia genes, such as CEBPA, 
WT1, FLT3 and RUNX1 4,37. SNPExpress adequately identified regions of UPD involving 
e.g. chromosome 11p (Figure 2), in two patients with a normal karyotype. UPD involving 
chromosome 11 is associated with homozygous mutations in WT1 37. Interestingly, in 13 out 
of 48 AML patients (27%) large regions of segmental UPD continuing to the telomere were 
recognized using SNPExpress.

These examples demonstrate the power of SNPExpress. To our knowledge, no tool is 
currently available that allows concurrent interpretation of genotype, HMM inferred LOH 
regions, copy number, CNVs, HMM inferred copy number and gene expression data. More-
over, no specialized knowledge is necessary to work with SNPExpress.
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Figure 1
SNPExpress Screenshot. A. DNA mapping array data from the Affymetrix 250K NspI DNA mapping array was used 
to sequentially align the genotypes and copy numbers of chromosome 7 of four AML samples. The copy numbers 
(n=0, 1, 2, 3, 4) are shown for each individual patient by horizontal lines. Copy number n=2 is depicted by a green 
line (A). The SNP genotypes are sequentially aligned along the chromosome (AA: red; BB: yellow; AB: blue, noCall: 
white). LOH is indicated by a thick magenta horizontal bar (B), gains (default n>2.5) by a pink (Figure 1C) and 
losses (default n<1.5) by a turquoise background (C). Gene expression levels are visualized as vertical white bar at 
the chromosomal position of the gene-specific probe set. In the event that multiple probe sets span the same region 
in the chromosome-wide view the vertical gene expression bars are red and proportional to the highest expression 
value. The two upper samples clearly display a decreased copy number as was previously shown by cytogenetics, i.e., 
a complete monosomy (sample 1) or a deletion of the q-arm of chromosome 7 (sample 2). The overall expression 
of the majority of genes in the displayed region is decreased in the samples with chromosome 7 abnormalities. The 
chromosome selector (D; where 23 is the X chromosome), the mouse-over function showing info of each SNP or 
probe set (E), full chromosome view (F), zoom function (G) gene search function (H), the links to external databases 
(I), display CNVs (J) and export selected data (K) options are indicated. B. Full chromosome view of samples from 
1A. C. CNV (purple background) and copy number of each SNP based on a HMM model (HMM copy number, 
magenta line) of the two AML patients from examples [33]. In the event that multiple CNVs span the same region 
in the chromosome-wide view the background is violet, whereas single CNV are indicated with a rosy brown back-
ground. D.  UPD of chromosome 11 demonstrated using SNPExpress. Example of large scale UPD on chromosome 
11 in the upper two AML patients with a normal karyotype in comparison to two other AML samples. The overall 
copy number is two and large regions of LOH are indicated by the thick magenta line across the chromosome. After 
using the search function, SNPs associated with WT1 are depicted with an orange background.
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Discussion

Since genome-wide DNA mapping array and mRNA expression studies become more cost 
effective, the number of samples profiled on these platforms will increase. Specialized user-
friendly tools for efficient visualization, such as SNPExpress, will therefore be indispensable. 
In fact, the initial version of SNPExpress has already been successfully applied in showing 
segmental uniparental disomy as a recurrent mechanism for homozygous CEBPA mutations 
in acute myeloid leukemia 38.

Other tools for visualizing and processing SNP array data, such as SNPScan 39, SIGMA 40, 
Array Fusion 41, Partek Genomics Suite 42 and GenePattern 43 have been developed. Most 
of these tools incorporate visualization options for displaying LOH (GenePattern, Partek 
Genomics Suite, SNPScan) and copy number (all but ArrayFusion), whereas SNPScan and 
ArrayFusion have output functionality that facilitates linking SNP data to the UCSC genome 
browser 39,41. Some are linked to a private database, which restricts pre-processing of the array 
data, but gives the advantage of data storage 40. GenePattern and the Partek Genomics Suite 
provide normalization and data smoothing functionality. These two packages and SNPScan 
have also incorporated options for combined analysis of paired samples, i.e., tumor and 
normal. Like SNPExpress, SNPscan, GenePattern, and the Partek Genomics Suite can detect 
regions of LOH, amplification and deletion. None of these tools describe the ability to process 
Illumina BeadArray files. Where SNPExpress may lack the opportunity to directly process 
raw data files (such as Affymetrix CEL-files), it adds integrated visualization of expression 
(Affymetrix) and DNA copy number and genotype (Affymetrix and Illumina) data. More-
over, we believe that this is provided in a user-friendly way that does not require specialist 
computer knowledge.

SNPExpress has some limitations. A full-length chromosome view depicting gains, losses 
and the regions showing LOH is feasible using SNPExpress. However, the large datasets gen-
erated by the 500K mapping array platform makes it impossible to visualize the sequentially 
aligned SNPs of the full-length chromosomes on one screen. Selecting the most informative 
SNPs, i.e., representative for particular haplotypes may solve this issue. Such algorithms are 
currently in development. Furthermore, the current implementation of the HMM could also 
be improved by implementing a HMM that takes into account the effects of linkage disequi-
librium, i.e., LD-HMM 20. The number of samples to be visualized concurrently is limited by 
the memory available to the application.
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Conclusions

The power of SNPExpress, as with previously developed tools 44, is its high accessibility and 
powerful visualization, which facilitates the identification of biologically and clinically rel-
evant entities. We have shown that recurrent biologically relevant entities, such as chromo-
somal gains or losses and LOH in AML, are accurately identified with SNPExpress. Hence, 
SNPExpress will be beneficial to genome-wide studies by providing an integrated view of data 
from DNA mapping and mRNA expression arrays in an easily accessible and accurate way.

Availability and Requirements

Project name: SNPExpress
Project homepage: http://www.erasmusmc.nl/hematologie/SNPExpress
(Including downloadable genotype-, copy number-, expression- and HMM copy number 
example files of two AML patients genotyped with Affymetrix 250K NspI DNA mapping 
array and gene expression profiled with Affymetrix U133Plus2.0 GeneChips)

Operating system: Platform independent

Programming language: JAVA

Other requirements: JAVA 1.5 or higher.

License: The tool is available free of charge. Source code is available upon request.

Any restrictions to use by non-academics: None

List of Abbreviations

AML 	 Acute Myeloid Leukemia
PNG 	 Portable Network Graphics
BRLMM	Bayesian robust linear model with Mahalanobis distance classifier
SNP	 Single nucleotide polymorphism
HMM	 Hidden Markov Model
CNV	 Copy Number Variation
LOH	 Loss-of-heterozygosity

﻿C
hapter 2

SA+.indd   49 5/16/11   10:37 AM



50

Authors’ contributions

MAS wrote and designed the software; RGWV designed the software, performed the analysis 
and wrote the manuscript; WGK performed experiments; SA gave intellectual contributions; 
SH contributed code; PJS gave intellectual contributions; BL gave intellectual contributions; 
PJMV designed the study, gave intellectual contributions and wrote the manuscript. All 
authors read and approved the final version of the manuscript.

Acknowledgements

The research described was supported by grants from the Erasmus University Medical Center 
(Revolving Fund) and the Dutch Cancer Society “Koningin Wilhelmina Fonds”. We are 
indebted to Andy Hall for providing Affymetrix 10K DNA mapping array data at the initial 
set up of SNPExpress.  

﻿C
hapter 2

SA+.indd   50 5/16/11   10:37 AM



51

References 

	 1	 A haplotype map of the human genome. Nature 437, 1299-1320 (2005).
	 2	 Freeman, J. L. et al. Copy number variation: new insights in genome diversity. Genome Res 16, 

949-961 (2006).
	 3	 Irving, J. A. et al. Loss of heterozygosity in childhood acute lymphoblastic leukemia detected by 

genome-wide microarray single nucleotide polymorphism analysis. Cancer Res 65, 3053-3058 
(2005).

	 4	 Raghavan, M. et al. Genome-wide single nucleotide polymorphism analysis reveals frequent 
partial uniparental disomy due to somatic recombination in acute myeloid leukemias. Cancer 
Res 65, 375-378 (2005).

	 5	 Janne, P. A. et al. High-resolution single-nucleotide polymorphism array and clustering analysis 
of loss of heterozygosity in human lung cancer cell lines. Oncogene 23, 2716-2726 (2004).

	 6	 Lindblad-Toh, K. et al. Loss-of-heterozygosity analysis of small-cell lung carcinomas using 
single-nucleotide polymorphism arrays. Nat Biotechnol 18, 1001-1005 (2000).

	 7	 Zhao, X. et al. Homozygous deletions and chromosome amplifications in human lung carci-
nomas revealed by single nucleotide polymorphism array analysis. Cancer Res 65, 5561-5570 
(2005).

	 8	 Nakao, K. et al. High-resolution analysis of DNA copy number alterations in colorectal cancer by 
array-based comparative genomic hybridization. Carcinogenesis 25, 1345-1357 (2004).

	 9	 Garraway, L. A. et al. Integrative genomic analyses identify MITF as a lineage survival oncogene 
amplified in malignant melanoma. Nature 436, 117-122 (2005).

	 10	 Affymetrix: BRLMM: an Improved Genotype Calling Method for the GeneChip® Human Map-
ping 500 K Array Set Santa Clara, CA 2006:1-18 [http://www.affymetrix.com/support/technical/ 
whitepapers/brlmm_whitepaper.pdf]. 

	 11	 Di, X. et al. Dynamic model based algorithms for screening and genotyping over 100 K SNPs on 
oligonucleotide microarrays. Bioinformatics 21, 1958-1963 (2005).

	 12	 Lamy, P., Andersen, C. L., Wikman, F. P. & Wiuf, C. Genotyping and annotation of Affymetrix 
SNP arrays. Nucleic Acids Res 34, e100 (2006).

	 13	 Rabbee, N. & Speed, T. P. A genotype calling algorithm for affymetrix SNP arrays. Bioinformatics 
22, 7-12 (2006).

	 14	 Huang, J. et al. Whole genome DNA copy number changes identified by high density oligonucle-
otide arrays. Hum Genomics 1, 287-299 (2004).

	 15	 Nannya, Y. et al. A robust algorithm for copy number detection using high-density oligonucle-
otide single nucleotide polymorphism genotyping arrays. Cancer Res 65, 6071-6079 (2005).

	 16	 Beroukhim, R. et al. Inferring loss-of-heterozygosity from unpaired tumors using high-density 
oligonucleotide SNP arrays. PLoS Comput Biol 2, e41 (2006).

	 17	 Huang, C. C., Taylor, J. M., Beer, D. G. & Kardia, S. L. Hidden Markov model for defining ge-
nomic changes in lung cancer using gene expression data. OMICS 10, 276-288 (2006).

	 18	 LaFramboise, T. et al. Allele-specific amplification in cancer revealed by SNP array analysis. PLoS 
Comput Biol 1, e65 (2005).

	 19	 Lin, M. et al. dChipSNP: significance curve and clustering of SNP-array-based loss-of-heterozy-
gosity data. Bioinformatics 20, 1233-1240 (2004).

	 20	 Monni, O. et al. Comprehensive copy number and gene expression profiling of the 17q23 ampli-
con in human breast cancer. Proc Natl Acad Sci U S A 98 (2001).

﻿C
hapter 2

SA+.indd   51 5/16/11   10:37 AM



52

	 21	 Rucker, F. G. et al. Disclosure of candidate genes in acute myeloid leukemia with complex karyo-
types using microarray-based molecular characterization. J Clin Oncol 24, 3887-3894 (2006).

	 22	 Stranger, B. E. et al. Relative impact of nucleotide and copy number variation on gene expression 
phenotypes. Science 315, 848-853 (2007).

	 23	 Stranger, B. E. et al. Population genomics of human gene expression. Nat Genet 39, 1217-1224 
(2007).

	 24	 Affymetrix GCOS/Affymetrix CNAT4.0 [http://www.affyme trix.com/support/technical/
product_updates/gcos_download.affx]. http://www.affymetrix.com/Auth/products/software/
download/cnat_terms.affx?p=1.2.1

	 25	 Illumina Annotation HapHumanHap550 Genotyping Bead-Chip [http://www.illumina.com/
pages.ilmn?ID=154].

	 26	 Affymetrix Mapping Array Annotation [http://www.affyme trix.com/support/technical/byprod-
uct.affx?cat=dnaarrays].

	 27	 Expression array probe set alignments [http://www.affyme trix.com/Auth/analysis/downloads/
psl/HG-U133_Plus_2.link.psl.zip].

	 28	 Reference dataset Affymetrix 500 K Mapping Array [http://www.affymetrix.com/support/ 
technical/sample_data/hapmap_trio_data.affx].

	 29	 Reference dataset Affymetrix 500 K Mapping Array [http://www.affymetrix.com/support/ 
technical/sample_data/500k_data.affx].

	 30	 Reference dataset Affymetrix 10 K Mapping Array [http://www.ncbi.nlm.nih.gov/geo/query/ 
acc.cgi?acc=GSE2959].

	 31	 Zhao, X. et al. An integrated view of copy number and allelic alterations in the cancer genome 
using single nucleotide polymorphism arrays. Cancer Res 64, 3060-3071 (2004).

	 32	 Database of Genome Variants [http://projects.tcag.ca/variation].
	 33	 Homepage SNPExpress [http://www.erasmusmc.nl/hematologie/SNPExpress].
	 34	 Valk, P. J. et al. Prognostically useful gene-expression profiles in acute myeloid leukemia. N Engl 

J Med 350, 1617-1628 (2004).
	 35	 Mrozek, K., Heerema, N. A. & Bloomfield, C. D. Cytogenetics in acute leukemia. Blood Rev 18, 

115-136 (2004).
	 36	 Gorletta, T. A. et al. Frequent loss of heterozygosity without loss of genetic material in acute 

myeloid leukemia with a normal karyotype. Genes Chromosomes Cancer 44, 334-337 (2005).
	 37	 Fitzgibbon, J. et al. Association between acquired uniparental disomy and homozygous gene 

mutation in acute myeloid leukemias. Cancer Res 65, 9152-9154 (2005).
	 38	 Wouters, B. J. et al. Segmental uniparental disomy as a recurrent mechanism for homozygous 

CEBPA mutations in acute myeloid leukemia. Leukemia 21, 2382-2384 (2007).
	 39	 Ting, J. C., Ye, Y., Thomas, G. H., Ruczinski, I. & Pevsner, J. Analysis and visualization of chro-

mosomal abnormalities in SNP data with SNPscan. BMC Bioinformatics 7, 25 (2006).
	 40	 Chari, R. et al. SIGMA: a system for integrative genomic microarray analysis of cancer genomes. 

BMC Genomics 7, 324 (2006).
	 41	 Yang, T. P., Chang, T. Y., Lin, C. H., Hsu, M. T. & Wang, H. W. ArrayFusion: a web application for 

multi-dimensional analysis of CGH, SNP and microarray data. Bioinformatics 22, 2697-2698 (2006).
	 42	 Partek Discovery Suite http://www.partek.com/partekds.
	 43	 Reich, M. et al. GenePattern 2.0. Nat Genet 38, 500-501 (2006).
	 44	 Verhaak, R. G. et al. HeatMapper: powerful combined visualization of gene expression profile cor-

relations, genotypes, phenotypes and sample characteristics. BMC Bioinformatics 7, 337 (2006).

﻿C
hapter 2

SA+.indd   52 5/16/11   10:37 AM



SA+.indd   53 5/16/11   10:37 AM



CHAPTER3
SA+.indd   54 5/16/11   10:37 AM



3 Saman Abbas1, Annelieke Zeilemaker1, Wendy M.C. Geertsma-
Kleinekoort1, Zabiollah G.Abbas1, Souad Mahamoud1, Isabel W.T. Chu1, 

Mathijs Sanders1, Justine K. Peeters1, Ellen van Drunen2, Janneke van 
Galen2, H. Berna Beverloo2, Bob Löwenberg1 and Peter J.M. Valk1

Integrated genome-wide genotyping and 
gene expression profiling reveals BCL11B as a 

novel oncogene in acute myeloid leukemia

1 Department of Hematology, Erasmus University Medical Center, 
Rotterdam, The Netherlands (P.J.M.V., C.A.J.E., S.A., B.W., R.D., B.L.); 

 2 Department of Clinical Genetics, Erasmus University Medical Center, 
Rotterdam, The Netherlands (H.B.B.);

Manuscript submitted

SA+.indd   55 5/16/11   10:37 AM



56

Abstract

Acute myeloid leukemia (AML) is a neoplasm characterized by recurrent molecular aberra-
tions traditionally demonstrated by cytogenetic analyses. To reveal cryptic abnormalities in 
normal karyotype AML, we have used high density genome-wide genotyping and gene ex-
pression profiling. By genome-wide genotyping we disclosed a recurrent focal amplification 
on chromosome 14q23.The BCL11B, CCNK, C14orf17 and SETD3 genes are located within 
the amplified region on 14q32. By gene expression profiling we showed that the two AML 
samples have consistent high mRNA expression of the BCL11B gene, whereas the expression 
of the other genes was unchanged. FISH analyses confirmed the focal amplifications in the 
two index AML cases as well as in two additional cases, which were selected based on high 
BCL11B mRNA expression. All newly identified 14q32 aberrations were fused to different 
partner chromosomes and resulted in increased expression of full-length BCL11B protein. 
Immuno-phenotyping of the BCL11B rearranged AMLs revealed expression of both myeloid 
and T-cell markers. These biphenotypic acute leukemias all carried FLT3 internal tandem 
duplications, a characteristic marker for AML. In AML, BCL11B mRNA expression appeared 
to be strongly associated with expression of other T-cell specific genes. 32D(GCSF-R) cells 
ectopically expressing BCL11b showed decreased proliferation rate and less maturation. In 
conclusion, by an integrated approach involving high-throughput genome-wide genotyping 
and gene expression profiling we identified BCL11B as a novel recurrent oncogene in AML.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal neoplasm characterized by accu-
mulated genetic aberrations, which result in enhanced proliferation, block in differentiation 
and increased survival, of the leukemic blast cells and variable response to therapy 1-2.

