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1. GENERAL INTRODUCTION  
 
 
1.1 Blood & leukemia 
Blood consists of serum and three other main ingredients: erythrocytes (red blood 
cells), thrombocytes (platelets) and leukocytes (white blood cells). Leukocytes 
normally compose less than 1% of the blood volume but have important functions 
in our defense against foreign and endogenous pathogens. Many different 
leukocytes can be distinguished, the main types being lymphocytes (~75% T-cells, 
~25% B-cells), monocytes and granulocytes1. All these different blood cells arise 
through distinct and tightly controlled developmental stages from hematopoietic 
precursor cells, which reside in the bone marrow and thymus (Figure 1). However, 
sequential mutations, chromosomal rearrangements and epigenetic changes can 
cause a precursor cell to be blocked from further differentiation and to start 
proliferate in a uncontrollable manner which results in cancer. Uncontrolled 
proliferation of blood precursor cells is called leukemia. Different types of 
leukemia are distinguished based on their lineage of origin; myeloid or 
lymphoblastic leukemia. Lymphoblastic leukemia can be further divided into B-
cell precursor (BCP) or T-cell lymphoblastic leukemia. In acute lymphoblastic 
leukemia malignant cells are arrested at a relative immature stage whereas in 
chronic lymphocytic leukemia, cells have a more differentiated phenotype.  

1.2 Acute lymphoblastic leukemia 
Acute lymphoblastic leukemia (ALL) is the most common type of cancer in 
children, comprising approximately 25% of all childhood malignancies.2 Patients 
usually present with nonspecific symptoms. Most of these can be explained by the 
accumulation of leukemic lymphoblasts in the bone marrow, which repress the 
development of normal, healthy, blood cells. These symptoms can be fever (due to 
normal leukocyte deficiency), fatigue (due to erythrocyte deficiency) and bleeding 
(due to thrombocyte deficiency). Infiltration of leukemic cells to sites outside the 
bone marrow can lead to other symptoms such as bone pain (caused by infiltration 
of the periosteum), lymphadenopathy (caused by infiltration of the lymph nodes) 
and headache (caused by infiltration of the central nervous system). Without 
treatment, leukemia is lethal. Therapy has become more and more effective over 
the years and the survival of ALL patients has increased to about 80%3. Therapy 
consists mainly of combination chemotherapy.  
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Figure 1: Schematic overview of hematopoiesis.  
HSC: hematopoietic stem cell, HPC: hematopoietic progenitor cell, CMP: common myeloid 
progenitor, CFU-GEMM: Colony forming unit generating granulocytes, erythrocytes, monocytes and 
megakaryocytes, CFU-GM: colony forming unit generating granulocytes and monocytes, CLP: 
common lymphoid progenitor.  
Adapted picture from Dr. M. William Lensch, George Q. Daley Laboratory/ Harvard Medical School, 
Boston, US. Printed with permission.  
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1.3 Pediatric T-cell acute lymphoblastic leukemia 
This thesis focuses on T-cell acute lymphoblastic leukemia (T-ALL) in children. T-
ALL accounts for approximately 15% of pediatric ALL. Each year, approximately 
20 children are diagnosed with T-ALL in the Netherlands. The overall survival is 
~70%4, making T-ALL a relative poor prognostic subgroup. Therefore, improved 
insight in the biology and pathogenesis of T-ALL is necessary as it may lead to 
better and more targeted therapies. In addition, the identification of genetic 
subgroups that have prognostic relevance can also lead to stratification of T-ALL 
patients and adjusted treatment protocols (higher intensity for poor prognostic 
subgroups) that may improve overall survival. Especially in the last decade, many 
different genetic abnormalities have been identified which play a role in T-ALL. 
These aberrations can be divided in type A and type B.5,6 Type A aberrations are 
predominantly mutually exclusive, and often involve chromosomal translocations 
or large genomic deletions or amplifications and delineate specific T-ALL 
subgroups. These subgroups are also associated with maturational arrest at 
particular T-cell developmental stages7 (see Figure 2). These developmental stages 
are characterized by the presence or absence of immunophenotypic markers (such 
as CD1 and mCD3) and different gene-expression profiles. Important genes 
involved in type A aberrations are TAL1, LMO2, LMO1, TLX1, TLX3 and HOXA. 
These genes are ectopically expressed due to the genetic aberrations and thus 
function as oncogenes. In many cases, an enhancer region of a T-cell receptor gene 
(TRA@, TRD@, TRB@), or a specific enhancer region downstream of the BCL11B 
gene, is juxtaposed to the oncogene causing transcriptional activation. This 
mechanism is common in T-ALL as consequence of the physiologic T-cell receptor 
rearrangement that occurs in normal T-cell development. The T-cell receptor genes 
are rearranged to acquire a wide diversity of antigen recognition. Aberrations in 
this process, which involves breakage and re-ligation of the double stranded DNA, 
can result in translocations or inversions to ectopic sites. The precise mechanism 
by which type A oncogenes contribute to leukemogenesis is not clear, but they are 
thought to function predominantly by blocking differentiation. Type B mutations  
affect many genes such as NOTCH1, FBXW7, PTEN, RAS, JAK1 and CDKN2A-B 
and often consist of point mutations, small insertions or deletions. The mutations 
can be activating as well as inactivating and, in contrast to type A aberrations, they 
seem not specifically associated with particular T-ALL subgroups (Figure 2). Type 
B mutations are involved in diverse processes such as cell cycle control, self-
renewal, T-cell receptor signaling, differentiation or tyrosine kinase activation5 . 
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Figure 2. Schematic overview of T-ALL genetic subgroups TLX3, TLX1, HOXA and TAL/LMO in 
relation to their T-cell developmental stage based on EGIL or TCR classification systems. The 
presence of particular mutations such as p15/p16 deletions, NOTCH1 activating mutations, the high 
expression of genes such as LYL1, LMO2, ERG, PTCRA and TCRA and the appearance of 
immunophenoypic markers are indicated. *LMO2 is ectopically expressed in LMO2-rearranged cases 
but is not included in this figure. Adapted from Meijerink et al, Best Pract Res Clin Haematol. 2010 
Sep;23(3):307-18 

 
 
 
2. AIM OF THE THESIS 
Even though many chromosomal rearrangements and mutations are known in 
pediatric T-ALL, still about 40% of patients lack a known type A aberration, and 
additional type B aberrations are currently still being identified. In addition to 
genetic aberrations, gene-expression profiling can provide important insights in T-
ALL and identify subgroups based on shared biology, or shared pathologic 
pathways, which may overlap with subgroups defined by specific genetic 
aberrations. Knowledge of these genetic aberrations and gene-signatures is 
essential for understanding T-ALL, for identifying targets for future targeted 
therapy and for risk adapted treatment stratification within T-ALL.  
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The main aim of this thesis is to identify genetic aberration- and gene-signature-
based subgroups in pediatric T-ALL patients, to genetically characterize these 
subgroups and determine their prognostic relevance (Chapter 1-5).  

In addition, in Chapter 6, we investigate the in-vitro sensitivity of different 
pediatric leukemia types (T-ALL, BCP-ALL or AML) to two agents that are 
currently in clinical trials: forodesine and nelarabine, to better predict which 
patients might benefit from treatment with either one of these compounds in the 
future. 

In the next section we will first provide a short overview of the most 
important methods that were used to reach our aims. In section 4 of this chapter, a 
short introduction is given for each chapter of this thesis. 
 
 
3. METHODS OVERVIEW  
At the center of our research efforts lies a cohort of 146 pediatric T-ALL patients 
for which extensive data was present, including karyotypic data, gene-expression 
data (for almost all human genes) and data on the presence of the most common 
genetic aberrations that were known at the start of this thesis (TAL1, LMO2, 
HOXA, TLX1, TLX3 and NOTCH1 activating aberrations). These data led to the 
realization that ~40% of our patient cohort lacked a known type A aberration. The 
data also gave us the first clues where to look for new genetic abnormalities. As 
these aberrations had thus far remained elusive we needed to apply a combination 
of different techniques to reveal them. Below we give an overview of the main 
methods that were used in this thesis to detect genetic abnormalities. In table 1 
these methods are summarized.  
 
3.1 Conventional techniques 
 
3.1.1 Karyotyping 
Karyotyping is used to detect gross chromosomal aberrations such as large 
deletions, large amplifications or translocations. Starting material is an amount of 
~5 million viable leukemic cells which are cultured and then arrested in metaphase 
by addition of colcemide, an inhibitor of spindle assembly that is required for cell 
division. Nuclei-suspensions are then applied on glass slides so that the 
chromosomes of nuclei that are in metaphase can be identified as separate 
chromosomes, and can be stained by Giemsa. This results in a unique and distinct 
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banding pattern for each chromosome  (Figure 3A).  Unfortunately, this procedure 
does not succeed for all patient samples and only large aberrations can be seen on 
karyotype, up to a resolution of 10-20 Mb. Frequently, aberrations such as 
translocations or inversions are missed because they do not have visible effects on 
the banding pattern. These aberrations are called cryptic or hidden rearrangements. 

In this thesis, karyotype analysis gave us a clue to look for a translocation 
in the region 21q22 where the RUNX1 gene is situated. We performed the 3’-
RACE technique (see below) which led to the identification of a novel RUNX1- 
AFF3 fusion gene (Chapter 1). 
 
Table 1: Overview of methods used to detect genetic abnormalities 

*trans: translocations, inv: inversions, amps: amplifications, dels: deletions 

 
3.1.2 Fluorescent in situ hybridisation (FISH) 
This technique can be used to detect large (> 100 Kb) deletions or amplifications 
but is also suited to detect chromosomal rearrangements such as translocations or 
inversions. FISH is more restricted than karyotype as only a limited number of 
selected loci can be visualized at once. Approximately 25,000 viable cells are spun 
on a glass slide and specific loci on the genome are visualized with fluorescent 
probes with a size of 100-200 Kb. For the detection of chromosomal  

METHOD COVERAGE RESO-
LUTION 

DETECTION* PRICE 
/sample 

MATERIAL 

Conventional      
  Karyotype whole genome Mb trans/inv 

large amps/dels  
~$50 5 million 

viable cells 
  FISH 1 - 2 loci/genes 

~1000Kb 
Mb trans/inv  

large amps/ dels 
~$50 ~25.000 viable 

cells 

Array based      
  arrayCGH whole genome Kb large amps/dels ~$500 ~4µg DNA 
  4C 1 – 10 loci 

~5Mb 
Kb trans/inv 

large amps/dels 
~$500 5-20 million 

viable cells 

PCR-based      
  PCR 1 locus/gene 

100-10,000bp 
bp mutations 

small amps/dels 
~$50 ~50ng DNA 

  LM-PCR 1 locus/gene 
100-10,000bp 

bp trans/inv,  
small amps/dels 

~$50 ~4µg DNA 

  3’- RACE    
   

1 (fusion)gene 
100-10,000bp 

bp fusiongenes 
(trans/inv) 

~$50 ~1µg RNA 
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Figure 3: Results for different types of genetic analyses used in this thesis.  
A, Sorted human chromosomes in a karyotypic analysis. Each chromosome has a unique banding 
pattern. B, FISH analysis showing a red/green fusion signal (normal chromosome) and separate red 
and green signals for both derivative chromosomes of a translocation. C, ArrayCGH results for all 
chromosomes for one patient sample. A red signal to the right indicates a deletion (chromosome 5, 6, 
12 and Y), a blue signal to the right an amplification (chromosome 8 and X). D, 4C results for all 
chromosomes for one viewpoint (NKX2-1) on chromosome 14 (upper signal and inset). An additional 
signal is present on the lower tip (grey arrow) of chromosome 14 indicating an inversion of 
chromosome 14 (in this case between NKX2-1 and the IgH@ locus).  
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rearrangements, often a split signal FISH is developed. This means that a certain 
locus for which a chromosomal rearrangement is suspected, is flanked by two  
probes that are labeled in red and green. When the locus is positioned on a 
autosomal chromosome, the FISH procedure in a normal nucleus will show two 
fusion signals (red-green, or yellowish signals). A balanced translocation or 
inversion will results in the separation of a red and green probe (split signal), and 
the resulting derivative chromosomes will only have a green or a red signal. FISH 
analysis then shows one fusion signal (the normal chromosome) and a separate 
green and a separate red signal (Figure 3B). An advantage of FISH over karyotype 
analysis, is that one can use metaphase as well as interphase nuclei.  

We extensively used FISH in the research described in this thesis. Most 
importantly, we used it to screen for abnormalities that involve known recurrent 
translocation loci such as the T-cell receptors and BCL11B. Combined with other 
techniques, this led to the identification of new oncogenic translocation partners 
such as NKX2-1 and NKX2-2 (Chapter 1, 2). Potential oncogenes were also 
screened for involvement in chromosomal aberrations (Chapter 1) and we used 
FISH to validate rearrangements that were identified with other techniques 
(Chapter 1 and 3). 
 
3.2 Array based techniques 
 
3.2.1. Array comparative genomic hybridization (arrayCGH) 
To detect deletions or amplifications with a range that covers the whole human 
genome, one can use array comparative genomic hybridization. In this technique, 
DNA of a specific sample of interest is compared to normal genomic control DNA. 
To illustrate the progress in this technique; one needed 10 µg of DNA (equivalent 
to 1.5·106 leukemic cells) per sample to perform arrayCGH at the start of this 
thesis, compared to only 100 ng (equivalent to 15,000 cells) with the latest array 
formats and labeling techniques. DNA samples are digested by restriction enzymes 
or heat into smaller fragments and labeled with fluorescent dyes. The control DNA 
is labeled with a different color dye (usually green) than the specific sample 
(usually labeled in red). Both samples are then mixed in a 1 to 1 ratio, and put on 
the glass array where labeled fragments can hybridize with DNA probe sets that are 
spotted on the array and that represent the entire human genome. Each probe set 
represents a specific site on our genomic DNA. The probe set densities differ per 
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array.  ~44,000 probe sets were spotted per array 4 years ago and presently with the 
latest array formats, this amount has risen to ~400,000 probe sets. When the two 
different colored DNA fragments bind to the probe sets, the ratios between both 
colors give information on the copy number status of the genome of the specific 
DNA versus the normal control DNA. Increased red over green intensities point to 
local DNA amplification whereas increased green over red intensities point to a 
local chromosomal deletion in the leukemic cell. Amplifications and deletions in 
the specific DNA can thus be detected and visualized by a computer program, as 
depicted in figure 2C. The advantage of this procedure is that the entire genome is 
visualized at a resolution (~35 Kb) that is much higher than that of karyotype 
analysis (>10-20·106 Mb). The main disadvantages of this technique are the 
relative high costs (Table 1) and that balanced translocations or inversions cannot 
be detected as no gains or losses of chromosomal DNA occur. 

In this thesis we performed arrayCGH on large series of patients. This led 
to the identification of deletions near a new oncogene MEF2C (Chapter 1) and 
gave clues for an unbalanced translocation involving the T-cell receptor beta locus 
(TRB@) which was further analyzed by 4C (Chapter 1, and see below).  Type B 
aberrations were also detected, such as a deletion of FBXW7 and WT1 (Chapter 3). 
In Chapter 3, we identified a del5q35 that is specific for TLX3 rearranged patients.  
 
3.2.2. Chromosome conformation capture on chip (4C) 
Chromosome conformation capture on chip (Figure 4) can be used for multiple 
purposes. Originally it was designed to study the three-dimensional structure of the 
genome (chromosome conformation) in living cells, however, it can also be used as 
a tool to detect translocations and identify unknown translocation partners.8 For the 
4C procedure an amount of 10 million of viable cells is needed. These are fixed 
with formaldehyde, providing cross links between DNA and proteins. This cross 
linking preserves the proximity of chromosomal structure when the cells are 
processed further. The DNA is then digested (HindIII), which will lead to 
complexes of protein and DNA sequences of several Kb’s. The protein-DNA 
complexes are then diluted and the DNA is randomly ligated again. In this way, 
DNA fragments that were in close proximity in the viable cell, either by being 
situated on the same chromosomal region or by chromosomal folding, have a high 
probability to become fused. Subsequently, the DNA and protein are de-
crosslinked and then digested again with a restriction enzyme that can cut at high 
frequency. The DNA is then diluted and ligated to allow circularization of 
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         Figure 4: Outline of 4C-technology.  
 

.  
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individual restriction fragments. This way circular DNA of ~200-800 bp is 
obtained that can be easily amplified by an inverse PCR. Most of these circles  
consist of two pieces of DNA that were originally in proximity to each other in the 
living cell. Because of the circular configuration, unknown proximal DNA can be 
amplified by inverse PCR from a specific locus of interest. In general, DNA 
fragments that flank the region of interest on the same chromosome will have a 
higher chance to ligate to the fragment of interest than fragments that originally 
were localized at greater distance from the site of interest. The PCR product is 
labeled and put on an array containing probesets that represents the entire genomic 
DNA pool (one probe per HindIII digested DNA fragment). After scanning of the 
array and computational manipulations, a bell shaped curve of hybridization 
intensities can be seen around the PCR viewpoint (Figure 3D), with the highest 
fluorescent intensities directly flanking a region of interest and a gradual decline in 
intensities for fragments at increasing distance to a distance of ~5 Mb on both  
sides. When a translocation is present, which has a breakpoint within this high 
intensity region, part of the signal will be present on a different chromosomal 
region (the locus of the translocation partner). This way, translocations, inversions 
and also deletions within a region of ~5 Mb of the viewpoint can be visualized 
(Figure 3D). Disadvantages of this technique are the relative high cost, and, as with 
FISH and ligation mediated PCR (LM-PCR, see below), the necessity to start from 
a known locus or gene. But even though 4C is limited to one or several 
chromosomal regions of interest, this technique filled a gap in technologies, as thus 
far balanced chromosomal translocations or inversions to unknown partners could 
not be resolved at such a high resolution (<10 Kb). Furthermore, the immediate 
identification of unknown translocation partners offers a great advantage of the 4C 
technology.   

In this thesis, 4C was essential in the identification of a cryptic inversion 
involving the TCRA/D@ or IgH@ locus and the novel oncogene NKX2-1 on 
chromosome 14. Other new translocations were also identified with this technique 
(Chapter 1). 
 
3.3 Polymerase chain reaction (PCR) based techniques 
The polymerase chain reaction (PCR, reviewed in9), developed in the late 80’s, 
enables the amplification of a short (~100-10,000bp) fragment of DNA for further 
analyses. It is a widely used technique that has become an integral part of 
molecular-genetic research. Usually, genomic DNA or complementary DNA 
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(cDNA obtained from RNA) is used and a locus of interest is amplified using two 
specific primers (16-24 bp long strands of DNA complementary to a specific site). 
The PCR products can then be separated based on size in an agarose gel, or 
sequenced for detection of small mutations the size of several base pairs or used for 
a wide variety of other applications.  
 
3.3.1 Ligation mediated PCR (LM-PCR) 
Ligation mediated PCR can be used to detect the exact genomic breakpoint 
sequence of a translocation, deletion or amplification. In case of a translocation to 
an unknown site, the translocation partner can be identified by this technique. To 
perform an LM-PCR, 4 µg of genomic DNA of a sample is digested by 4 
restriction enzymes that cut roughly every 4000 base pairs. Four different enzymes 
are used because an enzyme may have a recognition site that is positioned in such a 
way that it is difficult or impossible to detect the breakpoint, e.i. positioned too 
close or very far away from the breakpoint. Therefore the separate use of 4 
enzymes increases the chance that a breakpoint is detected by this procedure. Upon 
DNA digestion, DNA linkers are ligated to the ends of the DNA fragments, making 
it possible to amplify a specific DNA fragment by using one specific primer (on the 
region of interest) and one reverse primer that is positioned in the linker. This way, 
a DNA fragment can be amplified that harbors the transition from a known 
sequence (where the specific primer binds) over the breakpoint region into a DNA 
sequence that represents the translocation partner. After PCR amplification, 
products can be visualized on an agarose gel and the sizes can be compared to 
normal control DNA. Alternate sized bands are excised from the gel, and 
sequenced to identify the exact breakpoint sequence. It is necessary to start an LM-
PCR with a primer located near  the breakpoint (~100-1000 bp); this means that 
knowledge of the relative position of a breakpoint region is required beforehand.  

In this thesis we used LM-PCR to identify a novel TRD@-NKX2-2 
translocation, to identify the breakpoint of a novel TRB@-NKX2-1 translocation 
(Chapter 1) and a TRB@-LYL1 translocation (Chapter 2).  
 
3.3.2 3’-Rapid amplification of cDNA ends (3’-RACE) 
Sometimes, translocations or deletions can result in  the formation of fusion genes 
and subsequently fusion proteins with aberrant function, e.g. the SET-NUP214 
fusion as result of the del(9)(q34.11q34.13).10 Using 3’- RACE, the fusion 
transcript can be amplified from the 3’- end. Only one partner of this fusion 
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product has to be known for this technique. One µg of RNA of the patient is 
converted to cDNA by means of extended primers that bind to the 5’ polyA tails of 
mRNA. The fusion transcript can then be amplified by a specific primer designed 
for the known fusion partner on the 3’- end and a primer complementary to the 5’-
end linker.  

In this thesis, 3’-RACE was used to detect a fusion transcript in a patient in 
which a RUNX1 translocation was suspected based on karyotype. We identified a 
novel RUNX1-AFF3 fusion transcript (Chapter 1).   
 
 
4. SHORT OUTLINE OF THE THESIS 
In Chapter 1 we combined gene expression profiling of 117 pediatric patient 
samples and detailed molecular cytogenetic analyses to identify novel oncogenic 
rearrangements for 40% of T-ALL samples for which the driving oncogene had 
remained elusive. Two T-ALL subtypes were identified, each having a specific 
expression signature and representing approximately 10% of all pediatric T-ALL 
cases. In one subtype (the proliferative cluster) we identified novel rearrangements 
involving oncogenes NKX2-1 and NKX2-2. The second subtype (the immature 
cluster) associated with immature T-cell development and high expression of the 
transcription factor MEF2C. In this subgroup, we identified multiple novel 
rearrangements that directly or indirectly target MEF2C. In addition, we showed 
that MEF2C blocks T-cell differentiation and provides part of the gene-expression 
signature of the immature cluster. Our data demonstrated that NKX2-1and MEF2C 
represent important novel type A oncogenes in T-ALL.  

For years, LYL1 aberrations including translocations were assumed to be 
associated with the immature T-ALL subgroup because this subgroup shows high 
LYL1 expression. In Chapter 2 we describe a case with a rare LYL1 translocation 
that belonged to the more mature TAL/LMO subgroup. This seems logical given the 
high homology between TAL1 and LYL1 basic helix-loop-helix oncogenes. Alike 
rare TAL1 rearranged cases that may have synergistic LMO1 or LMO2 aberrations 
as well, our LYL1 rearranged case possessed a del(11)(p12p13) which activated the 
LMO2 oncogene. 

Approximately 20% of pediatric T-ALL patients harbor a chromosomal 
rearrangement (t(5;14)(q35;q32)) that upregulates the oncogenic NK-like 
homeobox transcription factor TLX3. In Chapter 3 we used arrayCGH to 
investigate whether these patients harbor additional abnormalities. Five recurrent 
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genomic deletions were identified of which the cryptic deletion del(5)(q35) was 
exclusively found in TLX3 rearranged patients. The deleted region, which lies just 
telomeric of TLX3 itself, might harbor a negative regulating element or a novel 
tumor suppressor gene that may cooperate with TLX3.  

In addition to the NK-like TLX3 homeobox transcription factor, other NK-
like transcription factors are also involved in T-ALL, such as TLX15 and NKX3-111. 
In chapter 1, we further identified two additional rearranged NK-like homeobox 
genes: NKX2-1 and NKX2-2. Chapter 4 reviews the involvement of NK-like 
transcription factors in cancer in general and leukemia in particular. In T-ALL an 
exceptional high number of different NK-like homeoboxgenes is implicated. 
Normally, most of these genes are not expressed in T-cell development, making it 
difficult to predict which pathways may be activated or inactivated by these genes. 
However, one NKL gene, HHEX, is highly expressed in early T-cell development 
and implicated in stem cell self-renewal and leukemogenesis.12,13 We hypothesize 
that the ectopically upregulated NK-like homeobox genes in T-ALL might share a 
common downstream oncogenic pathway by mimicking functions of HHEX. 

In Chapter 5 we studied the relevance of NOTCH1 and FBXW7 mutations, 
which are considered as type B aberrations in T-ALL. NOTCH1 is a 
transmembrane receptor that is cleaved upon ligand binding which gives rise to an 
active intracellular NOTCH1 (ICN) protein. ICN acts as a transcription factor that 
activates many genes including c-MYC and functions as an oncogenic protein in T-
ALL. Mutations in NOTCH1 increase ICN formation in a ligand-indepent manner. 
Alternatively, mutations in FBXW7, which normally facilitates ICN degradation, 
also result in ICN accumulation. In our T-ALL cohort, 63% of the patients 
harbored a NOTCH1 activating mutation. Although these NOTCH1 and FBXW7 
mutations had been previously associated with a good long term outcome in the 
German BFM study14, our study did not support such a superior outcome for 
NOTCH1 activated T-ALL patients treated with DCOG and CoALL protocols. 

In Chapter 6, we investigated two drugs that are currently in clinical trials 
for T-ALL: forodesine and nelarabine. Both drugs impact the same enzyme: purine 
nucleoside phosphorylase (PNP), an enzyme that can degrade deoxyguanosine 
(dGuo) into guanosine and deoxyribose-1-phosphate. Forodesine blocks this 
enzyme, which results in increased dGTP levels that exert a toxic effect especially 
on T-cells. Nelarabine is the pro-drug of ara-G which is phosphorylated to ara-
dGTP, which is incorporated into the DNA and is cytotoxic to cells. To better 
predict which patients might benefit from these compounds, we investigated the 
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efficacy of these drugs in pediatric AML, BCP-ALL and T-ALL patient samples 
in-vitro. Especially T-ALL samples appeared sensitive to forodesine and ara-G 
treatment, but also nearly half of BCP-ALL samples responded to these drugs in-
vitro. AML samples were markedly resistant. Forodesine sensitive samples 
accumulated more dGTP  than resistant samples, and had higher mRNA levels of 
the gene dGK that may result in higher phosphorylation rates of  deoxyguanosine. 
Ara-G sensitive samples had higher levels of ENT1 and ENT2 than resistant 
samples. ENT1 and ENT2 are transporters that can increase influx of ara-G into the 
cell and thereby can thereby increase ara-G sensitivity. 

In Chapter 7 a summary, discussion and future perspectives are given for 
the research presented in this thesis. Chapter 8 contains a brief summary of the 
thesis in Dutch for uninitiated.    
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Integrated transcript and genome analyses reveal NKX2-1 and MEF2C 
as potential oncogenes in T cell acute lymphoblastic leukemia. 
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ABSTRACT 
To identify novel oncogenic pathways in T-cell acute lymphoblastic leukemia (T-
ALL), we combined expression profiling of 117 pediatric patient samples and 
detailed molecular cytogenetic analyses including the Chromosome Conformation 
Capture on Chip (4C) method. Two T-ALL subtypes were identified that lacked 
rearrangements of known oncogenes. One subtype associated with cortical arrest, 
expression of cell cycle genes and ectopic NKX2-1 or NKX2-2 expression for 
which rearrangements were identified. The second subtype associated with 
immature T-cell development and high expression of the MEF2C transcription 
factor as consequence of rearrangements of MEF2C, transcription factors that 
target MEF2C or MEF2C-associated cofactors. We propose NKX2-1, NKX2-2 and 
MEF2C as T-ALL oncogenes that are activated by various rearrangements.  
 
 
 
 
 
SIGNIFICANCE 
For 40% of pediatric T-ALL cases, underlying oncogenic rearrangements remain 
unresolved. By combined expression profiling and molecular-cytogenetic 
techniques, we revealed 2 T-ALL entities lacking known oncogenic 
rearrangements and representing ~20% of pediatric T-ALL cases. One subtype 
associated with cortical thymocytic arrest and 10 out of 12 cases ectopically 
expressed NKX2-1/NKX2-2 for which 5 rearrangement variants were identified in 7 
cases. The second subtype was associated with high MEF2C expression (11 out of 
12 cases), and rearrangements involving MEF2C or transcription factors and 
transcription cofactors that directly target MEF2C were identified in 6 cases. 
Ectopic expression of NKX2-1 or MEF2C was able to transform cells and 
interfered with T-cell differentiation. We propose that NKX2-1, NKX2-2 and 
MEF2C are oncogenes in leukemia. 
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INTRODUCTION 
T-lineage acute lymphoblastic leukemia (T-ALL) is a malignancy of thymocytes. 
T-ALL represents about 15% of pediatric ALL cases but has an inferior outcome 
compared to B-ALL as approximately 30% of T-ALL cases relapse during therapy 
or within the first 2 years following treatment and eventually die (Pieters and 
Carroll, 2008; Pui and Evans, 2006). T-ALL is mostly characterized by genetic 
abnormalities that are crucial for T-cell pathogenesis (Van Vlierberghe et al., 
2008a). Various genetic rearrangements in T-ALL occur in a mutually exclusive 
pattern (Van Vlierberghe et al., 2008a) in contrast to frequent CDKN2A/ARF 
deletions (Hebert et al., 1994) or NOTCH1 activating mutations (Weng et al., 
2004). These mutually exclusive rearrangements are considered as driving 
chromosomal abnormalities that affect the TAL1, LMO2, TLX1, TLX3, MYB or 
HOXA oncogenes (Van Vlierberghe et al., 2008a). Based on gene expression data 
(Ferrando et al., 2002; Soulier et al., 2005; Van Vlierberghe et al., 2008b), these 
oncogenes have been associated with distinct T-ALL subgroups denoted as the 
TAL/LMO, TLX1, TLX3 and the HOXA subgroups. Initial profiling data also 
pointed to the existence of an additional immature T-ALL subgroup (Soulier et al., 
2005). This entity probably corresponds to the LYL1 T-ALL subgroup as 
previously defined (Ferrando et al., 2002) and to the recently described  immature 
T-ALL subset that is characterized by an early T-cell precursor (ETP) profile and 
inferior outcome (Coustan-Smith et al., 2009). For approximately 40 percent of all 
T-ALL patients including the immature T-ALL entity, the driving chromosomal 
aberrations have thus far remained elusive.  
 
RESULTS 
Cluster analyses predict new T-ALL genetic subgroups 
To identify driving oncogenic mechanisms in T-ALL, we performed unsupervised 
hierarchical cluster analyses based on microarray expression data of 117 diagnostic 
pediatric T-ALL samples and 7 normal bone marrow controls. Seventy-seven T-
ALL samples were characterized by oncogenic rearrangements, including TAL1 
(n=24), TAL2 (n=1), LMO1 (n=1), LMO1/TAL2 (n=1), LMO2 (n=9), TLX3 (n=22), 
TLX1 (n=7), HOXA-activating rearrangements (including CALM-AF10, 
Inv(7)(p15q34), SET-NUP214; n=10) or MYB translocations (n=2). No such 
abnormalities were identified in the remaining 40 T-ALL patient samples. Four 
robust T-ALL clusters were observed in unsupervised cluster analysis irrespective 
of the number of genes included or the data normalization methods chosen 
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(Figures 1A and S1, Tables S1-S3). The association with clinical and molecular-
cytogenetic data, immunophenotypic markers and expression of TAL1 and LYL1 
for these 4 subgroups is given in Table 1 and Figure 1A. 
Table 1. Clinical and biological characteristics of unsupervised T-ALL clusters . 
    

Cohort   
 
TAL/LMO  

 
TLX  

 
Proliferative  

 
Immature  

 
p-value 

 
Total, n 

 
117 

  
53 

  
30 

  
19 

  
15 

  

Clinical               
Gender (n, %)            
 Male 83 71% 40 75% 20 67% 15 79% 8 53%  
 female 34 29% 13 25% 10 33% 4 21% 7 47% p=0.306 
Age at Dx, years            
 Median 7.8  9.3  7.7  5.5  10.1   
 Range 1.5-

17.8  1.6-16.7 3.2-17.8 
1.5-
16.7  

3.1-
16.4  p=0.404‡ 

WBC, 10x10E9/L            
 Median 

115.1  
156.

9  
121.