In the past decades a number of recurrent genetic abnormalities have been identified in 
AML, such as the chromosomal aberrations t(8;21) and inv(16) 1-2. These recurrent molecular 
lesions result in the expression of fusion proteins of which the leukemic potential has been 
demonstrated in vitro and in vivo models 3-5. In addition, acquired mutations in disease genes 
such as FLT3, NPM1, and CEBPA have recently been demonstrated in AML 1-2. These have 
been shown to be involved in leukemogenesis as well 6-8. The acquired molecular aberrations 
may carry prognostic value and have been incorporated in the routine molecular analyses of 
AML 1-2.

Nowadays, various genome-wide approaches, such as gene expression profiling (GEP), 
genome-wide genotyping and next generation sequencing, enable detailed analyses of he-
matologic malignancies to identify novel pathogenic genes 9-12. Examples of aberrations in 
myeloid proliferative malignancies revealed with these novel technologies are gene muta-
tions in IDH1, TET2, ASXL1, and EZH2 13 14 15 16 17-19.  

Besides the balanced translocations, large chromosomal regions showing loss or gains of 
genetic material are apparent in the leukemic blast of AML patients, e.g., those involving 
chromosome 5 and 7 1-2. In the past two decades, attempts to identify the tumor suppres-
sor genes located on these chromosomes have failed. By genome-wide SNP genotyping it 
has become possible to simultaneously genotype hundred thousands of single nucleotide 
polymorphisms (SNPs) in a single assay. In addition, SNP platforms can also be conveniently 
used to determine chromosomal copy numbers, similarly to array comparative genomic 
hybridization (CGH) with for instance bacterial artificial chromosomes (BACs). Genomic 
DNA can be examined with an inter-marker distance of several hundreds of base pairs, 
which makes it feasible to detect (micro) deletions and/or amplifications that are missed with 
conventional cytogenetics. The application of high-throughput SNP genotyping has been 
elegantly demonstrated to be powerful for the identification of disease genes, such as for ALL 
11,20-21. Another major advantage of SNP arrays is the fact that allele losses are directly recog-
nizable as loss-of-heterozygosity (LOH). Moreover, SNP arrays revealed that approximately 
20% of AMLs exhibit large non-random regions of homozygosity without changes in copy 
number as a result of segmental uniparental disomy (UPD), often indicating mutations in 
genes. These areas of UPD have been associated with mutations in CEBPA, WT1, FLT3 and 
RUNX1 22-23. 

In addition, deletion, amplification and UPD may have other important consequences, 
such as on gene expression. Juxtaposition of regulatory sequences may result in increased 
or decreased expression of affected genes.  Genome-wide analyses to detect copy number 
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changes and LOH in the context of gene expression may in fact pinpoint towards these 
pathogenic genes. We recently developed SNPExpress, an easily accessible software tool 
to accurately analyze SNP genotype calls, copy number and gene expression in an efficient 
combinatorial way 24.

In this study, we identified BCL11B as a novel oncogene in AML through an integrated ap-
proach of genome-wide genotyping and GEP. BCL11B is a Kruppel family zinc finger family 
gene located at 14q32, associated with transcriptional corepressor complexes in mammalian 
cells and a pivotal regulator of differentiation and survival of haematopoietic cells 25 26. We 
demonstrate that BCL11B is involved in a number of cryptic 14q32 translocations in AML, 
in which BCL11B and T-cell associated genes expression levels are increased concomitantly. 
Overexpression of BCL11B in a murine myeloid cell line model inhibits proliferation. 

Materials and Methods

Patients samples
After informed consent, bone marrow aspirates or peripheral blood samples of a representa-
tive cohort of AML patients were collected. Eligible patients had a diagnosis of primary AML, 
confirmed by cytological examination of blood and bone marrow. All patients were treated 
according to the HOVON (Dutch-Belgian Hematology-Oncology Co-operative group) pro-
tocols (http://www.hovon.nl). Blasts and mononuclear cells were purified by Ficoll-Hypaque 
(Nygaard, Oslo, Norway) centrifugation and cryopreserved. The AML samples contained 
80-100 percent blast cells after thawing, regardless of the blast count at diagnosis. 

Genome-wide genotyping and gene expression profiling
Genome-wide genotyping data sets of 48 patients with various subtypes of AML were 
generated using Affymetrix 500K NspI/StyI DNA mapping arrays and 89 patients with 
cytogenetically normal AML using Affymetrix 250K NspI or StyI DNA Mapping arrays. 
High-molecular-weight DNA was isolated using the standard high salt procedures and the 
Affymetrix mapping arrays were used according to the protocol of the manufacturer (Af-
fymetrix, Santa Clara, CA). In brief, 250 ng of genomic DNA was digested with NspI or StyI 
(New England Biolabs, Beverly, MA, USA) and ligated to an NspI or StyI adapter (Affyme-
trix) using T4 DNA ligase (New England Biolabs, Ipswich, MA, USA). Samples were then 
amplified by PCR using TITANIUMTaq polymerase (Clontech, Mountain View, CA, USA). 
PCR products were pooled and purified using the Clontech purification kit and subjected to 
fragmentation using DNaseI (Affymetrix). The DNA fragments were subsequently biotin-
labeled with terminal deoxynucleotidyl transferase (Affymetrix), hybridized on the array in a 
GeneChip® Hybridization Oven 640 (Affymetrix), and followed by washing and staining in a 
GeneChip® Fluidics Station 450 (Affymetrix). Data was obtained using the GeneChip Scan-
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ner 3000 7G (Affymetrix). Genotypes were calculated using BRLMM (Affymetrix: BRLMM: 
an Improved Genotype Calling Method for the GeneChip® Human Mapping 500K Array 
Set. In. Santa Clara, CA; 2006: 1-18.(http://www.affymetrix.com/support/technical/white-
papers/brlmm_whitepaper.pdf)) and copy numbers were assessed using dChipSNP 27. The 
copy numbers of all AML samples were calculated using diploid references, i.e., 15 normal 
karyotype AML samples that were included in the series of 137 AML samples analyzed.

Gene expression profiles of the same AMLs were generated using Affymetrix HG-U133 
plus 2.0, as described elsewhere 9. These data sets are accessible at the NCBI’s Gene Expres-
sion Omnibus through GEO Series accession number GSE6891.

The genome-wide genotyping and gene expression profiling data sets were examined 
using SNPExpress 24. SNPExpress is an easily accessible software tool to accurately analyze 
Affymetrix and Illumina SNP genotype calls, copy numbers, polymorphic copy number 
variations (CNVs) and Affymetrix gene expression in a combinatorial and efficient way 
(freely available at http://www.erasmusmc.nl/hematologie/SNPExpress), SNPExpress allows 
concurrent interpretation of these items with Hidden-Markov Model (HMM) inferred Loss-
of-Heterozygosity (LOH)- and copy number regions. 

Fluorescence In Situ Hybridization (FISH)
Freshly prepared slides from stored fixed cytogenetic suspensions with methanol/ acetic acid 
(3:1) (at -20 C) were used to carry out dual color fluorescence in situ hybridization (FISH) 
with BAC clones RP11-431B1, RP11-876E22, RP11-830F3, RP11-782I5, RP11-450C22, 
RP11-57E12, RP11-1069L3 and RP11-242A7 covering the BCL11B region and regions up- 
and downstream (BACPAC resources, Oakland, USA).  Clone isolation and labeling were 
performed using biotin-16-dUTP and digoxigenin-11-dUTP (Roche Diagnostics Belgium, 
Vilvoorde, Belgium) according to the manufacturer’s protocol. The FISH analysis was per-
formed as previously described 28. Slides were embedded in DABCO/Vectashield containing 
40, 6-diamidino-2-phenylindole (DAPI) as counterstain. Fluorescent signals were visualized 
with an epi-fluorescence microscope (Zeiss, Axio-Imager Z1, Zeiss, Sliedrecht, the Nether-
lands) using Metasystems Ikaros software (Metasystems, Altlussheim, Germany).

Both interphase nuclei and metaphase analysis was carried out to determine the presence 
or absence of the fluorescent signal and to determine it’s localization.

Western blot analyses
For Western blot analyses, 100 micrograms of whole cell extracts (lysis buffer: 20 mM Tris 
pH=8, 137 mM NaCl, 50 mM NaF, 10 mM EDTA, 1% NP40, 10% Glycerol) were heated 
prior to electrophoresis for 5 minutes at 95oC. Samples were separated on by 10% SDS-PAGE 
and transferred to Protran BA83 Nitrocellulose membranes (Whatman, Dessel, Germany). 
Membranes were then blocked in block-buffer (10% BSA (0.6%), 0.5M EDTA (1mM), 
TBS/0.05% Tween) and immunoblotted with affinity-purified rabbit polyclonal anti-BCL11b 
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antibody (Novus Biologicals, Littleton, USA). Immune complexes were detected by bind-
ing anti-mouse IgG conjugated to horseradish peroxidase (DAKO, Heverlee, Belgium) 
followed by the enhanced chemiluminescence assay (Amersham Bioscience, Piscataway, 
NJ) according to the manufacturer’s recommendations. GAPDH was stained with primary 
affinity-purified rabbit polyclonal antibody (α-GAPDH FL-335) (Santa Cruz Biotechnology, 
California, USA). 

DNA constructs and generation of BCL11B expressing 32D/GCSFR cells
A murine Bcl11b cDNA (kindly donated by Dorina Avram, Albany Medical Center, Albany, 
NY) was subcloned into pLXSN expression vector under control of 5’ long terminal repeat 
(LTR) of the Moloney murine sarcoma virus (MoMSV) (Clontech, Mountainview, USA). 
Vector constructs were confirmed by nucleotide sequencing and retrovirally transfected 
into 32D cells that stably express human granulocyte colony-stimulating factor receptor 
(GCSF-R) 29 using Fugene transfection reagent (Roche, Indianapolis, USA). Cells were cul-
tures in RPMI 1640 medium with 10% fetal calf serum (FCS), penicillin and streptomycin 
and supplemented with interleukin-3 (IL3, 25ng/ml) and selected with neomycin. To study 
proliferation and differentiation, 32D cells, transduced with murine BCL11b, were plated 
in IL3 (25ng/ml) or GCSF (25 ng/ml), counted and assessed for granulocytic differentiation 
by morphological criteria. Morphological analysis was performed by microscopy on May-
Grünwald-Giemsa-stained cytospins (Shandon Holland, Amsterdam, The Netherlands) 
using a Zeiss Axioskop microscope with 63x plan-apochromat objective. Pictures were taken 
with a Leica DC 500 camera. 
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Results

Genome-wide genotyping of cytogenetically abnormal and normal AML cases
In total, DNA mapping array profiles of leukemia samples of 137 patients with AML were gen-
erated. Initially a subgroup of 48 AML samples was selected based on previous GEP studies, 
i.e., 21 AML cases form GEP clusters #4 and #15 (100% CEBPA mutant or CEBPA silenced 30), 
13 AML cases from GEP cluster #9 (100% inv(16)) and 15 AML cases form GEP cluster #10 
(adverse prognosis) 9. In addition, DNA mapping array profiles, i.e., Affymetrix 250K NspI or 
StyI DNA mapping array, of 89 AML cases with normal karyotypes were generated.

With the Affymetrix 500K NspI/StyI DNA Mapping arrays of the cytogenetically abnormal 
AML samples, all known numerical cytogenetic aberrations, i.e., whole chromosome and 
interstitial deletions and amplifications that had been identified with cytogenetic banding 
analysis, were recognized in the 48 cytogenetically abnormal AML samples, as long as the 
abnormalities were present in over 30% of the AML cells 24. Also, in approximately 25% of 
all cases large regions of segmental uniparental disomy were detected, often involving whole 
chromosome arms 2

In addition to the known cytogenetic aberrations, relatively low numbers of small intersti-
tial deletions and amplifications were detected in the 137 AML cases. However, some of these 
were indicative for the presence of cryptic translocations, such as cryptic t(5;11). t(9;22) and 
t(4;11), which are known to encode chimeric fusion protein essential for leukemognesis. All 
fusion transcripts involved in these translocations, i.e., NUP98-NSD1 (NUP98-NSD1 fusion 
characterizes a novel poor prognostic group in acute myeloid leukemia with a distinct HOX 
gene expression pattern, NUP98-NSD1 (Hollink et al. (submitted)), BCR-ABL and MLL-
AF4, were confirmed by RT-PCR. Thus, although relatively small numbers of aberrations 
were found, most being not recurrent, they may reliably tag relevant leukemic lesions. 

Integrated analysis of genome-wide genotypes and gene expression profiles
By an integrated approach using the genome-wide genotyping data and previously deter-
mined gene expression profiles 9 of the primary AML samples we searched for genes aber-
rantly expressed as a result of numerical changes in the AML genome. Using SNPExpress 24, 
we identified two AML cases with relatively small interstitial amplifications in the 14q32.2 
region (#2301 amplification: 482 Kb, 3 copies) and (#7073 amplification: 460 Kb, 3 copies) 
(Figure 1A, 1B). The amplified region encompassed BCL11B, CCNK, C14orf177, and SETD3. 
Interestingly, BCL11B mRNA was highly expressed in the two AML cases with numerical 
changes, whereas expressions of C14orf177, CCNK and SETD3 were not affected as compared 
to other AML cases (Figure 1A, 1B). This could indicate that as a result of a genomic rear-
rangement, BCL11B has become overexpressed in these AML cases. The small interstitial 
amplifications in AML #2301 and #7073 may pinpoint towards cryptic translocations as was 
seen in the AML cases carrying cryptic translocations t(5;11), t(9;22) and t(4;11).
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Figure 1: Identification of interstitial amplifications on 14q32.2 using SNPExpress. (A) Sequential alignment of 
the genotypes with copy numbers from the Affymetrix DNA mapping array of chromosome 14q32.2 of four AML 
samples 24. The copy numbers are shown for each individual patient by horizontal lines (n=0, 1, 2, 3, 4). The SNP 
genotypes are sequentially aligned along the chromosome (AA: red; BB: yellow; AB: blue, No call: white). Gains 
(default n>2.5) are depicted as pink background. Gene expression levels are visualized as vertical white bars at the 
chromosomal position of the gene-specific probe set. In the event that multiple probe sets span the same region in 
the chromosome-wide view the vertical gene expression bars are red and proportional to the highest expression 
value. The green boxes represent exons of the encoded genes, and the arrows indicate the orientation. In AML #2301 
and AML #7073 clear amplifications are visible, whereas these aberrations are absent in the two control AMLs. (B) 
Snapshot of SNPExpress showing the amplified region in AML case #2301 and #7073 from Figure 1A, showing the 
genes located within the amplified regions. C14orf177 and BCL11B are amplified in both AML cases, whereas SETD3 
and CCNK only in AML #7073. BCL11B expression is increased in AML #2301 and #7073 as indicated by the red 
bar (multiple probe sets).

﻿C
hapter 3

Figure 1

A

B

B

SA+.indd   62 5/16/11   10:37 AM



63

FISH reveals translocations in AML #2301 and #7073 involving BCL11B 
To confirm the amplifications in the BCL11B locus in the two AML cases, we performed FISH 
analysis with a probe covering the BCL11B gene (RP11-431B1) and a probe flanking this locus 
(RP11-242A7) (Figure 2A). On metaphase spreads of both AML cases an additional BCL11B 
allele was apparent (Figure 2B). This is in line with the expected copy number change for the 
BCL11B locus (n=3) as shown in SNPExpress (Figure 1A and B). In fact, through verification 
using chromosomal paints we showed that BCL11B was translocated to chromosome 6 in 
AML case #2301 and  chromosome 8 in AML #7073 (data not shown). 