9  64.3  87.6   
 Range 1.8-

900  
16.1-
900  

1.8-
417  

27.2-
192  

2.3-
435  p=0.001‡ 

Immunophenoty
pe 

           

CD34 (n, %) 111           
 Negative 77 69% 37 71% 19 66% 14 93% 7 47%  
 Positive 34 31% 15 29% 10 34% 1 7% 8 53% p=0.046 
CD13/33 (n, %) 110           
 Negative 92 84% 47 92% 19 73% 17 94% 9 60%  
 Positive 18 16% 4 8% 7 27% 1 6% 6 40% p=0.006 

CD1 (n, %) 113           
 Negative 62 55% 33 65% 14 47% 3 17% 12 86%  
 Positive 51 45% 18 35% 16 53% 15 83% 2 14% p<0.001 

CD4 (n, %) 115           
 Negative 42 37% 22 42% 4 13% 3 17% 13 87%  
 Positive 73 63% 30 58% 26 87% 15 83% 2 13% p<0.001 

CD8 (n, %) 115           
 Negative 45 39% 14 27% 16 53% 2 11% 13 87%  
 Positive 70 61% 38 73% 14 47% 16 89% 2 13% p<0.001 
CD4/8 (n, %) 115           

 Negative 61 53% 26 50% 17 57% 5 28% 13 87%  
 Positive 54 47% 26 50% 13 43% 13 72% 2 13% p=0.008 

CD3 (n, %) 114           
 Negative 59 52% 21 40% 19 63% 10 59% 9 60%  
 Positive 55 48% 31 60% 11 37% 7 41% 6 40% p=0.169 

Oncogenes            
TAL1, % expression of GAPDH x 

10E-2 
         

 Median 3.1  13  0.73  1.4  1.14   
 Range 0.09-1820  0.75-1820 0.088-11 0.17-22  0.10-14  p<0.001‡ 
LYL1, % expression of GAPDH x 

10E-4 
         

 Median 1.7  1.3  3.1  3.5  8.5   
 Range 

0-126 
 

0-32 
 0-

16.6 
 

0.28-15.3 
 0.96-

126 
 p=0.001‡ 

The p-values are calculated according to the chi-square test or ‡ the Mann-Whitney-U test. See also Figure S2. 
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Figure 1. (page 31) Identification of 2 Entities in Pediatric T-ALL That Lack Known 
Driving Oncogenic Hits. (A) Unsupervised hierarchical cluster analysis by the average 
linkage method in dCHIP based on 435 probesets (Table S3) for RMA-solo (Soulier et al., 
2005) normalized U133 plus 2 Affymetrix data from 117 pediatric T-ALL samples and 7 
normal bone marrow controls. Cytogenetic rearrangements indicated are: S, SIL-TAL1; T, 
TAL1; t, TAL2; O, LMO1; L, LMO2 (includes del(11)(p12p13)); $, TAL2/LMO1; N, SET-
NUP214; C, CALM-AF10; M, MYB; A, Inv(7)(p15q34); 1, TLX1; 3, TLX3; n, normal bone 
marrow controls. The 50th and/or the 25th percentiles of samples with the highest TAL1 or 
LYL1 expression, positivity for TLX1 and TLX3 expression as measured by RQ-PCR, and 
expression of the immunophenotypic markers CD13 and/or CD33, CD4 or CD8 are 
indicate; u, no data available. (B) Pearson correlation plot for the patient samples belonging 
to the 4 unsupervised TAL/LMO, TLX, proliferative and immature clusters. (C) Principal 
component analysis of pediatric T-ALL patients based upon the top 100 most significant 
differentially expressed probesets among major T-ALL subgroups (i.e. TAL1/LMO2, 
HOXA, TLX1, and TLX3 (Table S3)). The immature cluster (12 cases) and the proliferative 
cluster (12 cases) are indicated by green and purple dots, respectively. Samples repeatedly 
assigned to the proliferative or immature clusters (i.e. the core samples) in multiple 
unsupervised analyses on RMA-solo (Figure 1A), RMA or VSN normalized datasets (not 
shown) or the supervised cluster analysis (Figure 1C) are visualized by dark green or 
purple dots. See also Figure S1 and Tables S1-S4. 
 
Two clusters represented established T-ALL genetic subgroups (Ferrando et al., 
2002; Soulier et al., 2005; Van Vlierberghe et al., 2008b), corresponding to 
abnormalities of TAL1/LMO2, and TLX3/HOXA transcription factors. 

A third cluster included cases that highly expressed CD1 genes. This 
corresponded with a CD1a positive immunophenotype for most cases of this 
cluster (p<0.001; Table 1), which validated our gene expression data. This cluster 
also comprised most TLX1 translocated cases, a genetic entity that was previously 
associated with CD1-positivity and cortical developmental arrest (Ferrando et al., 
2002), and that may share a similar biology with the other samples present in this 
cluster. In the unsupervised cluster analysis, this cluster is characterized by 
expression of genes that are involved in cell cycle regulation (CDKN3), G1/S 
transition (UHRF1, CDC2), cell cycle progression (TTK, E2F7, CDC2), DNA 
replication and chromosome condensation (TOP2A), the spindle-assembly 
checkpoint (NUSAP1, MAD2L1, KIF15, KIF11), the G2/M checkpoint (PBK) and 
genes whose expression are linked to cell cycle (RRM2, ECT2). Furthermore, 
differentially expressed genes for this cluster compared to all other T-ALL cases as 
identified by t-statistics were enriched for genes that are strongly associated with 
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the cell cycle pathway and spindle assembly (Table S4) and this cluster strongly 
expressed the proliferation marker MKI67. This cluster was accordingly denoted as 
“proliferative cluster”. Most of the cases in this cluster lacked currently known 
driving mutations, which may point towards involvement of new T-ALL 
oncogenes. This was further supported by the fact that most of these unknown 
samples clustered as a separate entity (12 cases) distinct from established T-ALL 
genetic subgroups including the TLX1-rearranged cases in a supervised cluster 
analysis  (Figure 1C). 

The fourth cluster was enriched for immunophenotypic immature 
CD4/CD8 double negative cases (p=0.008, Table 1), and was named the 
“immature cluster” by reference to previous work (Soulier et al., 2005). Samples in 
this cluster frequently expressed myeloid markers CD13 and/or CD33 (p=0.006), 
and were characterized by expression of genes associated with protein binding, 
protein dimerization and TGFBR1 signal transduction. They expressed low levels 
of genes associated with cellular proliferation contrary to samples of the 
proliferative cluster (Figure 1B). This cluster comprised 3 HOXA activated cases 
with an immature immunophenotype unlike other HOXA activated cases that 
usually have a more advanced immunophenotype. Other samples in this immature 
cluster were devoid of known driving mutations. This cluster may comprise a 
second molecular-cytogenetic T-ALL entity for which driving oncogenes are 
unknown, and in support of this notion, most of these samples appeared as a 
separate subgroup (12 cases) in the supervised principal component analysis (PCA) 
based on differentially expressed genes among the known 4 T-ALL genetic 
subgroups (Figure 1C). This immature cluster largely overlaps with the LYL1 
positive cluster as described earlier (Ferrando et al., 2002) as it expressed the 
highest LYL1 levels (Table 1). Our immature cluster was highly enriched for early 
T-cell precursor (ETP) T-ALL cases as previously described (Coustan-Smith et al., 
2009), as 13 out of 15 immature cases in contrast to only 3 out of 102 remaining 
cases were predicted as ETPs in PAM analysis based on the 62 probeset profile that 
defined the ETP group (p<0.001, not shown). In contrast to that study (Coustan-
Smith et al., 2009), the overall survival for immature cases in our cohort was not 
extremely poor (5yr OS = 73±11%), but seemed equally low to the outcome of 
TAL/LMO and TLX subgroups (5yr OS = 65±6%). The proliferative subgroup 
seemed to have an improved outcome (5yr OS = 88±8%), albeit not significant 
(p=0.096, Figure S2).  
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 We then searched for candidate genes that participate in oncogenic 
chromosomal abnormalities using several methods including COPA (Tomlins et 
al., 2005), SAM (Tusher et al., 2001) and PAM statistics (Tibshirani et al., 2002). 
Both COPA and PAM analyses identified NKX2-1 and MEF2C as characteristic 
genes for the proliferative and immature clusters, respectively (Table S5). The 
NKX2-1 homologous NKX2-2 gene was also identified by COPA as outlier gene 
for the proliferative cluster. High microarray expression levels of NKX2-1 and 
MEF2C were validated by RQ-PCR (Figure 2) for the proliferative and immature 
cluster cases, respectively, that lack known oncogenic rearrangements. These cases 
form separate clusters in the supervised analysis (Figure 1C). NKX2-1 or MEF2C 
were either absent or expressed at relative low levels in most cases belonging to 
other supervised clusters. However, some TLX1 positive patient samples that are 
part of the proliferative cluster in the unsupervised analyses express NKX2-1. Also, 
the CALM-AF10 positive HOXA-activated patient sample #1509 that highly 
expresses MEF2C has an immature phenotype and co-clusters in the immature 
cluster in unsupervised analyses. 

 
Figure 2. Validation of Elevated NKX2-1 and MEF2C Levels in Patients from 
Proliferative and Immature Supervised Clusters. Relative expression levels of (A) 
NKX2-1 or (B) MEF2C is determined by RQ-PCR. NKX2-1 and MEF2C expression levels 
are indicated for 11 out of 12 immature cluster patient samples (green) and 12 proliferative 
cluster samples (purple) according to the supervised analysis (Figure 1C) compared to 
cases of other T-ALL molecular-cytogenetic subgroups. The SEM are shown. See also 
Table S5. 

 
Molecular-cytogenetic identification of NKX2-1 rearrangements 
These data formed the start of detailed molecular-cytogenetic analyses on the 12 
immature cluster and the 12 proliferative cluster samples that seemed to form 2 
genetic T-ALL entities (Figure 1C), and for which driving oncogenic hits were 
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unknown. We used a variety of molecular cytogenetic techniques including FISH, 
array-comparative genomic hybridization (array-CGH) and Chromosome 
Conformation Capture on Chip (4C) (Simonis et al., 2009) to identify potential 
deletions, amplifications, and T-cell receptor- or BCL11B-driven oncogenic events 
(Table 2 and Table S6). The 4C method was originally developed to study the 
three-dimensional structure of DNA (Simonis et al., 2006), but it was recently 
shown that it robustly identifies chromosomal rearrangements, in particular 
inversions and translocations, even when they are balanced (Simonis et al., 2009). 
In the proliferative cluster, 2 out of 12 samples were characterized by MYB 
translocations, a rearrangement considered as a driving oncogenic hit (Clappier et 
al., 2007). No further MYB translocations were identified in the remaining 10 cases 
by FISH (Table S6). We identified 5 rearrangements of NKX2-1 or NKX2-2 genes 
in 7 out of 12 patient samples that were not observed before in human cancer 
(Table 2, Figures 3A-E, and Figure S3). The NKX2-1 gene was inverted to the T-
cell receptor gene TRA@ in 2 cases (#1446, #9247), inverted to the 
immunoglobulin heavy chain gene IGH@ in 1 case (#9919) and translocated to the 
TRB@ locus (t(7;14)(q34;q13)) in 1 other case (#9989) as identified by 4C 
analyses (Figure 3A). NKX2-1 rearrangements in these patients were validated by 
FISH (Figure 3B). The der(7) chromosomal breakpoint for this t(7;14)(q34;q13) in 
patient #9919 was cloned (Figure 3C). A fifth patient (#2641) contained a NKX2-1 
rearrangement based on FISH results (Table 2 and data not shown), whereas a 
sixth patient (#2702) had an amplification at 14q13 based on array-CGH (Figure 
3D) presumable due to a NKX2-1 duplication or an insertion into another 
chromosome (not shown). These patients highly expressed NKX2-1 protein levels 
(Figure 3F, representative cases are shown). A seventh case (#10138) had a 
translocation between the homologous NKX2-2 gene and the TRD@ locus, for 
which both reciprocal breakpoint regions were cloned (Figure 3E). This patient 
highly expressed NKX2-2 protein levels (not shown). For the TLX1 rearranged 
cases that co-cluster with these NKX2-1/NKX2-2 rearranged cases in unsupervised 
cluster analysis that also expressed NKX2-1 (Figure 2A), we did not find evidence 
for NKX2-1 rearrangements by FISH (data not shown). This indicates that TLX1 
and NKX2-1/NKX2-2 oncogenes may exert identical or closely related pathogenic 
mechanisms.  
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Table 2. Identified rearrangements in patient samples of the proliferative and 
immature clusters. 
Proliferative cluster 
 
 
Patient 

NKX2-1 
expression¥ 

 

Aberration Partner 
gene 1 

Partner 
gene 2 

Methods 

#9919§ + inv(14)(q13q32.33) IGH@ NKX2-1 FISH, 4C 

#9247§ + inv(14)(q11.2q13) TRA@ NKX2-1 FISH, 4C 

#10138§ +* t(14;20)(q11;p11) TRD@ NKX2-2 FISH, LM-PCR 

#914 + t(6;7)(q22-23;q34) TRB@ MYB FISH 

#2113 + - - - - 

#2641 + rearrangement ? NKX2-1 FISH 

#9989§ + t(7;14)(q34;q13) TRB@ NKX2-1 FISH, 4C 

#2702§ + dup(14)(q13.3q13.3) or 
ins(?)(?q13.3) 

? NKX2-1 Array-CGH, FISH 

#1446§ + inv(14)(q11.2q13) TRA@ NKX2-1 FISH, 4C 

#9105 + t(6;7)(q22-23;q34) TRB@ MYB FISH 

#9696  - - - - 

#9827  - - - - 

Immature cluster 
 
 
Patient 

MEF2C 
expression¥ 

Aberration Partner 
gene 1 

Partner 
gene 2 

Methods 

#10030$ + - - - - 

#2703 + - - - - 

#2130  - - - - 

#2252 + t(11;14)(p11.2;q32.2) BCL11B SPI.1 FISH, 4C 

#167$ + - - - - 

#321$ + - - - - 

#491$ + del(5)(q14) - MEF2C FISH, array-CGH 

#572$ + t(2;21)(q11.2-12;q22.3) RUNX1 AFF3 Karyotype, 3’-RACE 

#1524$ + t(8;12)(q13;p13) ETV6 NCOA2 RT-PCR, FISH 

#1964$ + der(5)t(4;5)(q26;q14) 4q26 MEF2C 4C, array-CGH 

#9577 + t(5;14)(q34;q32.2) BCL11B NKX2-5 FISH 

#9226 ± - - - - 

Cell lines 
LOUCY + t(5;14)(q34;q32.2) BCL11B NKX2-5 (Przybylski et al., 2006) 

PEER + del(5)(q14) - MEF2C (Nagel et al., 2008) 

¥NKX2-1 or MEF2C expression based on expression array and/or RQ-PCR results. *Sample #10138 expresses the 
NKX2-1 homologous NKX2-2 gene; $Core immature or §core proliferative cases repeatedly assigned in 
unsupervised and supervised analyses to the immature or proliferative clusters, respectively. See also Table S6 and 
Figure S6. 
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Figure 3. (page 37) NKX2-1 and NKX2-2 Rearrangements in Proliferative Cluster 
Patient Samples. (A) 4C-results obtained from NKX2-1 or TRB@ viewpoints (VP). 
Position of TRA@, NKX2-1 and IGH@ loci are shown by grey vertical bars. 4C-results for 
a normal control are shown in grey. Higher magnifications of the reciprocal breakpoint 
regions are given in Figure S3. (B) Validation of NKX2-1 rearrangements by FISH. 
Schematic positions of FISH probes are shown. (C) Schematic representation of the der(7) 
breakpoint region and breakpoint sequence of the unbalanced t(7;14)(q34;q13) for patient 
#9989. (D) Visualization of a single copy NKX2-1 amplification (green box) in patient 
#2702 as identified by array-CGH. (E) Schematic representation of t(14;20)(q11;20p11) 
breakpoint regions and cloned breakpoint sequences for the NKX2-2 rearranged patient 
#10138. (F) NKX2-1 protein expression in representative proliferative cluster and 
immature cluster patient samples as shown by western blot. Actin was used as loading 
control. 

 
 
Molecular-cytogenetic identification of MEF2C and MEF2C-activating 
rearrangements 
We subsequently investigated the 12 immature cluster cases lacking known driving 
oncogenic hits, and identified chromosomal abnormalities that converge on the 
activation of the MEF2C gene in at least 5 cases. Two cases had chromosomal 
copy number loss of the 5q14-qter chromosomal arm with breakpoint in a 0.5-2 Mb 
proximity telomeric of MEF2C. A similar deletion was also identified in T-ALL 
cell line LOUCY (Figure 4A). These 5q14-qter deletions were not identified in 90 
other T-ALL cases as included in our profiling study for which array-CGH data 
were available (Figure S4A). For patient #1964, this 5q14-qter deletion was part of 
an unbalanced chromosomal translocation between chromosomal bands 5q14 and 
4q27 fusing the telomeric MEF2C region to the telomeric region ~0.6 Mb distal of 
the PITX2 gene on chromosome 4 (Figure 4B). In contrast to other genes in the 
5q14 region, MEF2C is highly upregulated in both patients indicating that MEF2C 
represents the target of these 5q rearrangements (Figures S4B-C). 
 A NKX2-5/BCL11B translocation was identified by FISH in a third case 
(Figure 4C), and this case highly expressed NKX2-5. This rare translocation has 
been reported in T-ALL before (Nagel et al., 2003). Knockdown of NKX2-5 levels 
by siRNA molecules in the NKX2-5 translocation positive cell line PEER lowered 
MEF2C levels (Figures 5A-C), indicating that NKX2-5 controls MEF2C. 
Chromatin immunoprecipitation (ChIP) experiments confirmed that NKX2-5 
directly binds in the promoter region of MEF2C (Figure 5D). 
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  A fourth case harbored a BCL11B translocation to SPI1, which encodes 
for PU.1 (Figure 4D). This patient uniquely expressed SPI1 compared to the other 
T-ALL cases in this study (Figure 4E). PU.1 was recently identified as important 
regulator for MEF2C expression in normal lymphoid development (Stehling-Sun et 
al., 2009), and this T-ALL patient highly expressed MEF2C (Figure 2B, Table 2). 

A fifth case (#1524) harbored a t(8;12)(q13;p13) as identified by FISH 
(Figures S4D-E) resulting in reciprocal ETV6-NCOA2 fusion products, and both 
reciprocal breakpoints were cloned for this patient (Figure 4F). Similar fusions 
were recently identified in biphenotypic T-ALL (Strehl et al., 2008). NCOA2 is a 
known co-regulator of MEF2C (Chen et al., 2000), and MEF2C was found 
consistently upregulated in selected ETV6–NCOA2 rearranged cases (Figure 4G). 

A sixth immature case with high MEF2C levels had a karyotypic t(2;21) 
that involved the RUNX1/AML1 gene (Figure S4F). For this patient, we cloned 
reciprocal in-frame RUNX1-AFF3 and AFF3-RUNX1 fusion products as 
consequence of this translocation (Figure 4H). How RUNX1 fusion products 
could upregulate MEF2C expression remains to be determined. 

 
 
 
 

Figure 4. (page 40) MEF2C Activating Rearrangements for Immature Cluster 
Samples. (A) Array-CGH results for chromosomes 4 and/or 5 for patients #491 and #1964. 
Blue and red tracings represent dye swopped experiments. Positions of MEF2C and PITX2 
have been indicated. (B) Visualization of an unbalanced chromosomal translocation 
t(4;5)(q26;q14) for patient #1964 by 4C-analysis. The MEF2C VP is indicated by an arrow. 
Running median of probeset intensities for chromosome 5 and 4 are indicated in red and 
blue, respectively. (C) Validation of a chromosomal translocation between NKX2-5 and 
BCL11B in patient #9577 by FISH. Schematic positions of FISH probes are shown. (D) 
Identification of the t(11;14)(p11.2;q32.2) chromosomal translocation between SPI1 and 
BCL11B in patient #2252 by 4C. The VP is positioned ~0.6 Mb upstream of BCL11B as 
indicated by an arrow. (E) Ectopic SPI1 expression in patient #2252 compared to 116 
additional T-ALL patient samples. Raw fluorescent intensities of probeset 205312_at are 
shown. (F) Cloned fusion areas for reciprocal ETV6-NCOA2 and NCOA2-ETV6 fusion 
transcripts in patient #1524. (G) Relative MEF2C expression by RQ-PCR in 3 selected 
ETV6-NCOA2 rearranged T-ALL patients (Pat. #1-3). Cell lines LOUCY and PF382 are 
positive and negative controls for MEF2C expression, respectively. (H) Cloned fusion areas 
for reciprocal RUNX1-AFF3 and AFF3-RUNX1 fusion transcripts for patient #572. See also 
Figure S4. 
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To investigate whether MEF2C could indeed regulate the expression of various 
genes from the immature signature, MEF2C stable transfected clones and mock 
transfected controls were generated for the cell line Jurkat (Figure 5E) that does 
not have an immature signature (not shown). As shown in Figure 5F, the MEF2C 
transfected Jurkat clone 2B3 but not the mock transfected control 3G4 highly 
activates 5 out of 6 selected immature signature genes (PSCD4, HHEX, FAM46A, 
LMO2 and LYL1), indicating that MEF2C may function as a transcriptional 
regulator for many genes that are highly expressed in immature T-ALL cases. For 
the reciprocal setting in cell line PEER, knock-down of NKX2-5 using siRNA 
molecules that reduced MEF2C expression (Figures 5A-C) also led to reduced 
levels of LMO2, LYL1 and HHEX (Figure 5G). Oncogenic rearrangements of 
LMO2, LYL1 and the LYL1 homologous TAL1 gene are exclusively found in the 
TAL/LMO subgroup but have never been observed in immature T-ALL cases (this 
work and (Ferrando et al., 2002)). Activation of LMO2 and LYL1 through MEF2C 
may be crucial to prime early committed T-cells for leukemogenesis. By using 
ChIP, we demonstrated that MEF2C directly binds to the promoter of HHEX as 
well as to the distal and proximal promoters of LMO2 in the immature cell line 
LOUCY. This could also be demonstrated for diagnostic leukemic cells of 3 
immature cluster patients (#491, #321 and #167, not shown) but not in the control 
cell line Jurkat (Figure 5H). The MN1 gene, which is targeted by chromosomal 
alterations in inv(16) M4EO AML subtype (Buijs et al., 2000; Grosveld, 2007) was 
also identified as a highly activated gene for the immature cluster (Table S5). As 
for HHEX, we did not find evidence for chromosomal rearrangements of MN1 by 
FISH in immature T-ALL cases (Table S6). 
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Figure 5. (page 42). NKX2-5 Controls MEF2C Expression. (A) RQ-PCR results of 
NKX2-5 mRNA expression levels or (B) NKX2-5 protein levels in cell line PEER at 
indicated time points following electroporation with siRNAs directed against NKX2-5 
(black bars) relative to control siRNA treated cells (grey bars). For western blot analysis, 
Actin was used as a loading control. (C) RQ-PCR results of MEF2C mRNA expression 
levels at indicated time points following electroporation with anti-NKX2-5 siRNA 
molecules (black bars) relative to controls (grey bars). (D) Enrichment of MEF2C promoter 
sequences in NKX2-5 ChIP analysis in the NKX2-5 translocated cell line PEER, but not in 
negative control lines LOUCY or DND41. (E) Ectopic MEF2C expression in the MEF2C 
stably transfected Jurkat clone 2B3 as shown by western blot analysis. The mock 
transfected  Jurkat clone 3G4 served as negative control. (F) RQ-PCR results for MEF2C 
positive Jurkat clone 2B3 clone or the mock transfected control (3G4) for MEF2C and 
random selected immature signature genes that are relatively down- (TUSC3, CHRNA3, 
ENO2) or upregulated (PSCD4 (CYTH4), PDK1, HHEX, FAM46A, LYL1, LMO2) in 
immature T-ALL cases compared to other cluster samples. (G). Relative expression  results 
for HHEX, LYL1 and LMO2 in the cell line PEER 72 hours after electroporation with 
siRNAs directed against NKX2-5 (black bars) relative to control siRNA treated PEER cells 
(grey bars). (H) Enrichment of HHEX promoter and the distal and proximal LMO2 
promoters upon MEF2C ChIP analysis in the immature cell line LOUCY, but not in the 
negative control line Jurkat. For all panels, the SD are shown. 
 

Oncogenic activity of NKX2-1 and MEF2C 
To substantiate potential oncogenic activity for NKX2-1 and MEF2C, we tested 
whether both genes had transforming capacity by using cellular transformation 
assays in NIH3T3 (Figure 6A) or BJ-EHT cells (Figure 6B). Transfecting NKX2-1 
or MEF2C expression constructs into the cells was insufficient to drive cellular 
transformation. We then tested cellular transformation of MEF2C and NKX2-1 
when combined with RAS or MYC, two oncogenes that are frequently activated in 
T-ALL through RAS or NOTCH1 activating mutations (Kawamura et al., 1999; 
Palomero et al., 2006; Weng et al., 2006). NKX2-1 and MEF2C were both able to 
synergize with RAS or MYC genes in driving cellular transformation (Figures 6A-
B).  

We then further tested the importance of MEF2C for T-cell pathogenesis 
for which we had a cell line model available. In normal human T-cell development 
subsets, MEF2C is exclusively expressed at the pre-DN1 and DN1 stages, after 
which it is downregulated (Figure S5). We knocked-down MEF2C expression in 
T-ALL cell line LOUCY using siRNA molecules. MEF2C knock-down induced 
cellular differentiation as LOUCY cells became positive for membrane CD3 and 
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TCRγδ expression (Figures 6C-E). This indicates that MEF2C can block T-cell 
differentiation at a very immature stage. 

 
Figure 6. Cellular Transformation by MEF2C and NKX2-1. Cellular transformation of 
(A) NIH3T3 or (B) BJ-EHT cells upon transfection of MEF2C, NKX2-1, MYC and/or RAS 
expression vectors as indicated. Significance levels for colony number differences between 
indicated expression construct combinations relative to the empty vector control are 
indicated (*p≤0.05, ** p≤0.01, *** p≤0.001). (C) MEF2C expression knockdown as 
measured by RQ-PCR for the MEF2C-positive cell line LOUCY at indicated time points 
following electroporation with MEF2C-specific siRNA molecules (black bars) relative to 
control siRNA treated cells (grey bars). (D) Downregulation of MEF2C protein following 
treatment with MEF2C-specific siRNA molecules as validated by western blot. Based on 
the protein size, the predominant α1β (47 KD) and the α1βγ (51.2KD) MEF2C isoform 
(Zhu and Gulick, 2004) are indicated. (E) Increase of mCD3 (p=0.0032) and TCRγδ 
(p=0.023) expression as demonstrated by FACS analysis in LOUCY cells, 96 hrs following 
treatment with MEF2C-specific siRNA molecules. A representative example from three 
independent experiments is shown. For all panels, the SEM are shown. See also Figure S5. 
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Validation of the immature and proliferative clusters in independent T-ALL 
cohorts 
We then confirmed our T-ALL clustering  (Figures 1A and 1C) and molecular-
cytogenetic findings (Table 2) in 2 independent validation cohorts, i.e. a French 
dataset comprising 107 pediatric and adult T-ALL cases (Clappier et al., 2007; 
Soulier et al., 2005) and a second Rotterdam cohort comprising 108 pediatric and 
adult T-ALL cases. Upon testing the comparability of the initial Rotterdam cohort 
and the French dataset (Figure S6A) the proliferative and immature clusters could 
be reproduced in a combined unsupervised cluster analysis (Figure S6B). Based on 
the unsupervised clustering of our initial Rotterdam cohort, PAM statistics 
predicted various proliferative cluster cases as well as immature cluster cases in the 
Rotterdam validation cohort (not shown). Twenty-six proliferative cluster cases 
were identified of which various samples highly expressed NKX2-1 (Figure S6C). 
NKX2-1 translocations/inversions could be demonstrated using FISH in 3 cases 
(Figures S6G-I). Eight out of 10 TLX1 rearranged cases were part of the 
proliferative cluster as well (Figure S6D, and data not shown), further supporting 
the notion that NKX2-1 and TLX1 oncogenic rearrangements may share common 
pathogenic mechanisms. Again, some of these TLX1 rearranged cases also 
expressed NKX2-1 at low levels (Figure S6C) while none of these samples had 
NKX2-1 rearrangements. We also validated high MEF2C expression for the 24 
cases that were assigned to the immature cluster by PAM analysis (Figure S6E), 
and these samples expressed the highest levels of its downstream target LYL1 
(Figure S6F).  
 
 
DISCUSSION 
In this study, we have identified NKX2-1, its related family member NKX2-2 and 
MEF2C as potential oncogenes for T-ALL. Supervised cluster analyses based on 
genes uniquely associated with the known genetic TAL/LMO, TLX3, TLX1 and 
HOXA subgroups revealed that  samples with high expression of NKX2-1/NKX2-2 
or MEF2C characterize 2 T-ALL clusters for which no driving oncogenic hits have 
been identified so far. Both clusters represent about 20 percent of all T-ALL cases. 
 Variant rearrangements for NKX2-1 and NKX2-2 to T-cell receptor genes 
(TRAD@, TRB@) were identified, and one case had an inversion to the IGH@ 
locus. The IgH-enhancer seems functional in this T-ALL patient and IgH-enhancer 
(Eµ) driven oncogene expression in a T-cell context has been described before, 
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both for human T-ALL (Nguyen-Khac et al., 2010) as well as in transgenic mouse 
models (Katsumata et al., 1992; Strasser et al., 1991). This patient did not express 
B-cell markers therefore excluding it as a bi-phenotypic leukemia. NKX2-1 was 
able to transform NIH3T3 and BJ-EHT cells in synergism with RAS or MYC, two 
genes that become activated through RAS or NOTCH1 activating mutations in 
approximately 15 and 60 percent of T-ALL cases, respectively (Kawamura et al., 
1999; Palomero et al., 2006; Weng et al., 2006). Our data therefore strongly 
support that NKX2-1/NKX2-2 may represent oncogenes in T-ALL. NKX2-1 is not 
expressed during normal T-cell development based on expression data by 
microarray for flow-sorted thymic subsets (Dik et al., 2005; Soulier et al., 2005). 

NKX2-1 and NKX2-2 have been associated with other types of cancer 
before: NKX2-1 is amplified in human lung cancer (Weir et al., 2007), and NKX2-2 
is a target of the EWS/FLI fusion product in Ewing-Sarcoma (Smith et al., 2006). 
NKX2-1 and NKX2-2 are 59% identical for the homeodomain region, indicating 
that both proteins may exert identical oncogenic roles in T-ALL. This is further 
supported by the fact that rearrangements for both genes were identified in samples 
that tightly cluster together in unsupervised and supervised analyses. NK-like 
homeobox transcription factors play important roles in T-ALL as NKX2-5 was 
previously identified as part of an oncogenic rearrangement in T-ALL (Nagel et al., 
2003). The NK-like homeobox transcription factor NKX3-1 has been found to be 
highly activated in TAL1 rearranged cases (Soulier et al., 2005), as a direct TAL1 
target gene (Kusy et al., 2010). The homeodomains of NKX2-5 and NKX3-1 are 
only distantly related (37% identity) and only 48% and 47% identical to the 
homeodomain of NKX2-1, respectively. This may explain why NKX2-5, NKX3-1 
and NKX2-1/NKX2-2 are associated with different T-ALL subgroups: ectopic 
NKX3-1 expression in the TAL/LMO subgroup (Soulier et al., 2005), NKX2-
1/NKX2-2 rearrangements with the proliferative T-ALL cluster (this study) and 
NKX2-5 translocations with immature T-cell development (this study) that 
activates MEF2C (this study and (Nagel et al., 2008)). 

 In unsupervised analyses, NKX2-1/NKX2-2 rearranged cases 
cluster together with TLX1 rearranged cases to form the proliferative cluster. This 
indicates that NKX2-1/NKX2-2 and TLX1 rearranged T-ALLs are biologically 
related. This is further supported by the fact that NKX2-1 and TLX1 rearranged 
cases share a similar immunophenotypic makeup consistent with cortical arrest as 
well by the fact that various TLX1 rearranged cases express NKX2-1 in the absence 
of NKX2-1 rearrangements albeit at low levels. One of the explanations may be that 
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TLX1 controls NKX2-1 expression. In addition, several other cases that are part of 
the proliferative cluster lack TLX1, NKX2-1 or NKX2-2 rearrangements, indicating 
that an additional oncogenic rearrangement awaits identification for this cluster. 

The second cluster had a very immature immunophenotype, with most 
cases expressing CD34 and frequently co-expressing the CD13 and/or CD33 
myeloid markers. We identified various rearrangements that directly or indirectly 
activate MEF2C. MEF2C is a member of the MADS-box transcription factor 
family that includes the 4 MEF2A-D genes that are important regulators of skeletal 
muscle development (Grounds, 1991). Immature T-ALL subgroups have been 
identified before (Coustan-Smith et al., 2009; Ferrando et al., 2002; Soulier et al., 
2005), and our immature cluster cases could also be predicted based on an ETP 
expression signature (Coustan-Smith et al., 2009). We now conclude that MEF2C 
is the driving oncogene for immature (ETP) T-ALL cases. Our immature cases also 
have the highest LYL1 expression and highly express LMO2 ((Ferrando et al., 
2002), and this study). LYL1 and LMO2 are members of the basic helix-loop-helix 
(bHLH) family and the LIM-domain only family, respectively. Apart from LYL1 
and LMO2, the immature cases also highly express the homeobox gene HHEX. We 
have now shown that HHEX, LYL1 and LMO2 are being regulated by MEF2C, and 
it was proven that MEF2C directly binds in the promoter regions of at least HHEX 
and LMO2. This may support a pathogenic role for established oncogenes as LYL1 
and LMO2 in MEF2C deregulated early committed T-cells. To what extend LMO2 
and/or LYL1 as MEF2C targets will be sufficient to drive a leukemogenic program 
in these early committed T-cells is presently unclear. Oncogenic rearrangements of 
LMO2 and LYL1 have not been observed in immature T-ALL ((Ferrando et al., 
2002) and this work), but are exclusive for the TAL/LMO subgroup that also 
includes rearrangements of the LYL1-homologous TAL1 gene. Therefore, MEF2C 
may elicit a more comprehensive transcriptional program characteristic for ETP T-
ALLs than aberrant expression of LMO2 or LYL1 alone.  

MEF2C is a key regulator for lymphoid development that is activated by 
PU.1 (Stehling-Sun et al., 2009). In B-cell development, MEF2C is activated by 
calcineurin following BCR-triggering and warrants for cell-viability and 
proliferation (Wilker et al., 2008). MEF2C has been implicated in human 
oncogenesis: in myeloid leukemias of MLL-AF9 transgenic mice, Mef2c has been 
identified as a HoxA9 target gene that regulates selfrenewal of leukemic stem cells 
(Krivtsov et al., 2006). MEF2C is also highly expressed in human MLL-rearranged 
AML that is characterized by upregulation of HOXA genes including HOXA9 



Chapter 1                                                                                      

48 

 

(Schwieger et al., 2009). Mef2c is further identified as potential oncogene in 
insertional mutagenesis studies (Du et al., 2005; Schwieger et al., 2009), and can 
provoke myeloid leukemias (Schwieger et al., 2009). Also the related family 
member MEF2D is involved in the MEF2D-DAZAP1 fusion that has been 
identified in ALL (Prima and Hunger, 2007). 

Many oncogenic hits as identified in this study involve early hematopoietic 
transcription factors including NKX2-5, PU.1 and presumably RUNX1. These 
factors are important for normal T-cell development (Rothenberg, 2007). All these 
factors converge on MEF2C in immature T-ALL, and it is tempting to speculate 
that MEF2C is a central regulator for normal early T-cell development. MEF2C 
may need to become downregulated to facilitate maturation beyond this immature 
stage, and we indeed demonstrated that knockdown of MEF2C expression in T-
ALL cell line LOUCY provoked differentiation. In support of these notions, 
MEF2C is expressed in normal human thymocyte pre-DN1 and DN1 subsets, but 
expression is dramatically decreased beyond the DN2 stage (Figure S5). A similar 
downregulation of MEF2C expression could be validated from gene expression 
data for equivalent flow-sorted thymic subsets as published ((Dik et al., 2005); data 
not shown). MEF2C may represent the central oncogene for immature T-ALL 
cases that seems to provide a T-cell differentiation block at the immature stage as 
demonstrated in this article. This was further supported by our transformation assay 
results in which MEF2C transformed NIH3T3 and BJ-EHT cells in combination 
with RAS or MYC. We also observed that several genes from the TGFBR1 pathway 
were upregulated, including TGFBR1, ZEB2, SMAD7, SMURF2 and RUNX3, or 
downregulated (SMAD1). Since both activators (TGFBR1) or in some extent 
inhibitors (like SMURF2, SMAD7) are overexpressed while SMAD1 is 
underexpressed, it is difficult to anticipate the functional consequences of this 
pathway for the immature T-ALL cases. 

In conclusion, we used a strategy integrating molecular genetics with large 
scale expression profiling and identified two novel oncogenic subgroups and 8 
genomic rearrangements that have not been identified before in human cancer. We 
have shown that these proliferative and immature subtypes reflect different 
biological entities: the proliferative cluster strongly express proliferation genes and 
is associated with aberrations and ectopic expression of NKX2-1 or NKX2-2, and 
expression of CD1. In contrast, the immature cluster was characterized by 
immature T-cell development, activation of genes involved in protein binding and 
dimerization, expression of components of the TGFBR1 pathway and high 
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expression of the MADS transcription factor MEF2C due to abnormalities of 
MEF2C, transcription factors that regulate MEF2C or MEF2C-associating 
cofactors. We conclude that NKX2-1, NKX2-2 and MEF2C define oncogenic 
pathways in T-ALL. 
 
 
EXPERIMENTAL PROCEDURES 
Patient samples. Viably frozen diagnostic bone marrow or peripheral blood 
samples from 117 pediatric T-ALL patients and corresponding clinical and 
immunophenotypic data were provided by the German Co-operative study group 
for childhood Acute Lymphoblastic Leukemia (COALL) and the Dutch Childhood 
Oncology Group (DCOG). The patients’ parents or their legal guardians provided 
informed consent to use leftover material for research purposes according to the 
declaration of Helsinki, as this study was approved by the Institutional review 
board of the ErasmusMC Rotterdam. Leukemic cells were isolated and enriched 
from these samples as previously described (Van Vlierberghe et al., 2006). All 

resulting samples contained ≥90% leukemic cells, as determined morphologically 
by May-Grünwald-Giemsa-stained cytospins (Merck, Darmstadt, Germany). 
Patients were assigned to specific molecular-cytogenetic T-ALL subgroups based 
on FISH results for TAL1, TAL2, LMO1, LMO2, TLX1, TLX3, CALM-AF10, SET-
NUP214, MLL, MYB, or Inv(7)(p15;q34)) and positivity by RT-PCR for SIL-TAL1, 
TLX1, TLX3, CALM-AF10 or SET-NUP214 as described before (van Grotel et al., 
2006; Van Vlierberghe et al., 2006; Van Vlierberghe et al., 2008b).  
 
Chromosome Conformation Capture on Chip (4C). 4C was performed as 
described before (Simonis et al., 2006). Briefly, DNA and protein in approximately 
10 million viable cells was cross linked in a 2% formaldehyde solution to conserve 
the physical proximity of DNA regions. Cells were lysed and DNA was digested 
with HindIII. After dilution of DNA, restriction fragments were ligated. This way, 
DNA fragments that are physically near each other in the viable cell can be ligated. 
The sample was subsequently de-crosslinked by an overnight incubation at 65°C. 
DNA was purified and digested with the frequent cutter DpnII. Samples were 
diluted and ligated to allow circularization of individual restriction fragments. 
Following linearization with ScaI (located between both inverse PCR primers), 
DNA sequences ligated to the fragment of interest were amplified by inverse PCR, 
labeled and hybridized on a microarray (Nimblegen, Madison, USA) containing 
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probes that roughly represent individual HindIII fragments in the genome. Raw 
fluorescence intensities are visualized as the running median per 30 neighboring 
probes, each representing a HindIII restriction fragments. The viewpoint (VP) is 
the HindIII restriction fragment where 4C PCR primers are located. Data are 
visualized with SignalMap software (Nimblegen) (NCBI, Build 36).  Inverse PCR 
primer sets developed for NKX2-1, BCL11B and MEF2C are listed in the 
Supplemental experimental procedures. 
 
Gene expression microarray, data extraction and normalization. Integrity of 
patient samples total RNA was checked using the Agilent 2100 Bio-analyzer 
(Agilent, Santa-Clara, USA). Copy-DNA and ccRNA syntheses from total RNA, 
hybridization to Humane Genome U133 plus2.0 oligonucleotide microarrays 
(Affymetrix, Santa-Clara, USA) and washing steps were performed according to 
the manufacturers’ protocol. Probeset intensities were extracted from CEL-files in 
the statistical data analysis environment R, version 2.8.0 (Bioconductor Affy 
package). All arrays had a 3’ to 5’ GAPDH ratio lower than 3 fold. Probe 
intensities were normalized in R using RMA-solo, RMA (Irizarry et al., 2003) or 
VSN (Huber et al., 2002) methods.  
 
Biostatistical analyses. Biostatistical analyses have been described in detail in the 
Supplemental experimental procedures. Briefly, unsupervised cluster analyses 
were performed in Dchip (Li and Wong, 2001). Identification of differentially 
expressed genes with FDR control was done by various methods including 
Wilcoxon statistics (“Multtest” in R), SAM statistics (Tusher et al., 2001) (BRB 
tools, version 3.7, R. Simon & A.P. Lam), and COPA statistics (Tomlins et al., 
2005) for outlier analysis using a R routine. Prediction of identified subtypes was 
done using various algorithms embedded in BRB tools including Diagonal Linear 
Discriminant Analysis, 1-nearest neighbor, 3-nearest neighbor and nearest centroid 
as well as tested by prediction analysis for microarrays (PAM) (Tibshirani et al., 
2002). Principal component analysis (PCA) based on the top100 most significant 
differentially expressed genes for the major T-ALL subgroups (i.e. the supervised 
analysis) was performed using GeneMath XT 1.6.1. software (Applied Maths, Inc, 
Austin TX, USA). To validate findings from the Rotterdam dataset, this dataset 
was combined with the French (Paris) Affymetrix U133A dataset (Soulier et al., 
2005). Data for overlapping probesets were extracted from both datasets, RMA-
solo normalized and corrected for batch effects using the Combat Method (Johnson 
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et al., 2007). Profiles for similar T-ALL subgroups in both datasets were tested for 
comparability by using various methods, including the OrderedList method using 
the Bioconductor package “OrderedList” in R (Scheid, S., Lottaz, C., Yang, X., 
and Spang, R) as well as the subclass method (Hoshida et al., 2007). 
 
Additional methods and materials are described in the Supplemental 
experimental procedures. 
 
Accession numbers 
Microarray data are available at http://www.ncbi.nlm.nih.gov/geo/ and the EBI 
database at http://www.ebi.ac.uk/arrayexpress under accession numbers GSE26713 
and E-MEXP-313, respectively. 
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ABSTRACT 
Lymphoid leukemia 1 (LYL1) translocations are rare in T-cell acute lymphoblastic 
leukemia (T-ALL), whereas the homologous TAL1 oncogene is rearranged in 
approximately 20% of pediatric T-ALL patients. Previous gene-expression studies 
have identified immature T-ALL patient groups (ETP-ALL) that highly express 
LYL1 in the absence of LYL1 aberrations. Molecular characterization of a 
t(7;19)(q34;p13) in a pediatric T-ALL patient led to the identification of a T-cell 
receptor beta enhancer translocation to the LYL1 locus. Alike incidental T-ALL 
cases having double TAL1/2 and LMO1/2 synergistic translocations, this LYL1-
translocated case also had a LMO2 rearrangement pointing to oncogenic 
cooperation between LYL1 and LMO2. In hierarchical cluster analyses based on 
gene-expression data, this sample consistently clustered along with TAL1- and/or 
LMO2-rearranged cases in the TAL/LMO subgroup. We conclude that LYL1-
rearranged T-ALL cases are not necessarily associated with the immature, ETP-
ALL subgroup despite their high LYL1 expression levels but elicit a TAL/LMO 
expression signature. 
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INTRODUCTION 
T-cell acute lymphoblastic leukemia (T-ALL) is characterized by chromosomal 
rearrangements that activate several oncogenes, such as TAL1, LMO2, HOXA, 
TLX1 and TLX3, which predominantly occur in a mutually exclusive pattern. In our 
previous study, we used a supervised gene-expression profiling approach to cluster 
T-ALL patients with these chromosomal aberrations(1). Patients with HOXA, TLX1 
and TLX3 abnormalities formed 3 separate T-ALL clusters. Patients having TAL1 
and/or LMO2 rearrangements formed a single, fourth TAL/LMO cluster, explained 
by the fact that TAL1 and LMO2 participate in the same transcription complex and 
effect similar downstream pathways. Co-clustering of 45 additional patients that 
lack TAL1, LMO2, HOXA, TLX1 or TLX3 aberrations, led to the identification of 2 
additional T-ALL genetic subgroups that are characterized by NKX2-1/NKX2-2 or 
MEF2C-activating rearrangements(1). The MEF2C-deregulated subgroup 
overlapped with the early thymic progenitor ALL (ETP-ALL) subgroup as 
previous described by Dario Campana and co-workers(2). Nineteen of these 45 
patient samples strongly co-clustered with TAL1- or LMO2-rearranged patients in 
supervised and unsupervised cluster analyses, pointing to a common pathogenic 
mechanism. These 19 cases were denoted as TAL/LMO-likes, and we hypothesized 
that these patients might harbor rearrangements involving factors homologous to 
TAL1 or LMO2, or factors that participate in the TAL/LMO transcription complex. 
This hypothesis was confirmed when we identified translocations that involved 
LMO3(3), LMO1 or TAL2 in 3 of these TAL/LMO-like patients(4). A fourth patient 
had double translocations affecting TAL2 and LMO1 oncogenes.(4) To identify 
aberrations in the remaining 15 TAL/LMO-like patients, we screened for T-cell 
receptors driven translocations for which the translocation partner was unknown.   
 
 
DESIGN AND METHODS 
Patient material 
Viably frozen diagnostic bone marrow or peripheral blood samples from 117 
pediatric T-ALL patients was used(1, 4) Clinical and immunophenotypic data were 
provided by the German Co-operative study group for childhood Acute 
Lymphoblastic Leukemia (COALL) and the Dutch Childhood Oncology Group 
(DCOG). The patients’ parents or their legal guardians provided informed consent 
to use leftover material for research purposes in accordance with the declaration of 
Helsinki and the study was approved by the ethical committee of the Erasmus 
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Medical Center. Leukemic cells were isolated and enriched from these samples as 

previously described(5). All resulting samples contained ≥90% leukemic cells, as 
determined morphologically by May-Grünwald-Giemsa-stained cytospins (Merck, 
Darmstadt, Germany). Cytospin slide preparation and DNA and RNA extraction 
were performed as previously described(5).  
 
Fluorescent in-situ hybridization (FISH) 
FISH analysis was performed on cytospin slides using the TCRalpha/delta and 
TCRbeta split signal probes according to the manufacturer’s protocol (DAKO, 
Glostrup, Denmark). Split signal FISH on the LYL1 locus was performed using the 
following BAC clones as previously described(6): RP11-352L7, RP11-356L15. 
 
Ligation mediated PCR (LM-PCR) & Real-time quantitative PCR (RQ-PCR) 
LM-PCR for TRB@ breakpoint hotspots (TRB@D1 and TRB@D2), and RQ-PCR 
for LYL1 were performed as described before(5, 7, 8). For LM-PCR, briefly, 
genomic DNA was digested with either one of four different restriction enzymes 
(PvuII, HincII, StuI, DraI) and ligated to adapters. Adaptor primers were then used 
in combination with TRB@ loci specific primers to amplify the breakpoint region 
in two PCR rounds. For the detection of the reciprocal LYL1-TRB@ breakpoint the 
following specific primers located near LYL1 were used: first: 5’-CGG GCT GGA 
GGA GAG AAG-3’, nested: 5’-GTG GCT GAC GAC GTG TAA TTT-3’. 
 
 
RESULTS AND DISCUSSION 
A FISH strategy was performed to identify novel TRB@- or TRAD@-driven 
oncogenic rearrangements in 15 TAL/LMO-like patients. These 15 cases strongly 
clustered in hierarchical cluster analyses with T-ALL cases having TAL1/2 and/or 
LMO1/2/3 rearrangements (Figure 1A-B). One sample (#704), from a 7 year old 
male patient, showed a TRB@ split signal pointing to a translocation that had not 
been revealed by karyotypic analysis (47,XY,+8[6]/46,XY[7]). 
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 Figure 1. Unsupervised and supervised hierarchical clustering of 117 pediatric T-
ALL samples and 7 normal bone marrow samples and LYL1 expression of 
unsupervised subgroups. (A) Unsupervised hierarchical clustering of 117 pediatric T-ALL 
samples and 7 normal bone marrow samples (horizontal axis), according to microarray gene-
expression (genes on vertical axis, gene names not shown)(1). Red corresponds to high expression, 
blue to low expression. CD surface markers are shown as present (>25%, “+”), absent (<25% “-“) or 
not performed (blanc). Complete immunophenotype for #704: CD1-, CD2+, CD3-, CD4+, CD5-, 
CD7+, CD8+, cytoplasmatic CD3+, CD33-, CD14-, CD34-, CD71+, HLA_DR-, TDT+. Cytogentic 
abnormalities are annotated as follows: T: SIL-TAL deletion or TAL1 translocation, L: LMO2 
translocation/deletion, 1: TLX1 translocation, 3: TLX3 translocation, B: normal bone marrow, N: 
NKX2-1 translocation/inversion/duplication, M: MYB translocation, H: HOXA activating aberration 
(CALM-AF10, SET-NUP, HOXA inversion). Patient #704 is highlighted by a blue box. (B) Principal 
component analysis of supervised analyses of gene-expression data of 117 pediatric T-ALL 
samples(1). The position of the yellow dots representing LMO1, TAL2, LMO3, TAL2/LMO1 
rearranged cases and sample #704 (LYL1/LMO2) are indicated by arrows. 
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 We then performed ligation-mediated PCR (LM-PCR) from two TRB@ 
translocation hotspots (TRB@D1 and TRB@D2) on DNA from this patient, and 
identified a translocation between TRB@D1 and the last intron of the nuclear 
factor I/X (NFIX) gene for the derivative chromosome 7 (der(7)) (Figure 2A-B). 
The reciprocal breakpoint of the derivative chromosome 19 couples part of the last 
intron of the NFIX gene to an area between TRB@J1 and TRB@J2 (der(19), Figure 
2A). The LYL1 gene is located 240bp centromeric of NFIX and is therefore placed 
under the influence of the TRB@ enhancer as consequence of this translocation 
(Figure 2A). NFIX is not expressed in any of our patient samples based on 
microarray data (raw fluorescent intensities<50, 5 probe sets, data not shown) 
indicating that changes in NFIX are not contributing to leukemogenesis. 
Positioning of the LYL1 gene under the influence of the TRB@ enhancer may 
explain the relative high expression level of LYL1 in this patient (Figure 2C). FISH 
analysis of the LYL1 locus on the remaining 14 TAL/LMO-like patients revealed no 
additional LYL1 rearrangements.                               

Figure 2. Schematic overview of LYL1-TRB@ translocation and breakpoint sequences. 
(A) Schematic overview of breakpoint loci on germline chromosomes 19 and 7, and the der(19) and 
der(7). Arrows indicate approximate breakpoint locations, *, approximate breakpoint of previously 
described LYL1 translocation(23), c, centromeric side and t, telomeric side of chromosal region. (B) 
Reciprocal breakpoint sequences of the t(7;19)(q34;p13). In caps sequences corresponding to 
chromosomal regions as described below, in non-caps; randomly inserted nucleotides. LYL1 (C) and 
LMO2 (D) expression according to VSN normalized array data in the four subgroups as depicted in 
Figure 1A.  
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Various research groups including ours have reported that LYL1 and LMO2 
are highly expressed in T-ALL patients with an immature immunophenotype(9-
11), despite the fact that LMO2 rearrangements that are also associated with 
ectopic LMO2 expression are exclusively associated with the immunophenotypic 
more advanced TAL/LMO subgroup(1, 12). In another study(2), immature T-ALL 
cases were described with an early thymic progenitor expression profile that were 
associated with poor prognosis, and were denoted as ETP-ALL cases. Based on 
combined expression profiling and molecular-cytogenetic analyses, we recently 
identified an immature T-ALL subset that was predominantly characterized by 
rearrangements that activate the MEF2C oncogene(1). This subset could also be 
predicted by the ETP-ALL profile. For these immature, ETP-ALL cases, MEF2C 
has been shown to directly activate expression of LYL1, LMO2 and HHEX(1) that 
may explain the high LYL1 expression in immature T-ALL cases. So far, we and 
others have been unable to reveal LYL1 rearrangements in these immature, ETP-
ALL cases(1, 2, 9). In line with this, the single reported T-ALL case having a LYL1 
translocation had a mature (CD3+, CD1-, CD4+, CD8+ and CD34-) 
immunophenotype(13).    
 LYL1 is an basic helix-loop-helix (bHLH) transcription factor that shows 
82% amino acid homology in the bHLH domein with TAL1(14). TAL1 and LYL1 
also show overlapping expression patterns in hematopoietic development(15) and 
in some pathways they can exert identical functions(16). The strong co-clustering 
of this patient sample (#704) along with TAL1-rearranged T-ALL cases indicates 
that LYL1 rearrangements elicit a similar expression profile as TAL1 
rearrangements during T-cell oncogenesis. 

Using array-CGH, we further identified a small del(11)(p12p13) near the 
LMO2 locus in this patient #704 ((12), data not shown), accompanied by ectopic 
LMO2 expression (Figure 2D). No copy number changes were found at the TAL1 
locus. LMO2 rearrangements (translocations or del(11)(p12p13)) occur in 
approximately 9% of pediatric T-ALL(12) and have been exclusively associated 
with the TAL/LMO subgroup(1, 12). The identification of a LYL1 translocation as 
well as an LMO2 rearrangement in this TAL/LMO-like patient implies that LYL1 
and LMO2 synergize in T-cell oncogenesis. Other incidental cases harbor TAL1/2 
as well as LMO1/2 aberrations(4), and 2 additional patients out of 55 TAL/LMO 
patients (including the TAL/LMO-like patients) as present in our T-ALL cohort 
(n=117) had combined rearrangements of TAL and LMO family members: one case 
had a SIL-TAL1 deletion and the LMO2-activating del(11)(p12p13), and one had a 
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TAL2/TRB@ translocation in combination with an LMO1/TRAD@ translocation(4). 
This points to strong synergistic effects between these oncogenic family members 
in line with their participation in similar transcriptional complexes(17-19). 
Lmo1/Lmo2 and Tal1 have also been shown to synergize to T-cell leukemogenesis 
in mice studies(17, 20-22).   

To conclude, we suggest that LYL1 rearranged cases are not part of the 
immature, ETP-ALL subgroup, but belong to the TAL/LMO subgroup. LYL1 
translocations fulfill a TAL1-like role that can synergize with LMO2 aberrations in 
T-cell oncogenesis. 
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ABSTRACT 
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive neoplastic disorder, 
in which multiple genetic abnormalities cooperate in the malignant transformation 
of thymocytes. About 20% of pediatric T-ALL cases are characterized by TLX3 
expression due to a cryptic translocation t(5;14)(q35;q32). Although a number of 
collaborating genetic events have been identified in TLX3 rearranged T-ALL 
patients (NOTCH1 mutations, p15/p16 deletions, NUP214-ABL1 amplifications), 
further elucidation of additional genetic lesions could provide a better 
understanding of the pathogenesis of this specific T-ALL subtype. In this study, we 
used array-CGH to screen TLX3 rearranged T-ALL patients for new chromosomal 
imbalances. Array-CGH analysis revealed five recurrent genomic deletions in 
TLX3 rearranged T-ALL, including del(1)(p36.31), del(5)(q35), del(13)(q14.3), 
del(16)(q22.1) and del(19)(p13.2). From these, the cryptic deletion, del(5)(q35), 
was exclusively identified in about 25% of TLX3 rearranged T-ALL cases. In 
addition, 19 other genetic lesions were detected once in TLX3 rearranged T-ALL 
cases, including a cryptic WT1 deletion and a deletion covering the FBXW7 gene, 
an U3-ubiquitin ligase that mediates the degradation of NOTCH1, MYC, JUN and 
CyclinE. This study provides a genome-wide overview of copy number changes in 
TLX3 rearranged T-ALL and offers great new challenges for the identification of 
new target genes that may play a role in the pathogenesis of T-ALL. 
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INTRODUCTION 
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive disorder of T-cells, 
and represents about 15% of pediatric ALL cases. T-ALL is characterized by a 
rapid progression of disease and shows a 30% relapse rate.1 Over the last decade, a 
large number of new genomic aberrations were identified in T-ALL, including 
chromosomal translocations (involving the genes TAL1, LYL1, LMO1, LMO2, 
TLX1/HOX11, TLX3/HOX11L2, MYB, Cyclin D2), deletions (SIL-TAL1, del(6q), 
del(9)(p21), del(11)(p12p13)), amplifications (NUP214-ABL1), duplications (MYB) 
and mutations (RAS, NOTCH1).2, 3, 4, 5, 6, 7, 8, 9, 10, 11 Several of these abnormalities 
represent unique and mutually exclusive aberrations possibly delineating distinct 
T-ALL subgroups. Others occur in combination with various of these subgroups, 
for example, the del(9)(p21) that includes the CDKN2A/p15 and CDKN2B/p16 loci 
both deregulating the cell cycle.3, 12 Also NOTCH1 activation mutations are present 
in more than half of all T-ALL cases of all subgroups.9 The genetic defects as 
identified in T-ALL so far target different cellular processes, including cell cycle 
regulation, T-cell differentiation, proliferation and survival. It is hypothesized that 
these genetic events cooperate in the leukemic transformation of thymocytes.13 

TLX3 is a homeobox gene that is not expressed in normal T-cell 
development. In T-ALL patients, it becomes aberrantly activated due to the cryptic 
translocation, t(5;14)(q35;q32), mostly juxtaposing TLX3 to the BCL11B gene. 
BCL11B is normally expressed during T-cell maturation.14 Some alternative TLX3 
translocations have been described including the t(5;14)(q32;q11) juxtaposing 
TLX3 to the TCRα/δ locus,15 and the t(5;7)(q35;q21) coupling TLX3 to the CDK6 
gene.16 Although there is a clear relationship between the presence of TLX3 
translocations and TLX3 expression levels,17 incidental TLX3 expression has been 
described in the absence of chromosomal abnormalities,18, 19 suggesting that 
alternative mechanisms for TLX3 activation exist in T-ALL. Conflicting data have 
been published about the relation between TLX3 expression and treatment 
outcome. In some studies, TLX3 rearranged T-ALL patients showed a poor 
prognosis, whereas in other studies TLX3 translocations had no effect on outcome 
or was even associated with an improved outcome.17, 20, 21 These discrepancies have 
not been clarified thus far, but may be therapy-dependent. 

In this study, we used microarray-based comparative genome hybridization 
(array-CGH) to screen TLX3 rearranged pediatric T-ALL patients for new 
chromosomal imbalances that could provide further insight in the development of 
TLX3-mediated T-cell leukemia. 
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DESIGN AND METHODS 
Patients 
Viably frozen diagnostic bone marrow or peripheral blood samples from 146 
pediatric T-ALL patients were provided by the Dutch Childhood Oncology Group 
and the German Co-operative Study Group for childhood acute lymphoblastic 
leukemia.17 The patients and patients' parents or their legal guardians provided 
informed consent to use leftover material for research purposes. Leukemic cells 
were isolated and enriched from these samples as previously described,8 and 
genomic DNA and total cellular RNA were isolated as described before.8 
 

Quantitative real-time RT-PCR (RQ-PCR).  
cDNA synthesis and RQ-PCR in an ABI 7700 sequence detection system (Applied 
Biosystems, Foster City, CA, USA) was used to quantify the expression levels of 
TLX3 transcripts relative to the endogenous housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), as described previously.17 NUP214–ABL1 
fusions were determined as previously described.4 
 
Oligo array-CGH 
Oligo array-CGH analysis was performed on the human genome CGH Microarray 
44A (Agilent Technologies, Palo Alto, CA, USA) according to the manufacturer's 
protocol, as previously described.8 Microarray images were analyzed using feature 
extraction software (version 8.1, Agilent) and the data were subsequently imported 
into array-CGH analytics software v3.1.28 (Agilent). For the detection of copy 
number abnormalities, we have used a Z-score cutoff value of 3. All copy number 
aberrations were compared to the database of genomic variants 
(http://projects.tcag.ca/variation) and all genomic regions previously linked to copy 
number variations22 were not included in Table 1. 
 
Fluorescence in situ hybridization 
Fluorescence in situ hybridization (FISH) was performed using a standard 
procedure, as described previously.17 TLX3 translocations were determined using 
the TLX3-U/TLX3-D translocation probes (DakoCytomation, Glostrup, Denmark). 
BAC probes RP11-299P16 and RP11-98C11 (BACPAC resources, Oakland, CA, 
USA) were used to confirm the presence of Wilms' tumor 1 (WT1) deletions, 
whereas RP11-300I24 and RP11-650G8 were used to confirm the FBXW7 deletion. 
RP11-1072I20 (RANBP17/TLX3), RP11-10N18 (RANBP17) and RP11-117L6 
(downstream of TLX3) as well as CTD-2243O22 (5qter) (Invitrogen, Breda, the 
Netherlands) were used to further characterize the deletion, del(5)(q35). 



Cooperative genetic defects in TLX3 rearranged pediatric T-ALL 

71 

 

Real-time quantification of DNA copy number 
Deletion analysis was performed using real-time quantitative PCR of the NSD1 
gene relative to the internal control gene, albumin, as previously described.23 
 
Mutation analysis 
For the detection of WT1 mutations, the purified DNA was subjected to 40 cycles 
of PCR of 15 s at 95 °C and 1 min at 60 °C, using forward primer 5'-AAG 
CCTCCCTTCCTCTTACTCT-3' and reverse primer 5'-TGGGTCCTTAG 
CAGTGTGAGA-3' for WT1 exon 7. FBXW7 mutation detection was performed 
using forward primer 5'-TTTTCCAGTGTCTGAGAACAT-3' and reverse primer 
5'-CCCAAATTCACCAATAATAGA-3' for exon 9, forward primer 5'-TAAA 
CGTGGGTTTTTTTGTT-3' and reverse primer 5'-TCAGCAATTTGA 
CAGTGATT-3' for exon 10 and forward primer 5'-GGACATGGGTTTCT 
AAATATGTA-3' and reverse primer 5'-CTGCACCACTGAGAACAAG-3' for 
exon 12, using similar PCR conditions as described above. NOTCH1 mutation 
screening in T-ALL was performed as previously described.24 PCR products were 
purified by standard methods and directly sequenced from both strands. The 
sequence data were analyzed using Seqscape V2.5 (Applied Biosystems). 
 
RESULTS 
Collaborating genetic events in TLX3 rearranged T-ALL 
In our previous study, we screened a large pediatric T-ALL cohort (n=146) for 
TLX3 rearrangements using FISH and identified 29 of 146 (19%) rearranged 
cases,17 in line with previous studies.18, 19 All TLX3 rearranged cases uniquely 
expressed TLX3 whereas other T-ALL cases were negative.17 To identify additional 
genetic abnormalities that may cooperate with TLX3 expression during T-cell 
leukemogenesis, we performed array-CGH analysis to detect genomic 
amplifications or deletions on those TLX3 rearranged T-ALL cases for which 
material was available (n=21). All genomic deletions and/or amplifications as 
identified by array-CGH are summarized in Table 1, except for known 
polymorphic copy number variations.22 Genomic deletions are more abundant as 
compared to amplifications, as only two regions of genomic amplification in 
contrast to 22 regions of genomic deletion were identified in our TLX3 rearranged 
patient cohort. To confirm if these additional aberrations are truly TLX3 specific, 
we analyzed whether these additional abnormalities were also identified in a large-
scale T-ALL array-CGH study (n=85, unpublished data) of non-TLX3 rearranged 
T-ALL patients (Table 1). Other known T-ALL-specific genetic aberrations were 
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determined using an RT–PCR or PCR and sequencing strategy or using FISH, and 
included NOTCH1 mutations,24 NUP214-ABL1 amplifications4 and p15/p16 
deletions (Supplementary Table 1). 