Chrom 14q:

Centromere

RP11-242A7

BCL11B

RP11-431B1

Figure 2: FISH analysis of AML cases #2301 and #7073 using probes specific for BCL11B and flanking BCL11B. 
(A) Schematic representation of the FITC-labeled BAC probe (RP11-431B1) covering the BCL11B locus and Texas 
Red-labeled BAC probe (RP11-242A7) covering the region adjacent to BCL11B. (B) Microscope images of FISH 
analysis performed on metaphases chromosomes of AML cases #2301 and #7073 showing additional green signal 
(RP11-431B1) indicative for an extra copy of the BCL11B locus. 

AML cases #2301 and #7073 express full-length BCL11B
The translocations involving BCL11B could result in increased expression of either full-length 
BCL11B or a fusion protein involving BCL11B. Next, we examined the expression profiles 
obtained with Affymetrix Human Exon 1.0 ST Array for AML case #2301. This analysis 
showed that in AML #2301 all four exons of BCL11b were highly expressed at similar high 
levels (data not shown). The fact that exon 1 of BCL11B, containing the ATG start codon 
was expressed, suggested that full-length BCL11B is expressed instead of a fusion protein in 
which parts of BCL11B are involved. 

Protein lysates of AML case #2301 were available for Western blot analyses. With Western 
blot analyses of whole, cytoplasmic, and nuclear cell lysates of #2301 we assessed both the 
size and localization of the BCL11B protein. The immunodetection with BCL11B antibodies 
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confirmed the expression of full length BCL11B protein (Figure 3). Moreover, BCL11B ex-
pression appears to be restricted to the nucleus. Of note, full-length BCL11B was also highly 
expressed in AML case #2238, an AML without any known aberration involving BCL11B..

 

Figure 3: Western blot analysis of BCL11B in AML case #2301. Western blot analysis with a specific BCL11B anti-
body demonstrates high expression of full length BCL11B in AML case #2301 in the nuclear compartment (upper 
panel). Whole cell lysates from Jurkat, an acute T-cell leukemia cell line, and AML #2238 show high BCL11B expres-
sion. AML cases #2195 and #2240 with low BCL11B mRNA expression were used as negative controls (#2301w:whole 
cell lysate; #2301c: cytoplasmic lysate; #2301n:nuclear lysate). β-actin was used as loading control (lower panel).   

FISH analyses of selected AML cases with high BCL11B mRNA expression reveals 
additional cases with BCL11B aberrations 
The act that FISH analysis of AML cases showing high expressing of BCL11B mRNA revealed 
translocations involving BCL11B, raised the possibility that other AML cases with aberrantly 
high BCL11B expression would harbour translocations involving BCL11B as well. Gene 
expression profiling of 461 AML cases 31 showed variable expression of BCL11B mRNA in a 
subset of AML cases, including case #2301 and #7073, but did not show a common gene ex-
pression profiling signature (Figure 4A). We selected 40 cases with increased BCL11B mRNA 
expression in AML, i.e., 2.5 times above mean expression of BCL11B in AML, and performed 
FISH analysis of the BCL11B chromosomal region.

FISH analyses revealed two additional AML cases with a BCL11B translocation (AML 
#6366 and #6451) (Figure 4B). With specific chromosomal paints, we showed that in AML 
case #6451 the BCL11B locus was translocated to chromosome 7. A similar analysis could not 
be carried out on AML #6366 due to the lack of material. 

Subsequently, we examined seven additional AML cases with known 14q32 cytogenetic 
abnormalities for BCL11B translocations by FISH analysis, but abnormalities affecting the 
BCL11B locus were not detected (data not shown).
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Table 1: Molecular analyses of the AML cases with BCL11B translocations. The mutation status for FLT-3, 
NPM1, N-RAS, K-RAS, CEBPA and c-KIT was determined as described previously 9. 

Immunophenotyping and molecular analyses of AML cases carrying BCL11B 
aberrations
Immunophenotyping on the AML cases enrolled in the gene expression profiling showed 
that the AML cases with BCL11B translocations expressed besides myeloid markers also 
lymphoid markers such as CD2, CD3, and CD7 (Table 1). These AML cases appeared to have 
a biphenotypic signature, i.e., these cases expressed early myeloid as well as T-cell associated 
markers.

Well-known recurrent molecular abnormalities were determined in the cases carrying 
BCL11B aberrations. These analyses demonstrated that, with no exception, these AML cases 
carried mutations in the FLT3 gene mutation, i.e., FLT3 internal tandem duplication (ITD) 
in all cases and one case with a concurrent FLT3 mutation in the tyrosine kinase domain 
(TKD) (Table 1). We did not identify mutations in K-RAS, N-RAS, c-KIT or CEBPA in the 
AML cases carrying a BCL11B abnormality.  
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Figure 4: Correlation view based on gene expression profiling of 285 AML cases 9 (A) Correlation view of 285 
AML cases showing the gene expression correlation based on 2856 probe sets 9. The black bars adjacent to the correla-
tion view indicate expression of BCL11B, where the size of the bars is proportional to the levels of BCL11B expression 
in the individual AML samples. BCL11B expression in case #2301 is indicated by an arrow. Forty cases with increased 
BCL11B expression (2.5 times above average) were selected for FISH analyses. (B) FISH analysis performed on meta-
phase spreads of AML cases #6451 showing disassociation of the probe RP11-242A7 (red) and RP11-431B1 (green) 
indicating translocation of BCL11B. 
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BCL11B is aberrantly expressed in AML and associated with T-cell gene expression 
signature 
To investigate whether other AML cases with elevated BCL11B mRNA expression show 
full-length BCL11B expression, we carried out Western blot analyses on a number of AML 
cases with high BCL11B mRNA expression. All analyzed samples with high BCL11B mRNA 
showed full length BCL11B protein expression at variable levels (Figure 5).

To examine which genes are co-expressed with BCL11B in AML, we performed a Pearson 
correlation analyses using Affymetrix gene expression profiling data of 461 AML cases 31. 
BCL11B co-regulated probe sets were calculated across all AML patients. The top50 BCL11B 
correlating probe sets are highly associated with T-cells and T-cell development (Table 2). In 
fact, the majority of BCL11B associated genes are T-cell specific genes, such as CD3, TRBV19, 
IL32, LCK, TCF7 and CD2, among many others (Table 2)

 

Figure 5: Western blot analyses for BCL11B of 4 primary AML cases. Immuno-detection of the BCL11B protein 
in AML cases with elevated levels of BCL11B mRNA (+) and cases with undetectable levels of BCL11B mRNA (-) 
(upper panel; Jurkat cell lysate as positive control). GAPDH was used as loading control (lower panel).   

Increased Bcl11b expression results in decreased proliferation of the myeloid cell line 
32D(GCSF-R)
To investigate the effect of Bcl11b expression on proliferation and differentiation, immortalized 
myeloblast-like murine bone marrow cells stably expressing human GCSF-R (32D(GCSF-R)) 
were transfected with pLXSN expression vector containing full length murine Bcl11b cDNA. 
Three 32D(GCSF-R) clones expressing Bcl11b were selected and incubated for ten days in the 
presence of interleukin-3 (IL3) or granulocyte stimulating factor (GCSF). 

Western blot analyses showed that Bcl11b was expressed at all time points (Figure 6A). 
Bcl11b expressing 32D(GCSF-R) clones showed a consistent decreased proliferation rate 
when cultured in the presence of IL3 in comparison to 32D(GCSF-R) clones containing a 
control empty vector (Figure 6B). 

We also evaluated the granulocytic differentiation abilities of the same 32D(GCSF-R) 
clones in the presence of GCSF. Morphological analyses of cytospins did not show consistent 
maturation defects in the Bcl11b expressing 32D(GCSF-R) clones. However, less maturation 
towards granulocytes in 32D(GCSF-R) cells expressing Bcl11b and more undifferentiated 
blast cells compared to cells with empty vector was present in some 32D(GCSF-R) Bcl11b 
expressing clones (Figure 6C). This effect was most apparent in 32D(GCSF-R) Bcl11b clones 
#4 and #12, the 32D(GCSF-R) clones with the highest expression levels of Bcl11b (Figure 6A).
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Table 2: Top 50 genes correlating with BCL11B expression in AML

Figure 6: Effects of BCL11B overexpression in murine 32D(GCSF-R)  cells. (A) Western blot analyses for Bcl11b 
in 32D(GCSFR) cells. 32D(GCSFR)  clones overexpressing BCL11B are indicated by #2, #4, and #12 (IL3 1 and 
10 days). Lysates obtained from theses clones were immunostained for BCL11b at day 1 and day 10 (Jurkat cells: 
positive control; 32D: 32D(GCSF-R) cells). GAPDH was used as loading control (lower panel). (B) Growth curve 
of 32D(GCSFR) cells with and without (empty)  BCL11B expression incubated with IL3. 32D(GCSFR)  cells were 
counted every 24 hours for ten days (32D: 32D(GCSF-R) cells). (C) May-Grünwald-Giemsa-stained cytospins of 
32D(GCSF-R) cells with (upper panel) and without (lower panel) Bcl11b expression incubated with GCSF for 7 days.  
Granulocytic differentiation is monitored by the presence of cells with segmented nuclei.
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# Probe set Correlation 
coefficient

Gene 

1 205456_at 0.83 CD3E

2 206804_at 0.82 CD3G

3 210915_x_at 0.81 TRBV19

4 213193_x_at 0.80 TRBV19

5 203828_s_at 0.80 IL32

6 204891_s_at 0.77 LCK

7 211796_s_at 0.77 TRBV21-1

8 204890_s_at 0.75 LCK

9 210031_at 0.71 CD3Z

10 206545_at 0.70 CD28

11 212400_at 0.70 C9orf132

12 205254_x_at 0.69 TCF7

13 205831_at 0.69 CD2

14 210439_at 0.69 ICOS

15 205798_at 0.68 IL7R

16 211893_x_at 0.67 CD6

17 205255_x_at 0.67 TCF7

18 213958_at 0.66 CD6

19 211339_s_at 0.66   ITK

20 208602_x_at 0.66 CD6

21 210479_s_at 0.64 RORA

22 205590_at 0.64 RASGRP1

23 211900_x_at 0.64 CD6

24 204777_s_at 0.64 MAL

25 220418_at 0.64 UBASH3A

# Probe set Correlation 
coefficient

Gene

26 217838_s_at 0.63 EVL

27 210426_x_at 0.62 RORA

28 219442_at 0.62 MGC3020

29 202761_s_at 0.61 SYNE2

30 210972_x_at 0.61 TRA@

31 203413_at 0.61 NELL2

32 210607_at 0.61 FLT3LG

33 206337_at 0.60 CCR7

34 209671_x_at 0.60 TRA@

35 206485_at 0.60 CD5

36 214470_at 0.58 KLRB1

37 202524_s_at 0.58 SPOCK2

38 213539_at 0.58 CD3D

39 210948_s_at 0.58 LEF1

40 214032_at 0.58 ZAP70

41 221558_s_at 0.58 LEF1

42 211902_x_at 0.58 TRA@

43 220485_s_at 0.57 SIRPB2

44 206966_s_at 0.57 KLF12

45 209670_at 0.56 TRAC

46 209604_s_at 0.56 GATA3

47 207651_at 0.56 GPR171

48 213906_at 0.56 MYBL1

49 205259_at 0.56 NR3C2

50 204638_at 0.55 ACP5    
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Discussion

Simultaneous analyses of genome-wide genotyping and copy number data with gene ex-
pression profiling enables the identification of pathogenic genes that as a result of genomic 
imbalances are aberrantly expressed. By an integrated approach involving genome-wide 
genotyping and GEP, we identified BCL11B as a novel oncogene in AML. Interstitial am-
plification of 14q32 was initially revealed in two AML cases (#2301 and #7073) by genome-
wide genotyping and SNP array, showing relatively small amplifications including BCL11B, 
subsequently confirmed by FISH. Although different genes were affected by the numerical 
abnormalities, these 14q23 aberrations resulted in unique BCL11B mRNA and full-length 
BCL11B protein overexpression. By FISH in a selection of 40 AML cases with high BCL11B 
mRNA expression, we identified two additional AML cases baring BCL11B translocations 
(AML #6451 and AML #6366).

The BCL11 family has two members BCL11A and BCL11B. Bcl11a was identified as a 
common retroviral insertion site (Evi9) in murine myeloid leukemias 32-33 and is required 
for normal B-cell development 34. BCL11B is encoded by a 4 exon gene located on 14q32, 
encoding a Kruppel family zinc finger transcription factor. Bcl11b was initially identified as a 
tumor suppressor gene in T cells 35.  BCL11B is a key regulator of differentiation and survival 
of thymocytes 25. BCL11b may function as a tumor suppressor gene in T-cell neoplasia, i.e., 
mice carrying biallelic inactivation of Bcl11b developed thymic lymphomas, indicating that 
loss-of-function mutations in Bcl11b contribute to mouse lymohomagenesis and possibly to 
human cancer development 36.

BCL11B was first associated with hematological malignancies due to its recurrent in-
volvement with the homeobox transcription factor TLX3 in a relatively high percentage of 
pediatric and adult T-cell acute lymphoblastic leukemia (T-ALL), carrying the cryptic t(5;14)
(q35;q32) 37-39. Less frequent, T-ALL samples with an inv(14)(q11.2q32.31) carry an in-frame 
transcript of BCL11B and the T-cell receptor gene segment TRDV1. These ALL cases do not 
express wild type BCL11B transcripts, suggesting that BCL11B disruption may contribute to 
T-cell malignancies in humans 40 

A number of myeloid, mixed-lineage, and nonlymphocytic leukemias with 14q32 abnormali-
ties have been reported, however, in these instances the affected genes were not identified 41-45. 
The first evidence of BCL11B involvement in 14q32 translocations in AML was reported by 
Bezrookove et al. 42. They reported one case of t(6;14)(q25~q26;q32) in an adult with AML 
and used bacterial artificial chromosomes  to demonstrate the involvement of BCL11B in 
this AML case 42. Due to lack of patient material, the investigators could neither establish 
the deregulation of BCL11B nor the identification of the partner genomic locus 42. Of note, 
the breakpoint in this AML case appeared to be located upstream of the BCL11B gene. This 
is similar to the AML cases described here and suggests that the breakpoints in AML are 
clustered upstream, whereas in ALL they are downstream of BCL11B. 
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Specific chromosomal paints demonstrated that different partner chromosomes were 
involved in the AML cases with a BCL11B translocation. This may indicate that different 
regulatory regions on the partner chromosome are capable to activate the BCL11B oncogene 
in AML. Interestingly, BCL11B protein appeared to be expressed in additional primary AML 
cases that did not carry BCL11B translocations. In these AML cases other mutations may be 
present or BCL11B may be activated by other means. The identification of the exact chromo-
somal regions involved in the translocations and the transcriptional elements responsible for 
BCL11B overexpression, in AML with and without BCL11B rearrangements, needs further 
investigations.  

The 14q32 region, including BCL11B, has been subject for translocation in T-ALL and acute 
mixed lineage leukemia 29,41-45. In fact, the involvement of 14q32 translocations and BCL11B 
in AML has been debated 46. However, the immunophenotyping and molecular analyses of 
the AML samples with BCL11B translocations described here show that these leukemias have 
biphenotypic immunophenotype, but also all carry a common AML-associated FLT3 ITD 
mutation. Thus these leukemias share a characteristic genetic feature with AML. 

BCL11B is expressed in T-lymphocytes and T-cell leukemias and is a pivotal regulator of 
number of genes related to T cell proliferation and differentiation such as IL2, NF-kappaB 
and p21 25-26,47-49. It was shown recently that the expression of BCL11B in T-cell lines resulted 
in markedly increased apoptosis resistance following treatment with radiomimetic drugs 
accompanied by a cell cycle delay caused by accumulation of cells at G1 50. We examined 
the consequences of Bcl11b overexpression on proliferation and differentiation in a mouse 
myeloid 32D(GCSF-R) cell line model. 32D(GCSF-R) cells, expressing full length murine 
Bcl11b cDNA, showed a consistent decreased proliferation rate compared to cells express-
ing the empty vector or to the parental untransfected cells. Upon stimulation with GCSF, 
32D(GCSF-R) cells overexpressing Bcl11b showed less maturation towards granulocytes 
compared to cells expressing empty vector, giving supporting evidence that Bcl11b is partially 
blocking or delaying differentiation in 32D(GCSF-R)  cells. 

In conclusion, we show that BCL11B is involved in 14q32 translocations with different 
putative chromosomal partners in well-characterized AML cases using high-throughput 
genome-wide genotyping, cytogenetics and GEP. In these translocations, the full length 
BCL11B transcript is highly expressed and associated with the expression of T-cell mark-
ers. We speculate that due to the translocations, BCL11B expression is influenced by active 
transcriptional elements resulting in the high expression of BCL11B and consequently T-cell 
associated genes. Murine cell line overexpressing BCL11B show decreased proliferation and 
partial delayed differentiation which provides evidence that BCL11B may have suppressive 
and disruptive effects on cell proliferation and differentiation.
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Acute myeloid leukemia (AML) is a heterogeneous disease with diverse genetic abnormali-
ties and variable response to treatment. In the last decade the diverse genetic abnormalities 
have refined risk-stratification of AML 1. Recently, mutations in the Casitas B-cell lymphoma 
gene encoding the E3-ligase CBL 2 were identified in de novo AML 3-4. In one study, a single 
case with an inactivating point mutation in exon9 of the CBL gene was identified in a cohort 
of 150 de novo AML cases 3. In a second study, exon8 missense mutations were demonstrated 
in 3 out of 12 randomly selected AML cases 4. In an additional AML case, a DNA insertion/
deletion mutation in intron7 of in the CBL gene resulted in the expression of a CBL splice 
variant, i.e., a CBL mRNA lacking exon8 4. 