 
Table 1. Novel genetic lesions in TLX3 positive pediatric T-ALL 

Chromosome Gain Start End Size 
Patient ID(s) 
(% of cases) Gene(s) 

Band Loss (Mb) (Mb) (Mb)  in region 

1p36.31 Loss 5.95 7.21 1.26 
2738, 2112, 2757, 

585 (19) 
18 genes including HES2, HES3 and 

CAMTA1 

1p36.12-1p36.13 Loss 16.55 24.91 8.36 2757 (5) > 50 genes 

1p34.2-1p34.3 Loss 35.99 39.66 3.67 2757 (5) > 30 genes 

2p23.3-2p24.1 Loss 20.50 24.50 4.00 9012 (5) 12 genes including TP53I3 and NCOA1 

2q37.1 Loss 233.30 234.45 1.15 2112 (5) 12 genes; non leukemia associated 

3q13.32-3q21.2 Loss 119.90 126.40 6.50 585 (5) > 50 genes, miR-198 

3q26.2-3q26.31 Loss 172.10 176.40 4.30 585 (5) 10 genes, miR-569 

4q31.3-4q32.1 Loss 153.08 155.51 2.43 2786 (5) 12 genes including FBXW7 

5q35.2-5qter Loss 172.60 180.90 8.30 
2112, 2640, 2650, 

222, 9012 (24) 
25 genes 

6q25.1-6qter Loss 149.94 170.80 20.86 222 (5) > 100 genes 

7q31.33-7q36.2 Loss 125.30 153.99 28.69 9012 (5) > 100 genes, 11 microRNAs 

8 Gain 0 146.25 146.25 2105 (5) complete chromosome 8 

9p24.1-9p24.2 Loss 2.71 5.12 2.41 2100 (5) 9 genes and mIR-101-2; breakpoint in JAK2 

9q21.13-9q31.1 Loss 67.12 119.72 52.60 222 (5) > 100 genes and 10 microRNAs 

10p15.2-10p15.3 Loss 1.08 3.20 2.12 9858 (5) WDR37, ADARB2, PFKP and PITRM1 

10p11.23-10p12.1 Loss 27.99 30.05 2.06 9012 (5) 7 genes and mIR-604 

11p13 Loss 32.00 33.50 1.50 2723 (5) 10 genes including WT1 

11q21-11q22.3 Loss 94.42 107.76 13.34 1179 (5) > 20 genes, breakpoint in the ATM gene 

12p13.1-12p13.2 Loss 12.50 13.10 0.60 9858 (5) 12 genes including CDKN1B, miR-613/614 

13q14.3 Loss 49.45 50.35 0.90 2112, 2723 (9) KCNRG, miR-15/16a, DLEU7 

16q22.1 Loss 66.20 66.60 0.40 
2100, 2112, 9012 

(14)  
12 genes including CTCF 

17q11.2 Loss 26.08 27.47 1.39 2780 (5) 
11 genes including NF1,  mIR-193a / mIR-

365-2 

19p13.2 loss 10.75 11.90 1.15 222, 378 (9) 33 genes, miR-199a 

20p12.3-20pter gain 0 5.94 5.94 9012 (5) > 50 genes and mIR-103-2 

 
The cryptic deletion, del(5)(q35), is associated with TLX3 expression in T-ALL 
The most frequent recurrent genetic abnormality identified in TLX3 rearranged 
cases was a heterozygous deletion at band 5q35, which was present in 5 of 21 
(24%) TLX3 rearranged T-ALL cases. The deletional area differed in size among 
cases. In three cases (nos. 2112, 2640 and 2650), the deletion started just 
downstream of the TLX3 gene, as shown by the normal hybridization pattern of the 
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TLX3 probe, and loss of all four array-CGH probes covering the nucleophosmin 
(NPM1) gene located 80 kb telomeric of TLX3 (Figures 1a and b). For these cases, 
FISH analysis using the TLX3-U/TLX3-D translocation probes (Supplementary 
Figure 1) confirmed the presence of this cryptic deletion (Figure 1c). In the other 
two cases (nos. 9012 and 222), the deletion started upstream of NKX2-5 (Figures 
1d and e). However, gene expression array data revealed no NKX2-5 expression in 
any of these five cases (data not shown). For cases nos. 2112, 2640, 2650 and 
9012, the deletion seemed to include the complete telomeric region (Figure 1e). For 
case no. 222, the terminal breakpoint was situated downstream of the NSD1 gene. 
Therefore, the minimal deleted region at 5q35 for these five cases is about 4 Mb in 
size and contains 30 known genes including the NSD1 gene. Gene expression array 
data revealed no difference in NSD1 expression levels between del(5)(q35) positive 
and negative T-ALL patients (data not shown). 

Quantitative PCR analysis of the NSD1 gene, which is present in the 
minimal deleted region, on 26 TLX3 rearranged T-ALL cases and 27 TLX3 
negative cases (including TAL1 rearranged, LMO2 rearranged, TLX1 rearranged 
and CALM-AF10 positive cases), confirmed a one-copy NSD1 loss in all TLX3 
rearranged T-ALL cases having the cryptic del(5)(q35) deletion (Figure 1f). None 
of the non-TLX3 rearranged cases showed loss of NSD1, indicating that none of 
these had a similar del(5)(q35). 
 
Figure 1.  (page 74) The recurrent cryptic deletion, del(5)(q35), in TLX3 rearranged 
pediatric T-cell acute lymphoblastic leukemia (T-ALL).  (a) Chromosome 5 ideogram 
and corresponding oligo microarray-based comparative genome hybridization (array-CGH) 
plot of case DNA:control DNA ratios (blue tracing) versus the dye-swap experiment (red 
tracing) for T-ALL cases 2112. Hybridization signals around the -2X or +2X lines represent 
loss of the corresponding region in the case DNA. (b) Detailed analysis of the centromeric 
breakpoint of the deletion in case 2112. (c) Dual-color fluorescence in situ hybridization 
(FISH) analysis on interphase cells of case 9858 (left panel) and case 2640 (right panel) 
using the TLX3-U (Red) and TLX3-D (green) translocation probe set. Case 9858 showed a 
split signal, indicative for a TLX3 translocation, whereas case 2640 showed loss of the 
TLX3-D (green) signal. (d) Similar chromosome 5 ideograms as in (a) for T-ALL cases 
9012 and 222. (e) Schematic overview of the minimal deleted region on chromosomal band 
5q35 for the 5 TLX3 rearranged T-ALL cases showing a del(5)(q35). Depicted genome 
positions and gene locations are based on the UCSC Genome Browser at 

http://genome.ucsc.edu/. (f) Quantitative PCR analysis of NSD1, present in the minimal 
deleted region, on 26 TLX3 rearranged T-ALL cases and 27 TLX3 negative cases. 
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  Next, we studied whether the deletions that started just downstream of the 
TLX3 gene (nos. 2112, 2640 and 2650), truly represented cryptic 5q35 deletions or 
rather corresponded to unbalanced TLX3 translocations. Therefore, we performed 
FISH analysis using BAC clones covering the RANBP17/TLX3 breakpoint region 
and the telomeric end of chromosome 5 (Supplementary Figure 2A). For case 
2650, FISH analysis, using RP11-1072I20 and RP11-10N18, revealed two fusion 
signals indicating that both TLX3 gene copies were normally present 
(Supplementary Figure 2A,B). In addition, FISH analysis using RP11-1072I20, 
RP11-117L6 and CTD-2243O22 confirmed the presence of a del(5)(q35.1q35.3) 
(Supplementary Figure 2A,B). In contrast, FISH analysis on case 2640 
(Supplementary Figure 2C) revealed an additional RP11-1072I20 
(RANBP17/TLX3) hybridization signal, indicative for a cryptic unbalanced 
chromosomal rearrangement involving the RANBP17/TLX3 loci. FISH analysis 
for the known translocation partners TCRα/δ, TCRβ and BCL11B showed that 
these loci were not involved in this chromosomal rearrangement (Supplementary 
Figure 2C), indicating that patient 2640 has a novel variant of TLX3 rearrangement 
with subsequent loss of 5q35.1. For case 2112, no material was left to perform 
additional TLX3-specific FISH analyses. 

 
Other recurrent genomic deletions in TLX3 rearranged T-ALL 
Besides, the cryptic deletion, del(5)(q35), four other recurrent genetic 
abnormalities were identified in various TLX3 rearranged T-ALL cases (Table 1 
and Supplementary Table 1). At chromosome 1, an identical cryptic deletion of 
~1 Mb was detected at chromosomal band 1p36 in three cases (nos. 2738, 2112 and 
585) (Supplementary Figure 3A). This deletion area was also comprised in a larger 
deletion in case no. 2757 that in addition demonstrated multiple deletions on 
chromosome 1p (Table 1, Supplementary Figure 3A). The minimal deleted area on 
1p36 for these four cases comprised 18 genes, including HES2, HES3 and 
chromodomain helicase DNA binding domain 5 (CHD5) (Supplementary Figure 
3B). The centromeric breakpoints of the del(1)(p36.31) in cases nos. 2738, 2112 
and 585 all clustered in the CAMTA1 gene (Supplementary Figure 3A). 
Cryptic deletions of chromosome 13q were identified in 2 TLX3 rearranged T-ALL 
cases (nos. 2112 and 2723, Supplementary Figure 3C). These deletions differed in 
size and the minimal deleted region contained the microRNA cluster, miR-15/miR-
16a (Supplementary Figure 3D). 
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Three T-ALL cases showed cryptic deletions at chromosomal band 
16q22.1 (nos. 2100, 2112 and 9012) (Supplementary Figure 4A,B; Table 1). This 
del(16)(q22.1) seemed identical in two cases (nos. 2100 and 9012), but was smaller 
(~400 kb) in a third case (no. 2112). The minimal deleted area comprised 12 genes, 
and included the CTCF gene. 

Finally, two other cases contained similar deletions at 19p13.2 (nos. 222 
and 378) covering a region of approximately 1.4 Mb (Supplementary Figure 4C,D; 
Table 1) that covers 33 genes and the microRNA gene miR-199a. 

 
Genetic abnormalities identified in single TLX3 rearranged T-ALL cases 
Apart from the recurrent abnormalities, other genetic abnormalities were observed 
in single cases (Table 1 and Supplementary Table 1) and occasionally contained 
known tumor suppressor genes (FBWX7, WT1, ATM, p27KIP1, NF1). None of 
these abnormalities have been reported as normal copy number variation in the 
healthy population.22 

One case (no. 2786) showed a cryptic deletion on the long arm of 
chromosome 4 of about 2.5 Mb in size, del(4)(q31.3q32.1), which contained 
among others the FBXW7 gene (Figure 2). The loss of one FBXW7 gene copy in 
this case was confirmed using FISH (Figure 2b). FBXW7 mutations have recently 
been identified in 8–30% of primary T-ALL samples.25, 26, 27, 28 Therefore, we 
screened case no. 2786 for the currently known FBXW7 mutations. This analysis 
revealed no additional FBXW7 mutation on the remaining allele of this case.  

Other rearrangements identified in single TLX3 rearranged cases included a 
cryptic deletion, del(12)(p13.1p13.2), including the CDKN1B/p27/KIP1 gene (no. 
9858) and a cryptic deletion, del(17)(q12), including the NF1 gene (no. 2780).29 In 
one case (no. 2100), the breakpoint of a cryptic deletion on chromosome 9, 
del(9)(p24.1p24.2), was situated in JAK2. In another case (no. 1179), the 
breakpoint of a cryptic deletion on chromosome 11, del(11)(q21q22.3), was located 
in the ATM gene. 

 
WT1 inactivation in pediatric T-ALL 
Another abnormality that was identified in a single TLX3 rearranged case (no. 
2723) was a cryptic deletion of about 1.5 Mb in size, del(11)(p13p13), and 
included the WT1 gene (Figure 3a). Because conflicting data have been reported on 
the role of WT1 as a tumor suppressor and/or oncogene in human leukemias,30 we 
wondered whether WT1 was indeed the target gene of this genomic deletion. The 
telomeric breakpoint of this deletion was situated downstream of the WT1 gene, 
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whereas the centromeric breakpoint was located downstream of the CD59 gene 
(Figure 3a). FISH analysis confirmed the one-copy loss of WT1 in this case (Figure 
3b). To investigate WT1 inactivation in this case, the remaining WT1 allele was 
analyzed for the presence of inactivation mutations. A small frameshift mutation 
(delCinsTAG) was identified in exon 7, disrupting the WT1 coding region (Figure 
3c).  

 

 
Figure 2. FBXW7 deletion in pediatric T-cell acute lymphoblastic leukemia (T-ALL).  
(a) Schematic overview of the chromosomal deletion, del(4)(q31.3q32.1), as detected in 
case 2786. Genomic positions of genes situated in this chromosomal region and bacterial 
artificial chromosome (BAC) clones used for fluorescence in situ hybridization (FISH) 
analysis are depicted. (b) FISH analysis using RP11-650G8 (green) and RP11-300I24 (red) 
confirms the presence of the del(4)(q31.3q32.1) in case 2786. 

 
To investigate whether WT1 inactivation is restricted to TLX3 rearranged 

T-ALL cases, we performed additional WT1-specific FISH analysis on 25 TLX3 
negative pediatric T-ALL cases. This revealed one additional case in which FISH 
analysis revealed a loss of both WT1 gene copies (Figure 3d). Subsequent array-
CGH analysis confirmed the presence of a large monoallelic deletion on the short 
arm of chromosome 11, del(11)(p13p14.3), in combination with a loss of the 
genomic region surrounding the WT1 gene on the other allele (Figure 3e). Gene 
expression array data showed that WT1 expression was virtually absent in this T-
ALL case showing a homozygous WT1 deletion (Supplementary Figure 5). For 
case no. 2723, WT1 was equally expressed compared to WT1 wild-type cases of all 
T-ALL subgroups (TAL1, LMO2, TLX3, TLX1 and unknown) (Supplementary 
Figure 5). 
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Figure 3. (page 79) Wilms' tumor 1 (WT1) inactivation in pediatric T-cell acute 
lymphoblastic leukemia (T-ALL). (a) Chromosome 11 ideogram and oligo microarray-
based comparative genome hybridization (array-CGH) plot for the deletion, del(11)(p13), 
as detected in case 2723 (left panel). The right panel shows a detailed overview of the 
deleted region for this 11p13 deletion. (b) Fluorescence in situ hybridization (FISH) 
analysis using RP11-98C11 (green) and RP11-299P16 (red, covering WT1) confirms the 
presence of the del(11)(p13) in case 2723. (c) Sequence analysis shows a truncating WT1 
exon 7 mutation on the remaining allele of case 2723. (d) Similar FISH analysis as in (b) 
on TLX3 wild-type T-ALL cases identified one additional case showing a biallelic WT1 
deletion. (e) Array-CGH analysis confirmed the presence of a large monoallelic deletion, 
del(11)(p13p14.3), in combination with an additional loss of the genomic region 
surrounding the WT1 gene on the other allele. 

 
DISCUSSION 
To get more insight in new genetic defects that may cooperate with TLX3 gene 
expression in the leukemic transformation of thymocytes, we performed array-
CGH analysis on a TLX3 rearranged T-ALL patient cohort. 

About 25% of TLX3 rearranged T-ALL cases showed a deletion at the 
terminal end of the long arm of chromosome 5. Interestingly, for a number of 
cases, the genomic breakpoint of this deletion was situated just downstream of the 
TLX3 oncogene. The deletions in these cases differ from the previously described 
TLX3 deletions that involved a genomic region upstream of the TLX3 gene near the 
translocation breakpoint.16 Although most T-ALL cases that show TLX3 expression 
harbor a cryptic translocation at this genomic locus, a number of studies have 
reported TLX3 activation in the presence of a seemingly normal TLX3 locus.18, 19 
For case no. 2650, combined array-CGH and FISH analysis strongly suggest that 
the TLX3 expression is associated with a interstitial del(5)(q35.1q35.3) in the 
absence of a TLX3 translocation. It is therefore tempting to speculate that TLX3 is 
normally under transcriptional control of a negative regulatory domain downstream 
of TLX3. Deletion of this negative regulatory element may lead to ectopic TLX3 
expression. In addition, a potential tumor suppressor gene could be present in the 
minimal deleted area at 5q35 that specifically cooperates with TLX3 expression in 
the leukemogenesis of T-ALL. This hypothesis is strengthened by the fact that two 
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cases have smaller 5q35 deletions with breakpoints near NKX2-5. A potential 
candidate gene in this 5q35 genomic region is NSD1. Mutations or deletions of the 
NSD1 gene are the major cause of Sotos syndrome, a constitutional overgrowth 
disorder,31 and patients with this syndrome have a higher risk for the development 
of leukemia.32, 33, 34 In addition, NSD1 is involved in a cryptic translocation, 
t(5;11)(q35;p15.5), generating a NUP98–NSD1 fusion gene in acute myeloid 
leukemia (AML).35 Although gene expression array data revealed no difference in 
NSD1 gene expression between patients with and without the del(5)(q35), a future 
mutation screening of NSD1 in TLX3 rearranged T-ALL is mandatory to evaluate a 
potential role for NSD1 inactivation in T-ALL. 

Cryptic deletions on chromosome 1 were identified in four T-ALL cases 
with a commonly deleted region surrounding chromosomal band 1p36. Similar 
1p36 deletions were previously identified in about 30% of human 
neuroblastomas,36 25% of colorectal cancer cases,37 and a variety of hematological 
malignancies including AML,38 chronic myelogenous leukemia39 and non-
Hodgkin's lymphoma.40 In neuroblastoma and colorectal cancer, reduced 
expression levels of the CAMTA1 gene correlated with adverse outcome, 
suggesting that CAMTA1 could act as the 1p36-specifc tumor suppressor gene in 
these malignancies.36, 37 Another interesting target gene in this genomic region is 
the CHD5 gene, which has been shown to be a tumor suppressor that controls 
proliferation and apoptosis via the p19Arf/p53 pathway.41 Other potential target 
genes within this genomic region are HES2 and HES3, both of which are highly 
similar to HES1 that is a basic helix-loop-helix transcriptional repressor and known 
NOTCH1 target gene.42 Also the TNFRSF25 gene may represent a target gene of 
this deletion. TNFRSF25 is a member of the tumor necrosis factor-receptor family 
which controls lymphocyte proliferation and regulates cell apoptosis.43 

The minimal deleted region of the cryptic deletions on chromosome 13 
contained the microRNA cluster, miR-15/miR-16a. In chronic lymphocytic 
leukemia, deletion of this miR-15/miR-16a cluster leads to the activation of 
antiapoptotic BCL2.44 For example, in case no. 2723 (Supplementary Table 1), 
activation of BCL2 could cooperate with a homozygous deletion of the p15/p16 
locus, a NOTCH1 mutation and activated TLX3 expression in the development of 
T-ALL. 

Three TLX3 rearranged T-ALL cases showed cryptic deletions on 
chromosomal band 16q22.1. In AML, this genomic region is recurrently targeted 
by cytogenetic abnormalities including an inversion, inv(16)(p13q22); a 
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translocation, t(16;16)(p13q22) and a deletion, del(16)(q22).40 The inv(16) and 
t(16;16) both result in a CBFB–MYH11 fusion gene, which is associated with a 
more favorable prognosis.45 In contrast, the deletion del(16)(q22) does not provide 
a favorable outcome and it remains to be elucidated whether CBFB is targeted in 
the 16q deletions in AML.46 In the TLX3 rearranged T-ALL cases, the minimal 
deleted region on 16q22.1 contained 21 genes but lacked the CBFB gene. One 
interesting candidate genes in this genomic region is CTCF, which is a conserved 
transcriptional repressor of the MYC oncogene.47 MYC has been described in T-
ALL to become aberrantly activated due to a TCR-mediated translocation48 and has 
been shown to represent an important downstream target of activated NOTCH1.49, 

50 Therefore, inactivation of CTCF could represent an alternative mechanism for 
MYC activation in T-ALL. 

The majority of novel regions of genomic amplification or deletion were 
only detected in single TLX3 rearranged T-ALL cases (n=19). Given their low 
frequency, one could argue that their oncogenic role in T-ALL is negligible. 
However, NOTCH1, which was originally identified due to its involvement in a 
rare chromosomal translocation (<1%), was later identified as the most 
predominant mutational target in T-ALL (>50% of cases).9 Similarly, the cryptic 
deletion, del(4)(q31.3q32.1), that was detected in a single case, includes the 
FBXW7 gene. FBXW7 is an F-box protein that binds specific substrates including 
CyclinE, NOTCH1, cMYC and cJUN target these for ubiquitin-mediated 
proteolysis. Heterozygous missense mutations of the FBXW7 gene are present in 8–
30% of T-ALL cases,25, 26, 27, 28 demonstrating the importance of this gene in T-ALL 
albeit inactivation through chromosomal deletions is rare. Mutant FBXW7 has lost 
the potential to bind the PEST domain of NOTCH1-IC and target NOTCH1 for 
proteolytic degradation. This results in stabilized NOTCH1-IC in the nucleus, 
providing an alternative mechanism of NOTCH1 activation in T-ALL that is 
insensitive for γ-secretase inhibition. The present study describes the first case of a 
heterozygous FBXW7 deletion in human T-ALL. Haploinsufficiency of FBXW7 
may be sufficient for NOTCH1 stabilization as no FBXW7 mutation could be 
identified in the remaining allele. FBXW7 mutations can occur in combination with 
NOTCH1 heterodimerization (HD) mutations but not with PEST truncating 
mutations, and may complement the relatively weak transcriptional activity of HD 
mutant NOTCH1 molecules.28 In our del(4)(q31.3q32.1)-positive T-ALL case, an 
activating NOTCH1 mutation was identified in the HD domain. 
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Deletions on the short arm of chromosome 12 are frequently detected in a 
wide range of hematological malignancies. A recent genome-wide copy number 
analysis showed 12p deletions in about 25% of B-ALL cases and suggested the 
TEL gene as the main target of this genomic abnormality.51 However, the 12p 
deletion that we identified was about 600 kb in size and included the 
CDKN1B/p27/KIP1 gene and the microRNA genes, miR-613 and miR-614, 
whereas it did not include the TEL gene. This indicates that the target gene(s) for 
12p deletions probably differs between T- and B-cells ALL. The 
CDKN1B/p27/KIP1 gene encodes a cell cycle regulator that, similar to p15/p16, 
inhibits cyclin-dependent kinases (CDK). Loss of these CDK inhibitors may result 
in uncontrolled cell cycle. The T-ALL case with this CDKN1B deletion (no. 9858) 
also contained a homozygous p15/p16 deletion, indicating that different T-cell 
cycle defects can collaborate with a NOTCH1 mutation and TLX3 overexpression 
in the development of T-ALL (Supplementary Table 1). 

WT1, a transcription factor involved in normal cellular development and 
cell survival, was initially discovered as a tumor suppressor in Wilms' tumor, a 
pediatric kidney malignancy.52 In acute leukemias, there is evidence that this gene 
can both act as an oncogene as well as a tumor suppressor gene.30 WT1 mutations 
have been described in AML, leading to a truncated WT1 protein.53, 54 In addition, 
specific AML subtypes show low levels of WT1 expression.30 Both observations 
are consistent with a tumor suppressor role of WT1 in AML. In contrast, a variety 
of leukemias are characterized by activated WT1 expression compared to normal 
bone marrow or normal progenitor cells55, 56 that has been associated with poor 
outcome.57, 58 Our single T-ALL case with a deletion of WT1 combined with an 
inactivational mutation in the remaining WT1 allele points toward a potential tumor 
suppressor role of WT1 in T-ALL. WT1 inactivation is not restricted to TLX3 
rearranged T-ALL cases, as biallelic WT1 deletions were also observed in a TLX3 
negative T-ALL case indicating that WT1 inactivation may be a more general 
collaborating genetic event in T-cell leukemia. Nevertheless, the TLX3 rearranged 
T-ALL case showing WT1 inactivation also harbored a miR-15/miR-16a deletion, 
further extending the range of different genetic defects that collaborate in T-ALL 
development. 

In conclusion, we performed a genome-wide copy number screening on 
TLX3 rearranged T-ALL cases and identified the cryptic deletion, del(5)(q35), as a 
new and recurrent genetic aberration that is exclusively associated with TLX3 
expression in T-ALL. In addition, we identified a number of genetic events, 
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including FBXW7 and WT1 inactivation that could collaborate with TLX3 
expression, NOTCH1 activation and p15/p16 deletion in the development of T-cell 
leukemia. As shown for FBXW7, the identification of new genomic 
deletions/amplifications, even at low frequency, can still highlight important target 
genes with a broader role in T-ALL. Therefore, it is likely that the current overview 
of genetic defects will be further helpful for a better understanding of the molecular 
pathways leading to T-cell leukemia. 
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ABSTRACT 
NK-like (NKL) homeobox genes code for transcription factors which can act as 
key regulators in fundamental cellular processes. NKL genes have been implicated 
in divergent types of cancer. In this review we summarize the involvement of NKL 
genes in cancer and leukemia in particular. NKL genes can act as tumor suppressor 
genes as well as oncogenes, depending on tissue type. Aberrant expression of NKL 
genes is especially common in T-cell acute lymphoblastic leukemia (T-ALL). In T-
ALL, eight NKL genes have been reported highly expressed in specific T-ALL 
subgroups and in ~30% of cases, high expression is caused by chromosomal 
rearrangement of one of 5 NKL genes. Most of these NKL genes are normally not 
expressed in T-cell development. We hypothesize that the NKL genes might share 
a similar downstream effect that promotes leukemogenesis, possibly due to 
mimicking a NKL gene that has a physiological role in early hematopoietic 
development, such as HHEX. All eight NKL genes posses a conserved Eh1 
repressor motif, which plays an important role in regulating downstream targets in 
hematopoiesis and possibly in leukemogenesis as well. Identification of a potential 
common leukemogenic NKL downstream pathway will provide a promising 
subject for future studies.  
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INTRODUCTION 

Homeobox genes  
In 1894 William Bateson described a distinct kind of transformation within species, 
which he terms ‘homeosis’, derived from the Greek ‘homoiosis’, which means ‘the 
same’. He defined it as “a change of something into the likeness of something 
else”.(1)  Famous examples are the mutant fruit fly Antennapedia, which grows a 
foot on the head where normally the antenna is located. Another example is a moth 
(Zygaena) which has an extra wing on the position of a hind leg. Later, the genes 
held responsible for these variations were called homeotic genes.(1) In 1983, two 
research groups independently identified a 180bp sequence that was conserved in 
all homeotic genes, denoted as the homeobox.(2, 3) The homeobox is strongly 
conserved among species and encodes for a DNA binding domain consisting of 
three alpha-helices(4) called the homeodomain. By now more than 200 human 
homeodomain proteins are known. Homeodomain proteins are transcription factors 
that are involved in many key processes such as body patterning, embryonic 
organogenesis and cell fate decisions. A mutation in one of these genes can have 
far fetching consequences and lead to homeotic transformations such as originally 
described by Bateson. The classification and nomenclature of the homeobox genes 
has varied substantially between research groups and over time. In 2007, Holland 
and others proposed a classification for all human homeobox genes based on their 
hypothetical evolutionary shared ancestry(5). Eleven homeobox gene classes are 
recognized that comprise a total of 102 homeobox gene families. The largest 
classes are the ANTP (analogous to the Drosophila antennapedia (antp) gene) and 
PRD (analogous to the Drosophila paired (prd) gene) classes. The ANTP class can 
be divided in the HOX-like (HOXL, including the HOXA and HOXB gene clusters) 
and the NKL (NK-like) subclasses. The involvement of HOXL genes in cancer and 
leukemia has been extensively reviewed in literature(6-11) while the NKL genes 
have received less attention. However, recent findings implicate an important role 
for various NKL genes in human cancer. Therefore this review will focus on the 
NKL homeobox genes, their role in cancer and leukemia in particular.  
 
NKL homeobox genes 
NKL homeobox genes have important functions in cell fate specification and 
embryologic organ development and their expression is often cell type specific. 
They are key regulators in fundamental processes as differentiation, proliferation 
and apoptosis. The NKL subclass comprises 48 genes and 19 assumed pseudogenes 
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(table 1). All NKL genes have a similar homeodomain. The NKL genes are named 
after Nirenberg and Kim who identified NK1-NK4 genes in 1989 when searching 
for new genes containing homeobox sequences in Drosophila melanogaster(12). 
The human NKL genes can be divided in gene-families which consists of genes 
that are all derived from a single gene of the latest common ancestor of Drosophila 
and human(5) (table 1). In several cases, the gene names are somewhat misleading, 
frequently suggesting higher similarity than is actually the case. For instance, the 
human NKX2-3, NKX2-5 and NKX2-6 genes belong to the NK4 family and are 
most similar to the Drosophila melanogaster NK4 gene. NKX2-1 and NKX 2-4 
resemble Drosophila scarecrow (scro) gene and comprise the Nk2.1 family, NKX2-
2 and NKX2-8 are orthologous to Drosophila ventral nervous system defective 
(vnd) gene and part of the Nk2.2 family. Also, not all NKL genes have names that 
start with NKX, other genes such as TLX1 and TLX3 also belong to the NKL gene 
subclass (Table 1). The NKL genes are not strongly clustered on the chromosomes 
in contrast to the HOXA-D genes, though some NKL genes cluster in pairs. This 
linkage is conserved through species especially for LBX1-TLX1, LBX2-TLX2, 
NKX2-6-NKX3-1 and HMX2 –HMX3(13) and to a lesser extend for NKX2-1-NKX2-
8 and NKX2-2-NKX2-4(14). Initially, clustering is often the result of tandem 
duplications, however, the conservation of some of these pairs is likely due to 
shared regulatory regions.(13) In humans several NKL genes are loosely gathered 
over large areas on chromosome bands 2p13, 4p15-16, 5q35 and 10q23-26 (Table 
1).  
 
NKL HOMEOBOX GENES IN CANCER 
Aberrant expression of NKL homeobox genes may play an important role in 
oncogenesis. Different abnormalities of NKL genes have been associated with 
cancer (Table 2). For example, NKX2-1 is amplified in 3-12% of primary lung 
adenocarcinomas(15, 16) and in 33% of lung cancer cell lines(15). However, 
amplification is significantly less frequent in other types of lung cancer, and 
deletion of NKX2-1 has been described in squamous lung carcinomas(17). A recent 
study demonstrated a suppressive effect of NKX2-1 expression on the progression  
 
 
Table 1. (page 93) NKL homeobox genes  
Each grey box corresponds to a separate branch in the phylogenetic tree as described by 
Holland et al(5) and therefore contains genes that are more related in regard to the 
homeodomain. Pseudogenes are left out of the table. 
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Family Drosophila  
homologue 

Gene Synonyms Location Eh-1 motif   
FxIxxIL  

Nk2.1 scarecrow NKX2-1   TITF1, TTF1, NKX2A, TEBP 14q13.3 FSVSDIL 
(scro) NKX2-4      NKX2D 20p11.2 FSVSDIL 

Nk2.2 ventral nervous system NKX2-2    NKX2B 20p11.2 FSVKDIL 
defective (vnd)/NK2 NKX2-8   NKX2H 14q13.3  - 

Nk3 bagpipe NKX3-1     NKX3A, BAPX2 8p21.2 FLIQDIL 
(bap) NKX3-2    BAPX1 4p15.33 FSIQAIL 

Nk4 tinman NKX2-3   NKX2C, CSX3 10q24.2 FSVKDIL 
(tin)/NK4 NKX2-5  NKX2E, CSX1, CSX 5q35.1 FSVKDIL 
 NKX2-6 CSX2 8p21.2 FSVKDIL 

Nk5 H6-like-homeobox  HMX1   NKX5-3 4p16.1 FLIENLL 
(hmx) HMX2 NKX5-2 10q26.1 FTIQSIL 
 HMX3  NKX5-1 10q26.1 FSIKNLL 

Nk6 Hgtx NKX6-1  NKX6A 4q21.23 HGINDIL 
 NKX6-2 NKX6B 10q26.1 HGISDIL 
 NKX6-3  8p11.21 HGITDIL 

Tlx C15 TLX1  HOX11, TCL3 10q24.3 FGIDQIL 
 TLX2  HOX11L1, NCX, ENX 2p13.1 FGIDQIL 
 TLX3 HOX11L2, RNX 5q35.1 FGIDQIL 

Msx drop MSX1        HOX7 4p16.2  - 
(dr) MSX2          5q35.2  - 

Nanog  - NANOG     FLJ12581 12p13.3  - 
Dlx Distal-less DLX1          2q31.1  - 

(dll) DLX2         TES1 2q31.1  - 
 DLX3          17q21.3  - 
 DLX4         DLX7, BP1 17q21.3  - 
 DLX5          7q21.3  - 
 DLX6          7q21.3  - 

Dbx CG12361 DBX1          11p15.1 FGVNAIL 
 DBX2          12q12 FLIENLL 

Bsx Brain specific 
homeobox gene (bsh) 

BSX          BSX1 11q24.1 FFIEDIL 

Barx -  BARX1        9q22.32 FMIEEIL 
 BARX2      11q24.3 FMIDEIL 

Barhl BarH1 BARHL1   9q34.13 FGIDSIL 
BarH2 BARHL2   1p22.2 FGIDTIL 

Lbx ladybird early (lbe) LBX1       LBX1H 10q24.3 FSIEDIL 
ladybird late(lbl) LBX2          2p13.1 LSIADIL 

Hlx H2.0 HLX           HB24, HLX1 1q41 FCIADIL 
Hhex CG7056 HHEX        PRH, PRHX 10q23.3 FYIEDIL 
En Engrailed (en) EN1             2q14.2 FFIDNIL 

Invected (inv) EN2            7q36.3 FFIDNIL 
Vax -  VAX1          10q26.1  - 

 VAX2          2p13.3  - 
Ventx  - VENTX       10q26.3  - 
Emx Empty Spiracles (ems) EMX1         2p13.2  - 

E5 EMX2         10q26.1  - 
Noto CG18599 NOTO        2p13.2 FSVEAIL 
Nk1 slouch  NKX1-1 HSPX153, HPX153 4p16.3 FSVLDIL 

(slou) NKX1-2 C10orf121 10q26.1  - 
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 of lung adenocarcinoma.(18) This suggests that NKX2-1 can function as a tumor 
suppressor gene as well as an oncogene in lung cancer depending on the subtype, 
but can also have a dual function within a lung cancer subtype.(18) Also in 
theabsence of genetic hits, certain NKL homeobox genes have been associated with 
oncogenesis as crucial downstream targets of established oncogenes, or by effects 
on proliferation, differentiation or apoptosis (Table 2). For example, NKX2-2 is a 
critical target of the EWS/FLI fusion protein in Ewing’s sarcoma(19) and in clear 
cell sarcoma, a fusion of EWS/ATF-1 is responsible for NKX6-1 upregulation(20).  
Hypermethylation of promoter regions of specific NKL genes has also been 
reported in human cancer, but in most cases their significance in oncogenesis 
remains poorly understood (Table 2). Promoter hypermethylation of NKL genes 
has also been interpreted as a sign of mitotic cell age possibly predisposing for 
certain types of cancer.(21, 22) 
 
NKL HOMEOBOX GENES IN LEUKEMIA 
Leukemia can be divided in myeloid, B- or T-cell leukemia depending on the 
precursor cell that gave rise to the leukemia. In normal B- and T-cell development, 
immunoglobulin (heavy and lambda or kappa light chain) and T-cell receptors 
(TCR-alpha, -beta, -gamma or -delta) are rearranged to provide a wide diversity in 
antigen recognition. This process involves double-stranded DNA breaks, deletion, 
random addition of nucleic acids and ligation of DNA ends. Disregulation of this 
process can result in chromosomal translocations or inversions that may lead to the 
ectopic expression of oncogenes. Such oncogenic translocations are common in 
hematopoietic malignancies, in fact, more than 50% of lymphatic leukemias and 
lymphomas carry chromosomal translocations that involve the immunoglobulin or 
TCR genes(85). To date, many different oncogenes have been identified that are 
ectopically expressed as consequence of such translocations. Among these are 
homeobox genes such as HOXA and HOXB genes (for review of HOX genes in 
leukemia, see (7-10)). Thus far six NKL homeobox genes have been described to 
be involved in chromosomal translocations or inversions in leukemia and an 
additional four have been implicated in leukemogenesis by aberrant expression 
(Table 2). 
 
Table 2: (page 95)  NKL aberrations associated with cancer 
In bold: NKL genes associated with leukemia  
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Aberration type Gene and cancer type 
Chromosomal 
rearrangement 

HHEX in AML (t(10;11)(q23;p15)(23)) 
NKX2-1 in pediatric T-ALL (inv(14)(q11.2q13), inv(14)(q13q32.33), t(7;14)(q34;q13))(24) 
NKX2-2 in pediatric T-ALL (t(14;20)(q11;p11))(24) 
NKX2-5 in T-ALL(25, 26) and CLL(27) (t(5;14)(q34;q32.2), t(5;14)(q35;q11)) 
TLX1 in T-ALL (t(10;14)(q24;q11),t(7;10)(q35;q24)) 
TLX3 in T-ALL (t(5;14)(q35;q32)(28-31)  t(5;14)(q32;q11)(32), t(5;7)(q35;q21)(30), 
del(5)(q35.1)(33)) 

Deletions BARX2 as part of a del(11)(q24a25) in ovarian carcinoma (34-36)  
EMX2 as part of a del(10)(q25.3q26.1) in endometrial cancer (37) 
NKX2-1 and NKX2-8 in lung carcinoma (17) 
NKX2-3 as part of a del(10)(q23.31q24.33) in sporadic colorectal cancer(38) 

Amplifications DLX4 in breast cancer (39) 
NKX2-1 and NKX2-8 in lung adenocarcinoma(15, 16) 

Mutations EMX2 in endometrial cancer(37) 

SNP  HLX increased risk of therapy related AML(40) 
MSX1 increased risk of breast cancer (41) 
NKX3-1 increased risk of prostate cancer(42) 

Overexpression BARX2 in estrogen dependent breast cancer cell lines(43) 
DLX4 in prostate cancer(44) lung cancer(45), promyelocytic leukemia(46), AML and T-
ALL(47)  and breast cancer (48), DLX5 in ovarian cancer(49) and lung cancer(50) 
LBX1 in breast cancer(51) 
MSX2 in pancreatic cancer(52-54) 
NKX2-2 in Ewing’s sarcoma(19). 
NKX2-5 in ovarian yolk sac tumors (55)  
NKX3-1 in lobular breast carcinomas(56, 57), NKX3-1 in TAL1 rearranged T-ALL(58, 59) 
NKX6-1 in clear cell sarcoma(20) 
TLX2 in T-ALL(60) 
VENTX in AML(61) 

Downregulation DLX4 in colorectal cancer(62) 
HLX in colorectal cancer(62) 
MSX1 in cervical cancer(63) 
NKX2-3 in liver metastases of gastrointestinal carcinomas(64) 

Promoter 
hypermethylation 

BARHL1 and TLX2 in melanoma cell lines(65) 
DLX1 and LBX1 in lung cancer(66) 
DLX1 and DLX4 in chronic lymphocytic leukemia(67)  
DLX2-4 in AML, DLX4 in breast cancer(68) 
EMX2 in lung carcinoma (69) 
EN1, LBX2, NKX2-4 and NKX2-5 in salivary gland carcinoma(70) 
HMX2 in colorectal cancer cell lines(71) 
MSX1 in T-ALL(72)  lung, breast, colon, prostate and gastric cancer(73, 74) 
MSX2 in ALL(75) 
NKX2-2 and DLX2 in luminal breast cancer(76) 
NKX2-3 in melanoma cell lines(77) 
NKX2-5 in MDS and acute leukemia(21), NKX2-5 in prostate cancer(22) 
NKX3-1 in prostate cancer (78) 
NKX6-1 in cervical cancer(79, 80) , ALL(81) and small B-cell lymphoma(82) 
NKX6-1, BARHL2, NKX2-6, DLX2, EN1 and NKX2-8 in astrocytomas(83) 
TLX3 in  prostate cancer(84) 
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NKX2-1 and NKX2-2 
Our group recently reported on the NKX2-1 and NKX2-2 genes that are amplified 
(<1%) or involved in TCR or immunoglobulin driven chromosomal translocations 
or inversions in ~5% of pediatric T-cell acute lymphoblastic leukemia (T-ALL) 
patients(24). Repositioning of enhancer regions from T-cell receptor or 
immunoglobulin loci adjacent to NKX2-1 or NKX2-2 results in aberrant activation 
of these genes. NKX2-1 and NKX2-2 are very related homeobox genes forming 
gene families Nk2.1 and Nk2.2 together with NKX2-4 and NKX2-8. Normally these 
genes are not expressed in T-cells or their precursors(86) and the mechanisms by 
which they can contribute to leukemia is not yet clear. T-ALL cases harboring 
these NKX2-1 or NKX2-2 rearrangements shared a gene expression signature with 
T-ALL patients harboring a translocation involving TLX1, another NKL gene. Of 
interest, various TLX1 rearranged T-ALL cases express NKX2-1, albeit to a lower 
level compared to NKX2-1 rearranged T-ALL cases. This signature was 
characterized by high expression of genes involved in proliferation(24). In most 
cases the lymphoblasts of these patients are arrested in the early cortical stage of 
thymocyte development(87-90).  
 
TLX1 (HOX11) 
The TLX1 gene is upregulated by translocations in ~7% of pediatric and ~30% of 
adult T-ALL patients(29, 31, 91, 92). TLX1 aberrations have a been associated with 
a relative good prognosis(91-94). Normally TLX1 is not expressed in adult T-cells, 
thymocytes or hematopoietic stem cells (95, 96) (86) but plays a role in spleen and 
neural development(97-99). TLX1 is able to immortalize different hematopoietic 
cell lineages including T-cells(100-103), and over expression of TLX1 in 
transgenic mice results in lymphoid tumors with long latency(101, 104). TLX1 
promotes proliferation and blocks differentiation of hematopoietic precursors, 
thereby contributing to leukemogenesis(100-102, 105-110), and TLX1 deregulated 
T-ALL patients highly express genes that are involved in proliferation(24, 31). 
TLX1 enhances MYC protein levels by posttranscriptional regulation(111). It also 
has abrogating effects on cell cycle check points, for instance through down 
regulation of CHEK1(104) or inhibition of protein serine-threonine phosphatases 
PP1 and PP2A(110, 112). Additionally, TLX1 may  increase genomic 
instability(104).  
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TLX2 (HOX11L1) 
TLX2 is normally not expressed in thymocytes(86) but was highly up regulated in a 
single T-ALL patient in a cohort of 92 patients(60). This patient co-clustered with 
TLX3 rearranged cases in hierarchical cluster analysis based on micro-array gene-
expression data(60), suggesting the existence of sporadic T-ALL cases where the 
TLX2 gene plays an oncogenic role, that is homologous to TLX3 rearranged cases. 
So far however, no translocation of this gene has been identified in this patient(60), 
therefore the role of TLX2 in T-ALL is not yet clear.  
 
TLX3 (HOX11L2) 
About 20% of pediatric and 5% of adult T-ALL patients are characterized by TLX3 
rearrangements and ectopic expression mostly due to a cryptic translocation 
t(5;14)(q35;q32)(28, 29, 113-115) placing TLX3 under the influence of the distal 
enhancer region downstream of BCL11B(28-31). In sporadic cases variant TLX3 
aberrations have been reported such as translocations to the TRA/D@(32) or 
CDK6(30) gene, a del(5)(q35.1)(33) or more complex rearrangements involving 
the 5q35region(30). Alike TLX1 and TLX2, TLX3 is not expressed in normal T-cell 
development. Leukemogenic modes of actions of TLX3 have not been extensively 
studied. As TLX1 and TLX3 are closely related genes, a common oncogenic 
pathway is expected. This is supported by the fact that they can cluster together in 
gene-expression based hierarchical cluster analysis.(24, 31, 58) On the other hand, 
supervised gene-expressing profiling shows distinct profiles for TLX1 and TLX3 
rearranged cases(60) and both groups have a different clinical outcome; TLX1 
rearranged patients have a better prognosis than TLX3 rearranged.(31, 91-94, 113-
116)  In addition, TLX3 cases are associated with the γδ-lineage and immature T-

cell development whereas TLX1 cases are associated with αβ-lineage 
commitment(87, 88, 114). TLX1-3 chromosomal aberrations are not reported in 
other types of cancer.   
 
NKX2-5 
NKX2-5 translocations to either TRD@ or BCL11B sites are seen in sporadic T-
ALL cases(25, 26). A single case of atypical B-cell chronic proliferative disorder 
has also been described to carry a NKX2-5 translocation(27). NKX2-5 is normally 
not expressed in thymocytes(26, 86) but involved in spleen and muscle formation. 
Different pathways that are targeted by NKX2-5 have been proposed to play a role 
in leukemogenesis. NKX2-5 activates NOTCH3(117) which can enhance 
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survival(118, 119) and NKX2-5 causes upregulation of miR-17-92 which may lead 
to increased proliferation(120). Additionally, NKX2-5 binds the promoter of 
MEF2C and activates MEF2C transcription in T-ALL cell lines(24, 121). Recently, 
we identified MEF2C as central oncogene in an immature T-ALL subgroup that 
shares characteristics with early T-cell precursors (ETP-ALL). In these patients, 
genetic aberrations were identified that target MEF2C or MEF2C-regulating 
transcription factors, including NKX2-5.(24) During early normal T-cell 
development, MEF2C is down regulated and ectopic MEF2C expression has been 
shown to provide a differentiation block(24). MEF2C can also inhibit apoptosis by 
repressing  NR4A1/NUR77 which subsequently prevents transformation of BCL2 
into a pro-apoptotic factor(121).  
 
HHEX 
ETP-ALL is characterized by early T-cell developmental arrest(24, 31, 122) and 
ectopic expression of LMO2, LYL1 and the NKL homeobox gene HHEX(24, 31). 
We previously demonstrated that LMO, LYL1 and HHEX are transcriptional targets 
of MEF2C.(24) HHEX may represent an important transcriptional target gene for 
this T-ALL subtype, as HHEX itself is sufficient to initiate self-renewal in 
thymocytes(123) and Hex can induce T-cell-derived lymphomas when over 
expressed in hematopoietic precursor cells in mice(124). HHEX is highly expressed 
in normal hematopoietic stem cells and down regulation is necessary for normal T-
cell development(124, 125), whereas most other hematopoietic lineages maintain 
HHEX expression(126) (86). So far no genetic abnormalities of the HHEX gene 
itself have been found in human T-ALL, though FISH analysis for possible 
translocations involving the HHEX locus has been extensively performed in 
patients(24) as well as T-ALL cell lines.(117)  

In AML a NUP98/HHEX fusion has been described due to a 
t(10;11)(q23;p15).(23) NUP98 is often involved in translocations that result in 
fusion genes and more than 20 different partner genes have been described. Among 
these are several other Antp homeobox genes such as HOXA9(127, 128), 
HOXD11(129) and HOXC13(130). For most NUP98-homeodomain fusion proteins 
transforming capacities have been demonstrated. The transforming activity seems 
to depend primarily on the NUP98 N-terminus and at least in part on an intact 
homeodomain.(23) (131)  
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NKX3-1 
NKX3-1 has been found over expressed in TAL1/LMO rearranged T-ALL(58, 59). 
Normally TAL1 is only expressed in the early thymocyte differentiation stages 
(CD34+, CD1a-, CD4- and CD8-)(132) but it is aberrantly up regulated by 
interstitial deletions, translocations or unknown mechanisms in more than 40% T-
ALL cases.(31, 91, 114, 133, 134) TAL1 can bind to many target genes. One of its 
target genes is the NKL homeobox gene NKX3-1. TAL1 binds to the NKX3-1 
promoter in a complex with LMO, Ldb1 and GATA3 and activates its 
transcription(59).  NKX3-1 in turn seems to be required for T-ALL proliferation 
and accordingly, genes associated with NKX3-1 expression found by gene-
expression analysis were involved in proliferation(59). NKX3-1 was shown to 
potentially down regulate microRNAs of the miR-17-92 cluster and NKX3-1 and 
miR-17-92 expression were inversely correlated(59). However, T-ALL oncogenes 
NKX2-5 and TLX1 were reported to up regulate these miRNAs in T-ALL(120) in 
line with reported leukemogenic activity of this miRNA cluster in T-ALL 
models(135). Therefore the role of miR-17-92 suppression by NKX3-1 in T-ALL 
is not clear. Normally NKX3-1 is not expressed in adult tissues except in prostate 
and testis(136).  
 
HLX  
The NKL gene HLX has been suggested as a potential oncogene in AML and T-
ALL. HLX is normally expressed in activated T-cells and early hematopoietic 
progenitors.(137, 138) Knock down of HLX in CD34+ bone marrow cells inhibits 
proliferation, while over expression of HLX impairs differentiation into mature 
hematopoietic lineages(138). HLX promotes proliferation in the T-ALL cell line 
Jurkat(139) and HLX stably transfected Jurkat cells produce tumors in mice.(140) 
High levels of HLX have been demonstrated in AML patient samples(141) and a 
SNP in the 3’-UTR of HLX is associated with increased risk of therapy related 
AML(40). No genetic aberrations of HLX have been found in T-ALL or AML. 
HLX is not associated with other types of cancer as oncogene or tumor suppressor 
gene. 
 
VENTX 
VENTX is highly expressed in a small portion of acute myeloid leukemia patients, 
especially those with translocation t(8,21) or a normal karyotype(61), but whether 
it actually has a role in leukemogenesis is not clear. There are inconsistencies in the 
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reports on the expression levels of VENTX in normal hematopoietic lineages. 
Healthy CD34+ early hematopoietic cells express VENTX at low to undetectable 
levels while mature myeloid cells highly express VENTX.(61, 86) Some reports 
describe VENTX expression in mature B- and T-cells(142), while others have 
reported low to absent expression in these cell types(61) (86). Enforced expression 
of VENTX in CD34+ progenitor cells impairs B- and T-cell development but 
promotes the development of myeloid cells(61). VENTX knockdown in AML cell 
lines impairs proliferation, suggesting a possible oncogenic role for VENTX in 
AML or a role in promoting myeloid phenotype over lymphoid phenotype in 
preleukemic or leukemic clones(61). In contrast, in chronic lymphoid leukemia, 
VENTX has been suggested as a potential tumor suppressor gene(142) that 
functions by inducing cell senescence through the activation of p53 and 
p16ink4a.(143)  
 
DLX2, DLX3 and DLX4 
In pediatric precursor B-ALL patients carrying an MLL-AF4 translocation, 
decreased levels of DLX2,3 and 4(144) have been reported, possibly due to 
promoter hypermethylation of these genes.(145) This points to a tumor suppressor 
like role of these genes in this leukemia type. However, the role of these specific 
NKL genes in oncogenesis is not clear, as extensive promoter hypermethylation of 
many genes was recently demonstrated in MLL-AF4 translocated infant B-
ALL(146).  DLX2 and DLX4 are normally highly expressed in healthy B-cell 
progenitors and down regulated during maturation.  
 
NKL AS ONCOGENE OR TUMOR SUPPRESSOR GENE? 
Since homeobox genes have been initially found to be over expressed, it has been 
concluded that homeobox genes act as oncogenes. Nowadays, studies have also 
reported deletions and down regulation of homeobox genes as important oncogenic 
events. Hence NKL genes cannot be considered as ‘classic oncogenes’. 
Apparently, the same NKL gene can act as an oncogene or tumor suppressor gene 
depending on the cellular context. In general it can be stated that homeobox genes 
that are normally expressed in undifferentiated cells are up regulated in cancer, 
whereas homeobox genes that are normally expressed in differentiated tissues are 
down regulated in cancer(147).  
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NKL OVEREXPRESSION AS A COMMON THEME IN T-ALL 
It is remarkable that in T-ALL many different NKL genes are implied in 
leukemogenesis, especially compared to other types of cancer (Table 2). 
Approximately 30% of pediatric T-ALL cases harbor a genetic aberration 
involving a NKL gene (5% NKX2-1, 1% NKX2-2, 6% TLX1, 19% TLX3, 1% 
NKX2-5). The percentage of cases that over express NKL genes is  even higher, as 
TAL1 rearranged cases over express NKX3-1 and immature T-ALL cases over 
express HHEX. In addition, high expression of some NKL genes, such as NKX2-1, 
is observed in some cases where no genetic aberration was identified. Seven out of 
eight NKL homeobox genes that are association with T-ALL (NKX2-1, NKX2-2, 
NKX2-5, NKX3-1, TLX1, TLX2 and TLX3) are part of a separate branch in the 
phylogenetic tree of the NKL homeobox genes and therefore have a similar 
homeodomain(5) (boxed in table 1). All these seven genes are not expressed in 
normal T-cell development. The other gene, HHEX, is part of a separate 
phylogenetic tree branch and is expressed in early hematopoietic stages and down 
regulated upon T-cell development. Two different but compatible lineage 
dependency models have been proposed for oncogenes, i.e. the “oncogene 
addiction” model and the “lineage-survival model”. As the oncogene addiction 
model states that an oncogene will provide a tumor-specific gain-of-function, the 
lineage-survival model poses that tumors may become dependent on survival 
pathways that are already present in the precursor cells of the specific cell lineage. 
The seven NKX and TLX genes mentioned above might be involved in downstream 
pathways that are normally not involved in early T-cell development, but are 
nonetheless beneficial for survival of thymocytes, in line with the ‘oncogene 
addiction model’. On the other hand, these genes might mimic NKL genes that 
play a role in normal hematopoietic development, thereby making use of existing 
pathways, in line with a ‘lineage survival model’. HHEX(108) and MSX2(117) 
have both been proposed as candidate genes that might be mimicked by ectopically 
expressed NKL genes. HHEX is highly expressed in hematopoietic progenitors and 
down regulated upon T-cell differentiation. HHEX has also been implicated in 
leukemogenesis (see above), which makes HHEX a more likely candidate to be 
mimicked by NKL genes in T-ALL.  
 
NKLs MODES OF ACTION 
NKLs have been implied in different processes essential for oncogenesis especially 
differentiation, proliferation and apoptosis (see above). The exact mechanisms by 
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which these processes are regulated remains poorly understood. In general, NKL 
genes function predominantly as transcriptional repressors, though activating 
properties have also been described(108, 148, 149).  More than half (32/48) of the 
NKL homeodomain proteins contain a conserved Engrailed homogy 1 (Eh1) motif 
(FxIxxIL, whereby x can be any amino acid) (150, 151) at their N-terminal 
(defined here as having at least 3 out of 4 conserved amino acids present at the 
correct position at the N-terminal side, Table 1). The Eh1 domain functions as a 
strong transcriptional repressor. It can interact with Transducin-like Enhancer-of-
split (TLE) co-repressor proteins(152) and these proteins can induce transcriptional 
repression by recruiting histone deacetylases(153, 154). For HHEX and TLX1, it 
has been shown that the interaction with TLE proteins is important in regulating 
downstream targets in hematopoietic lineages as well as in T-ALL(111, 155). 
Binding of TLE can result in repression of transcription of NKL targets, but it can 
also act as a competitive substrate for TLE proteins relieving other factors from 
TLE-mediated repression and activation of transcription(156). For example, TLX1 
expression enhances NOTCH1 signaling in a T-ALL cell line, partly by 
sequestering TLE from the HES1-TLE-mediated transcriptional repression 
complex(111, 157). In line with this hypothesis are studies that have identified 
direct down regulation of TLE proteins by promoter hypermethylation and 
deletions in acute myeloid leukemia(158, 159). All NKL genes associated with T-
ALL have an Eh1-like motif at their N-terminal. It is therefore tempting to 
speculate that transcriptional repression through the Eh1 motif and TLE scavenging 
may be general mechanisms by which NKLs promote leukemogenesis in T-ALL. 
Besides TLE, GATA proteins also interact with NKL proteins. Together they can 
activate target genes in muscle and lung tissue(160-164). What could be important 
downstream factors of NKL genes, or proteins affected by NKL genes in 
leukemogenesis? In general, gene-expression analyses have shown enrichment of 
genes involved in proliferation in TLX1, TLX3, NKX2-1/2-2 and NKX3-1 
rearranged T-ALL patients(24, 31, 58, 59). Besides a general profile, specific genes 
or miRNAs have been identified for each of these NKL genes. NOTCH3 has been 
identified as a recurrent target of NKL proteins TLX1, MSX2 and NKX2-5(117). 
NOTCH3 over expression induces T-cell lymphomas in mice(118) and is highly 
expressed in all thirty T-ALL cases examined in a study by Bellavia and 
others(165) posing a possible important NKL downstream target. 
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SUMMARY AND FUTURE IMPLICATIONS 
NKLs are implicated in divergent types of cancer and can function as oncogene or 
tumor suppressor gene, depending on the tissue type. Oncogenes are down 
regulated during tissue development in normal tissue, whereas tumor suppressor 
genes are normally up regulated during differentiation. Many different NKLs are 
involved in T-ALL compared to other types of cancer. The over expression of eight 
different NKL genes has been associated with T-ALL covering the majority of 
pediatric T-ALL cases. Most of these NKLs are normally not expressed in T-cell 
development. This suggests a potential similar downstream effect that promotes 
leukemogenesis in T-cell progenitors, possibly due to mimicking of a NKL gene 
that is expressed in early hematopoietic development, like HHEX. As all eight 
NKL genes posses a conserved Eh1 repressor motif, this might also play an 
important role. A common downstream pathway of NKLs might prove difficult to 
be discovered, especially when most gene-expression analyses are focused on 
comparisons between subgroups in T-ALL. To elucidate a potential common role 
of NKL genes in T-ALL, comparisons with normal thymocytes subsets in 
combination with ChIP-on-chip or chip-seq analysis and functional knock-down 
and knock-in experiments will be essential.  
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ABSTRACT 
Aberrant activation of the NOTCH1 pathway by inactivating and activating 
mutations in NOTCH1 or FBXW7 is a frequent phenomenon in T-cell acute 
lymphoblastic leukemia (T-ALL). We retrospectively investigated the relevance of 
NOTCH1/FBXW7 mutations for pediatric T-ALL patients enrolled on Dutch 
Childhood Oncology Group (DCOG) ALL7/8 or ALL9 or the German Co-
Operative Study Group for Childhood Acute Lymphoblastic Leukemia study 
(COALL-97) protocols. NOTCH1-activating mutations were identified in 63% of 
patients. NOTCH1 mutations affected the heterodimerization, the juxtamembrane 
and/or the PEST domains, but not the RBP-J-κ-associated module, the ankyrin 
repeats or the transactivation domain. Reverse-phase protein microarray data 
confirmed that NOTCH1 and FBXW7 mutations resulted in increased intracellular 
NOTCH1 levels in primary T-ALL biopsies. Based on microarray expression 
analysis, NOTCH1/FBXW7 mutations were associated with activation of NOTCH1 
direct target genes including HES1, DTX1, NOTCH3, PTCRA but not cMYC. 
NOTCH1/FBXW7 mutations were associated with TLX3 rearrangements, but were 
less frequently identified in TAL1- or LMO2-rearranged cases. NOTCH1-activating 
mutations were less frequently associated with mature T-cell developmental stage. 
Mutations were associated with a good initial in vivo prednisone response, but were 
not associated with a superior outcome in the DCOG and COALL cohorts. 
Comparing our data with other studies, we conclude that the prognostic 
significance for NOTCH1/FBXW7 mutations is not consistent and may depend on 
the treatment protocol given. 
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INTRODUCTION 
T-cell acute lymphoblastic leukemia (T-ALL) accounts for approximately 10–15% 
of all leukemias in children. Despite improved therapy, still 30% of these cases 
relapse and ultimately die.1, 2 

Various chromosomal aberrations are known in T-ALL and some have 
been associated with prognosis.3, 4, 5 NOTCH1 may be important for T-ALL 
pathogenesis and was initially identified as part of rare t(7;9) translocations.6, 7 A 
role for NOTCH1 is now more clear as nearly 60% of T-ALL cases have NOTCH1 
mutations affecting the heterodimerization (HD), the juxtamembrane domain (JM) 
or the proline, glutamic acid, serine, threonine-rich (PEST) domains.8, 9 HD or JM 
mutations result in ligand-independent proteolytical cleavages (reviewed in 
Grabher et al.10), resulting in the release of intracellular NOTCH1 (ICN). ICN is a 
transcription factor that regulates differentiation and proliferation through the 
activation of various target genes including cMYC, HES1 and PTCRA.10, 11, 12 

As an alternative NOTCH1 activation mechanism, inactivating mutations 
in the F-Box WD40 domain containing protein 7 gene (FBXW7) were identified in 
8–30% of T-ALL patients.13, 14, 15, 16 FBXW7 is part of the E3 ubiquitin ligase 
complex that controls the turnover of various proteins including ICN. FBXW7 
interacts with phosphodegron domains located in the PEST domain of ICN. 
Therefore, inactivating mutations in FBXW7 or loss of the phosphodegron domains 
through truncating NOTCH1 PEST mutations both result in the stabilization of ICN 
in the nucleus. Mutations in FBXW7 and NOTCH1 PEST mutations are mutually 
exclusive,13, 14, 16 indicating that they seem to exert an equivalent oncogenic effect. 
Mutations in NOTCH1 or FBXW7 may have prognostic relevance in T-ALL. Breit 
et al.17 reported that NOTCH1 mutant pediatric patients in the German ALL-BFM 
2000 study show a good in vivo prednisone response and have an improved event-
free survival (EFS). In contrast, Zhu et al.18 published an unfavorable outcome for 
NOTCH1-mutated adult T-ALL patients, but not for pediatric patients. We could 
not confirm a favorable prognostic effect for NOTCH1-mutated pediatric T-ALL 
patients treated on Dutch Childhood Oncology Group (DCOG) protocols,19 and this 
was confirmed by children treated on POG protocols for which no relation was 
identified between the presence of NOTCH1 mutations and relapse.20 These initial 
studies investigated the relevance for NOTCH1 HD and PEST mutations,17, 18, 19 but 
did not include NOTCH1 JM mutations or FBXW7 mutations. We now extended 
our initial study by examining the prognostic effect of NOTCH1 and FBXW7 
mutations in 141 pediatric T-ALL patients treated on DCOG or German Co-
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Operative Study Group for Childhood Acute Lymphoblastic Leukemia study 
(COALL-97) protocols. The functional consequences of NOTCH1/FBXW7 
mutations in relation to ICN levels and activation of target genes in primary 
leukemia samples were investigated. 
 
PATIENTS/MATERIALS AND METHODS 
Patient samples 
This study comprised 146 primary pediatric T-ALL patients, of which 72 were 
treated on DCOG protocols ALL-7/8,21, 22 (n=30) or ALL-9 (n=42).23 This cohort 
had a median follow-up of 67 months, and included 51 male and 21 female 
patients. As the overall disease-free survival for patients treated on these DCOG 
protocols are comparable, these patients will be analyzed as one cohort as carried 
out before.19, 24 Of these, 70 patients were part of our previous study.19 For ALL7/8 
patients, in vivo prednisone response was monitored at day 8 following 7 days of 
BFM-like prednisone monotherapy and one intrathecal dose of methotrexate. A 
clearance to less than 1000 blasts per µl blood at day 8 was considered as an initial 
prednisone good response (PGR). In total, 74 patients were enrolled in the German 
COALL-97 protocol19 with a median follow-up of 52 months. This cohort included 
49 male and 25 female patients. The patients’ parents or legal guardians provided 
informed consent to use leftover diagnostic biopsies for research in accordance 
with the institutional review board and the Declaration of Helsinki Principles. 
Isolation of leukemia cells from blood or bone marrow samples has been described 
before,25 and all samples contained >90% of leukemic blasts. Clinical and 
immunophenotypic data were supplied by both study centers. Classification into T-
cell development stages was based on EGIL criteria:26 pro-/pre- (CD7+, CD2+ 
and/or CD5+ and/or CD8+), cortical (CD1+) or mature T-cell stage (sCD3+/CD1−). 
 
Genomic DNA and RNA extraction 
Isolation of genomic DNA and RNA from 5 × 106 leukemic cells using the TRIzol 
reagent (Invitrogen, Breda, the Netherlands) and copy DNA synthesis were carried 
out as described before.24, 25 
 
Mutational detection 
NOTCH1 exons 25–34 were screened for mutations that include all relevant 
domains (Supplementary Table S1). For FBXW7, the F-box and WD40 domains 
(exon 5, exons 7–11) were amplified, covering all FBXW7 mutations as reported so 
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far. PCR reactions were carried out as described before.19 Primers are shown in 
Table 1. PCR products were sequenced using the BigDye Terminator version 3.1 
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) on a 3130 
DNA Analyzer (Applied Biosystems). 
 
Identification of recurrent rearrangements by FISH, RQ-PCR or array-CGH 
SIL-TAL, CALM-AF10 or rearrangements of LMO2, TLX1, TLX3, TAL1, CALM-
AF10, SET-NUP214, HOXA or MLL were determined with fluorescence in-situ 
hybridization (FISH) as previously described.24, 27, 28 NOTCH1 translocations were 
detected using bacterial artificial chromosomes clones RP11-769N4, RP11-
1008C19, RP11-83N9 and RP11-662J2 covering both sides adjacent to the 
NOTCH1 locus. Bacterial artificial chromosomes were obtained from BAC/PAC 
Resource Center (Children's Hospital, Oakland, CA, USA). Expression levels of 
TLX1, TLX3, TAL1, LMO2 or HOXA or CALM-AF10 and SET-NUP214 fusion 
products were measured relative to the expression of glyceraldehyde-3-phosphate 
dehydrogenase as described before.27, 28 Array-CGH analysis was performed as 
previously described,27 on the human genome CGH Microarray 105 or 400K dual 
arrays (Agilent Technologies, Santa Clara, CA, USA), which consists of ~105 000 
or ~400 000 60-mer oligonucleotide probes that span both coding and noncoding 
sequences with an average spatial resolution of ~15 or 5 kb. Microarray images 
were analyzed using feature extraction software (version 8.1; Agilent 
Technologies) and the data were subsequently imported into array-CGH analytics 
software version 3.1.28 (Agilent Technologies). 
 