All published CBL mutations are located within the conserved linker region (LR) and ring 
finger (RF) of the CBL protein 2. In fact, the mutant CBL splice variant without exon8 results 
in an in-frame deletion, which encodes a CBL protein lacking part of the LR, including two 
essential tyrosine residues, and almost the entire RF, which is critical for E3 activity 2. This 
suggests that mutant CBL may act as a dominant negative protein by inhibiting proper down-
regulation of critical activated tyrosine kinases, such as KIT and FLT3 in AML 5.

It is still not clear how frequently mutations in the CBL gene occur in newly diagnosed 
AML. In a diverse population of primary AML (n=319, Table 1) we assessed the frequency of 
CBL mutations, i.e., point mutations in exon8 4 and exon9 3, and mutations affecting proper 
splicing of CBL exon8 4.

Patients had a diagnosis of primary AML, confirmed by cytological examination of blood 
and bone marrow and were treated according to the HOVON protocols (http://www.hovon.
nl). After obtaining patients’ informed consent, bone marrow aspirates or peripheral blood 
samples were taken at diagnosis (n=319). CBL exon8 mRNA splice variants, as well as point 
mutations in exon8, were determined by cDNA amplification using the primer set CBLe6F 
5’-AAACCTCTCTTCCAAGCACTG-3’ and CBLe9R 5’-TCCCTCTAGGATCAAAC-
GGA-3’ or CBL-exon7-FOR 5’-GTGAACCAACTCCCCAAGAC-3’ and CBL-exon9-REV 
5’-GGACAGCCCTGACCTTCTG-3’. Mutations in genomic DNA were determined by 
amplification using CBL-intron7-FOR 5’-GGACCCAGACTAGATGCTTTC-3’ and CBL-
exon8-REV 5’-GTGCACATGAGGTGTCCACAG-3’ (mutations 5’ of exon8) or CBL-exon7-
FOR and CBL-exon9-REV (mutations 3’ of exon8). (0.25mM dNTP, 15 pmol primers, 2mM 
MgCl2, Taq polymerase and 1xbuffer (Invitrogen Life Technologies, Breda, The Netherlands); 
1 cycle at 94˚C for 5 mins., 35 cycles at 94˚C for 1 min., 1’ 60˚C for 1 min., 72˚C for 1 min., 
and 1 cycle at 72˚C for 7 mins.). Samples showing aberrant patterns were sequenced by using 
forward and reverse primers on the ABI PRISM3100 genetic analyzer (Applied Biosytems, 
Foster City, CA).
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Table 1: Clinical and molecular characteristics of the 319 patients* with de novo acute myeloid leukemia.

# Percent
Gender
Male 154 48
Female 165 52
FAB
M0 11 3
M1 62 19
M2 69 22
M3 19 6
M4 52 16
M5 79 25
M6 6 2
not determined 21 7
Cytogenetic abnormalities**
t(15;17) 19 6
t(8;21) 21 7
inv(16)/t(16;16) 22 7
+8 23 7
-5/-5(q) 13 4
-7/-7(q) 22 7
3q 10 3
t(6;9) 3 1
t(9;22) 3 1
t(11q23) 14 4
complex (>3 abn.) 18 6
other 77 24
normal 127 40
not determined 14 4
Molecular abnormalities
FLT3 ITD 90 28
FLT3 TKD 33 10
N-RAS 26 8
K-RAS 0 0
CEBPA 17 5
KIT (exon8 and D816 mutations) 14 4

*Median age 45 (range 15 - 75), median bone marrow blast count 65 percent (range 0 (for acute promyelocytic leuke-
mia) - 99), median white blood cell (WBC) count 32 (x109/l) (range 0.3 - 349) and median platelet count 51 (x109/l) 
(range 3-998).
**All patients with a specific abnormality were considered, irrespective of the presence of additional abnormalities.
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All AML cases were screened by RT-PCR for CBL exon8 splice variants, whereas a ran-
domly selected subset of 183 out of the 319 AML cases was examined by sequence analysis 
for the presence of exon8 4 or exon9 3 point mutations. We did not find any point mutation in 
exon8 or exon9 of CBL in the subset of 183 AML cases. However, out of the 319 AML cases 
we did identify two AML cases expressing a CBL mRNA splice variant (#2274 and #6717, 
Figure 1A), which lacked exon8. This aberrant CBL mRNA is similar to the splice variant 
previously identified in the leukemic cell line MOLM13 (Figure 1A) 4. CBL transcripts lacking 
exon8 were not present in 5 normal bone marrow samples and 3 fluorescence activated cell 
sorted CD34-positive progenitor cell samples (data not shown).

Interestingly, the two primary AML cases showing aberrant splicing carried an inversion 
of chromosome 16 (inv(16)) suggesting that CBL mutations might be associated with core-
binding factor (CBF) leukemias, i.e., AML and inv(16) or t(8;21). In a selected screen of 39 
inv(16) AML and 40 t(8;21) AML we did not detect point mutations in CBL exon8 or exon9. 
However, the CBL exon8 splice variant was present in 2 additional cases with a t(8;21) and 
one additional case with an inv(16) (Figure 1A). The CBL exon8 splice variant was absent in 4 
independent remission samples of AML patient #2549 (data not shown). 

By nucleotide sequencing of the flanking sequences of CBL exon8 in all AML cases express-
ing the CBL mRNA splice variant, we identified various insertion/deletion mutations in the 
CBL gene (Figure 1B). All insertion/deletion mutations affect the splice acceptor or donor 
sites of exon8 of CBL. In fact, the G to C point mutation in case #7056 is located within 
the splice acceptor site of CBL exon8, resulting in two additional aberrant in-frame CBL 
transcripts (Figure 1A).
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#7056: point mutation G→C#2274: I/D 8/11 bp
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#2549: D 62 bp
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Figure 1.
CBL mRNA splice variant mutations in core-binding factor AML. (A) RT-PCR with primers CBL-exon7-FOR and 
CBL-exon9-REV of primary AML cases showing aberrant splice variants (#2254 (inv(16)), #2549 (t(8;21)), #2274 
(inv(16)), #6717 (inv(16)), #7056 (t(8;21)), wild-type CBL (#2173 and #2214) and cell lines MOLM13 (FLT3 internal 
tandem duplication (ITD)), Kasumi-1 (t(8;21)) and ME-1 (inv(16)). The presence of these CBL exon8 splice mutants 
in the primary AML were confirmed using various primer sets (data not shown). AML #7056 consistently expresses 
two additional CBL mRNA splice variants. Of note, both these CBL splice variants are in-frame ((exon7)  ACC CAG 
ATG GGC TCC (exon8) and (exon7) ACC CAG GAT GTA AAG (exon8)) (B) Schematic representation of exon 
7-to-9 of the CBL gene to indicate the insertion (I)/deletion (D) mutations in the CBL gene of the 5 CBF AML cases 
(#2254, #2549, #2274, #6717, #7056).
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These results indicate that there is a preferential association between CBL exon8 splice 
variant mutations and CBF leukemias. This raises the possibility of a functional association 
between impaired CBL function and the CBF-related fusion proteins CBFB-MYH11 and 
AML1-ETO. Activating point mutations in receptor tyrosine kinase KIT are strongly associ-
ated with CBF leukemias 6-8. In fact, we recently screened 500 cases of AML for exon8/exon17 
KIT mutations and mutations were present in 25 AML cases (5%). Of the KIT mutant cases 
88% carried a proven CBF mutation, such as t(8;21), inv(16) or t(3;21) (data not shown). 
CBL proteins mediate ubiquitination and degradation of KIT upon stimulation with stem 
cell factor 9. Thus, the expressed mutant CBL protein, which is still able to bind KIT by its N-
terminal tyrosine kinase binding domain, but impaired in downstream ubiquitination 2, may 
act as a dominant negative protein. Expression of this dominant negative protein could result 
in impaired routing of KIT and sustained activation, similar to KIT activating mutations in 
CBF leukemias. 

No other AML-specific mutations, such as those affecting FLT3, NRAS, KRAS, CEBPA 
and NPM1, were present in the CBL mutant AML cases. Interestingly, however, CBL mutant 
t(8;21) AML case #2549 also carried a KIT D816 mutation. In this AML impaired function of 
the CBL protein would potentially result in prolonged constitutive activation of KIT.

Our results demonstrate that CBL mutations are rare in AML. However, the strong associa-
tion of these mutations with CBF leukemias suggests that there may be a cooperative activity 
of mutant CBL with the CBF-related fusion proteins CBFB-MYH11 and AML1-ETO in CBF 
leukemogenesis, most likely by impaired ubiquitination of KIT.
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The Wilms’ tumor 1 (WT1) gene on chromosome 11p13 encodes a Krupple-like zinc finger 
transcription factor that may act as tumor suppressor or oncogene in leukemogenesis 1. 
Mutations in WT1 were initially identified in 10-15% of AML and 20% of biphenotypic 
leukemia 2. Recently, the frequency of 10-15% WT1 mutations in adult AML with normal 
karyotypes was confirmed using relatively large cohorts of AML patients 3-6. In some studies 
WT1 mutations were implicated as an independent adverse prognostic marker for patients 
with normal karyotype AML (<60 years) 2-5, however, in other WT1 mutations did not have 
impact on outcome 6. Mutations in WT1 in AML often result in frame shifts introducing pre-
mature termination codons (PTC) 2-5, but it is not known whether WT1 mutant transcripts 
are degraded by the nonsense-mediated RNA decay (NMD) surveillance system 7. 

Here, we analyzed a cohort of 218 AML cases for WT1 mutations by RT-PCR for mutations 
in exons 6 to 9 (WT1-FOR3 5’-GAGAGCGATAACCACACAAC-3’ (exon6) and WT1-REV4 
5’-CTGTATGAGTCCTGGTGTGGG-3’ (exon9) (bp1214-1619 (NM_024426)) followed by 
denaturing high performance liquid chromatography (dHPLC, sensitivity 10-20% (mutation 
dosage)) and sequencing.  In six AML cases missense and in-frame insertion mutations were 
detectable in WT1 (no. 1-6, Table1). These WT1 missense and in-frame mutants are expressed, 
because these transcripts were readily detectable by RT-PCR. Analyses of a diagnostic and 
relapse sample of AML case no. 2270 (no. 7, Table 1), carrying a double mutation, showed 
that the out-of-frame WT1 mutations were not present on a single allele and both present in 
the relapse. Thus, the insertions of 11bp and 1bp do not result in the expression of a WT1 
protein with an internal frame-shift, but encode truncated WT1 proteins from two alleles. 

Following this RT-PCR strategy; we detected relatively small numbers of WT1 mutations 
(2.7%) 2-5. In contrast, out of a diverse AML cohort of 351 AML samples, we were able to 
reliably detect 21 insertion/deletion mutations in exon 7 or 9 of WT1 (no. 8-26, Table1) 
using genomic DNA PCR 3,5 followed by dHPLC (sensitivity 10-20% (mutation dosage)) 
and sequencing. The overall frequency of WT1 mutations in AML patients with a normal 
karyotype was 6.3 and 7.7% in AML patients with normal karyotypes younger than 60 years. 
WT1 mutations were present in patients carrying a favorable karyotype, that is, t(8;21) (n=1), 
inv(16) (n=2) and t(15;17) (n=2) (Table1). This may suggest that mutations in WT1 cooperate 
with the fusion proteins AML1/ETO, CBFB/MYH11 and PML/RAR, respectively. WT1 mu-
tations were more often present in AML with a FLT3 internal tandem duplication or NPM1 
mutation (data not shown); however, none of these were statistically significant (Fisher’s 
exact test). No association was found between WT1 mutations and other known acquired 
mutations in AML, that is, N-RAS-, K-RAS- or CEBPA mutations. By subcloning the WT1 
PCR fragments of the five additional AML double mutants (Table 1), we have shown that 
these were monoallelic. The overall WT1 mutation dosage was below 55%, thus, there is no 
direct indication that acquired uniparental disomy is involved in any of the AML cases. It is 
interesting to note that WT1 mutations were present in two out of six cases of a new subgroup 
of biphenotypic leukaemias, showing hypermethylation and silencing of CEBPA as well as 
NOTCH1 mutations that were recently identified by gene expression profiling of AML 8. 
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Table 1  WT1 mutations in 26 primary AML cases 

No. Case RT-PCR PCR Exon Mutation Abnormality Protein Karyotype

1 2226 D NA 6 TàC (nt 1244) missense Cys350Arg 47,XY,+11[43]/46,XY[5]

2 2682 D NA 8 GàT (nt 1497) missense Arg434Leu 46,XX,t(2;9;11)(p13;p22;q23)[25]   

3 2243 D NA 8 CTCTTT (nt 1498) 6 bp ins 434 ins LeuPhe 45,X,-Y,t(8;21)(q22;q22)[19]

4 2497 D NA 9 GàT (nt 1581) missense Arg462Leu 46,XY,del(1)(p33orp32p36)[10]/46,XY[2]

5 2263 D NA 9 CàT (nt 1589) missense His465Tyr 46,XX,t(15;17)(q22;q21)[30]/46,XX[2]

6 2773 D D 9 GGG (ins) (nt 1567) 3 bp ins 457 ins Gly 46,XY[37]

7 2270a D D 7 CTCTTGTACGG (ins) (nt 1336)/ 11bp ins nt 1539PTC 46,XY,i(8)(q10)[4]/46,XY,i(8)(q10),+ace[2]/

T (ins) (nt 1393) 1bp ins nt 1394PTC 47,XY,+i(8)(q10)[3]/47,XY,+8[3]/46,XY[24]

8 2299 ND D 9 GT (ins) (nt 1538) 2 bp ins nt 1539PTC 47,XY,+21[5]/46,XY [65]

9 2247 ND D 7 TC (ins) (nt 1334) 2 bp ins nt 1539PTC 46,XX,der(2)inv(2)(p2?3p1?5) 

del(2) (p11p1?5)[17]

10 2668 ND D 7 AAGGGAAATT (ins) (nt 1301) 10 bp ins nt 1345PTC 47-49,XX,+del(8)(q24?),i(17)(q10),+2mar[cp10]/

46,XX[2]

11 2647 ND D 7 CGGC (ins) (nt 1341) 4 bp ins nt 1345PTC 46-47,XY,del(16)(q22)[3],+22[5][cp6)/46,XY[8]

12 2545 ND D 7 ACCG (ins) (nt 1334) 4 bp ins nt 1345PTC NN

13 2170 ND D 7 ACTCTTG (ins) (nt 1335) 7 bp ins nt 1345PTC 46,XY,del(12)(q11,q21),t(15,17)(q22;q12)[25]

14 2177 ND D 7 TCGG (ins) (nt 1341) 4 bp ins nt 1345PTC NN

15 2280a ND D 7 AGA (ins)/ C (del) (nt 1301) 3 bp ins/ 2 bp del nt 1345PTC 46,XX[37]

16 7125 ND D 7 GACCTGTGAG (ins) (nt 1341) 10 bp ins nt 1345PTC 46,XX[21]

17 7169 ND D 7 CGACGTG (del) (nt 1301) 7 bp del nt 1318PTC failure

18 4340 ND D 7 GTCTTGTACGG (ins) (nt 1337) 11 bp ins nt 1539PTC 46,XY[20]

19 7145 ND D 7 G (del) (nt 1305) 1 bp del nt 1318PTC failure

20 2305a ND D 7 CC (ins)/ G (del) (nt 1305) 2 bp ins/ 1 bp del nt 1345PTC 46,XY[42]

21 3314a ND D 7 CCCCATGCC (ins)/ G (del) (nt 1305) 9 bp ins/ 1 bp del nt 1318PTC 53,XY,+der(1)add(1)(q?12)del(1)(p22p31),

der(3)t(3;8)(p26;q21),+8,+11,+13,+13,+14[16]/ 46,XY[5]

22 2275 ND D 7 CTCTTGT (ins) (nt 1326) 7 bp ins nt 1345PTC 46,XX[29]

23 2186a ND D 7 CAGTAGG (ins)/ del TTGTAC (del) (nt 1539) 7 bp ins/ 6 bp del nt 1345PTC 45,XY,-7,t(7;8)(q21;p11)[25]

24 1551 ND D 7 GA (ins) (nt 1304) 2 bp ins nt 1318PTC 46,XX[33]