Gene expression array analysis 
RNA integrity testing, copy DNA and copy-copy RNA (ccRNA) syntheses, 
hybridization and washing to Human Genome U133 plus2.0 microarrays 
(Affymetrix, Santa-Clara, CA, USA), extraction of probeset intensities from CEL-
files and normalization with RMA or VSN methods were performed as described 
before.28 Differentially expressed genes between NOTCH1 mutant versus wild-type 
T-ALL patients were determined by Wilcoxon statistics and corrected for multiple 
testing error29 using the Bioconductor package ‘Multtest’ in R. Heatmaps based on 
the TOP50 most significant differentially expressed genes were performed in 
Dchip software, Harvard University, Boston, MA, USA.30 Microarray data are 
available at http://www.ncbi.nlm.nih.gov.proxy-ub.rug.nl/geo/. 
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Reverse-phase protein microarray analysis and western blot 
Reverse-phase protein microarray construction and analysis was performed 
essentially as previously described.31, 32 To isolate proteins from 10 × 106 leukemic 
cells, lysis was performed in 20 µl tissue protein extraction reagent (Pierce 
Biotechnology, Rockford, IL, USA) with 300 nM NaCl, 1 mM orthovanadate and 
protease inhibitors. Cells were incubated at 4 °C for 20 min and subsequently 
centrifuged at 10,000 r.p.m. for 5 min in an Eppendorf centrifuge. Supernatants 
were stored at −80 °C before printing on the microarrays. Lysates were diluted to 
1.0 mg/ml protein concentration and mixed 1:1 with 2 × SDS Tris-glycine buffer 
(Invitrogen) containing 5% 2-mercaptoethanol (Sigma, Zwijndrecht, the 
Netherlands) (FC=0.5 mg/ml). Lysates were spotted at a concentration of 0.5 µg/µl 
(neat spot) and 0.125 µg/µl in duplicate with 350 µm pins on glass-backed 
nitrocellulose coated array slides (FAST slides; Whatman, Kent, UK) using an 
Aushon Biosystems 2470 (Aushon Biosystems, Billerica, MA, USA). Printed 
slides were stored at −20 °C or directly used. The first of each 25 slides printed 
were subjected to Sypro Ruby Protein Blot staining (Invitrogen) to determine total 
protein amount. These slides were visualized on a NovaRay CCD fluorescent 
scanner (Alpha Innotech, San Leandro, CA, USA). The remaining slides were used 
for staining with a specific antibody. Before this, slides were incubated with 1 × 
Reblot (Chemicon, Temecula, CA, USA) for 15 min and subsequently washed with 
phosphate-buffered saline twice. This was continued with a blocking procedure for 
5 h using 1 gr I-Block (Applied Biosystems) diluted in 500 ml phosphate-buffered 
saline with 0.5% Tween 20. Slides were stained with an automated slide stainer 
(Dako, Glostrup, Denmark) according to the manufacturer's instructions using the 
Autostainer catalyzed signal amplification kit (Dako). In each staining run, a 
negative control slide was stained with the secondary antibody only for background 
subtraction. Briefly, endogenous biotin was blocked for 10 min with the biotin 
blocking kit (Dako), followed by application of protein block for 5 min; primary 
antibodies were diluted in antibody diluent and incubated on slides for 30 min and 
biotinylated secondary antibodies were incubated for 15 min. Signal amplification 
involved incubation with a streptavidin/biotin/peroxidase complex provided in the 
catalyzed signal amplification kit for 15 min, and amplification reagent (biotinyl-
tyramide/hydrogen peroxide, streptavidin/peroxidase) for 15 min each. A signal is 
generated using streptavidin-conjugated IRDye680 (LI-COR Biosciences, Lincoln, 
NE, USA). Slides were allowed to air dry following development. Stained slides 
were scanned individually on the NovaRay scanner (Alpha Innotech) and files 
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were saved in TIF format in Photoshop 7.0. All slides were subsequently analyzed 
with the MicroVigene version 2.8.1.0 program (VigeneTech, Carlisle, MA, USA). 
To screen for ICN protein levels, we have used and optimized the conditions for 
the ICN Val1744 antiserum (catalog no. 2421; Cell Signaling Technology, Beverly 
MA, USA). Slides were scanned in a NovaRay scanner (Alpha Innotech) and 
analyzed with the MicroVigene version 2.8.1.0 program (VigeneTech). For 
western blot validation,28 protein loading was validated by staining for Actin 
(Sigma, catalog no. 2547) 
 
Statistics 
Statistics were performed using SPSS 15.0 software (SPSS Inc., Chicago, IL, 
USA). The Pearson's χ2-test or the Fisher's exact test was used to test differences in 
the distribution of nominal data as indicated. Statistical significance for continuous 
distributed data was tested using the Mann—Whitney's U-test. Differences between 
patient populations in EFS and relapse-free survival (RFS) were tested by using the 
log-rank test. For RFS, an event is defined as relapse or nonresponse toward 
induction therapy at day 56 (COALL) or at start of consolidation therapy (DCOG). 
An event for EFS is defined as relapse, nonresponse toward induction therapy, 
death in remission because of toxicity or development of a secondary malignancy.  
NOTCH1 and/or FBXW7 mutations in pediatric T-ALL patients 

Bone marrow or blood DNA samples for 146 primary T-ALL patients were 
analyzed for NOTCH1 (exons 25–34) and/or FBXW7 mutations (exons 5, 7–11) 
and 141 samples were successfully amplified and sequenced. The locations of 
mutations in specific NOTCH1 or FBXW7 domains are shown in Figure 1a. 

NOTCH1 and FBXW7 mutations in pediatric T-ALL patients. (a) 
Schematic representation of identified mutations in the heterodimerization (HD), 
juxtamembrane (JM) and PEST domains in NOTCH1 and in the WD40-repeats of 
FBXW7. Missense mutations are indicated by an open triangle, a silent mutation is 
indicated by a filled gray triangle and nonsense mutations are indicated by a filled 
black triangle. (b) The distribution of NOTCH1 and FBXW7 mutation types in the 
DCOG and COALL cohorts. 
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Figure 1. NOTCH1 and FBXW7 mutations in pediatric T-ALL patients.  (A) Schematic 
representation of identified mutations in the heterodimerization (HD), juxtamembrane (JM) 
and PEST domains in NOTCH1 and in the WD40-repeats of FBXW7. Missense mutations 
are indicated by an open triangle, a silent mutation is indicated by a filled grey triangle, and 
nonsense mutations are indicated by a filled black triangle (B) The distribution of NOTCH1 
and FBXW7 mutation types in the DCOG and COALL cohorts. 
 

Heterozygous mutations in NOTCH1 were detected in 79 out of 141 cases (56%), 
whereas 23 T-ALL patients (16%) harbored a point mutation in FBXW7. In total, 
89 patients (63%) contained NOTCH1 and/or FBXW7 mutations. In total, 35 
patients (39%) had a missense mutation or an in-frame insertion/deletion in the 
HD-domain of NOTCH1, whereas 9 (10%) and 13 (15%) patients harbored a 
combination of HD and PEST or FBXW7 mutations, respectively. Seventeen 
patients (19%) had a single NOTCH1 PEST mutation and ten (11%) had a single 
FBXW7 mutation (Figure 1b). We confirmed that NOTCH1 PEST domain 
mutations and FBXW7 mutations were nearly mutual exclusive,14, 16 but one patient 
carried a FBXW7 and a NOTCH1 PEST mutation. Five patients had a mutation in 
the JM domain of NOTCH1 (5.6%) of which one also had a NOTCH1 HD 
mutation. It is not known whether these JM and HD mutations occurred in cis or 
affected different alleles. 

In total, 66 NOTCH1 mutations were found and 10 HD and 9 PEST 
mutations were not reported before to the best of our knowledge (Supplementary 
Figure S1). Ten FBXW7 point mutations were found, five of which have not been 
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observed before in T-ALL (Supplementary Figure S2). These are H379L in exon 7, 
R465P in exon 8 and K622STOP, G687V and E693K in exon 11. The E693K 
mutation was previously identified in a gastric carcinoma patient.33 
NOTCH1 and/or FBXW7 mutations activate ICN and downstream target 
genes in primary T-ALL samples 
As published for T-ALL cell lines,8, 9, 11, 12, 14, 16 we demonstrated by using reverse-
phase protein microarrays that NOTCH1 and/or FBXW7 mutations result in 
enhanced levels of ICN in primary T-ALL cells. The specificity of the NOTCH1 
antibody was validated on the T-ALL cell line HPB-ALL, and ICN detection was 
lost on treatment with a γ-secretase inhibitor (Figure 2a). NOTCH1 and/or FBXW7-
mutated patients showed about twofold higher ICN levels compared with wild-type 
patients (Figure 2b, P=0.0015). Strikingly, four wild-type patients also showed 
high ICN levels despite the absence of NOTCH1 and/or FBXW7 mutations (Figure 
2b). Subsequent FISH and array-CGH analyses ruled out potential NOTCH1 
translocations or other chromosomal NOTCH1 rearrangements in these four 
patients (data not shown). 
 
Figure 2. (page 126) NOTCH1/FBXW7 mutations activate the NOTCH1 pathway in 
primary T-ALL patient biopsies.  (A) Western blot analysis of lysates from the HPBALL 
T-ALL cell line which is NOTCH1-mutated. Treatment for 96 hrs with γ-secretase 
inhibitors including compound E (100 nM) or DAPT (5 µM), results in loss of activated 
intracellular NOTCH1 expression (ICN). Actin was used as loading control. (B) NOTCH1 
ICN levels in wild-type and NOTCH1 and/or FBXW7-mutated T-ALL patients and T-ALL 
cell lines analyzed with Reverse-phase Protein microarray. NOTCH1/FBXW7 wild-type 
patient samples with high ICN levels are marked by an asterisk (C) Heatmap showing the 
TOP50 most differentially expressed genes between NOTCH1 and/or FBXW7 mutant 
patients versus wild-type patients. NOTCH1 direct target genes are indicated. Annotations 
indicated are genetic rearrangements, Gender and NOTCH1/FBXW7 mutation status. 
Genetic rearrangements indicated are: T, TAL1 or SIL-TAL1; L, LMO1 or LMO2 
(includes del(11)(p12p13)); A, HOXA-activated (includes cases with SET-NUP214; 
CALM-AF10 or Inv(7)(p15q34)); 1, TLX1; 2, TLX2; 3, TLX3; O, Other; U, Aberration 
unknown. Gender is indicated F, Female or M, Male. NOTCH1/FBXW7 mutation status is 
indicated 0, wild-type and 1, NOTCH1 and/or FBXW7-mutated; NOTCH1/FBXW7 wild-
type patients with high ICN levels are marked by an asterisk; NOTCH1/FBXW7 wild-type 
patients having a NOTCH1 signature that cluster with NOTCH1-activated patients based 
upon hierarchical clustering based on the TOP50 probeset are indicated with a filled 
triangle.
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We investigated whether NOTCH1/FBXW7 mutations would result in the 
activation of specific genes. Expression array data28, 34 were available for 111 T-
ALL patients with a known NOTCH1/FBXW7 mutation status. The TOP50 most 
significant and differentially expressed genes (probesets) between 
NOTCH1/FBXW7 mutant and wild-type patients comprised previous published and 
validated NOTCH1 direct target genes including HES1, HES4, DTX1, PTCRA, 
NOTCH3, PTPRC, CR2, LZTFL1, TASP1, SHQ1 and RHOU (Figure 2c).10, 11 
Although cMYC is a NOTCH1 target gene in T-ALL cell lines, this gene did not 
appear in our TOP50 nor TOP200 gene lists (not shown). Eight wild-type patients 
also seemed to express genes from this NOTCH1 signature (Figure2c; data not 
shown). For six out of these eight patients for which ICN levels were available, two 
patients were among the four wild-type cases having the highest ICN protein 
levels. Similarly to these two cases having a NOTCH1 signature and high ICN 
levels, none of the remaining six patients with a NOTCH1 signature carried 
NOTCH1 translocations or alternative chromosomal abnormalities based on FISH 
and array-CGH results (data not shown). 
 
NOTCH1/FBXW7 mutations in relation to clinical, immunophenotypic and 
cytogenetic parameters 
We did not observe a relationship between NOTCH1/FBXW7 mutations with 
gender, age or white blood cell counts (Table 1). For 23 patients, the in vivo 
prednisone response was known. NOTCH1-activated patients were correlated with 
a good in vivo prednisone response as 14 out of 16 patients with an initial PGR 
contained NOTCH1 mutations, in contrast to 2 out of 7 cases with a poor response 
(P=0.01). This observation was stronger by including FBXW7 data where 15 out of 
16 cases with a PGR had a NOTCH1/FBXW7 mutation in contrast to only 2 out of 
7 prednisone poor response cases (P=0.003, Table 1). Classification into T-cell 
development stages on EGIL criteria26 revealed that NOTCH1/FBXW7 mutations 
were less frequently identified in mature T-ALL cases (P=0.05, Table 1). In 
relation to molecular cytogenetic data, NOTCH1/FBXW7 mutations were identified 
in all cytogenetic T-ALL subgroups (Table 1). Considering TAL1- or LMO2-
rearranged cases as a single TAL/LMO entity based on their identical expression 
profiles,28, 34 and including an additional 19 TALLMO-like patients with a 
TAL/LMO signature that lack TAL1 or LMO2 rearrangements,28 NOTCH1 
mutations were less frequent. Only 25 out of 60 TALLMO patients (42%) had a 
NOTCH1 mutation (P=0.002, Table 1). This remained significant when including 
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FBXW7 mutations as only 30 out of 60 cases (50%) had a NOTCH1/FBXW7 
mutation (P=0.004). NOTCH1 mutations were more prevalent in TLX3-rearranged 
cases, in which 21 out of 27 cases (86%) had a NOTCH1 mutation (P=0.02). This 
remained significant when taking FBXW7 mutations into account (P=0.01).  
 
Prognostic relevance of NOTCH1 and/or FBXW7 mutations 
We then investigated the relevance of NOTCH1 and/or FBXW7 mutations in 
relation to treatment outcome. For the DCOG cohort, mutations in NOTCH1 and/or 
FBXW7 tended toward poor treatment outcome. The 5-year EFS rates for patients 
with NOTCH1 mutations only compared with wild-type patients were 57±8% 
versus 76±8% (P=0.08) for the DCOG cohort but 63±8 versus 64±10% for the 
COALL cohort (P=0.99, Figures 3a and b). Inclusion of FBXW7 mutations resulted 
in 5-year EFS rates of 58±7 versus 74±9% (P=0.16) for the DCOG cohort and 
63±8 versus 68±10% for the COALL cohort (P=0.90; data not shown). 

Events in both cohorts are summarized in Table 2. NOTCH1 mutations 
tended toward a lower RFS in the DCOG (P=0.068) and COALL cohorts 
(P=0.094) with 5-year RFS of 83±7 versus 62±8% for the DCOG cohort and 89±6 
versus 67±8% for the COALL cohort for wild-type and NOTCH1-mutated patients, 
respectively (Figures 3c and d). These trends became less evident when including 
FBXW7 mutation data, with an RFS of 82±8 versus 62±8% in the DCOG cohort 
(P=0.101) and an RFS of 86±7 versus 70±8% in the COALL cohort (P=0.23) for 
wild-type or NOTCH1-activated patients (data not shown). 
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Table 1. The distribution of wild-type and NOTCH1 mutations within categorized 
subgroups of T-ALL patients 
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Only significant p-values are indicated. #, p-values calculated by the Fisher exact method; *, p-values 
calculated by the Mann-Whitney-U method. WBC, white blood cell count; PGR, prednisone good 
response; PPR, prednisone poor response, NE, not evaluable.  
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Figure 3. NOTCH1-activating mutations have no prognostic implication in pediatric 
T-ALL.  Event-free survival (EFS) (a, b) and Relapse-free survival (RFS) (c, d) for the 
pediatric T-ALL patients treated on DCOG protocols (a, c) or the COALL protocol (b, d). 
Patients carrying NOTCH1 and/or FBXW7 mutations and wild-type patients have been 
indicated. 
 

We also investigated the effect for specific NOTCH1 and/or FBXW7 mutations on 
the activation of downstream target genes and outcome. As reported by the group 
of Pear and co-workers, specific NOTCH1 mutations or combinations of 
NOTCH1/FBXW7 mutations may have strong NOTCH1-activating effects, whereas 
others may only have modest activating effects.35 For this, we distinguished weak 
NOTCH1-activating mutations, that is, NOTCH1 HD or PEST mutations or 
FBXW7 mutations, and strong NOTCH1-activating mutations, that is, NOTCH1 JM 
mutations or combinations of NOTCH1 HD mutations with PEST mutations or 
FBXW7 mutations. Although ICN protein levels were significantly higher for 
NOTCH1- and/or FBXW7 -mutated cases versus wild-type cases, there was relation 
to the types of NOTCH1-activating mutations investigated (Supplementary Figure 
S3). To investigate differential activation of downstream target genes between 
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patients with weak or strong NOTCH1-activating mutations, we first calculated the 
most significantly and differently expressed genes (probesets) between patients  
 

Table 2. Events in DCOG and COALL cohorts     
  DCOG COALL 
  WT Mut WT Mut 
  n=29 n=42 n=35 n=39 

events 7 18 10 13 
relapse* 5 15 3 11 

CNS relapse 2 2 1 4 
Toxic death 1 2 5 3 

second malignancy 1 1 2 1 
WT, wild-type; Mut, mutant for NOTCH1; *, includes CNS relapse 
 
with strong NOTCH1-activating mutations versus wild-type patients, which again 
revealed mostly bonafide NOTCH1 target genes. However, these genes were 
expressed at intermediate levels for patients having weak NOTCH1-activating 
mutations (Supplementary Figure S4), indicating that these types of mutations 
indeed differ in their potential to activate downstream target genes in primary 
leukemic samples. Distinction between these types of mutations may also have 
prognostic significance as patients from the DCOG cohort with strong NOTCH1-
activating mutations had a significant poor outcome relative to wild-type patients 
(P=0.012) as well as to patients carrying weak NOTCH1-activating mutations 
(P=0.048) (Supplementary Figure S5a). However, this observation could not be 
substantiated for COALL-97 T-ALL patients (Supplementary Figure S5b). We also 
investigated whether ICN protein levels itself had prognostic significance. As 55 
out of 66 patients for whom ICN protein levels were available were treated on the 
COALL cohort, we divided these patients into quartiles and determined their RFS 
and EFS rates. However, no relationship between ICN protein levels and RFS or 
EFS was present (P=0.98 and 0.97, respectively). 
 
 
DISCUSSION 
Activation of NOTCH1 as a consequence of activating NOTCH1 mutations or 
inactivating FBXW7 mutations is a frequent phenomenon in T-ALL.8 We screened 
for NOTCH1 and FBXW7 mutations in 141 pediatric T-ALL patient samples and 
identified NOTCH1 mutations in 56% and FBXW7 mutations in 16% of the 
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patients. In total, 63% of the patients had an aberrantly activated NOTCH1 
pathway due to mutations. In line with previous studies,14, 16 we observed that 
NOTCH1 PEST domain mutations and FBXW7 mutations occurred in a mutually 
exclusive manner with the exception of one patient. This patient had a nonsense 
mutation in FBXW7 in contrast to missense mutations that are normally observed in 
FBXW7-mutated patients. This implies that mutant FBXW7 but not truncated 
FBXW7 proteins exert a dominant-negative effect in the E3-ubiquitin ligase 
complex. Interestingly, Park et al.15 also discovered a nonsense mutation due to a 
5 bp insertion in FBXW7 in combination with a NOTCH1 PEST mutation in a non-
Hodgkin's lymphoma patient. 

The frequency of NOTCH1-activating mutations is in line with other 
studies also comprising adult T-ALL patient series.36, 37 In adult studies, NOTCH1 
and FBXW7 mutations were identified in 60–62% and 18–24% of the T-ALL 
patients, respectively. This indicates that the oncogenic role for NOTCH1/FBXW7 
during T-cell oncogenesis remains conserved over age. We did not find evidence 
for mutations outside the NOTCH1 HD, JM and PEST domains in any of the 141 
pediatric T-ALL patients indicating that reported mutations in the LNR region, the 
RAM, ANK and TAD domains are very rare.18, 36, 38 

We found that NOTCH1 and FBXW7 mutations resulted in increased levels 
of cleaved NOTCH1 (ICN) in primary leukemia cells and was associated with the 
activation of NOTCH1 target genes,10, 11, 12 including HES1, HES4, DTX1, PTCRA, 
NOTCH3, PTPRC, CR2, LZTFL1, TASP1 and RHOU. This confirms that the 
mutations manifest functionally at the protein level in patient samples. We 
identified 10 patients that lacked NOTCH1 and/or FBXW7 mutations that either 
expressed high levels of ICN or that expressed NOTCH1 target genes. As we did 
not find chromosomal translocations or other types of rearrangements involving the 
NOTCH1 locus, this implies that additional mutation mechanisms in NOTCH1 or 
directly downstream regulatory genes must exist that so far been left unnoticed in 
T-ALL. Although cMYC was identified as a prominent NOTCH1 target in T-ALL 
cell lines,11, 12 it was not identified as target gene in primary samples. However, two 
cases expressed ectopic cMYC levels due to a t(8;14)(q24;q11) translocation, 
which were both wild-type for NOTCH and FBXW7, supporting a role for MYC as 
NOTCH1 target. Further research will be required to establish whether cMYC is 
generally upregulated by means of other oncogenic mechanisms in addition to 
activated NOTCH1 in primary samples and therefore left undetected, or that the 
expression of cMYC is rapidly lost on isolation of primary leukemic cells. 
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NOTCH1/FBXW7 mutations were identified at a lower frequency in T-
ALL cases with a mature immunophenotype. This may explain the low incidence 
of NOTCH1/FBXW7 mutations in the TAL/LMO subgroup because TAL1 
rearrangements, which are the most recurrent abnormality in this subgroup, are 
associated with a mature T-cell development arrest.24, 39 This is an interesting 
finding and suggests that the oncogenic role of NOTCH1 is less prominent in T-
ALL cases arrested at a relative mature T-cell developmental stage. Interestingly, 
NOTCH1/FBXW7 mutations were identified at a higher frequency in TLX3-
rearranged T-ALL. The oncogenic activation of NOTCH1 thus far has been 
regarded as one of the earliest acquired abnormalities in a preleukemic progenitor 
cell that therefore becomes committed to the T-ALL.10, 40 In this perspective, our 
data indicate that the importance of deregulated NOTCH1 as initiating event during 
T-cell oncogenesis depends on additional collaborating events like TLX3 or TAL1 
rearrangements. It also suggests that the oncogenic program that is followed by T-
ALL cases that eventually arrest at the mature development stage may be less 
dependent on NOTCH1. Whether NOTCH1-activating mutations represent truly 
initiating leukemic events or not needs to be established, as evidence is emerging 
that NOTCH1 activation in some T-ALL cases may have occurred as a secondary 
event which may be acquired or lost at relapse.41 

In the study of Breit et al.,17 NOTCH1 mutations were associated with an 
initial PGR and a significantly lower minimal residual disease content at day 78. 
Our study supports this association with initial prednisone response for 
NOTCH1/FBXW7 mutant patients. This association is also validated for patients of 
the EORTC-CLG study. In that study, NOTCH1-activating mutations were also 
associated with reduced minimal residual disease during therapy.42 The association 
for NOTCH1-activating mutations with PGR seems to be in contrast with the 
finding that γ-secretase inhibitors can sensitize for glucocorticoids in 
glucocorticoid-resistant cells.43 It may be that the NOTCH pathway has opposing 
effects in the glucocorticoid response in responsive against resistance patients, but 
it now seems clear that activation of NOTCH1 by mutations does not drive 
glucocorticoid resistance. Further research will be required to clarify this seeming 
contradiction. 

NOTCH1 mutations are not associated with a superior outcome for patients 
treated on the BFM-like DCOG protocols or the COALL-97 protocol. The survival 
rate of NOTCH1-activated patients was actually less than for wild-type patients. 
Separating patients carrying strong NOTCH1-activating mutations from those with 
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weak NOTCH1-activating mutations35 or patients that were wildtype showed a 
significant poor outcome for patients having strong NOTCH1-activating mutations 
in the DCOG cohort. This could not be reproduced for T-ALL patients treated on 
the German COALL-97 protocol. In the accompanying article of Clappier et al.,42 
NOTCH1-activating mutations did not predict improved outcome for patients 
treated on the BFM-derived EORTC-CLG protocols either. These observations are 
in contrast to the findings by the BFM study group.17 In the accompanying article 
of Kox et al.,44 this finding is now validated in an extended series comprising 301 
pediatric T-ALL patients treated on the ALL-BFM 2000 protocol. A favorable 
prognostic effect of NOTCH1 and/or FBXW7 mutations was also identified in a 
recent study by Park et al.,15 although the overall incidence of identified NOTCH1 
mutations was only 31%. No favorable outcome of NOTCH1 and/or FBXW7-
mutated cases has been observed neither for adult T-ALL patients treated on 
GMALL 05/93 and 06/99 multicenter protocols,45 nor for patients treated on the 
MRC UKALLXII/ECOG E299337 or LALA-9436 protocols. A significant 
association with improved outcome for NOTCH1-activating mutations has only 
been observed for adult T-ALL patients treated on the GRAALL-2003 multicenter 
protocol.36 These results indicate that the prognostic effect of NOTCH1/FBXW7 
mutations may strongly depend on the treatment protocol given. 

Compared with the ALL-BFM-2000 protocol, the DCOG ALL-7/8 
protocol in general showed an inferior outcome.22 Although both protocols are 
highly related, part of the patients treated on the DCOG ALL-7/8 cohort received 
less chemotherapy and none of them received prophylactic cranial irradiation, 
except for patients with initial central nervous system involvement. NOTCH1-
activating mutations may provoke central nervous system relapse because of the 
activation of the CCR7 chemokine.46 This study therefore predicts that NOTCH1-
activating mutations would result in increased risk for central nervous system 
relapse through the CCL19-CCR7 axis in the absence of cranial irradiation. 
However, the numbers of central nervous system relapses in our cohorts were too 
low to substantiate this notion. In addition, neither the CCR7 gene nor its ligand 
CCL19 was identified as significantly differentially expressed genes that were 
activated in NOTCH1/FBXW7-mutated T-ALL patients based on our microarray 
expression data set (data not shown). As our patient biopsies were all obtained 
from peripheral blood or bone marrow samples, we cannot exclude that these genes 
are only upregulated in malignant blasts in the context of a neuronal environment. 
Cranial radiation may contribute to the differences in prognostic value for 
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NOTCH1-activating mutations between the DCOG and ALL-BFM-2000 cohorts, 
but this does not apply for the COALL-97 cohort that includes cranial irradiation. 
Therefore, other differences among treatment protocols seem important. 

In conclusion, NOTCH1/FBXW7 mutations that activate the NOTCH1 
pathway are identified in >60% pediatric T-ALL patients and result in elevated 
ICN levels and activation of NOTCH1 target genes. Mutations were more often 
found in association with TLX3-rearranged T-ALL, but were less frequently 
identified in TAL/LMO T-ALL patients and T-ALL patients with a mature T-cell 
phenotype. NOTCH1/FBXW7 mutations predict for an initial PGR, which does not 
translate into a superior outcome of T-ALL on DCOG ALL-7/8, ALL-9 or 
COALL-97 protocols. 
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ABSTRACT 
Forodesine and nelarabine (the pro-drug of ara-G) are two nucleoside analogues 
with promising anti-leukemic activity. To better understand which pediatric 
patients might benefit from forodesine or nelarabine (ara-G) therapy, we 
investigated the in-vitro sensitivity to these drugs in 96 diagnostic pediatric 
leukemia patient samples and the mRNA expression levels of different enzymes 
involved in nucleoside metabolism. Forodesine and ara-G cytotoxicities were 
higher in T-cell acute lymphoblastic leukemia (T-ALL) samples than in B-cell 
precursor (BCP-) ALL and acute myeloid leukemia (AML) samples. Resistance to 
forodesine did not preclude ara-G sensitivity and vice versa, indicating that both 
drugs rely on different resistance mechanisms. Differences in sensitivity could be 
partly explained by significantly higher accumulation of intracellular dGTP in 
forodesine sensitive samples compared with resistant samples, and higher mRNA 
levels of dGK but not dCK. The mRNA levels of the transporters ENT1 and ENT2 
were higher in ara-G sensitive than resistant samples. We conclude that especially 
T-ALL, but also BCP-ALL pediatric patients may benefit from forodesine or 
nelarabine (ara-G) treatment.  
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INTRODUCTION  
Leukemia is the most common childhood malignancy, and the general incidence in 
both adults and children to develop acute lymphoblastic leukemia (ALL) or acute 
myeloid leukemia (AML) is approximately 1 per 100,000 and 2-3 per 100,000, 
respectively. Although overall cure rates have been improved over the last decades, 
still about 20% of children with acute lymphoblastic leukemia (ALL) and 40% of 
children with acute myeloid leukemia (AML) eventually die from their disease1,2. 
In adults, the prognosis is worse with a survival below 60% in ALL3 and 50% in 
AML 4, indicating that there is still a great need for better therapy. Currently, purine 
nucleosides analogues are in clinical trials for different types of leukemia including 
clofarabine, forodesine (BCX-1777/Immucillin H) and nelarabine 
(506U78/Arranon/Atriance) the latter being the prodrug for 9-β-D-
arabinofuranosylguanine (ara-G).  

Forodesine is a non-cleavable inosine analogue developed to bind and 
inhibit the purine nucleoside phosphorylase (PNP) enzyme5. PNP normally 
degrades excess of intracellular deoxyguanosine (dGuo) into guanosine and 
deoxyribose-1-phosphate through phosphorylysis. dGuo is continuously produced 
in the body as the result of DNA degradation during cellular turnover. Inhibition of 
PNP by forodesine results in the intracellular accumulation of dGuo. DGuo is 
rapidly phosphorylated to deoxyguanosine triphosphate (dGTP) in the purine 
salvage pathway leading to dGTP accumulation6,7. High intracellular levels of 
dGTP cause cell death through mechanisms that are still not fully understood, but 
which may likely involve imbalance in the deoxynucleotide pool and/or inhibition 
of ribonucleotide reductase8 resulting inhibition of DNA synthesis and/or by 
activation of a p53-induced cell cycle arrest and apoptosis9. Whereas most 
nucleoside analogues depend on DNA incorporation to exert their toxic effect, this 
is not the case for forodesine. T-cells seem to be especially sensitive to PNP 
inhibition as severe combined immunodeficient (SCID) patients with PNP 
deficiency have increased plasma levels of dGuo10,11 and a severe depletion of T-
cells compared to other cell types12,13. In contrast to SCID however, severe 
opportunistic infections are not seen in treatment with forodesine, as there seems to 
be a selective toxicity towards leukemic cells7.  
 Ara-G is an arabinosylguanine analogue that is resistant to PNP mediated 
phosphorylysis. Accumulated intracellular ara-G is rapidly converted to ara-GTP 
which results in cell death through inhibition of ribonucleotide reductase and 
incorporation of ara- GTP in the DNA which blocks further DNA  synthesis14,15. In 
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contrast to various other arabinonucleoside compounds including ara-C, selective 
T-cell toxicity has only been demonstrated for ara-G14-17. However, the use of ara-
G is limited due to its poor water solubility. Therefore nelarabine, a pro-drug of 
ara-G that is eight fold more water soluble18, is used in clinical settings. In-vivo 
nelarabine is rapidly converted into ara-G through demethoxylation by adenosine 
deaminase.  

Forodesine has been tested in clinical phase I/II trials in relapsed or 
refractory patients with T-cell ALL or lymphoblastic lymphoma7,19, BCP-ALL and 
chronic lymphocytic leukemia20 (reviewed in 21). Forodesine treatment resulted in 
an overall response in 32% of the T-cell leukemia patients, with 21% of the having 
a complete response. Forodesine administration resulted in an increase in plasma 
dGuo and intracellular dGTP levels.  Adverse affects were mild, with only grade 3 
thrombocytopenia and leukopenia19,21. For BCP-ALL patients forodesine treatment 
resulted in complete responses in 17% of the patients21.  

Nelarabine, the pro-drug of ara-G, has been tested in clinical phase I/II 
trials in adults22 and children23,24 with refractory or relapsed T-ALL or T-cell 
lymphoblastic lymphoma (T-LBL) and is an approved drug for T-cell disease in 
both the US and Europe. Thirty-one percent of adult T-ALL and T-LBL patients 
achieved a complete remission with an overall response rate in 41 % of the 
patients. Median disease-free survival (DFS) and overall survival (OS) were 20 
weeks, with 28 percent of the patients surviving 1 year. Principal toxicity was a 
grade 3 or 4 neutropenia and thrombocytopenia22. For pediatric T-ALL patients at 
first relapse, complete responses were documented for 55% of the patients. For 
patients in second relapse or for patients with extramedullary relapses, response 
rates ranged from 14-33 %. However, 18 % of the patients had a ≥grade 3 
neurologic adverse event23. 

To better predict which patients might benefit from forodesine or 
nelarabine treatment, we investigated the in-vitro sensitivity to forodesine or ara-G 
in pediatric ALL and AML diagnostic patient samples. Forodesine toxicity was 
investigated in relation to intracellular accumulation of dGTP levels. We also 
investigated potential mechanisms that may be responsible for differences in drug 
sensitivity among patient samples. To this end, we measured mRNA expression 
levels of proteins that are involved in purine metabolism and uptake (Figure 1). In 
addition, we tested whether forodesine had a synergistic or antagonistic effect with 
7 commonly used drugs in leukemia treatment. 
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Figure 1. Purine metabolism overview. Schematic overview of main enzymes and 
transporters involved in purine conversion and uptake. ENT1-2: equilibrative nucleoside 
transporter 1-2, CNT1-3: concentrative nucleoside transporter 1-3, PNP: purine nucleoside 
phosphorylase dCK: deoxycytidine kinase, dGK: deoxyguanine kinase, NT5C: cytosolic 5’ 
nucleotidase 1A, NT5C1A: cytosolic 5’ nucleotidase 1A, NT5C2: cytosolic 5’ nucleotidase 
RRM1 and RRM2: ribonucleotide reductase subunit 1 and subunit 2. 

 
 
MATERIALS & METHODS 
Patient Material 
Fresh or viably frozen bone marrow or peripheral blood samples from a total of 96 
de novo, untreated pediatric acute leukemia patients were used, comprising 36 T-
ALL, 43 BCP-ALL and 17 AML samples. All samples were tested for forodesine 
cytotoxicity, whereas additional assays were performed on the same samples based 
on the availability of material. The patients’ parents or legal guardians provided 
informed consent to use leftover diagnostic patient biopsies for research in 
accordance with the Institutional Review Board of the Erasmus MC Rotterdam and 
in accordance with the Declaration of Helsinki. Leukemic cells were isolated and 
enriched as previously described25. All resulting samples contained ≥90% leukemic 
cells, as determined morphologically by May-Grünwald-Giemsa-stained cytospins 
(Merck, Darmstadt, Germany) and were viably frozen in liquid nitrogen as 
described earlier25.  
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Cell lines 
T-ALL cell lines (CCRF-CEM, LOUCY, BE-13, MOLT-4, PEER, KARPAS-45, 
MOLT-3, JURKAT, HPB-ALL, PF-382) were purchased from the German 
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, 
Germany), and cultured under recommended conditions. 
 
Assessment of PNP inhibition by forodesine (dGuo measurements) 
The efficacy of forodesine to inhibit phosphorylysis of dGuo into guanosine and 
deoxyribose-1-phosphate by PNP was assessed in 4 pediatric T-ALL and 2 
pediatric BCP-ALL patient samples. For this, the decrease in dGuo concentration 
was measured over time in the supernatant of cell cultures that were treated with 
varying concentrations of forodesine. Cells were cultured in RPMI 1640 Dutch 
modification without L-glutamine, 20% fetal calf serum, 2 mM L-glutamine 
(Invitrogen), 5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml sodium selenite (ITS 

media supplement; Sigma, St Louis MO, USA), 100 IU/ml penicillin, 100 µg/ml 

streptomycin, 0.125 µg/ml fungizone and 0.2 mg/ml gentamycin (Invitrogen) at a 
concentration of 1.6·106 cells/ml. Forodesine (provided by Mundipharma Research 
Ltd) was added to final concentrations of 1, 3 or 10 µM; or replaced by dH2O in the 

control. dGuo (Sigma) was added to all cultures to a final concentration of 10 µM. 
Cells were plated in triplicate in 96 well plates (Bioplastics, Landgraaf, the 
Netherlands) for each condition (320·103 cells/well). After 0, 4, 24, 48 and 96 
hours, cells were pelleted by centrifugation and the supernatant was collected for 
dGuo measurement and stored at -80°C until further analysis. dGuo levels were 
analyzed by high-performance liquid chromatography (HPLC or LC) with tandem 
mass spectrometry detection (MS/MS) as previously described.19 Briefly, dGuo 
was extracted from the supernatant using a Waters Oasis “HLB” affinity solid 
phase extraction (SPE) cartridge. The mass of dGuo plus H+ (268.1 m/z) was 
monitored in quadrupole one (Q1). The dGuo product ion 157.0 m/z was monitored 
in quadrupole three (Q3). The concentrations of dGuo were determined by 
weighted (1/x) quadratic regression analysis of peak areas produced from the 
standard curve. 
 
In-vitro forodesine, ara-G and ara-C cytotoxicity (MTT assay) 
Forodesine (36 T-ALL, 43 BCP-ALL and 17 AML samples), ara-G (28 T-ALL, 35 
BCP-ALL and 17 AML samples) and ara-C (28 T-ALL samples) cytotoxicities 
were determined using the MTT assay as described previously.26 Ara-G is the 
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active metabolite of the pro-drug nelarabine. We measured cell viability in the 

presence of 1 µM forodesine and 6 concentrations (0.01, 0.1, 1, 3, 10 and 50 µM) 
of dGuo, following an incubation period of four days. As control, samples were 
incubated with the same range of dGuo concentrations in the absence of 
forodesine. Additional controls were 1 µM forodesine in the absence of dGuo, and 
vehicle only. dGuo is added to the culture to mimic the natural variable presence of 
dGuo in the blood, as this compound mediates forodesine cytotoxicity. For ara-G 
(Carbosynth Limited, Berkshire, UK) the following concentrations were used: ara-
G 0.01, 0.1, 1, 3, 10, 50 µM. The concentrations used in the MTT assay for ara-C 

were: 0.01, 0.04, 0.16, 0.625, 2.5 and 10 µM. 
 
Combination cytotoxicity assay 
Using the MTT assay as previously described26, we screened for potential 
antagonistic or synergistic effects in forodesine mediated cytotoxicity for 7 
compounds that are used in ALL treatment, comprising ara-C, ara-G, 6MP (Sigma 
Aldrich, St. Louis, USA), asparaginase (Medac, Augusta, USA), daunorubicin 
(cerubidine®, Sanofi-aventis, Bridgewater, USA), prednisolone (BUFA BV, 
Uitgeest, the Netherlands), and vincristine (TEVA pharmachemie, Haarlem, the 
Netherlands). Four to 9 T-ALL and 6 to 8 BCP-ALL pediatric patient samples were 
tested for each drug combination. Prior to this, the median concentration that is 
lethal to 10% (LC10) and to 30% (LC30) of cells were determined for dGuo in the 
presence of 1 µM forodesine on the basis of in-vitro forodesine cytotoxicity assay 
results (see above) for 10 T-ALL and 10 BCP-ALL patient samples. The T-ALL 
and BCP-ALL median LC10 or LC30 concentrations were used in the combination 

assay for T-ALL and BCP-ALL samples, respectively. Forodesine (1µM) and the 
median LC10 or LC30 concentrations of dGuo were then combined with a range of 

each of the 7 drugs (ara-C: 0.01, 0.04, 0.16, 0.625, 2.50, 10.0 µM,  ara-G: 0.01, 

0.10, 1.0, 3.0, 10, 50 µM, 6-mercaptopurine (6MP): 0.016, 0.031, 0.063, 0.125, 
0.50, 1.0 mg/ml, asparaginase: 0.003, 0.016, 0.08, 0.40, 2.0, 10.0 IE/ml, 

daunorubicin: 0.002, 0.008, 0.031, 0.125, 0.5, 2.0 µg/ml, prednisolone: 0.008, 0.06, 

0.49, 3.9, 31.3, 250 µg/ml and vincristine: 0.05, 0.20, 0.78, 3.1, 12.5, 50.0 µg/ml). 

The controls were: 1 µM forodesine in combination with the median LC10 or 
LC30 value of dGuo. Previous experiments on T-ALL cell lines (JURKAT, HPB-
ALL, LOUCY and PF-382) showed no effect of addition of the median LC30 
values of dGuo on the cytotoxicity of the 7 drugs in the absence of forodesine (data 
not shown). Since 6MP solutions give a background signal in the MTT assay, 
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varying concentrations of 6MP in culture medium were included as an additional 
control. For each patient and each concentration of compound tested, a 
hypothetical maximal additive effect of either LC10 or LC30 forodesine/dGuo 
treatment in combination with the other compound was calculated by the following 
formula: ((100-A)  X B/100) +A, where A and B are the percentages of cell death 
caused by each compound individually. We performed a t-test to analyze for each 
drug concentration whether the median calculated hypothetical values were 
significantly different from the actual measured median values obtained by 
combining the drugs, i.e whether the results differed significantly from the 
hypothetical maximum additive effect. When a significant difference was 
observed, we performed another t-test to analyze whether the median cell survival 
measured with drug only increased significantly by addition of forodesine/dGuo, 
i.e. whether an antagonistic effect was present. 
 
dGTP measurement 
Accumulation of dGTP was calculated using a polymerase assay as previously 
described27 in 22 T-ALL, 6 BCP-ALL and 2 AML samples. Ten million cells were 
cultured for 24 hours in 5 ml culture medium (see above) in the presence of 3 µM 

dGuo and 1 µM forodesine. The control reaction comprised 3 µM dGuo. 
Proliferation and apoptosis were measured with Trypan-blue staining and counting 
in a Bürker-Türk counting chamber. Cells were washed twice with PBS and 
spinned down by centrifugation. The cell pellet was resuspended in 1 ml 60% 
methanol (-20°C) and stored at -20°C. The samples were centrifuged and 
supernatants were dried in a TurboVap. Dried extracts were stored at -20°C until 

further analysis. Extracts were suspended in 25 µl buffer (20 mM Hepes-NaOH, 

pH 7.3; 2 mM MgCl2) and 20 µl was used in the assay. dGTP standards were used 

at 0, 0.5, 1, 5, 10, and 50 pmol. Reactions contained 20 µl of extract or standard, 

100 mM Hepes-NaOH (pH 7.3), 10 mM MgCl2, 50 nM primer, 2.5 µM [3H]-

dATP, 0.5 U Klenow Exo-Free DNA Polymerase I, and dH2O to 100 µl final 
volume. Reactions were incubated in U-bottom 96-well tissue culture plates at RT 
for 1 hour. Samples were harvested onto Whatman DE81 DEAE cellulose paper 
using a Packard cell harvester, washed three times with 5% Na2PO4, once with 
dH2O, once with 95% ethanol and then air-dried and counted on a Packard Matrix-
9600 beta counter. A standard curve was generated (cpm vs. dGTP concentration) 
for each experiment and the amounts of dGTP present in the extracts were 
calculated using the standard curve. 
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Real time Quantitative Polymerase Chain Reaction (RQ-PCR) 
cDNA was available for 25 T-ALL samples, 24 BCP-ALL samples, and 1 AML 
patient sample. RNA extraction and cDNA synthesis were performed as previously 
described25. RQ-PCR reactions were performed in 1x DyNAmoTM HS SYBR® 
Green mastermix (Finnzymes, Espoo, Finland), 1x ROXTM (Finnzymes), 8.3 pmol 
forward primer, 8.3 pmol reverse primer,  20ng cDNA and 4mM MgCl2 in a final 
volume of 27.5 µl. RQ-PCR was performed on a 9700HT Fast Real-Time PCR 
system (Applied Biosystems, Foster City, CA, USA) starting with DNA 
polymerase heat activation at 95°C for 10 minutes, followed by 40 cycles of 95°C 

for 15 seconds and 60°C for 1 minute. A melting curve was recorded during a 

heating step from 25°C to 95°C during a 10 minute period. We performed cycle 
threshold analysis for each reaction using SDS2.3 analysis software (Applied 
Biosystems) and expression levels were quantified relative to the endogenous 
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using 
the ∆Ct-method.28 All reactions were performed in duplicate. Primer sequences for 
deoxycytidine kinase (dCK), cytosolic 5’ nucleotidase 1A (PNI/NT5C/P5N2), 
equilibrative nucleoside transporter 1 (ENT1/SLC29A1), ribonucleotide reductase 
subunit 1 (RRM1) and subunit 2 (RRM2) and GAPDH have been described 
elsewhere25,29. Other primer combinations are listed in supplementary Table 1. 
cDNA of a T-ALL cell line pool (CCRF-CEM, LOUCY, BE-13, MOLT-4, PEER, 
KARPAS-45, MOLT-3 and JURKAT) was used as positive control for these 
targets. 
 
Statistical analysis 
Differences in the distribution of continuous variables were analyzed using the 
Mann-Whitney U test. Analyses of proportional differences were performed by 
Chi-square test or Fisher exact test. Student’s t-test was used to analyze whether 
differences in cell survival differed significantly from zero. Statistical tests were 
performed at a two-tailed significance level of 0.05.  
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RESULTS 
In-vitro forodesine and ara-G cytotoxicity levels 
To explore the efficacy of purine nucleosides analogues as a potential therapeutic 
drug for ALL, we tested in-vitro toxicity levels of forodesine and ara-G on 
pediatric ALL and AML samples. Forodesine toxicity depends on the plasma 
availability of dGuo and its conversion into dGTP, and we first tested the ability of 
forodesine to block the degradation of dGuo into guanosine and deoxyribose-1-
phosphate by PNP. These measurements were performed in the presence of dGuo 
and increasing forodesine concentrations. Without forodesine, dGuo levels in the 
culture media are rapidly being depleted as consequence of PNP-mediated 
degradation to nearly undetectable levels within 24 hrs in 5 out of 6 patient 
samples. For all samples tested, 1 µM of forodesine was sufficient to block PNP 
activity (supplementary figure 1) resulting in the complete stabilization of dGuo 
levels in the culture supernatants. This dose of forodesine was then chosen in 
subsequent cellular cytotoxicity experiments. 

We then measured the cellular toxicity to 1 µM forodesine in 96 pediatric 
primary leukemia samples in the presence of varying concentrations of dGuo 
(Figures 2A and 2B). In our assay, dGuo itself elicited no cellular toxicity up to 
concentrations of 10 µM as it is rapidly being degraded by PNP (data not shown). 

One µM of forodesine in the absence of dGuo had no effect on survival (data not 
shown). However, in the presence of forodesine and subsequent blockage of PNP 
activity, T-ALL samples were more sensitive to dGuo levels (median LC50 = 
1.6µM dGuo) than BCP-ALL (median LC50 = 8.8µM dGuo, p=0.001) and AML 

(median LC50 >10µM, p<0.001) samples (Figure 2A). Only one out of 17 AML 
samples reached an LC50 in our assay.  

Ara-G cytotoxicity was measured in 28 T-ALL, 35 BCP-ALL and 17 AML 
pediatric patient samples. Again, T-ALL samples were most sensitive to treatment 
(median LC50 = 20.5µM) compared to BCP-ALL (median LC50 >50µM, 

p<0.001) or AML (median LC50 = 45.8µM, p=0.012) samples.(Figure 2B).   
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Figure 2. Forodesine/dGuo and ara-G sensitivity in pediatric leukemia.  (A) LC50 
values for forodesine/dGuo for T-ALL, BCP-ALL and AML leukemia samples. When no 

LC50 was reached, a value of 10µM was assigned. (B) LC50 values for ara-G for T-ALL, 

BCP-ALL and AML leukemias. When no LC50 was reached a value of 50µM was 
assigned. Median LC50 values are indicated by grey horizontal lines. Significance levels 
are indicated by asterisks: *,p<0.05; **,p<0.01; ***,p<0.001. 

 
As conversion of dGuo and ara-G rely on the same enzymatic pathways, 

we investigated potential cross-resistance towards dGuo/forodesine and ara-G in T-
ALL patient samples. Patient that require drug concentrations higher than 10µM of 
dGuo (at 1µM of forodesine) or 50µM of ara-G as LC50 values in our assay were 
regarded as resistant. We did not find any correlation between dGuo/forodesine and 
ara-G cytotoxicities, nor between dGuo/forodesine and the pyrimidine equivalent 
of the ara-G drug, i.e. ara-C (Figure 3A and 3B). For T-ALL patients, 2 out of 3 
samples that were resistant to ara-G were sensitive to forodesine/dGuo exposure 
whereas 6 out of 7 forodesine/dGuo resistant samples remained sensitive for ara-G. 
For all patient samples tested, 10 out of 30 ara-G resistant samples remained 
sensitive to forodesine/dGuo exposure and 19 out of 39 forodesine/dGuo resistant 
samples were still sensitive to ara-G exposure. Therefore, resistance to ara-G 
exposure did not preclude sensitivity to forodesine/dGuo exposure and vice versa, 
and suggests that the modes of cytotoxicity or resistance between forodesine and 
ara-C or ara-G are different. In contrast, LC50 values for ara-C and ara-G 
cytotoxicities strongly correlated (p<0.001, R=0.72; Figure 3C), indicating that the 
cytotoxic mechanisms are the same for ara-G and ara-C compounds. 
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Figure 3. Relation between LC50 values of forodesine/dGuo, ara-G and ara-C in T-
ALL .  Relationship between (A) ara-G and forodesine/dGuo LC50 values, (B) between ara-
C and forodesine/dGuo LC50 values and (C) between ara-G and ara-C LC50 values. LC50 
values for ara-G and ara-C were available for 28 and 21 T-ALL patients respectively.  

 
dGTP accumulation  
To investigate whether differences in forodesine sensitivity levels could be 
attributed to differences in intracellular accumulation of dGTP, we analysed dGTP 
levels among patient samples in the absence or presence of forodesine. After 24 
hours, no significant differences were found in proliferation rate or the number of 
apoptotic cells between forodesine/dGuo-treated or dGuo-treated control cells (not 
shown). Without blocking PNP activity, T-ALL patient samples accumulated 
higher basal intracellular dGTP levels within 24 hours than BCP-ALL samples 
(p=0.004) (Figure 4A), so BCP-ALL cells may have a higher intrinsic ability to 
degrade dGuo levels than T-ALL cells or have a slower conversion rate of dGuo 
into dGTP). Upon blockage of PNP by forodesine, total intracellular dGTP levels 
increased 10 to 100-fold within 24 hours (Figure 4B).  
 

 
   
Figure 4. dGTP accumulation. (A) Basal dGTP levels after 24 hrs of 10 µM of dGuo 

exposure and (B) dGTP accumulation after 24 hrs of 10 µM dGuo and 1 µM forodesine 
exposure in 22 T-ALL and 6 BCP-ALL patient samples. Undetectable dGTP levels have 

been assigned a value of 1. (C) Intracellular dGTP levels after 24 hrs 10 µM dGuo and 1 
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µM forodesine exposure in forodesine-sensitive versus resistant patients (22 T-ALL, 6 
BCP-ALL and 2 AML samples). Horizontal lines represent median values. ** p<0.01. 

No difference was observed between T-ALL and BCP-ALL samples 
indicating that both ALL types are equally efficient to convert dGuo into dGTP. 
Intracellular dGTP accumulation was significantly higher for forodesine sensitive 
cells than for resistant cells (p=0.001, Figure 4C). So, resistant patients may 
convert less dGuo into dGTP or resistant patients more efficiently consume (toxic) 
dGTP levels.   
 
Gene expression 
To find potential explanations for differences in forodesine or ara-G sensitivity 
levels, we determined mRNA expression levels of different transporters and 
enzymes that are involved in the purine metabolism (Figure 1). Of the 13 genes 
investigated, 4 genes (CNT1, CNT2, CNT3, NT5C1A) were expressed at low to 
undetectable levels in most of our patient samples and were therefore excluded 
from further analyses. ENT1 and  ENT2  were both expressed at higher levels in T-
ALL samples than in BCP-ALL samples (p=0.007 and p=0.036 respectively) while 
levels of the nucleotidase NT5C2/PNT5 and PNP were expressed at lower levels 
(p=0.016 and p<0.001, respectively; Figure 5). 

 
Figure 5. Gene expression in leukemia subtypes. mRNA expression of 9 genes in T-ALL 
and BCP-ALL patients. Each dot represents a measurement in one patient sample. cDNA 
was available for 25 T-ALL samples, 24 BCP-ALL samples. * p<0.05, ** p<0.01. 
***p<0.001. 
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Patient samples sensitive to forodesine/dGuo expressed higher levels of 
dGK (p=0.039; Figure 6A), and may more efficiently convert dGuo into dGMP as 
a first activation step in the conversion of dGuo into dGTP. ENT1 and ENT2 levels 
were significantly higher in ara-G sensitive patients than in resistant patients 
(p=0.010 and p=0.009, respectively; Figure 6B) permitting a higher uptake of ara-
G. ENT1 expression levels strongly correlated with ara-G sensitivity levels 
(p=0.005 R=-0.503). Also for T-ALL samples, we found a correlation between 
ENT1 levels and ara-C sensitivity (p=0.011 R=-0.60). Strikingly, ENT1 and ENT2 
levels were not related to forodesine sensitivity, indicating that cellular uptake of 
forodesine may be facilitated by another transporter. 
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Figure 6. (page 154) Gene expression in relation to forodesine/dGuo or ara-G 
sensitivity. mRNA expression of 9 genes in forodesine/dGuo (A) or ara-G (B) sensitive and 
resistant patient samples. Each dot represents a measurement in one patient sample.  * 
p<0.05, ** p<0.01. 

 
 
Combination studies 
In the treatment of leukemia, multiple drugs are administered simultaneously or 
administered sequentially. It is therefore important to test for drug interactions. To 
this end we explored the presence of synergistic, additive or antagonistic effects 
between forodesine/dGuo and 7 other compounds that are currently used in ALL 
treatment protocols. Leukemic cells were incubated with a concentration range of 
these 7 compounds with or without the LC10 or LC30 cytotoxic dGuo 

concentrations (0.02 µM and 0.48 µM for T-ALL and 0.5 µM and 3.5 µM for 

BCP-ALL, respectively) in the presence of 1 µM of forodesine. As controls, 

samples were incubated with LC10 or LC30 concentrations of dGuo with 1 µM 
forodesine only. For prednisone, vincristine, and asparaginase, no significant 
synergistic or antagonistic effects were found in combination with 
forodesine/dGuo. To our surprise, no antagonism was observed between 
forodesine/dGuo and ara-G or ara-C despite the fact that these drugs depend on the 
same enzymes of the guanosine salvage pathway. For daunorubicin, addition of 
LC10 forodesine/dGuo levels resulted in an increase of cellular viability, both for 
T-ALL as well as for BCP-ALL samples (42% vs 61% for T-ALL (p=0.009) and 
45% vs 66% for BCP-ALL (p=0.018). This effect was only observed at a 
daunorubicin concentration of 0.125 µg/ml (Supplementary Figure 2A-B), but 
not at other daunorubicin concentrations. Also, no antagonistic effect was 
measured for any of the daunorubicin concentrations combined with the LC30 
forodesine/dGuo level. For various concentrations of 6MP combined with the 
LC10 or LC30 concentrations forodesine/dGuo, synergistic toxicity was observed 
for T-ALL samples (Supplementary Figure 2C, D).  
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DISCUSSION 
In this study, we have demonstrated selective toxicity of forodesine/dGuo 
treatment for pediatric T-ALL compared to BCP-ALL and AML samples. The 
median forodesine/dGuo LC50 value was more than 5 fold lower for T-ALL than 
for BCP-ALL samples. Only one out of 17 AML patients reached an LC50 below 
10µM. This patient was also a Down syndrome patient, a syndrome known to 
display increased sensitive to a wide range of drugs and these patients are highly 
susceptibility towards toxic side effects30,31. High sensitivity of pediatric T-ALL 
patients towards forodesine/dGuo exposure is in line with expectations, as natural 
occurring PNP deficiency is known to result in T-cell lymphopenia12,13,  and 
provided the rationale to develop PNP inhibitors for treatment of T-cell 
malignancies. Forodesine is a very potent inhibitor of PNP that inhibits PNP 
activity in the picomolar range in biochemical experiments32. Cytotoxic effects of 
forodesine were shown on T-ALL cell lines before7, and a clinical response has 
been documented in a phase I trial for advanced T-cell malignancies19. Our in-vitro 
studies indicated that 1µM of forodesine is sufficient to inhibit PNP activity in a 
cellular system, which is well within clinical achievable plasma concentrations. 
Steady-state forodesine levels that range between 4 to 8 µM were documented in 
the plasma of patients following intravenous infusion of 40 mg/m2 of forodesine19. 
In this clinical phase I trial, elevated dGuo levels up to 34 µM in plasma were 
documented. As the median LC50 dGuo levels (in the presence of 1 µM of 
forodesine) in our study for forodesine responsive T-ALL samples was estimated 
on 1.6 µM (range 0.31-10 µM), this indicates that forodesine may be a promising 
compound in future clinical trials for nearly 75 percent of pediatric T-ALL 
patients. 

In the present study, we demonstrate that nearly half of all BCP-ALL 
patient samples responded to dGuo/forodesine with dGuo LC50 values that ranged 
between 0.67 and 10 µM. Again, this is well within clinical achievable plasma 
dGuo levels following forodesine infusion, suggesting that forodesine treatment 
may be effective for nearly 50 percent of BCP-ALL samples. 
 Selective T-cell toxicity was also demonstrated for the arabinoguanosine 
derivative compound ara-G. Primary T-ALL patient samples had a median LC50 
value of 20.5 µM ara-G whereas about half of BCP-ALL or AML samples did not 
reach an LC50 within the limits of our assay. T-cell selective toxicity of ara-G is in 
line with previous studies14-17,33, and nelarabine is an approved drug for T-cell 
malignancies23. One of the explanations for selective T-cell toxicity by 
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forodesine/dGuo or ara-G treatment is the finding that T-ALL samples express less 
PNP, which is in line with our previous finding that T-ALL cells have lower PNP 
activity compared to BCP-ALL cells34. Also, the expression of cytosolic purine 5-
prime nucleotidase NT5C2 was lower in T-ALL cells than in BCP-ALL cells, so T-
ALL cells have a reduced capacity to revert phosphorylation of dGuo. The 
expression of the equilibrative nucleoside transporters ENT1 and ENT2 was higher 
for T-ALL than for BCP-ALL cells, possibly resulting in enhanced cellular uptake 
of dGuo and ara-G. Lower expression levels of PNP and NT5C2 but higher 
expression of ENT1 and ENT2 transporters in T-ALL cells are in line with our 
finding of higher basal intracellular dGTP levels after exposure to dGuo in T-ALL 
patient samples than in BCP-ALL samples. However, following inhibition of PNP 
activity by forodesine, both responding T-ALL and BCP-ALL samples seem 
equally efficient to accumulate comparable levels of intracellular dGTP. So, 
differential sensitivity for T-ALL and B-ALL cells towards forodesine may not be 
due to differences in the dGuo to dGTP activation steps in the purine salvage 
pathway, but may be due to differential cytotoxic effects of accumulated dGTP 
levels on ribonucleotide reductase activity and inhibition of DNA synthesis, or 
intrinsic differences in the apoptotic thresholds between T-cell and B-cells.  
 Although dGuo mediated toxicity through forodesine and ara-G toxicity 
depends on stepwise phosphorylation steps in the purine salvage pathway, no 
relationship could be demonstrated between forodesine/dGuo sensitivity and ara-G 
sensitivity. This was further supported by the fact that resistance to ara-G exposure 
did not preclude sensitivity for forodesine/dGuo or vice versa. In contrast, 
sensitivity levels towards ara-G strongly correlated with ara-C sensitivity levels. 
Despite the fact that T-ALL samples have different expression levels of enzymes 
and transporters that favour preferential phosphorylation of dGuo or ara-G in T-
ALL cells compared to BCP-ALL cells, our results imply that toxicity levels for 
both compounds are determined by different components in the purine salvage 
pathway. For this, dCK has been suggested as an important and rate-limiting factor 
in the phosphorylation of pyrimidine and purine deoxynucleosides9 that has been 
associated with ara-C resistance35-38 or relapse39,40. However, we did not observe 
differences in dCK expression levels between forodesine/dGuo sensitive and 
resistant patients, nor between ara-G sensitive and resistant patients. In our 
previous study on infant BCP-ALL, a 2 fold lower expression in dCK levels was 
identified despite a 3.3 fold higher sensitivity levels towards ara-C compared to 
non-infant ALL patients25. This indicates that dCK is not a major contributer to 
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ara-C, ara-G or forodesine/dGuo toxicity, even when non-physiological high levels 
of deoxycytidine can block ara-G toxicity14,17. 
 We observed significant differences in the mitochondrial deoxyguanosine 
kinase (dGK) expression levels between forodesine/dGuo sensitive and resistant 
patient samples, but not between ara-G sensitive and resistant patients. This finding 
is completely in line with previous findings by Gandhi and co-workers who 
demonstrated that dGuo is predominantly phosphorylated by dGK but not by dCK, 
whereas ara-G can be phosphorylated by both enzymes with dGK as preferential 
enzyme at limiting ara-G concentrations41. Ara-G resistance could be associated 
with significant lower expression levels of the ENT1 and ENT2 transporters. These 
transporters have been shown important for the import of ara-C42, and elevated 
ENT1 levels have been reported to explain the high ara-C sensitivity of infant ALL, 
and a strong correlation was observed between ENT1 expression levels and ara-C 
sensitivity25. Lower ENT1 expression levels have been related to ara-C resistance 
in childhood AML29. Previous work by Huang et al43 on the T-ALL cell line 
CCRF-CEM demonstrated that while the cellular uptake of forodesine was 
dependent on ENT1 and ENT2, forodesine toxicity was not. This is in agreement 
with our data, and ENT1 and ENT2 expression levels were not related to forodesine 
toxicity levels. These data therefore suggest that forodesine import and subsequent 
PNP inhibition seems not limited in leukemia cells but may depend on the import 
and activation of dGuo. Import of dGuo has been reported to occur via 
concentrative nucleoside transporters43. Although observations as described above 
may contribute to forodesine/dGuo or araG resistance, exact resistance mechanisms 
are not yet clear. For CLL blasts, forodesine/dGuo effectiveness has been related to 
basal levels of MCL1 and BIM, elevated phospho-dCK to dCK ratios following 
treatment, and induction of p73 that may upregulate BIM via the FOXO1 and 
FOXO3A transcription factors6. A recent study provided an alternative mechanism 
of forodesine resistance as marrow stromal cells were shown to antagonize 
forodesine-enforced apoptosis in CLL cells44. 
 The combination cytotoxicity assays revealed no antagonistic or synergistic 
effect of forodesine/dGuo combined with prednisone, vincristine or asparaginase. 
For daunorubicin we observed an antagonistic effect, but only at a single 
concentration combined with the LC10, but not with the concentration of LC30 
forodesine/dGuo. We found no antagonistic effect for forodesine/dGuo with either 
the purine analogue ara-G, nor with the pyrimidine analogue ara-C. Moreover 
forodesine/dGuo had a synergistic effect in T-ALL with another purine analogue, 
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6MP, at multiple concentrations combined with the LC10 and LC30 
dGuo/forodesine concentrations. The molecular basis of these differences in 
combined effects remains elusive. 

We conclude that forodesine and ara-G have cytotoxic effects on T-ALL 
and to a lesser extent on BCP-ALL cells in-vitro and could therefore have potential 
beneficial therapeutic effects in both types of leukemia, possibly in a combined 
therapy approach. In AML patients forodesine treatment is expected to result in 
little response. Our study gives no indication of clear antagonistic effects of 
forodesine/dGuo when combined with any of the 7 drugs as currently used in 
leukemia therapy. 
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SUMMARY, GENERAL DISCUSSION and FUTURE PERSPECTIVES 

 
Solving pieces ot the ‘type-A-puzzle’ 
At the beginning of this project, no oncogenic rearrangement or major driving 
aberration had been identified in ~40% of pediatric T-ALL patients. We denoted 
these cases as “unknown” T-ALL cases. In the first chapter of this thesis we 
aimed to identify novel aberrations in these patients by combined genome-wide 
expression analyses and detailed molecular-cytogenetic analyses. Supervised gene-
expression profiling led to the identification of two novel T-ALL subgroups that 
comprised more than half of these unknown cases. These novel subgroups each had 
a distinct expression signature and each subgroup comprised approximately 10% of 
T-ALL cases (Figure 1).  

The first group, which we denoted the proliferative cluster, was 
characterized by high expression of genes involved in cell proliferation and ectopic 
expression of the NK-like transcription factor NKX2-1. In unsupervised analyses, 
these cases formed a single cluster that also comprised most of the TLX1 
rearranged cases. These cases were characterized by an immunophenotype that 
corresponded to a T-cell development arrest at the cortical stage. This analysis 
implies a possible common pathobiology for TLX1 and NKX2-1 aberrations, or 
simply a similar preference to occur in cells arrested in the cortical stage. In 7 out 
of 12 patients of this cluster, we found novel chromosomal rearrangements 
involving the NKX2-1 gene or its homologue NKX2-2. These aberrations included 
translocations and inversions involving NKX2-1 or NKX2-2 and the T-cell receptor 
genes or the IGH@ locus and resulted in ectopic upregulation of NKX2-1 or NKX2-
2.  

The second group, which we called the immature cluster, was characterized 
by an immature immunophenotype and high expression of the transcription factor 
MEF2C. In this group we identified novel genetic rearrangements that targeted the 
transcriptional activation of MEF2C.  

Beside the proliferative and immature cluster, most of the other unknown 
T-ALL cases clustered together with TAL1 and LMO2 rearranged patients (Figure 
1). In the TAL/LMO-like patients, rearrangements were identified in genes that are 
homologous to TAL1 or LMO2, such as LMO11, LMO32, TAL21 and LYL1 
(Chapter 2). Therefore at the end of this project, 99% of pediatric T-ALL patients 
can now be classified into 6 T-ALL subgroups (see Figure 1), and in more than 
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half of the 40% of the unknown T-ALL cases, novel type A abnormalities have 
been identified.  

With the advances in whole-genome sequencing and the development of 
bioinformatic tools to facilitate data processing, it will become possible in the near 
future to analyse the whole genome of a leukemic patient sample, and thereby 
simultaneously map mutations and breakpoint regions of deletions, amplifications, 
translocations and inversions, at the single basepair level.3 The costs for these 
applications are still decreasing, making it perhaps the best suitable tool to identify 
additional type A and type B aberrations in the future. 
 

 
 
Figure 1: Schematic overview of classification of 117 pediatric T-ALL patients according 
to gene-expression profile (corresponding to type A aberration).  The left pie-chart refers to 
4 major genetic groups that were known at the start of this thesis (TAL1 and LMO2 form the 
TAL/LMO subgroup). The right pie-chart demonstrates how unknown cases can be assigned 
to one of 2 novel T-ALL subgroups, or the TAL/LMO like group that clusters with TAL1 
and LMO2 rearranged cases. 