25 5365 D D 9 CG (del) (nt 1567) 2 bp del nt 1621PTC 46,X,der(X)(Xpter->Xq1?2::16q22--16qter),

der(16)(Xqter->Xq1?2::16p13->16q22::16p13-16pter)[17]/

46XX[2]

26 5284a D D 7 A (ins) TC (del) (nt 1326) 1 bp ins/ 2 bp del nt 1539PTC 46,XY [21]
 
Abbreviations: D, mutation detectable; ND, mutation not detectable; NA, material not available; ins, insertion; del,  
deletion; PTC, premature termination codon; NN, normal karyotype. Mutations are indicated according to Acc.  
No. NM_024426 WT1 mRNA, aDouble WT1 mutant. 
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Table 1  WT1 mutations in 26 primary AML cases 

No. Case RT-PCR PCR Exon Mutation Abnormality Protein Karyotype

1 2226 D NA 6 TàC (nt 1244) missense Cys350Arg 47,XY,+11[43]/46,XY[5]

2 2682 D NA 8 GàT (nt 1497) missense Arg434Leu 46,XX,t(2;9;11)(p13;p22;q23)[25]   

3 2243 D NA 8 CTCTTT (nt 1498) 6 bp ins 434 ins LeuPhe 45,X,-Y,t(8;21)(q22;q22)[19]

4 2497 D NA 9 GàT (nt 1581) missense Arg462Leu 46,XY,del(1)(p33orp32p36)[10]/46,XY[2]

5 2263 D NA 9 CàT (nt 1589) missense His465Tyr 46,XX,t(15;17)(q22;q21)[30]/46,XX[2]

6 2773 D D 9 GGG (ins) (nt 1567) 3 bp ins 457 ins Gly 46,XY[37]

7 2270a D D 7 CTCTTGTACGG (ins) (nt 1336)/ 11bp ins nt 1539PTC 46,XY,i(8)(q10)[4]/46,XY,i(8)(q10),+ace[2]/

T (ins) (nt 1393) 1bp ins nt 1394PTC 47,XY,+i(8)(q10)[3]/47,XY,+8[3]/46,XY[24]

8 2299 ND D 9 GT (ins) (nt 1538) 2 bp ins nt 1539PTC 47,XY,+21[5]/46,XY [65]

9 2247 ND D 7 TC (ins) (nt 1334) 2 bp ins nt 1539PTC 46,XX,der(2)inv(2)(p2?3p1?5) 

del(2) (p11p1?5)[17]

10 2668 ND D 7 AAGGGAAATT (ins) (nt 1301) 10 bp ins nt 1345PTC 47-49,XX,+del(8)(q24?),i(17)(q10),+2mar[cp10]/

46,XX[2]

11 2647 ND D 7 CGGC (ins) (nt 1341) 4 bp ins nt 1345PTC 46-47,XY,del(16)(q22)[3],+22[5][cp6)/46,XY[8]

12 2545 ND D 7 ACCG (ins) (nt 1334) 4 bp ins nt 1345PTC NN

13 2170 ND D 7 ACTCTTG (ins) (nt 1335) 7 bp ins nt 1345PTC 46,XY,del(12)(q11,q21),t(15,17)(q22;q12)[25]

14 2177 ND D 7 TCGG (ins) (nt 1341) 4 bp ins nt 1345PTC NN

15 2280a ND D 7 AGA (ins)/ C (del) (nt 1301) 3 bp ins/ 2 bp del nt 1345PTC 46,XX[37]

16 7125 ND D 7 GACCTGTGAG (ins) (nt 1341) 10 bp ins nt 1345PTC 46,XX[21]

17 7169 ND D 7 CGACGTG (del) (nt 1301) 7 bp del nt 1318PTC failure

18 4340 ND D 7 GTCTTGTACGG (ins) (nt 1337) 11 bp ins nt 1539PTC 46,XY[20]

19 7145 ND D 7 G (del) (nt 1305) 1 bp del nt 1318PTC failure

20 2305a ND D 7 CC (ins)/ G (del) (nt 1305) 2 bp ins/ 1 bp del nt 1345PTC 46,XY[42]

21 3314a ND D 7 CCCCATGCC (ins)/ G (del) (nt 1305) 9 bp ins/ 1 bp del nt 1318PTC 53,XY,+der(1)add(1)(q?12)del(1)(p22p31),

der(3)t(3;8)(p26;q21),+8,+11,+13,+13,+14[16]/ 46,XY[5]

22 2275 ND D 7 CTCTTGT (ins) (nt 1326) 7 bp ins nt 1345PTC 46,XX[29]

23 2186a ND D 7 CAGTAGG (ins)/ del TTGTAC (del) (nt 1539) 7 bp ins/ 6 bp del nt 1345PTC 45,XY,-7,t(7;8)(q21;p11)[25]

24 1551 ND D 7 GA (ins) (nt 1304) 2 bp ins nt 1318PTC 46,XX[33]

25 5365 D D 9 CG (del) (nt 1567) 2 bp del nt 1621PTC 46,X,der(X)(Xpter->Xq1?2::16q22--16qter),

der(16)(Xqter->Xq1?2::16p13->16q22::16p13-16pter)[17]/

46XX[2]

26 5284a D D 7 A (ins) TC (del) (nt 1326) 1 bp ins/ 2 bp del nt 1539PTC 46,XY [21]
 
Abbreviations: D, mutation detectable; ND, mutation not detectable; NA, material not available; ins, insertion; del,  
deletion; PTC, premature termination codon; NN, normal karyotype. Mutations are indicated according to Acc.  
No. NM_024426 WT1 mRNA, aDouble WT1 mutant. 

WT1 mutations have recently been implicated as poor prognostic factor in AML 3-5. We 
investigated whether WT mutations carry prognostic value in our patient cohort. Univariate 
survival analyses of AML patients younger than 60 years by the method of Kaplan and Meier 
did not reveal any significant difference in overall (OS) and event-free survival (EFS) between 
patients with or without WT1 mutations (data not shown). 
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These survival analyses were performed on all AML patients, except those with favourable cy-
togenetics (n = 233) (OS P= 0.09 and EFS P = 0.08) or AML patients with normal karyotypes 
(n = 134) (OS P = 0.35 and EFS P = 0.25).

All AML cases with genomic WT1 mutations were examined using RT-PCR. In 17 out of 21 
cases WT1 mutations were detectable by PCR/dHPLC but undetectable by RT-PCR/dHPLC 
(no. 8-24, Table1). The majority of these out-of-frame mutations were present in exon 7 of 
WT1. Thus, most AML cases do not express PTC-containing WT1 transcripts or at very low 
levels. To show the involvement of NMD, we selected three primary AML cases (no. 2275, 
no. 2305 and no. 3314 (no. 20-22, Table 1)), which carried a WT1 insertion mutation as was 
shown by PCR on genomic DNA (WT1 mutation dosage 50% in all three AML cases based on 
PCR analysis), but not cDNA (Table1). We cultured these AMLs in the presence and absence 
of emetine (6 hours, 100 μg/ml). Emetine is known to block translation-mediated NMD 7. 
The WT1 mutant mRNA transcripts are not detectable or present at low levels in AML cells 
cultured in the absence of emetine (Figure 1A). Interestingly, however, the translation inhibi-
tor prominently stabilized the WT1 mutant mRNA transcripts. After treatment with emetine 
the mutant WT1 transcripts are present at similar levels or even higher as the wild-type 
WT1 mRNA transcripts (Figure 1A). By RQ-PCR with WT1 wild-type- and mutant-specific 
primers we showed a fourfold increase of mutant WT1 transcripts after emetine treatment 
relative to wild-type in case no. 2305. In fact, in case no. 3314 WT1 mutant transcripts were 
extremely low to undetectable before emetine treatment and highly abundant (>100000-fold 
increase) after treatment. The specificity of the mutant-specific primers was confirmed using 
AML cases without WT1 mutations. These results strongly indicate that WT1 transcripts 
with PTCs are sensitive to translation-mediated NMD. Importantly, in a diagnostic setting 
WT1 mutations may therefore be missed when mutation detection is based on RT-PCR.

PTCs are introduced as a result of insertion/deletion mutations in 77% of the AML cases. 
The three PTCs that are introduced in the majority of mutant WT1 transcripts (nt 1318PTC, 
nt 1345PTC and nt 1539PTC) are located over 55 bp upstream of the next intron boundary 
and are therefore prone to NMD 7. However, PTC1621 that is present in AML patient no. 
5365 should in theory not be affected by NMD because this PTC is located only 5 bp from 
the next intron boundary. In fact, this mutant transcript was indeed detectable by RT-PCR 
dHPLC. This case is in line with the involvement of NMD in the majority of WT1 mutant 
AML patients. In contrast, however, WT1 mRNA transcripts in AML cases no. 2270 and no. 
5284, which contain nt 1394/1539 PTCs and nt 1539 PTC, respectively, were expressed. In 
these cases NMD may reduce the levels of PTC-containing mRNA suboptimal and truncated 
WT1 proteins may be expressed. In fact, it has been shown that PTC-containing mRNA is 
reduced by NMD to 5-25% levels 7. At levels of >10% WT1 mutants will be detectable using 
the RT-PCR/dHPLC strateg
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Figure 1 (A) Direct nucleotide sequence analyses of WT1 RT-PCR products (WT1-FOR3 and WT1-REV4) with 
primer WT1-REV4 of three cases of AML (no. 2275, no. 2305 and no. 3314) cultured in the absence or presence of 
the translation inhibitor emetine. (B) Immunoprecipitations of WT1-mutant (no. 2275, no. 2186, no. 1551) and wild-
type (no. 2220, no. 2268, no. 2184, no. 2285) AML cases with an N-terminal antibody against WT1. The cell lines 
CTS (GA (del) (nt1398) 2 bp del (detectable on gDNA and cDNA)) and Raji were included as mutant and wild-type 
WT1 controls, respectively.
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To investigate the levels of WT1 protein in WT1 mutant cases, we selected three AML cases 
with WT1 insertion/deletion mutations (no. 2275, no. 2186, no. 1551 (no. 22-24, Table 1) and 
control wild-type WT1 AML samples and performed immunoprecipitations with an antibody 
specific for the N terminus of human WT1, which recognizes residues 1-180 (Figure1B). The 
predicted truncated WT1 proteins were not detectable in the selected WT1 mutant cases (no. 
2275:42 kDa, no. 2186:42 kDa; no. 1551:41 kDa) and CTS cell line (49 kDa). It is interesting 
to note that mutant WT1 mRNA is expressed in CTS (data not shown), which would suggest 
that the truncated WT1 protein is instable in this cell line. In contrast, wild-type WT1 (56 
kDa) is expressed in all AML cases irrespective of the presence of WT1 mutations. 

In conclusion, we identified in 218 AML patients a relatively low number of WT1 mutations 
by RT-PCR (2.7%), whereas by PCR on 351 AML cases additional WT1 mutations (6.0%) 
were detectable. WT1 mutations were present not only in normal karyotype AML, but also 
in cytogenetically abnormal AML (including AML with t(8;21), inv(16) and t(15;17)). AML 
cases with WT1 missense and in-frame insertion mutations express mutant WT1 mRNA 
at WT1 wild-type levels. These transcripts most probably encode proteins with impaired 
function because the mutations are located within the WT1 zinc fingers. The majority of 
WT1 aberrations were insertion/deletion mutations that introduced PTCs. Here, we show for 
the first time that mutant WT1 mRNA transcripts that carry PTCs are sensitive to NMD in 
primary AML. Consequently, these AML cases do not express the predicted truncated WT1 
proteins. In these AML cases, mutations in WT1 may result in haploinsufficiency rather than 
expression of truncated WT1 proteins with impaired function. Haploinsufficiency and im-
paired function have been proposed as two possible mechanisms by which mutant WT1 may 
affect normal hematopoietic development. Surprisingly, in the WT1 mutant AML cases the 
wild-type WT1 protein is expressed at relatively high levels. Although, this phenomena has 
been shown in sporadic Wilms’ tumors and some related syndromes, it is currently unclear 
whether the WT1 protein is pathogenic in these case or whether it is related to the etiology 
of the cell of origin 1. 
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ABSTRACT

Somatic mutations in isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) were recently 
demonstrated in acute myeloid leukemia (AML), but their prevalence and prognostic impact 
remain to be explored in large extensively characterized AML series, and also in various other 
haematological malignancies. Here, we demonstrate in 893 newly diagnosed cases of AML 
mutations in the IDH1 (6%) and IDH2 (11%) genes. Moreover, we identified IDH mutations 
in two JAK2 V617F myeloproliferative neoplasias (n=96), a single case of acute lymphoblastic 
leukemia (n=96) and none in chronic myeloid leukemias (n=81). In AML, IDH1 and IDH2 
mutations are more common among AML with normal karyotype and NPM1mutant genotypes. 
IDH1 mutation status is an unfavorable prognostic factor as regards survival in a composite 
genotypic subset lacking FLT3ITD and NPM1mutant. Thus, IDH1 and IDH2 mutations are com-
mon genetic aberrations in AML, and IDH1 mutations may carry prognostic value in distinct 
subtypes of AML. 
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INTRODUCTION

Somatic mutations in the genes encoding the isocitrate dehydrogenases IDH1 and IDH2 
were revealed in more than 70% of WHO grade II and III astrocytomas, oligodendrogliomas 
and glioblastomas 1-3. Mutations in IDH1 and IDH2 were mutually exclusive and affected 
the arginines on position 132 of IDH1 and position 172 of IDH2 3. Patients with malignant 
gliomas with IDH1 or IDH2 mutations showed a better response to therapy than those with 
wild-type IDH genes 3. Mutations in these residues of IDH significantly disturb the function 
of both isocitrate dehydrogenases, as demonstrated by impaired production of nicotinamide 
adenine dinucleotide phosphate (NADP) 3-4. In acute myeloid leukemia (AML), mutant IDH 
enzyme activity results in accumulation of the cancer-associated metabolite 2-hydroxygluta-
rate 5-6. 

Recently, acquired mutations in the gene encoding IDH1 were identified in 8% 7 and 5.5% 8 
of newly diagnosed AML cases. IDH1 mutations were significantly associated with normal 
karyotype and NPM1 mutations 7-8. Overall, the IDH1 mutation status did not suggest a 
relationship with overall survival (OS), but the sample sizes were limited in these studies 7-8. 
However, a trend for an adverse effect on OS was suggested in normal karyotype AML with 
NPM1wild-type 7. 

The prevalence and prognostic value of IDH mutations in AML, as well as other hematologic 
malignancies, remain to be further established. In this study, we determined the frequencies 
of both IDH1 and IDH2 mutations in cohorts of AML, acute lymphoblastic leukemia (ALL), 
chronic myeloid leukemia (CML) and JAK2 V617F myeloproliferative neoplasia (MPN). In 
a cohort of 893 cases of AML, we investigated their distribution in relationship with cytoge-
netic and molecular risk categories as well as recurrent gene mutations commonly apparent 
in AML and we evaluated the impact of IDH mutations on treatment outcome.

METHODS

Bone marrow aspirates or peripheral blood samples of cohorts of patients with various 
hematologic malignancies were collected after written informed consent in accordance with 
the Declaration of Helsinki. All experiments described were approved by Erasmus University 
Medical Center Institutional Review Board. AML, ALL and CML patients were treated ac-
cording to the HOVON (Dutch-Belgian Hematology-Oncology Co-operative group) AML 
protocols HO04, HO04A, HO29, HO42, HO42A and HO43, ALL protocols HO18, HO37, 
HO70 and HO71 and CML protocol HO51 (http://www.hovon.nl). The MPN samples were 
collected and the JAK2 V617F mutation was determined in our routine molecular diagnostics 
facility.
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IDH1 and IDH2 mutations in AML, refractory anemia with excess blasts, ALL, CML and 
JAK2 V617F MPN were determined by cDNA amplifications using FW1-IDH1 cDNA WAVE 
5’-CTTCAGAGAAGCCATTATCTG-3’ and REV2-IDH1 cDNA WAVE 5’- TCACTTG-
GTGTGTAGGTTATC-3’ (IDH1 R132), FW1-IDH2 cDNA WAVE 5’- GAACTATCCG-
GAACATCCTG-3’ and REV2-IDH2 cDNA WAVE 5’- CTTGACACCACTGCCATC-3’ 
(IDH2 R172) or FW-IDH2-Ex4 5’-GTTCAAGCTGAAGAAGATGTG-3’ and REV-IDH2-
Ex5-6 cDNA WAVE 5’-TGAGATGGACTCGTCGGTG-3’ (IDH2 R140). All polymerase 
chain reaction (PCR) reactions were carried out at an annealing temperature of 600C in the 
presence of 25mM deoxynucleoside triphosphate, 15 pmol primers, 2mM MgCl2, Taq poly-
merase and 1 times buffer (Invitrogen). Cycling conditions were as follows: 1 cycle 5 minutes 
at 940C, 30 cycles 1 minute at 940C, 1 minute at annealing temperature, 1 minute at 720C, 
and 1 cycle 7 minutes at 720C. All IDH1 and IDH2 reverse-transcribed PCR products were 
subjected to denaturing high performance liquid chromatography (dHPLC) analyses using 
a Transgenomics WAVE system. Samples were run at 61.40C (IDH1 R132), 57.70C (IDH2 
R172) or 60.10C (IDH2 R140). PCR products showing aberrant dHPLC profiles were purified 
using the Multiscreen-PCR 96-well system (Millipore) followed by direct sequencing with 
the appropriate forward and reversed primers using an ABI-PRISM3100 genetic analyzer 
(Applied Biosystems). PCR products were sequenced with FW-IDH1 cDNA WAVE (IDH1 
R132), FW-IDH2 cDNA WAVE (R172 IDH2) or FW-IDH2-Ex4 (R140 IDH2). We validated 
this strategy using 350 cases of de novo AML that were previously analyzed using PCR on 
genomic DNA followed by direct sequencing. 

Information on the IDH1 and IDH2 mutation status of all AML cases is available as Supple-
mentary Table 1 (available on the Blood Website; see the Supplemental Materials link at the 
top of the online article) and of all AML cases that were previously gene expression-profiled 
at the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo, accession no. GSE6891). 

The relation between IDH mutations and various patient characteristics were determined 
by the Student’s t test, equal variances not assumed (continuous variables) and the Fisher 
exact test (categorical variables). 

We distinguished the following cytogenetic risk categories: (1) favorable: t(8;21), inv(16) 
or t(15;17); (2) unfavorable: inv(3)/t(3;3), t(6;9), 11q23 abnormalities other than t(9;11), -5, 
5q-, -7, 7q- or t(9;22) (cytogenetically abnormal [CA] unfavorable); (3) very unfavorable: 
monosomal karyotypes (MK) 9; (4) intermediate risk I: cytogenetically normal (CN) and (V) 
intermediate risk II: the remaining AML cases (CA rest).

OS endpoints were death (failure) and alive at last follow-up (censored), as measured from 
entry onto trial. Event-free survival (EFS) endpoints were remission induction failure, disease 
relapse, or death from any cause, measured from entry onto trial. Distribution estimations 
and survival distributions of OS and EFS were calculated by the Kaplan-Meier method and 
the log-rank test.

﻿C
hapter 6

SA+.indd   98 5/16/11   10:38 AM



99

Table 1. Distribution of IDH1 and IDH2 mutations in 893 cases of AML
IDH1 mutant IDH2 mutant Wild-type P

Mean age at diagnosis, years (range) 50 (20-71) 50 (18-72) 45 (15-77) .002*
Mean WBC at diagnosis, x 109/L (range) 48 (1-400) 42 (18-72) 46 (0-510)
Mean platelets at diagnosis, x 109/L (range) 131 (14-494) 104 (11-884) 83 (3-998) .05*
Mean blasts at diagnosis, percentage (range) 64 (0-96) 65 (15-95) 57 (0-98)
Total, † no. (%) 55 (6) 97 (11) 743
Female,  no. (%) 30 (7) 52 (12) 384
Male,  no. (%) 25 (6) 45 (10) 395
FAB, no. (%)
M0 _ 40
M1 21 (12) 36 (21) 113
M2 14 (6) 27 (11) 195
M3 _ _ 22
M4 7 (5) 10 (7) 130
M5 8 (5) 14 (8) 151
M6 _ 1 (6) 17
M7 _ _ 1
RAEB 3 (15) _ 17
RAEB-t‡ 1 (2) 1 (2) 43
Unknown 1 (6) 3 (17) 14
Karyotype classification,§ no. (%)
t(8;21) _ 2 (4) 51
inv(16) _ _ 50
t(15;17) _ _ 21
CA unfavorable 2 (2) 6 (7) 74
MK _ 3 (4) 72
CN 39 (10) 58 (15) 283 <.001*
CA rest 11 (6) 23 (13) 141
Unknown 3 (5) 5 (8) 51
MutationsII, no. (%)
FLT3 ITD 15 (7) 19 (9) 177
FLT3 TKD 9 (10) 12 (13) 69
NPM1 35 (13) 40 (15) 191 .001*
NPM1wtFLT3wt 19 (3) 50 (9) 475
NPM1mutFLT3wt 21 (15) 28 (20) 91
NPM1mutFLT3ITD 14 (11) 12 (10) 100
NPM1wtFLT3ITD 1 (1) 7 (8) 77
N-RAS¶ 3 (6) 3 (6) 43
K-RAS¶ 1 (17) _ 4
CEBPA¶ 1 (3) 4 (11) 30

WBC indicates white blood cell count at diagnosis; FAB, French-American-British classification; _, not applicable; 
RAEB, refractory anemia with excess blasts; and RAEB-t, refractory anemia with excess blasts in transformation.
* IDHmut vs. IDHwild-type.
† Includes 2 AML patients with IDH1 and IDH2 mutation.
‡ At the time of diagnosis, these cases were classified as RAEB-t but would now be classified as AML.
§ Karyotypes were centrally reviewed. CA unfavorable: inv(3)/t(3;3), t(6;9), 11q23 abnormalities except t(9;11), -5, 
5q-, -7, 7q- or t(9;22); MK: monosomal karyotypes (very unfavorable); CN: normal cytogenetics or –X or –Y as single 
abnormalities only (intermediate-risk I); CA rest: any other abnormal cytogenetics not included in any of the other 
categories (intermediate-risk II).
_ Mutation detection in FLT3(ITD or TKD), NPM1, N-RAS, K-RAS, and CEBPA was performed as described previ-
ously 10-13

¶ A total of 518 cases were analyzed 
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Figure 1. Survival analyses of patients of AML with or without IDH1 and IDH2 mutations. (A) Kaplan-Meier 
estimates of OS for all AML patients. (B) OS for AML patients with normal karyotypes. (C) OS for patients with 
intermediate-risk AML and FLT3mutant and NPM1mutant. (D) OS for patients with intermediate-risk AML and FLT3wild-

type and NPM1mutant. (E) OS for patients with intermediate-risk AML and FLT3wild-type and NPM1wild-type. (F) EFS for 
patients with intermediate-risk AML and FLT3wild-type and NPM1wild-type. Survival curves in red represent cases with 
IDH1mutant; those in green, IDH2mutant; and those in black, cases with IDH1wild-type and IDH2wild-type, respectively. The 
log-rank P value is indicated per Kaplan-Meier analysis. 
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RESULTS AND DISCUSSION 

To determine the frequencies of IDH1 and IDH2 mutations in AML, we screened cDNA of 
893 newly diagnosed AMLs by reverse-transcribed PCR/dHPLC followed by direct sequenc-
ing (Table 1). IDH1 mutations were identified in 55 AML cases (6%) and IDH2 mutations 
in 97 cases (11%). A total of 152 (17%) mutations in either IDH1 or IDH2 were apparent in 
150 cases. IDH1 and IDH2 mutations were mutually exclusive except in 2 cases of AML (nos. 
7272 and 10400) with dual mutations in IDH1 and IDH2. The R132H mutation was the most 
prevalent mutation in IDH1 (n=31, 56%). In addition, various other IDH1 protein mutations 
were identified (R132C, n=15, 28%; R132G n=6, 11%; R132L n=3, 6%). We identified 74 
IDH2 R140Q mutations, 6,14 22 cases with an IDH2 R172K mutation and a single case with a 
R172M substitution (no. 7309).

In addition to AML, we investigated the prevalence of IDH1 and IDH2 mutations in JAK2 
V617F MPN (n=96), ALL (n=96), including cases with BCR-ABL (n=21), MLL fusions 
(MLL-AF4, MLL-AF9 or MLL-ENL) (n=6), SIL-TAL (n=2), E2A-PBX (n=2), and SET-NUP 
(n=1)) and CML in chronic phase (n=81). We identified a mutation in IDH1 (R132C) and 
IDH2 (R140Q) in 2 independent cases of JAK2 V617F MPN, indicating that these mutations 
can be present before leukemic transformation 14. In addition, we identified an IDH2 R140Q 
mutation in a single case of ALL. No IDH mutations were present in CML. 

AML with IDH1mut and IDH2mut are more prevalent at older age and present with significantly 
higher average platelet counts at diagnosis as compared to AML with IDHwild-type (Table 1). 
IDH1 and IDH2 mutations were significantly more frequently present among cytogeneti-
cally defined intermediate risk AML (P=<0.001 (CN and CA rest)), as well as cytogenetically 
normal AML (P<0.001, CN; Table 1). In addition, IDH mutations appear to be significantly 
associated with NPM1mutant (P<.001; Table 1). The specificity of the pathogenetic involve-
ment of IDH gene mutations in AML is also suggested by the observations that they did not 
significantly associate with various other recurrent mutations (i.e. FLT3ITD [internal tandem 
duplication] or FLT3TKD [tyrosine kinase domain], N-RAS, K-RAS or CEBPA gene muta-
tions).

To investigate the prognostic value of IDH1 mutations, 829 AML patients younger than 
60 years were considered for survival analysis. The median follow-up of these patients is 
33.2 months. The OS of patients with AML with or without IDH1mutant or IDH2mutant geno-
types among the entire series of patients with AML did not differ (P = .05; Figure 1A). OS 
of IDHmutant patients in the subgroups with intermediate risk cytogenetics (P = .13), normal 
karyotypes (Figure 1B, P = .11), and intermediate risk cytogenetics with FLT3wild-type (P = .32), 
FLT3ITD (P = .09), NPM1wild-type (P = .06), or NPM1mutant (P = .25) genotypes were not sig-
nificantly different from those with IDHwild-type. Similar results were obtained in analyses as 
regards EFS. Of note, IDHmutant patients within the AML subtype NPM1wild-type were associated 
with an inferior EFS (P = .02).
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Because there is significant overlap in the occurrence of mutations in NPM1mutant and 
FLT3ITD we also assessed the value of IDH gene mutations in each of the 4 composite variants, 
but no significant prognostic effect of IDH mutations was apparent as regards OS or EFS 
among FLT3ITD/NPM1mutant (OS, P = .24; EFS, P = .24) and FLT3wild-type/NPM1mutant (OS, P = .77; 
EFS, P = .75; Figure 1C and 1D, respectively). Only 8 AML patients with IDH mutations were 
identified among FLT3ITD/NPM1wild-type, which prevents reliable survival analysis. However, 
among the FLT3wild-type/NPM1wild-type AML subtype, the presence of IDH1 mutations (n = 14 
cases) predicted for both significantly reduced OS (Figure 1E, P = .032) and EFS (P = .005). 
These data suggest an only moderate prognostic effect of IDH1mut because it is not evident in 
genetically heterogeneous series of AML, but only in intermediate risk AML in the absence 
of NPM1mut and FLT3ITD. Apparently the NPM1mutant and FLT3ITD markers override the prog-
nostic effect of IDH1mut. In this regard we wish to note that the numbers of the 4 composite 
subgroups, even though this study was performed in a relatively large series of AML, become 
obviously increasingly small which limits the statistical power of these analyses and prohibits 
the interesting exploratory analysis for IDH1 and IDH2 mutations separately. 

Acquired IDH gene mutations (i.e. not only in IDH1 but also IDH2 6) are common 
abnormalities in AML. The results of the current study demonstrate that the frequency of 
IDH2 mutations exceeds those of IDH1. Together, IDH1 and IDH2 mutations account for a 
considerable frequency of approximately 17% in adult AML. The presence of IDH gene mu-
tations appears to be associated with normal karyotypes and NPM1 mutations. The observa-
tion that IDH1 mutations appear to correlate with significantly inferior outcome in patients 
FLT3wild-type/NPM1wild-type AML, requires confirmation in future studies.
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GENERAL DISCUSSION

Acute myeloid leukemia (AML) is a heterogeneous disease that results from malignantly 
transformed hematopoietic progenitor cells. Leukemia develops though series of accumulat-
ing genetic changes, resulting in impaired abilities of cellular survival, proliferation and/or 
differentiation 1-2. These alterations impact also clinical behavior and the response to therapy.

The work presented in this thesis has been divided into two main sections, each covering 
several chapters. The results will be discussed here and will be accompanied with directions 
for future research.

I- Genome-wide molecular analysis in AML
Instead of classical gene based applications, genome-wide approaches, in particular those 
involving DNA microarray, allow researchers to simultaneously investigate changes in gene 
expression as well as numerical changes in malignant and normal cells at high resolution. 
These techniques have been successfully applied to the study of leukemia 3-5. 

One of the techniques based on DNA microarray technology is gene expression profiling 
(GEP). GEP has been shown to be a powerful approach to classify and predict AML sub-
types with specific genetic aberrations and different survival outcomes 6-12 (for review see 11). 
Genomic technologies have the capacity to address the complexity of molecular networks 
in transformed cell. Pathways that might be targetable pharmacologically are highlighted, 
which provide keys to drug development.

Microarray approaches that directly interrogate numerical genetic alterations in a genome-
wide fashion are of great interest. SNP-array is a genome-wide approach that enables to 
genotyping hundreds of thousands of SNPs across the genome and detects DNA deletions 
and gains as well as CN-LOH 13-15. 

In chapter 2, we described the development of a software tool SNPExpress that allows 
accurate analyses of SNP genotype calls, copy numbers, CNVs combined with the concur-
rent analysis of gene expression data obtained from Affymetrix and Illumina DNA mapping 
platforms. The power of SNPExpress was illustrated by generating DNA mapping profiles of 
series of 48 AML patients, of which the gene expression profiles had previously been deter-
mined 8. SNPExpress correctly confirmed all cytogenetic abnormalities that had been found 
in these AML patients. In addition, SNPExpress revealed BCR-ABL, MLL-AF4 and NUP98-
NSD1 cryptic translocations in AML cases which had been missed by cytogenetic analysis. 
With SNPExpress one can identify small chromosomal regions showing gains, losses or UPD. 
These events can result in increased expression of oncogenes or point towards losses of pos-
sible tumor suppressor genes, haploinsufficiency or mutated as well as recessive mutations 
in case of UPD. UPD may also have important consequences as regards gene expression. For 
instance, UPD might affect expression of (imprinted) genes. The recognition of these aber-
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rations by SNPExpress has been possible due to the combinatorial visualization of genotype, 
copy number and gene expression. 

What are the limitations of SNPExpress? The large datasets generated by mapping array 
platform make it difficult to visualize the sequentially aligned SNPs of the full-length chro-
mosomes on a single screen for genotype analysis. The selection of the most informative 
SNPs that represent particular haplotypes may solve this issue. However, SNPExpress has 
been applied in the study of alternative exon-splicing in AML. That will allow distinguishing 
between different isoforms of a gene which opens the door to detect specific alterations in 
exon usage that may play a central role in disease mechanism and etiology. SNPExpress has 
also been used to investigate the expression and aberrations in microRNAs which facilitates 
the accurate measurement of microRNAs that are involved in gene regulation. Furthermore, 
SNPExpress can be applied for the analysis of genome-wide methylation data.  

The contribution of genome-wide SNP-arrays in AML research is valuable and software 
tools like SNPExpress which facilitate the identification of biologically and clinical relevant 
entities are useful for genome-wide studies. The future perspective of genome-wide analyses 
is the integration of the massive amount of data obtained from different genome-wide ap-
proaches and the development of software platforms that allow for an integrated evaluation. 
The development of SNPExpress has set the first step towards this perspective. SNP-arrays 
also allow the investigation of genetic aberrations not only in genes known to be involved in 
leukemia, but it may also reveal novel aberrations in AML (chapter 3). 

In chapter 3, an integrated approach using genome-wide SNP-array molecular data analy-
ses by SNPExpress and gene expression profiling revealed BCL11B as a novel oncogene in 
AML. BCL11B is involved in several recurrent translocations in ALL 16-18, but we showed 
that BCL11B is involved in a number of cryptic 14q32 chromosomal translocations in pri-
mary AML as well. BCL11B is a Kruppel zinc finger transcription factor which is pivotal 
regulator of differentiation and survival of hematopoietic cells and mediates the function 
of transcriptional corepressor complex NURD 19-20. The rearranged BCL11B locus was con-
firmed by FISH analyses in several AML cases. The BCL11B locus, located on chromosome 
14, appeared to be translocated to different chromosomes in each case of AML. All transloca-
tions of BCL11B resulted in high expression. Apparently, there is no fusion BCL11B protein. 
What causes the high expression of BCL11B in the AML cases with 14q32 translocations 
currently remains elusive. The most likely explanation would be that BCL11B allele involved 
in the translocation will be regulated by an active promoter or by enhancer elements from 
the partner chromosome. This type of abnormal gene regulation has been reported in T-
ALL translocations 16, where a remote enhancer of BCL11B caused the activation of TLX3 
and NKX2-5 genes in T-ALL with translocation t(5;14)(q35;q32). The identification of these 
promoters and/or enhancer elements will be subject of future studies to help understand the 
mechanism leading to increased BCL11B expression and the role of BCL11B overexpression 
in leukemogenesis. 
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BCL11B overexpression has been observed in squamous cell carcinoma 21. When T-cell lines 
overexpress Bcl11b, it triggers resistance to apoptosis and radiomimetic drugs accompanied 
by cell cycle delay 22. What is the consequence of high expression of BCL11B in hematopoietic 
cells? This question was addressed in a murine 32D cell line model. 32D cells overexpressing 
Bcl11b showed a consistent decrease in proliferation and reduced granulocytic maturation 
ability. Thus, Bcl11b may partially block or delay cellular differentiation in hematopoietic 
cells. BCL11B is required for normal development of gene regulation in thymocytes and T-
cells 19,23. AMLs with BCL11B translocation show a biphenotypic signature with expression of 
both T-cell and myeloid markers. However, the presence of the FLT3-ITD mutation in these 
cases of leukemia strongly suggests that these leukemias are of myeloid origin.

What role do these “T-cell genes” play in myeloid cells when expressed? This is a question 
to be addressed in further studies using functional approaches in animal/cell line models. It 
is possible that BCL11B activate groups of T-cell genes thus causing the biphenotype and/or 
contribute to leukemogenesis. It would also be of great interest to investigate the presence 
of possible mutations in the BCL11B gene, especially in the promoter region of BCL11B that 
could lead to the overexpression of the gene and, if so, whether it would be a marker for 
clinical outcome. The argument for addressing this question is that not all AML cases that 
aberrantly express BCL11B carry chromosomal translocations involving BCL11B and thus 
there might be undisclosed gene mutations.  

Recent years have witnessed a great interest in the application of genome-wide approaches 
to the study of leukemia. These studies have identified multiple novel genetic alterations tar-
geting critical cellular pathways that contribute to leukemogenesis. These include alterations 
of genes regulating lymphoid development, tumor suppressors, and oncogenes, for example, 
genes targeted by lesions in ALL, such as IKZF1 24-25. Overall, fewer recurrent alterations have 
been identified in AML 26 than in ALL so that in AML the necessity is greater to apply other 
genome-wide approaches such as NGS to identify new lesions. Also, it will be important to 
perform simultaneous analysis of sequence variation, epigenetic changes, and gene expres-
sion in a genome-wide fashion. This is now becoming attainable with the rapid advances in 
next generation sequencing that may replace microarray analysis of genetic alterations 27-29.     

II- Mutation analyses in AML
The identification of new gene mutations will shed light on the biology of AML, but can also 
be used to define diagnostically and prognostically relevant subgroups of AML. This is use-
ful for in AMLs that currently lack prognostically informative markers. Novel markers may 
also provide better insights into the biology of the disease. This has for instance previously 
been well documented for gene mutations in FLT3-ITD and NPM1 in AML with normal 
cytogenetics 30-34. In the chapters 4 through 6 of this thesis, we investigated known genetic 
mutations in AML focusing on the frequency and the prognostic impact of these genes in a 
large cohort of well-characterized AML patient samples.
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Chapter 4 describes the mutation analyses of the CBL gene in a cohort of primary AML 
patients. CBL is an ubiquitin protein ligase (E3) that regulates signal transduction pathways 
by tyrosine kinases. These tyrosine kinases are crucial for cell function and development 35-37. 
Disruption of the normal regulatory mechanisms that control CBL function can lead to 
pathological conditions and malignant diseases 38-41. All published CBL mutations are located 
within the conserved linker region (LR) and ring finger (RF) resulting in a CBL protein lack-
ing the entire RF which is critical for CBL E3 activity 42. The expression of the truncated 
CBL may act as a dominant negative protein by inhibiting proper downregulation of critical 
activated tyrosine kinases, such as KIT and FLT3 in AML 43.

Our analyses of an AML cohort for CBL mutations in exon 8 and 9 that affect the proper 
splicing of the gene showed that the frequency of these mutations in AML is low (0.6%). All 
mutations affect the splice acceptor or donor site of CBL exon 8. Interestingly, all identified 
CBL gene mutants are apparent in core binding leukemias, i.e., those with inv(16) or t(8;21), 
indicating that there is preferential association between CBL exon 8 splice variant mutations 
and CBF leukemia. The strong association of these mutations with aberrations affecting 
RUNX1 was subsequently confirmed in various studies 44-45. 

Why is there such a strong association between these two genetic events? Mutations in 
receptor tyrosine kinase KIT are also strongly associated with CBF leukemias 46-48. In fact, we 
have shown that KIT mutations are present in 88% of CBF leukemias and CBL proteins me-
diate ubiquitination and degradation of KIT upon stimulation with stem cell factor (SCF) 49. 
Therefore, the expressed mutant CBL that lacks E3 activity still binds KIT receptor but is 
impaired in the downstream ubiquitination. Thus, mutant CBL may act as a dominant nega-
tive protein and will lead to sustained KIT activation, similar to KIT activating mutations in 
CBF leukemias. This hypothesis is supported by the fact that none of CBL mutant AML cases 
carry AML-specific mutations affecting RAS signalling, such as mutations in FLT3, NRAS or 
KRAS except in one AML case with KIT D816 mutation which would potentially result in 
prolonged constitutive activation of KIT. 

We previously identified 16 groups of AML patients on the basis of their gene expression 
signature 8. One of the groups is driven by inv(16) which is associated with KIT mutations. If 
we evaluate this group in greater detail, we can see that it can be divided into two sub-clusters 
based on the gene expression signatures. KIT mutations are more prevalent in one sub-
cluster than in the other. This raises general question. What is the role that CBL mutations 
might play in these sub-groups? Do CBL mutants contribute to the development of AMLs 
that lack KIT mutation by prolonging constitutive activation of KIT receptor? This might 
opens a window for therapeutic approach, such as imatinib-based therapy for patients with 
extracellular domain mutations in c-KIT.   

In chapter 5, we investigated Wilm’s tumor 1 (WT1) mutations’ frequency and their sen-
sitivity to nonsense-mediated RNA decay (NMD) surveillance mechanisms in series of AML 
patients. WT1 is a zinc finger transcription factor, which has been shown to act as tumor 
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suppressor or oncogene in leukemia 50. Mutations in WT1 in AML are present at different 
frequencies and associated with normal karyotype AML 51-54. In some studies, mutations in 
WT1 have been implicated as an adverse prognostic marker for AML 52, but in other studies 
no impact on survival was observed 55. The mutations detected in WT1 often result in frame 
shifts leading to the introduction of premature termination codons (PTCs). PTCs trigger 
NMD to degrade the mutant transcripts, but is unknown whether WT1 mutant transcripts 
are degraded by NMD 56. 

We detected WT1 mutations in 2.7% of the AMLs cases on cDNA level, but the mutations’ 
prevalence was higher using genomic DNA, i.e. 6%. There was no association between WT1 
mutations and other acquired mutations in AML and survival analysis did not reveal any sig-
nificant difference in overall (OS) and event-free survival (EFS). The presence of mutations at 
a higher percentage in the genomic DNA than cDNA that result in premature terminations 
codons detected in WT1 gene, triggered our interest to investigate the involvement of NMD 
in leukemic WT1 mutations AML.

The involvement of NMD is confirmed when emetine, which is known to block translation-
mediated NMD 56, stabilized the WT1 mutant mRNA transcripts. The PTCs are introduced as 
a result of insertion/deletion mutations in WT1 in 77% of AML cases. When a PTC is located 
over 55 bp from the intron boundary, as demonstrated in our WT1 mutation analyses, the 
PTC makes the gene more prone to NMD which leads to the degradation of the mutant 
transcript. But the mechanism of NMD is not waterproof. In few AML cases carrying PTCs 
that should trigger NMD, the mutant transcript still expressed. This shows, in line with other 
studies 56, that NMD may reduce the levels of PTC-containing transcripts rather than entirely 
eliminate transcripts of truncated WT1 proteins that may still be expressed. However, on 
the protein level the truncated WT1 protein was not expressed, suggesting the instability of 
the truncated WT1 protein. On the other hand, in WT1 mutant AMLs, the wild-type WT1 
protein is expressed at relatively high level. Haploinsufficiency of WT1 might take place in 
AML cases that do not express the truncated WT1 rather than expression of truncated WT1 
proteins with impaired function. The wild-type WT1 is highly expressed in AML and this has 
been shown previously to be associated with cell death 57-58. These observations support a role 
of WT1 maintaining the survival of AML cells 50. 

The demonstration of the involvement of NMD in WT1 mutations in AML opens the door 
for questions concerning the activation of NMD upon mutations in other genes in AML. As 
previously mentioned, pre-termination codons have been introduced in 77% of AML cases 
with insertion/deletion mutations in WT1 and may be responsible for degradation of the mu-
tant transcripts. To reveal the real frequency of a mutation, analyses using genomic DNA are 
warranted in mutations containing PTCs as this gives additional insight on mechanisms such 
as nonsense-mediated RNA decay that lead to possible haploinsufficiency of the involved 
genes which may affect normal hematopoietic development. This objective can be pursued by 
applying next- generation sequencing with AML cells treated with translation inhibitors such 
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as emetine. Next-generation sequencing will be informative in revealing, with high base pair 
resolution and genome-wide fashion, the transcripts expressed upon the inhibition of NMD 
which will give better understanding on the scale of NMD involvement in AML.

Chapter 6 presents studies regarding IDH1/2 gene mutations in AML. These are new class 
of oncogenic transcripts that have recently been identified in brain tumors 59-61 and also in 
leukemia 62. We showed that in AML, IDH2 mutations were more prevalent (11%) than 
IDH1 mutations (6%). Both IDH1 and IDH2 gene mutations were mutually exclusive with 
the exception of two AML cases. The mutations affected mostly specific arginine residues in 
IDH1 and IDH2 as has been shown by others 59,62. These arginine residues are located in the 
active site of IDH1 and IDH2 enzymes and participate in isocitrate binding 63. The studies 
also confirmed that IDH1/2 gene mutations are more frequent in cytogenetically normal 
AML and AML with NPM1 mutations. We also identified mutations in IDH1 and IDH2 
in myeloproliferative neoplasms (MPNs) with JAK2 V617F mutations. Importantly, muta-
tions in IDH enzymes have been linked to the leukemic transformation of myeloproliferative 
neoplasms, an event that is associated with poor clinical prognosis 64. This mutational data in 
myeloid malignancies and previously in malignant gliomas suggest that IDH1/2 mutations 
can occur early in the disease and may drive tumorgenesis 65.

Survival analysis of IDH mutants vs. non mutants showed that in AML subtype  
FLT3wild-type/NPM1wild-type, the presence of IDH1 mutations predicted an inferior outcome 
(Chapter 6). This shows a moderate prognostic effect of IDH1mutant since it is only evident 
in intermediate risk AML without NPM1 and FLT3 mutations and not in more heterogene-
ous series of AML. NPM1 and FLT3 mutations may override the prognostic effect of IDH1 
mutations. Studies investigating the prognostic value of IDH mutations in AML showed 
controversial outcomes. Number of studies showed a significant impact of IDH mutations on 
survival 66-69, while did not show any impact of IDH mutations on survival 70-74. Noteworthy, 
recent studies across large patient cohorts revealed that the presence of IDH1 mutations is as-
sociated with a worse prognosis in AML patients with mutated NPM1 without FLT3-ITD 68-69, 
which was not observed in our study. Further studies dealing with the prognostic value of 
IDH1 mutations in AML in relation to specific genotypes, e.g., FLT3wild-type/NPM1wild-type, are 
warranted. 

AML is characterized by recurrent chromosomal translocations and somatic mutations 
that define biologically distinct disease subtypes. Among these abnormalities are mutations 
or rearrangements of genes encoding aberrant transcription factors that directly perturb 
gene expression and disrupt cell differentiation and survival. Others include gain-of-function 
mutations of kinases involved in transduction of growth and proliferation signals. The 
revealing of IDH1 and IDH2 as a new class of gene mutations that contributes to leukemo-
genesis, stimulated research regarding the oncogenic mechanism of these mutant enzymes.  
In general, only one copy of the IDH1 and IDH2 genes has been found to be mutated in 
tumors 59-61,75-77, suggesting that the mutations give enzymatic gain of function rather than 
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a loss of function. One wild-type allele remains expressed which may be required for the 
normal cellular metabolism. Normally, IDH1 and IDH2 are NADP+ enzymes that catalyze 
the conversion of isocitrate to alpha-ketoglutarate (αKG). The mutations affecting certain 
arginine residues in IDH1 and IDH2 disrupt the ability of the enzymes to convert isocitrate to 
αKG 59,78 and thereby acquiring a neomorphic enzymatic activity by catalyzing the reduction 
of αKG to 2-hydroxyglutarate (2HG) 79. In fact, the R140 mutation was identified by monitor-
ing 2HG levels 80. It has been suggested that the production of 2HG contributes to malignant 
transformation by impairing the function of enzymes that require αKG as a substrate. 

Distinct subtypes of AML can be distinguished not only by gene expression profiling 
but also based on DNA methylation which is another hallmark of AML 81. A recent study 
showed the consequences of the production of 2HG caused by IDH1 and IDH2 mutations 
on progression towards leukemogenesis. Increased 2HG levels interfered with the normal 
cycle of DNA methylation and demethylation through inhibiting αKG-dependent enzymes 
such as TET2 82. TET2 is a αKG-dependent enzyme that converts 5-methyl-cytosine (5mC) 
to 5-hydroxymethylcytosine (5hmC) in DNA 83-84 and its loss of function lead αKG reduction 
will result in hypermethylation. Furthermore, a recent report showed that TET2 mutations 
associated with myeloid malignancies, including AML, impair hydroxylation of 5mC 85. Thus, 
mutations in TET2 or its loss of function induced by IDH1 and IDH2 mutations appear to 
result in hypermethylation. 

Unveiling the leukemogenic mechanism orchestrated by IDH1/2 mutations will make way 
for targeted therapies that inhibit the neomorphic function of mutant IDH enzymes and the 
production of 2HG that will promote cellular differentiation and improve AML patient’s 
outcomes. It was not anticipated that this new class of mutations affecting metabolic enzymes 
normally involved in citrate metabolism would defined a new subtype of AML with distinct 
oncogenic mechanism. Extended studies may reveal more cellular pathways affected by αKG 
deregulation. Further studies may serve to specifically address the effects of IDH1/2 mutants 
on stem- or progenitor cell function and on hematopoietic differentiation. 

The genome-wide technology with probably the greatest impact in the field of cancer ge-
nomics is next-generation sequencing. It enables the sequencing of targeted, whole genome, 
and whole transcriptomes 26,62,86-87. Also, NGS can produce data to characterize gene expres-
sion, methylation, histone packaging, and transcription factors 88. It offers many advantages 
over microarray-based assays, like higher base pair resolution, less artefacts, and larger dy-
namic range and high coverage. The development of next-generation sequencing of cancer 
genomes will also have considerable value in cancer diagnostics. It allows diagnosis from 
smaller samples, including circulating tumor cells and DNA 89-90. Computational analysis will 
become a central part of discoveries and diagnostic efforts. This will lead to the generation 
of immense amount of data, which will make effective and accessible storage of data a main 
challenge as well. 

﻿C
hapter 7

SA+.indd   113 5/16/11   10:38 AM



114

Next-generations sequencing will facilitate the detection of molecular markers in AML and 
will catalyze the molecular characterization of AML 26. These improvements in the definition 
of new genetic markers will provide a firm basis for the identification and characterization 
of novel molecular targets as has been realized by the introduction of FLT3 inhibitors in the 
treatment of FLT3-mutated AML 91. It is foreseen that this will allow a further translation of 
molecular research into clinical practice in AML.
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Nederlandse samenvatting

Acute myeloïde leukemie (AML) is een heterogene ziekte waarin een verscheidenheid aan 
cytogenetische abnormaliteiten en moleculaire veranderingen plaatsvinden in de leukemie 
cellen. Deze afwijkingen spelen een rol bij de ontwikkeling van leukemia. Ze beïnvloeden de 
celdeling (proliferatie), uitrijping van de cel (differentiatie), zelf-vernieuwing van de vroeg 
hematopoietische cellen, apoptosis en de reparatie van DNA. Verscheidene nieuwe gen-
gebaseerde technieken zoals gen expressie profielen, DNA microarrays, analyse van cytosine 
methylering en next generation sequencing, waren toegepast voor het onderzoek van AML. 
Deze technieken gaven wetenschappers de mogelijkheid om normal en kwaadaardige cellen 
op een genoom-brede en moleculair niveau te onderzoeken en verzorgde waardevolle inzich-
ten in vragen hadden betrekking op classificatie, vooruitgang en ontwikkeling van AML. In 
de afgelopen twee decennia is er veel onderzoek gedaan aan de genetische afwijkingen in 
AML. Daarnaast zijn er in de afgelopen jaren nieuwe mutaties in ziektegenen geïdentificeerd. 
Naast het feit dat deze afwijkingen een rol spelen bij de pathogene van leukemie, kunnen ze 
ook een prognostische waarde hebben. Zo is het bekend dat sommige mutaties of chromo-
somale abnormaliteiten en mutaties geassocieerd zijn met een relatief goede prognose, terwijl 
bij andere afwijkingen de vooruitzichten minder goed gesteld zijn. Het is daarom voor de 
behandeling van AML essentieel om de verschillende vormen van deze ziekte goed te kunnen 
onderscheiden. Door de genetische afwijkingen te kunnen identificeren die geassocieerd zijn 
met bepaalde (sub)-types van AML betrokken bij initiatie van de ziekte.

Het werk in dit proefschrift is verdeeld in twee delen. Het eerste deel (hoofdstukken 2 en 3)  
bespreekt de toepassing van de microarray technologie van DNA (SNP arrays) om nieuwe 
abnormaliteiten in AML te ontdekken. Het tweede deel van dit proefschrift (hoofdstukken 
4, 5 en 6) behandelt de studies over onlangs ontdekte genetische veranderingen in AML. 
Het effect van gen veranderingen op prognose in een grote cohort van AML patiënten werd 
onderzocht. 

Hoofdstuk 2 beschrijft de ontwikkeling van een softwarehulpmiddel, genaamd SNPEx-
press, die de gezamenlijke interpretatie van genotype, de veelvormige kopie nummer variatie 
(in het Engels “copy number variation”, afgekort als CNV), verlies van heterozygositeit (in 
het Engels “loss of heterozygosity”, afgekort LOH) gecombineerd met de gegevens van gen 
expressie profielen (GEP) op diverse platforms mogelijk maakt. Hoofdstuk 3 bespreekt de 
toepassing van combinatiebenadering van genoom-brede genotypering en GEP data om 
nieuwe afwijkingen in AML te identificeren. De moleculaire analyse die door SNPExpress 
werd uitgevoerd openbaarde BCL11B als nieuwe oncogen in AML. Translocaties, waarin 
BCL11B is betrokken, waren aller eerst geïdentificeerd in T-cel lymfomen. Aberraties in 
BCL11B op chromosoom 14 leiden tot overexpressie van BCL11B in AML patiënten. Als 
BCL11B tot overexpressie komt, reguleert dit in co-expressie van T-cel gerelateerde genen 
maar ook myeloide markers. Wij toonden aan dat Bcl11b overexpressie leidt tot verminderde 
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proliferatie en blokkeert differentiatie van hematopoëtische cellen in een muis beenmerg 
cellijn aan.

Hoofdstuk 4, beschrijft het onderzoek aan de distributie van mutaties in het CBL gen in een 
primaire AML cohort en de associatie van deze mutaties met specifieke genetische subtypes 
van AML. Het CBL gen codeert voor een ubiquitine ligase die de signaal transductie via 
tyrosine kinases receptoren zoals, FLT3 en KIT, reguleert. Onze mutatie analyse toont aan 
dat CBL mutaties plaats vinden in de sequenties die coderen voor zogenaamde de linker en 
de zink finger domeinen, die belangrijk zijn voor de binding van CBL aan de tyrosine kinases 
receptoren. Bovendien bleken CBL mutatie sterk zijn geassocieerd met AML subtypes inv(16) 
en t(8;21), of zogeheten core binding factor leukemie (CBF). 88% van de CBF gevallen toont 
mutaties in KIT.

Hoofdstuk 5, beschrijft het onderzoek aan de frequentie en de gevolgen van mutaties in het 
transcriptie factor Wilms Tumor (WT1) gen. Hierin, tonen we voor het eerst aan dat een be-
langrijk RNA toezicht en het regulatie mechanisme (in het Engels “nonsense-mediated RNA 
decay”, afgekort NMD) betrokken is bij de degradatie van het mutant mRNA transcripten 
van WT. Wanneer een insertie/deletie mutatie plaats vindt op een bepaalde positie in WT1, 
55 base paren en meer van intron/exon grens, leidt dit tot de vorming van stop codons (in het 
Engels (premature termination codon PTC). De vorming van PTCs activeert NMD en leidt 
tot de afbraak van het mutant transcript en dient als een bescherming mechanisme voor de 
cel tegen de expressie van afwijkende mutant eiwitten. 

Tot slot, hoofdstuk 6 bediscussieert de frequentie in een AML cohort de mutaties in isocitrate 
dehyrogenases 1/2 (afgekort IDH1 en IDH2). IDH1 en IDH2 behoren tot een nieuwe klasse 
oncogenen die eerder werden beschreven in hersentumoren. IDH enzymen zijn betrokken 
bij productie van nicotinamide adenine dinucleotide phosphate-oxidase (afgekort NADPH), 
hetgeen een beschermend effect tegen cellulaire stress. In onze AML cohort detecteerden 
we IDH1/2 mutaties in 17% van de gevallen. IDH1 mutaties treffen namelijk het arginine 
R132 en in IDH2 de arginines R140 en R172. We identificeerden tevens IDH1/2 mutaties in 
andere myeloproliferatieve aandoeningen, namelijk myeloproliferatieve neoplasma (afgekort 
MPN) met JAK2 V617F mutatie. De overlevingsanalyse, waarbij AML patiënten met IDH1 
mutatie vergeleken worden met AML patiënten zonder IDH1 mutatie, toont aan dat AML 
subtype FLT3wild-type/NPM1wild-type met IDH1 mutaties slechtere overlevingskansen hebben dan 
AML patiënten zonder IDH1 mutatie. De ontdekking van nieuwe moleculaire markers en 
afwijkingen in AML door genoom-brede benaderingen zal onze kennis over AML biologie 
verbeteren. Bovendien, het identificeren en karakteriseren van nieuwe moleculaire markers 
zal nieuwe mogelijkheden bieden voor medicijnen ontwikkeling en het vertalen van molecu-
lair onderzoek naar de kliniek zal bevorderen. 
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abbereviations

ALL	 Acute Lymphoblastic Leukemia
AML	 Acute Myeloid Leukemia
ASXL1	 Additional Sex combs-Like 1
BAC	 Bacterial Artificial Chromosome
BCL11B	 B-Cell Lymphoma/leukemia 11B
BMI1	 Polycomb ring finger oncogene
CBL	 Casitas B-lineage Lymphoma
CEBPA	 CCAAT/Enhancer-Binding Protein Alpha
CGH	 Comparative Genomic Hybridization
CLP	 Common Lymphoid Progenitor
CML	 Chronic Myeloid Leukemia
CMP	 Common Myeloid Progenitor
CNA	 Copy Number Abnormalities
CN-LOH	 Copy Neutral Loss of Heterozygosity
CNV	 Copy Number Variations
dHPLC	 High Performance Liquid Chromatography
DNMT3A	 DNA Methyl Transferase 3A
EFS	 Event Free Survival
ETP	 Enhancer of Trithorax and Polycomb
EZH2	 Enhancer of Zeste-2
FAB	 French-American-British
FISH	 Fluorescent In Situ Hybridization
FLT3-ITD	 FMS-Like Tyrosine Kinase Internal Tandem Repeat
FLT3-TKD	 FLT3-Tyrosine Kinase Domain
G-CSF	 Granulocyte Colony-Stimulating Factor
GEP	 Gene Expression Profiling
GM-CSF	 Granulocyte-Macrophage Colony-Stimulating Factor
HELP	 HpaII Enriched Ligated mediate PCR assay
HMM	 Hidden Markov Model
HOVON	 Stichting Hemato-Oncologie voor volwassenen Nederland 
HSC	 Hematopoietic Stem Cell
IDH1	 Isocitrate Dehydrogenase 1
IDH2	 Isocitrate Dehydrogenase 2
JAK2	 Janus Kinase 2
KDa	 Kilo Dalton 
K-RAS	 V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
LOH	 Loss of Heterozygosity
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LTR	 Long Terminal Repeat
M-CSF	 Macrophage Colony-Stimulating Factor
MK	 Monosomal Karyotype
MN1	 Meningioma 1 gene
MoMSV	 Moloney Murine Sarcoma Virus
MPN	 Myeloproliferative Neoplasia
NADP	 Nicotinamide Adenine Dinucleotide Phosphate
NGS	 Next Generation Sequencing 
NMD	 Nonsense Mediated RNA Decay
NPM1	 Nuceophsomin 1 gene
N-RAS	 Neuroblastoma RAS viral oncogene homolog
NURD complex	 Nucleosome remodelling and histone deacetylase complex
OS	 Overall Survival
PCR	 Polymerase chain reaction
PTC	 Premature Termination Codon
Q-PCR	 Quantative Polymerase Chain Reaction 
SCF	 Stem Cell Factor
SNP	 Single Nucleotide Polymorphism
TCA	 Tricarboxylic acid
UPD	 Uniparental Disomy
WBC	 White Blood Cells
WHO	 World Health Organization
WT1	 Wilm’s Tumor 1
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Color section

Figure 1. Schematic representation of hematopoiesis. Scheme is adapted from Reya et al 3. The hematopoietic stem 
cells (HSCs) can be subdivided into long-term self-renewing HSCs, short term HSCs and multipotent progenitors. 
They give rise to common lymphoid progenitors (CLPs; the precursor of all lymphoid cells i.e., T-cells, B-cells, natural 
killer cells (NK cells), and dendritic cells) and common myeloid progenitors (CMPs; the precursor of all myeloid 
cells). CMPs give rise to granulocyte macrophage precursors (GMPs) and megakaryocyte erythrocyte precursors 
(MEPs). Subsequently, GMPs give rise to dendritic cells, granulocytes, and macrophages. MEPs give rise to mega-
karyocyte precursors (MkPs) and erythrocyte precursors (ErP), which further differentiate to platelets and red blood 
cells, respectively.  
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Figure 1
SNPExpress Screenshot. A. DNA mapping array data from the Affymetrix 250K NspI DNA mapping array was used 
to sequentially align the genotypes and copy numbers of chromosome 7 of four AML samples. The copy numbers 
(n=0, 1, 2, 3, 4) are shown for each individual patient by horizontal lines. Copy number n=2 is depicted by a green 
line (A). The SNP genotypes are sequentially aligned along the chromosome (AA: red; BB: yellow; AB: blue, noCall: 
white). LOH is indicated by a thick magenta horizontal bar (B), gains (default n>2.5) by a pink (Figure 1C) and 
losses (default n<1.5) by a turquoise background (C). Gene expression levels are visualized as vertical white bar at 
the chromosomal position of the gene-specific probe set. In the event that multiple probe sets span the same region 
in the chromosome-wide view the vertical gene expression bars are red and proportional to the highest expression 
value. The two upper samples clearly display a decreased copy number as was previously shown by cytogenetics, i.e., 
a complete monosomy (sample 1) or a deletion of the q-arm of chromosome 7 (sample 2). The overall expression 
of the majority of genes in the displayed region is decreased in the samples with chromosome 7 abnormalities. The 
chromosome selector (D; where 23 is the X chromosome), the mouse-over function showing info of each SNP or 
probe set (E), full chromosome view (F), zoom function (G) gene search function (H), the links to external databases 
(I), display CNVs (J) and export selected data (K) options are indicated. B. Full chromosome view of samples from 
1A. C. CNV (purple background) and copy number of each SNP based on a HMM model (HMM copy number, 
magenta line) of the two AML patients from examples [33]. In the event that multiple CNVs span the same region 
in the chromosome-wide view the background is violet, whereas single CNV are indicated with a rosy brown back-
ground. D.  UPD of chromosome 11 demonstrated using SNPExpress. Example of large scale UPD on chromosome 
11 in the upper two AML patients with a normal karyotype in comparison to two other AML samples. The overall 
copy number is two and large regions of LOH are indicated by the thick magenta line across the chromosome. After 
using the search function, SNPs associated with WT1 are depicted with an orange background.
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Figure 1: Identification of interstitial amplifications on 14q32.2 using SNPExpress. (A) Sequential alignment of 
the genotypes with copy numbers from the Affymetrix DNA mapping array of chromosome 14q32.2 of four AML 
samples 24. The copy numbers are shown for each individual patient by horizontal lines (n=0, 1, 2, 3, 4). The SNP 
genotypes are sequentially aligned along the chromosome (AA: red; BB: yellow; AB: blue, No call: white). Gains 
(default n>2.5) are depicted as pink background. Gene expression levels are visualized as vertical white bars at the 
chromosomal position of the gene-specific probe set. In the event that multiple probe sets span the same region in 
the chromosome-wide view the vertical gene expression bars are red and proportional to the highest expression 
value. The green boxes represent exons of the encoded genes, and the arrows indicate the orientation. In AML #2301 
and AML #7073 clear amplifications are visible, whereas these aberrations are absent in the two control AMLs. (B) 
Snapshot of SNPExpress showing the amplified region in AML case #2301 and #7073 from Figure 1A, showing the 
genes located within the amplified regions. C14orf177 and BCL11B are amplified in both AML cases, whereas SETD3 
and CCNK only in AML #7073. BCL11B expression is increased in AML #2301 and #7073 as indicated by the red 
bar (multiple probe sets).
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Figure 2: FISH analysis of AML cases #2301 and #7073 using probes specific for BCL11B and flanking BCL11B. 
(A) Schematic representation of the FITC-labeled BAC probe (RP11 431B1) covering the BCL11B locus and Texas 
Red-labeled BAC probe (RP11 242A7) covering the region adjacent to BCL11B. (B) Microscope images of FISH 
analysis performed on metaphases chromosomes of AML cases #2301 and #7073 showing additional green signal 
(RP11431B1) indicative for an extra copy of the BCL11B locus. 
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Figure 4: Correlation view based on gene expression profiling of 285 AML cases 9 (A) Correlation view of 285 
AML cases showing the gene expression correlation based on 2856 probe sets 9. The black bars adjacent to the cor-
relation view indicate expression of BCL11B, where the size of the bars is proportional to the levels of BCL11B expres-
sion in the individual AML samples. BCL11B expression in case #2301 is indicated by an arrow. Forty cases with 
increased BCL11B expression (2.5 times above average) were selected for FISH analyses. (B) FISH analysis performed 
on metaphase spreads of AML cases #6451 (and #6366) showing disassociation of the probe RP11242A7 (red) and 
RP11431B1 (green) indicating translocation of BCL11B. 
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Figure 6: Effects of BCL11B overexpression in murine 32D(GCSF-R)  cells. (A) Western blot analyses for Bcl11b 
in 32D(GCSFR) cells. 32D(GCSFR)  clones overexpressing BCL11B are indicated by #2, #4, and #12 (IL3 1 and 
10 days). Lysates obtained from theses clones were immunostained for BCL11b at day 1 and day 10 (Jurkat cells: 
positive control; 32D: 32D(GCSF-R) cells). GAPDH was used as loading control (lower panel). (B) Growth curve 
of 32D(GCSFR) cells with and without (empty)  BCL11B expression incubated with IL3. 32D(GCSFR)  cells were 
counted every 24 hours for ten days (32D: 32D(GCSF-R) cells). (C) May-Grünwald-Giemsa-stained cytospins of 
32D(GCSF-R) cells with (upper panel) and without (lower panel) Bcl11b expression incubated with GCSF for 7 days.  
Granulocytic differentiation is monitored by the presence of cells with segmented nuclei.

AML #2275

1326 bp 1305 bp 1305 bp

AML #2305 AML #3314

without
emetine

with
emetine

INSERTION: ACAAGAG INSERTION: GG
DELETION: C

INSERTION: CCCCATGCC
DELETION: G

Mutant

M
ar

ke
r

Wild type Control

#2
27

5

#2
18

6

#1
55

1

#2
22

0

#2
26

8

#2
18

4

#2
28

5

CT
S

Ra
ij

72 kD

55 kD

36 kD

WT1 56kD

Anti-WT1

B

A

Figure 1 (A) Direct nucleotide sequence analyses of WT1 RT-PCR products (WT1-FOR3 and WT1-REV4) with primer 
WT1-REV4 of three cases of AML (no. 2275, no. 2305 and no. 3314) cultured in the absence or presence of the transla-
tion inhibitor emetine. (B) Immunoprecipitations of WT1-mutant (no. 2275, no. 2186, no. 1551) and wild-type (no. 
2220, no. 2268, no. 2184, no. 2285) AML cases with an N-terminal antibody against WT1. The cell lines CTS (GA (del) 
(nt1398) 2 bp del (detectable on gDNA and cDNA)) and Raji were included as mutant and wild-type WT1 controls, 
respectively.
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Figure 1. Survival analyses of patients of AML with or without IDH1 and IDH2 mutations. (A) Kaplan-Meier 
estimates of OS for all AML patients. (B) OS for AML patients with normal karyotypes. (C) OS for patients with 
intermediate-risk AML and FLT3mutant and NPM1mutant. (D) OS for patients with intermediate-risk AML and FLT3wild-

type and NPM1mutant. (E) OS for patients with intermediate-risk AML and FLT3wild-type and NPM1wild-type. (F) EFS for 
patients with intermediate-risk AML and FLT3wild-type and NPM1wild-type. Survival curves in red represent cases with 
IDH1mutant; those in green, IDH2mutant; and those in black, cases with IDH1wild-type and IDH2wild-type, respectively. The 
log-rank P value is indicated per Kaplan-Meier analysis. 
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