 
Type A aberrations: mechanism of action 
Besides identifying type A aberrations, it is important to determine how these 
aberrations contribute to leukemogenesis, since these insights will help to develop 
future targeted therapeutic approaches. For most type A aberrations, these 
mechanism are not yet clear, though in general they are considered to block T-cell 
differentiation. This is supported by the fact that type A aberrations are associated 
with arrest in distinct maturation stages4 (reviewed by Meijerink5). In addition to 
this, effects on other processes such as proliferation and apoptosis have also been 
described (partly reviewed in Chapter 4). In Chapter 1, we identified MEF2C and 
NKX2-1 as two novel type A oncogenes. We have shown that upregulation of these 
genes increased colony formation in a cellular assay, indicating effects on 
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proliferation. We demonstrated that ectopic MEF2C expression inhibits 
differentiation and that part of the gene-expression signature of the immature 
cluster is caused by MEF2C. This indicates that the transcription factor MEF2C 
has wide ranging effects on many different downstream genes, which are involved 
in proliferation as well as differentiation. In the future, the mechanisms of action of 
MEF2C and NKX2-1 will be further investigated. We have initiated Chip-on-chip 
experiments on patient and cell line material, which aims to identify direct 
transcriptional target genes that are controlled by MEF2C and NKX2-1. The effect 
of the over expression of MEF2C and NKX2-1 on thymocyte differentiation will be 
addressed using the stromal-support culturing system OP9-DL16, which facilitates 
the differentiation of hematopoietic stem cells into the T-cell lineage. The next step 
is to study NKX2-1, MEF2C and other type A oncogenes in conditional knock-
down and knock-in experiments in-vitro as well as in xenograft mouse models. 
These model systems are currently in development in our lab. This will enable the 
investigation of many aspects ranging from downstream targets to the effect of 
potential drugs.  
 
NKL overexpression as common theme in T-ALL 
So far we have focused on different subgroups in T-ALL, but in Chapter 4 we 
have reviewed the role of NK-like (NKL) homeobox genes and their participation 
in T-ALL. More than half of pediatric T-ALL samples have over expression of 
NKL genes. Most of these NKLs are not expressed in normal T-cell development. 
These NKL genes could have a similar downstream effect that promotes 
leukemogenesis in T cell progenitors, possibly due to mimicking of a NKL gene 
that has a role in hematopoietic development, like HHEX. All NKL genes that are 
implicated in T-ALL posses a conserved Eh1 repressor motif. Future research  has 
to be conducted to determine whether this repressor motif may facilitate a 
leukemogenic effect and whether there is evidence for a common downstream 
pathway of these NKL genes, or whether these genes each fulfill specific 
pathologic roles. To identify a common downstream pathway of NKL homeobox 
genes, one cannot compare T-ALL samples with each other. Healthy thymocyte 
subpopulations reflecting different maturation stages could be compared to their 
malignant (T-ALL) counterparts, and in this way T-ALL specific genes may be 
identified, that are common in all T-ALL subgroups. ChIP-on-chip experiments 
could be used to find a set of genes that is targeted by multiple NKL genes and that 
could be associated with T-ALL. If a common pathway for these NKL genes is 
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identified, this may offer therapeutic opportunities for a large part of pediatric T-
ALL patients.    
 
A multitude of hits model? 
In T-ALL, we have discussed the existence of type A and B aberrations; however, 
a two-hit model is not adequate to explain leukemogenesis in T-ALL. Often more 
than just two genetic aberrations are present at once in leukemic cells, and not all 
aberrations have been identified yet.  
 Interestingly, several aberrations seem to have a ‘preference’ to occur 
together in T-ALL. For example, in Chapter 3 we identified a recurrent 
del(5)(q35) that was exclusively found in combination with TLX3 rearranged 
patients. In Chapter 5 we show that NOTCH1 mutations are found significantly 
more frequent in TLX3 rearranged patients than in other subtypes, and relatively 
less frequent within the TAL/LMO subgroup. Several reasons may be given for 
these associations. One aberration could be the consequence of the other. In the 
case of the TLX3 accompanying aberration del(5)(q35), the aberration is very close 
to the TLX3 locus and might be part of a more complex rearrangement involving 
multiple sites. Another possibility is that both aberrations act synergistically in T-
cell pathogenesis. A third possibility is that both aberrations need a similar 
maturation stage to exert an oncogenic effect. In Chapter 2, we identified two type 
A aberrations in a single T-ALL patient: a LYL1 translocation and a small deletion 
near LMO2. Usually type A aberrations are mutually exclusive, but within the 
TAL/LMO subgroup this might be slightly different. Combinations of TAL and 
LMO aberrations in a single leukemic cell have been described before1 and several 
papers have reported strong synergism between these genes in leukemia 
development in mice.7-10 LMO2 and TAL1 have been shown to participate in the 
same transcription complex and impact the same pathways. This is also reflected 
by the fact that TAL1/2 and LMO1/2/3 rearranged leukemias have similar gene-
expression profiles. ‘Double’ TAL/LMO hits may occur in specific cases, e.g. the 
small deletion near LMO2 as found in our LYL1 translocated case was also 
identified in a patient that carried an additional TAL1 aberration. This small LMO2 
deletion may ‘need’ the help of an additional hit to be truly leukemogenic. 
However, based on the current data this remains speculation and future 
identification of additional T-ALL samples with double TAL/LMO hits will provide 
more insight into this matter. 
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  Recent pilot experiments of whole genome sequencing in our group have 
given a glimpse of the extent of additional mutations in pediatric T-ALL samples. 
In addition, several aberrations are only found in subclonal populations, making the 
picture even more complex. So, even when part of the puzzle seems to be solved, 
the reality is getting more complex as many more genetic aberrations remain to be 
identified, passenger as well as driving mutations, perhaps unique ones in 
individual patients. Besides the genetic aberrations that play their part in 
leukemogenesis, it is likely that other types of aberrations may contribute to 
leukemogenesis as well. In precursor B-cell ALL, miRNAs and epigenetic changes 
have been identified that may play a role in leukemogenesis.11-13 Also in T-ALL, 
more is becoming known of these types of aberrations11,14-16 and as these research 
fields are further progressing, it is becoming feasible and well within our reach to 
identify novel aberration in T-ALL that might lead to the identification of drugable 
targets. 

  
Classifying T-ALL  
Stratification of patients based upon the assessment of their prognosis can lead to 
adjusted treatment protocols to improve survival. E.g. patients harboring 
Philadephia chromosome have a very poor prognosis and therefore receive 
treatment according to a specific protocol (EsPhALL protocol). Also, infant 
precursor B-ALL with MLL-rearrangements have benefited from a dedicated 
infant-ALL international protocol (Interfant). Other B-lineage and T-lineage ALL 
patients are stratified into standard, intermediate and high risk treatment arms of a 
protocol, such as the current protocols of the Dutch Children Oncology Group 
(DCOG), based on their early response to chemotherapy, often measured by PCR 
techniques that quantify so-called minimal residual disease. 

In recent years, classification based on maturation stage, i.e. the EGIL 
classification17 and more recently the TCR classification18, has shown prognostic 
relevance. The immature (pro- or pre-T) groups have a relative poor prognosis19-22 
and for the immature group defined by the TCR classification, similar results have 
been found.23 Cortical T-ALL, defined by EGIL by the presence of CD1a, has been 
associated with a good outcome24-26.  

The identification of genetic aberrations and gene-expression profiling has 
now led to the possibility of classifying T-ALL based on expression-signatures and 
genetic aberrations, which might prove to be better classifiers or an addition to 
those already used. Genetic classification has been shown to have prognostic 
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significance, though results have not been consistent and might also be influenced 
by differences in treatment protocols. For example, in Chapter 5 we demonstrated 
that in pediatric T-ALL, NOTCH1 activating mutations are associated with a good 
initial in vivo prednisone response, but not with a favourable long-term outcome, in 
fact, a trend towards a poor outcome was visible. Though a study by Clappier et al 
showed similar results27, other groups found a favorable prognostic effect of 
NOTCH1 activating mutations in their cohorts.28-30 In adult T-ALL similar 
discrepancies in results have been reported, as two studies report no effect on 
outcome31,32 and one study observed a good  outcome for NOTCH1 mutated 
patients treated according to GRAALL-2003 protocol, but not for patients treated 
according to LALA-94 protocol.33 This last study demonstrates that the impact of a 
genetic aberration on prognosis could depend on the treatment protocol, which is 
very interesting, as it implies that some protocols are better or less suited for T-
ALL patients harboring certain abnormalities.  

Another example of a possible T-ALL classifier is the early T-cell 
progenitor T-ALL signature (ETP T-ALL). This recently identified T-ALL subtype 
shares many characteristics with normal early thymocytes based upon gene-
expression as well as immunophenotypic markers.34 It was characterized by a very 
poor prognosis which was confirmed within the same study in an independent T-
ALL cohort34. These data have now led to the implementation of an intensified 
treatment protocol for ETP T-ALL patients in the St Jude Children’s Research 
Hospital, Memphis, USA. In Chapter 1 of this thesis we identified an immature 
cluster which can largely be predicted by the ETP-ALL  signature as described.34 
Thus far, we, we did not find a poor prognosis for this subgroup of immature 
patients (Chapter 1). The explanation for this discrepancy could lie in the limited 
number of patients used in our cohort, or perhaps in differences in treatment 
protocols, and indicates that additional validation in other patient cohorts is 
required.  

So, a big challenge for future research is to determine the prognostic 
relevance of T-ALL  aberrations in different and continuously changing treatment 
protocols. Therefore continuous research on prognostic relevance of T-ALL 
aberrations, gene-signatures and other potential classifiers is important. This will 
enable future meta-analysis that will help in determining the best T-ALL 
classifiers.      
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Future therapy 
In Chapter 6, we have investigated two drugs (forodesine and nelarabine) in-vitro 
on pediatric ALL and AML samples. Both drugs target the same enzyme: purine 
nucleoside phosphorylase (PNP). In humans, a natural occurring deficiency of this 
enzyme causes a specific T-cell depletion, and therefore these drugs are potentially 
suitable to treat T-ALL. Indeed we found that T-ALL samples were most sensitive 
to these drugs in-vitro, whereas still half of pediatric precursor B-cell acute 
lymphoblastic leukemia (BCP-ALL) samples also responded to these drugs. The 
differences in sensitivity are likely multifactorial, but could partly be explained by 
differences in dGTP accumulation (which causes cell death) and dGK levels (and 
enzyme that leads to dGTP formation) for forodesine, and differences in ENT1 and 
ENT2 levels (transporters that could transport the drugs into the cell) for 
nelarabine/ara-G sensitivity. Also, PNP and NT5C2 levels were lower in T-ALL 
samples compared with B-ALL samples whereas ENT1 and ENT2 levels were 
higher. Although both drugs target similar pathways, resistance to one drug did not 
preclude sensitivity to the other, which is important information for future 
treatment strategies. 

The above treatment was designed to specifically target T-cells, but  not   
leukemic cells or specific aberrations found in T-ALL. As more and more of the 
pathology of T-ALL is unraveled, more potential treatment targets are becoming 
available. Specific genetic hits (LMO, NOTCH, MEF2C, NKX) could be targeted, 
or perhaps a more general subgroup specific pathway e.g. one that activated by 
TAL1/2/LYL1 and LMO1/2/3. Though for in-vitro testing, targets can be 
specifically knocked down by for example siRNAs or shRNA constructs, in vivo 
there is no vehicle available to deliver such compounds intact at the right place. To 
find drugs that can reverse a specific expression profile in-vitro, a free online tool 
is available called ‘Connectivity mapping’.35 This is an easy-to-use method that 
compares a list of differentially expressed genes (provided by the researcher, for 
instance MEF2C knock in mice compared to normal mice) to a database that 
comprises many gene-signature changes related to drug exposure to multiple cell-
lines. Perhaps by using such approaches, potential ‘signature targeting’ drugs can 
be identified. 
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Conclusion 
To conclude, this thesis has elucidated two new genetic abnormalities involving 
NKX2-1/2-2 and MEF2C and provided additional insight into (common or co-
operating) genetic rearrangements and gene-expression profiles in T-ALL, as well 
as the prognostic relevance of certain T-ALL genetic aberrations and the in-vitro 
sensitivity of ALL samples to two potential new drugs. As our knowledge of 
genetic aberrations in T-ALL is improving, an important next step will be a further 
investigation of the leukemogenic mechanisms of these genetic aberrations, using 
in-vitro but also in-vivo models.  These models could also be used to screen for 
potential new therapeutics to provide more efficient and more targeted therapy. 
Then hopefully, the rapid technological advances in genome research will be 
followed by advances in the treatment of children with T-ALL.   
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NEDERLANDSE SAMENVATTING VOOR DE LEEK 

 
Leukemie 
Witte bloedcellen (leukocyten) spelen een belangrijke rol in ons afweer systeem. 
Ze ontstaan uit stamcellen in het beenmerg. De stamcellen rijpen via voorloper 
stadia uit tot verschillende soorten leukocyten; lymfatische leukocyten (B- en T-
cellen) en myeloïde leukocyten (granulocyten en monocyten). B- en T-cellen zijn 
met name belangrijk voor ons specifieke (verworven) immuunsysteem. B-cellen 
rijpen in het beenmerg en T-cel voorloper cellen ontwikkelen zich eerst in het 
beenmerg en rijpen daarna uit in de thymus (zwezerik). De voorlopers van 
bloedcellen kunnen door DNA mutaties ongecontroleerd gaan delen, er is dan 
sprake van leukemie. De leukemie cellen verdringen de aanmaak van gezonde 
cellen in het beenmerg waardoor bloedarmoede (te weinig rode bloedcellen), 
bloedingen (te weinig bloedplaatjes) of infecties (te weinig gezonde leukocyten) 
kunnen ontstaan. Men spreekt van T-cel acute lymfatische leukemie bij 
ongecontroleerde groei van T-cel voorloper cellen, en over deze aandoening bij 
kinderen gaat dit proefschrift.  
  T-cel acute lymfatische leukemie (T-ALL) wordt elk jaar in Nederland bij 
ongeveer 20 kinderen gediagnosticeerd. Als de kinderen niet behandeld worden, 
overlijden zij aan deze aandoening. Intensieve behandeling bestaat uit een 
combinatie van chemotherapeutica, die echter meerdere directe bijwerkingen 
hebben zoals haarverlies en verminderde weerstand en soms ook complicaties op 
latere leeftijd, zoals hartfalen en ontwikkeling van andere vormen van kanker. 
Ondanks verbeterde behandeling in de laatste decennia overlijdt nog steeds 
ongeveer 30% van de kinderen aan deze ziekte. Een beter inzicht in het ontstaan 
van deze ziekte kan bijdragen aan de ontwikkeling van nieuwe therapieën. Daarom 
is het belangrijk om afwijkingen in DNA, die ten grondslag liggen aan de 
ontwikkeling van T-ALL, in kaart te brengen. In de toekomst zouden we op basis 
van dit inzicht de behandeling direct kunnen richten op deze afwijkingen. Op deze 
manier blijven de normale cellen zo veel mogelijk gespaard, dit wordt ook wel 
‘targeted therapy’ genoemd. Zo bestrijden we niet alleen de leukemie, maar 
beperken we ook de bijwerkingen op de lange en korte termijn. 
Aan het begin van dit onderzoek waren reeds meerdere DNA afwijkingen 
(oncogenen) bekend die een rol spelen in het ontstaan van T-ALL. Een deel van de 
T-ALL patiënten bleek echter geen afwijkingen aan een van deze bekende 
oncogenen te hebben. Het voornaamste doel van dit onderzoek was daarom het 
ontdekken van genetische afwijkingen en hun werkingsmechanismen in deze 
patiënten. Ook wilden we weten of deze afwijkingen voorspellend zijn voor de 
wijze waarop deze patiënten reageren op therapie.  
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Wat zijn DNA afwijkingen? 
Een mens heeft 46 chromosomen in al zijn cellen. Dit zijn lange ketens van 
dubbelstrengs DNA (DeoxyriboNucleic Acid). DNA bestaat uit vier verschillende 
bouwstenen ook wel nucleotiden genaamd: guanine (G), cytosine (C), adenine (A) 
en thymine (T). In ons DNA ligt de informatie opgeslagen die elke cel nodig heeft 
om te functioneren. Het grootste deel van de informatie ligt gecodeerd in kleine 
pakketjes DNA, ook wel genen genoemd. Elk gen bevat de informatie voor de 
aanmaak van een bepaald eiwit. Ons DNA bevat ongeveer 25.000 verschillende 
genen. DNA afwijkingen die gerelateerd zijn aan kanker ontregelen vaak een 
bepaald gen. De meeste vormen van kanker, inclusief leukemie, worden niet 
overgeërfd van vader of moeder, maar ontstaan door nieuwe afwijkingen in slechts 
een enkele cel in het lichaam. Er zijn verschillende soorten afwijkingen; er kan 
bijvoorbeeld een stuk DNA ontbreken (ook wel een deletie genoemd), of er is een 
stuk vermenigvuldigd (ook wel een amplificatie genoemd). Stukken DNA kunnen 
ook breken en weer verkeerd aan elkaar gezet worden, dit noemen we een 
translocatie (zie figuur 1). DNA afwijkingen kunnen meerdere genen beslaan, 
echter ze kunnen ook heel klein zijn. Er kan slechts één of enkele bouwstenen 
gedeleteerd worden, of vervangen door andere bouwstenen (deletie/insertie 
mutaties), of één enkele bouwsteen in het DNA (A, G, C of T) is veranderd door 
een andere bouwsteen (puntmutatie).  

 
Figuur 1: Schematisch weergave van een translocatie. 
Links zijn twee chromosomen weergegeven. Er treedt een breuk op in zowel het grote, 
donker grijze chromosoom, als het kleine, licht grijze chromosoom. De onderste delen van 
de chromosomen worden verkeerd hersteld zodat ze verwisseld worden en de rechter 
situatie ontstaat. Genen die op of vlakbij de breukpunten van translocaties liggen raken 
hierdoor ontregeld. 
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HOOFDSTUK 1:  nieuw ontdekte genetische afwijkingen in T-ALL: MEF2C 
en NKX2-1 
Binnen T-ALL onderscheiden we verschillende typen genetische afwijkingen die 
we type A en type B afwijkingen genoemd hebben. Voorgaand onderzoek heeft 
duidelijk gemaakt dat type A afwijkingen gekoppeld zijn met specifieke 
rijpingsstadia van leukemische voorloper T-cellen. Ook blijken T-cel leukemieën 
met dezelfde type A mutaties een specifiek patroon van genen te hebben die aan- of 
uitstaan (dit patroon wordt ook wel een gen-expressie profiel genoemd). Type A 
mutaties lijken daarmee dus specifieke T-cel leukemie subgroepen te bepalen. 
Hierbij blijkt elke subgroep geblokkeerd te staan in een specifiek onrijp 
ontwikkelingsstadium en ook een karakteristiek gen-expresssie profiel te hebben. 
Binnen deze verschillende T-cel leukemie groepen kunnen dezelfde type B 
afwijkingen voorkomen, echter soms is er wel een duidelijke hogere frequentie van 
bepaalde type B mutaties in specifieke (type A) T-cel leukemie subgroepen. Bij 
aanvang van dit promotietraject was voor ongeveer 40% van de T-ALL patiënten 
geen type A afwijking bekend. In hoofdstuk 1 van dit proefschrift hebben we 
gezocht naar nieuwe type A afwijkingen in deze patiënten. We hebben hiervoor 
gebruik gemaakt van de gen-expressie data van 117 kinderen met een T-cel 
leukemie. We hebben bewijs gevonden voor het bestaan van 2 nieuwe T-ALL 
subgroepen waarvoor geen type A mutatie bekend was. Gebruik makend van een 
aantal verschillende moleculaire technieken vonden we in een van deze nieuwe 
subgroepen afwijkingen aan het NKX2-1 of NKX2-2 gen, dat hierdoor geactiveerd 
was. In de andere groep vonden we verschillende genetische afwijkingen die 
ervoor zorgden dat het MEF2C gen hoog aangezet werd. Ook bleek dit de meest 
onrijpe T-cel leukemie subgroep te zijn. We hebben vervolgens aangetoond dat 
hoge expressie van NKX2-1/NKX2-2 of MEF2C cellen er toe aanzet om hard te 
gaan delen en de cellen belet zich verder te ontwikkelen richting een rijpe T-cel. 
Voor MEF2C werd tevens aangetoond dat het andere genen kan aanzetten zoals 
o.a. LMO2 en LYL1. Dit zijn twee reeds bekende genen die soms betrokken zijn bij 
andere T-cel leukemie  patiënten.  
 
HOOFDSTUK 2:  LYL1 afwijkingen lijke op TAL1 & LMO2 afwijkingen 
In hoofdstuk 2 van dit proefschrift wordt één T-ALL patiënt beschreven die een 
zeldzame afwijking, een translocatie, heeft van het LYL1 gen. Door deze 
translocatie wordt het LYL1 gen gekoppeld aan een T-cel receptor gen op een ander 
chromosoom, hierdoor raakt het LYL1 gen ontregeld en komt hoog tot expressie. 
Het gen-expressie profiel van deze patient kwam overeen met een andere bekende 
T-cel leukemie subgroep die met name gekenmerkt is door afwijkingen aan TAL1 
en/of LMO2  oncogenen. TAL1 en LMO2 zijn beide regeleiwitten die specifieke 
genen aan- of uit kunnen zetten. De hoge mate van gelijkenis tussen TAL1 en 
LYL1, wat ook een regeleiwit is, verklaart waarom deze leukemie een TAL/LMO 
gelijkend expressie profiel heeft.  
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HOOFDSTUK 3: extra DNA afwijkingen bij TLX3 afwijkingen 
Een andere T-cel leukemie subgroep, waar ongeveer 20% van de kinderen met T-
ALL toe behoort, wordt gekenmerkt door veranderingen in het TLX3 oncogen. In 
hoofdstuk 3 hebben we bekeken of er naast TLX3 afwijkingen ook andere 
afwijkingen aanwezig waren in deze leukemie subgroep. Dit hebben we gedaan 
met behulp van een methode waarmee we een totaal overzicht verkregen van alle 
deleties (verlies van kopieën) en amplificaties (extra kopieën) van het leukemisch 
DNA, ook wel de array Comparative Genomic Hybridization (array-CGH) 
techniek genoemd. In leukemisch DNA van een kwart van de patiënten in deze 
TLX3 subgroep werden extra deleties aan de tip van chromosoom 5 aangetoond, 
die niet bleken voor te komen in andere T-cel leukemie subgroepen. Mogelijk 
speelt een verlies van deze chromosomale regio een rol in het ontstaan van deze 
leukemie, maar het verantwoordelijk gen kon niet worden aangewezen.  
 
HOOFDSTUK 4:  NK-like homeobox genen in T-ALL 
Diverse oncogenen zoals NKX2-1/NKX2-2, NKX2-5 (zoals beschreven in 
hoofdstuk 1), alsook TLX1 en TLX3, zijn verwante genen die behoren tot de NK-
like (NKL) gen familie. Ongeveer 30% van de T-ALL patiënten heeft een DNA 
afwijking waarbij een NKL gen betrokken is. In hoofdstuk 4 wordt een literatuur 
overzicht gegeven van genetische afwijkingen aan NKL homeobox genen zoals 
gevonden in kanker bij de mens. Behalve afwijkingen aan verschillende NKL 
genen in T-ALL subgroepen blijken ook meerdere NKL genen hoog tot expressie 
te worden gebracht door andere oncogenen. De meerderheid van de T-ALL 
gevallen blijkt hoge expressie van een NKL gen te hebben. Dit suggereert een 
belangrijke rol voor NKL genen in het ontstaan van T-cel leukemie.   
 
HOOFDSTUK 5: NOTCH1 & FBXW7 afwijkingen als voorspellers voor 
prognose 
Ongeveer 60% van de T-ALL patiënten heeft een afwijking in het NOTCH1 of 
FBXW7 gen. Dit zijn type B afwijkingen waarbij het NOTCH1 eiwit ontregeld 
raakt en als regulator veel andere genen aan- of uitzet. In hoofdstuk 5 hebben we 
gekeken of NOTCH1 en FBXW7 afwijkingen de behandelingsuitkomst van T-ALL 
patiënten voorspelt. Deze afwijkingen blijken een goede eerste reactie op therapie 
met prednison te voorspellen, maar ze blijken geen voorspellende waarde te hebben 
voor uiteindelijke overleving van kinderen met T-ALL.  
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HOOFDSTUK 6: forodesine en ara-G gevoeligheid in T-ALL  
In dit hoofdstuk is de effectiviteit van twee nieuwe geneesmiddelen, Forodesine en 
ara-G,  in het laboratorium getest op leukemie cellen van patiënten met T-cel ALL, 
B-cel ALL alsook patiënten met een acute myeloide leukemie (AML). Het bleek 
dat met name T-cel leukemie cellen gevoelig waren voor beide middelen, alsook de 
helft van alle B-cel leukemieën. AML cellen bleken uiterst  ongevoelig. Om beter 
te begrijpen waarom cellen gevoelig of ongevoelig voor deze middelen waren, is 
gekeken naar het expressie niveau van diverse genen, die coderen voor enzymen of 
transporteiwitten die betrokken zijn bij het verwerken en opnemen van deze 
geneesmiddelen. T-ALL bleek meer transport eiwitten tot expressie te brengen 
(ENT1 en ENT2). Daarnaast hadden leukemie cellen die gevoelig waren voor 
Forodesine een hogere expressie van een enzym (dGK) dat ervoor zorgt dat 
Forodesine wordt omgezet naar een actieve vorm. Het bleek dat resistentie tegen 
het ene middel niet betekende dat deze cellen dan ook resistent waren voor het 
andere middel. Momenteel lopen er klinische trials met deze medicijnen bij 
kinderen en volwassenen met T-cel leukemieën.  
 
CONCLUSIE 
Het onderzoek zoals beschreven in dit proefschrift heeft nieuwe type A 
afwijkingen in kaart gebracht. Ongeveer een kwart van alle T-cel leukemieën bij 
kinderen behoort tot een van deze nieuwe subgroepen (MEF2C of NKX2-1/NKX2-
2). Afwijkingen aan NK-like homeobox genen zoals NKX2-1, NKX2-2, NKX2-5, 
TLX1 en TLX3 komen bij ongeveer een derde van alle T-cel leukemieën bij 
kinderen voor. Andere oncogenen blijken ook NK-like genen te ontregelen, en de 
meerderheid van alle T-cel leukemieën wordt gekenmerkt door hoge expressie van 
een van deze genen. NK-like homeobox genen lijken daarmee dus veel belangrijker 
voor T-ALL dan tot dusver bekend. NOTCH1-activerende mutaties (type B) 
komen bij ongeveer 60 procent van alle T-cel leukemieën voor. In tegenstelling tot 
resultaten uit andere studies, blijkt dat NOTCH1-activerende mutaties in het 
Nederlandse DCOG (ALL-7, -8 en -9) alsook het Duitse COALL-97 cohort geen 
betere overleving te voorspellen. Leukemische cellen van kinderen met een T-cel 
leukemie blijken zeer gevoelig voor de nieuwe medicijnen Ara-G (Nelarabine) en 
Forodesine. Ondanks overeenkomende werkingsmechanismen blijkt dat resistentie 
tegen het ene middel gevoeligheid voor het andere middel niet uitsluit. 
Het identificeren van type A afwijkingen, alsook het verder in kaart brengen van 
bekende en nieuwe type B mutaties is belangrijk, en staat aan de wieg van nieuw 
onderzoek waarbij verder gekeken gaat worden hoe ontregeling van deze genen 
kan leiden tot het ontstaan van een T-cel leukemie. Ook zullen nieuwe technieken 
gebruikt gaan worden zoals ‘whole genome sequencing’ waarbij de complete DNA 
code van leukemische cellen wordt gecontroleerd om nog andere verborgen 
genmutaties op te sporen. Betere kennis van deze afwijkingen en hun 
werkingsmechanismen zal hopelijk leiden tot het ontwikkelen van betere middelen 
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die leukemie cellen bij de bron kunnen uitschakelen. Dit kan leiden tot een verdere 
verbetering van het genezingspercentage van deze leukemie bij kinderen en 
mogelijk ook bij volwassenen. Deze gerichte werking van nieuwe middelen zal 
mogelijk ook leiden tot minder schade aan normale bloedcellen, weefsels en 
organen, waardoor de kans afneemt dat patiënten in de toekomst toch last krijgen 
van bijeffecten.  
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INTRODUCTION 

         

Figure 2: Results for different types of genetic analyses used in this thesis. A, Sorted human 
chromosomes in a karyotypic analysis. Each chromosome has a unique banding pattern. B, FISH 
analysis showing a red/green fusion signal (normal chromosome) and separate red and green signals 
for both derivative chromosomes of a translocation. C, ArrayCGH results for all chromosomes for 
one patient sample. A red signal to the right indicates a deletion (chromosome 5, 6, 12 and Y), a blue 
signal to the right an amplification (chromosome 8 and X). D, 4C results for all chromosomes for one 
viewpoint (NKX2-1) on chromosome 14 (upper signal and inset). An additional signal is present on 
the lower tip (grey arrow) of chromosome 14 indicating an inversion of chromosome 14 (in this case 
between NKX2-1 and the IgH@ locus).  
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Figure 3: Outline of 4C-technology.  
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Figure 1. (page 200) Identification of 2 Entities in Pediatric T-ALL That Lack Known Driving 
Oncogenic Hits. (A) Unsupervised hierarchical cluster analysis by the average linkage method in 
dCHIP based on 435 probesets (Table S3) for RMA-solo (Soulier et al., 2005) normalized U133 plus 
2 Affymetrix data from 117 pediatric T-ALL samples and 7 normal bone marrow controls. 
Cytogenetic rearrangements indicated are: S, SIL-TAL1; T, TAL1; t, TAL2; O, LMO1; L, LMO2 
(includes del(11)(p12p13)); $, TAL2/LMO1; N, SET-NUP214; C, CALM-AF10; M, MYB; A, 
Inv(7)(p15q34); 1, TLX1; 3, TLX3; n, normal bone marrow controls. The 50th and/or the 25th  
percentiles of samples with the highest TAL1 or LYL1 expression, positivity for TLX1 and TLX3 
expression as measured by RQ-PCR, and expression of the immunophenotypic markers CD13 and/or 
CD33, CD4 or CD8 are indicate; u, no data available. (B) Pearson correlation plot for the patient 
samples belonging to the 4 unsupervised TAL/LMO, TLX, proliferative and immature clusters. (C) 
Principal component analysis of pediatric T-ALL patients based upon the top 100 most significant 
differentially expressed probesets among major T-ALL subgroups (i.e. TAL1/LMO2, HOXA, TLX1, 
and TLX3 (Table S3)). The immature cluster (12 cases) and the proliferative cluster (12 cases) are 
indicated by green and purple dots, respectively. Samples repeatedly assigned to the proliferative or 
immature clusters (i.e. the core samples) in multiple unsupervised analyses on RMA-solo (Figure 
1A), RMA or VSN normalized datasets (not shown) or the supervised cluster analysis (Figure 1C) 
are visualized by dark green or purple dots. See also Figure S1 and Tables S1-S4. 

 

 

Figure 3. (page 202) NKX2-1 and NKX2-2 Rearrangements in Proliferative Cluster Patient 
Samples. (A) 4C-results obtained from NKX2-1 or TRB@ viewpoints (VP). Position of TRA@, 
NKX2-1 and IGH@ loci are shown by grey vertical bars. 4C-results for a normal control are shown in 
grey. Higher magnifications of the reciprocal breakpoint regions are given in Figure S3. (B) 
Validation of NKX2-1 rearrangements by FISH. Schematic positions of FISH probes are shown. (C) 
Schematic representation of the der(7) breakpoint region and breakpoint sequence of the unbalanced 
t(7;14)(q34;q13) for patient #9989. (D) Visualization of a single copy NKX2-1 amplification (green 
box) in patient #2702 as identified by array-CGH. (E) Schematic representation of 
t(14;20)(q11;20p11) breakpoint regions and cloned breakpoint sequences for the NKX2-2 rearranged 
patient #10138. (F) NKX2-1 protein expression in representative proliferative cluster and immature 
cluster patient samples as shown by western blot. Actin was used as loading control. 



Color figures                                                                                    

202 

 

 



Color figures 

203 

 

Figure 4. (page 204) MEF2C Activating Rearrangements for Immature Cluster Samples. (A) 
Array-CGH results for chromosomes 4 and/or 5 for patients #491 and #1964. Blue and red tracings 
represent dye swopped experiments. Positions of MEF2C and PITX2 have been indicated. (B) 
Visualization of an unbalanced chromosomal translocation t(4;5)(q26;q14) for patient #1964 by 4C-
analysis. The MEF2C VP is indicated by an arrow. Running median of probeset intensities for 
chromosome 5 and 4 are indicated in red and blue, respectively. (C) Validation of a chromosomal 
translocation between NKX2-5 and BCL11B in patient #9577 by FISH. Schematic positions of FISH 
probes are shown. (D) Identification of the t(11;14)(p11.2;q32.2) chromosomal translocation between 
SPI1 and BCL11B in patient #2252 by 4C. The VP is positioned ~0.6 Mb upstream of BCL11B as 
indicated by an arrow. (E) Ectopic SPI1 expression in patient #2252 compared to 116 additional T-
ALL patient samples. Raw fluorescent intensities of probeset 205312_at are shown. (F) Cloned fusion 
areas for reciprocal ETV6-NCOA2 and NCOA2-ETV6 fusion transcripts in patient #1524. (G) Relative 
MEF2C expression by RQ-PCR in 3 selected ETV6-NCOA2 rearranged T-ALL patients (Pat. #1-3). 
Cell lines LOUCY and PF382 are positive and negative controls for MEF2C expression, respectively. 
(H) Cloned fusion areas for reciprocal RUNX1-AFF3 and AFF3-RUNX1 fusion transcripts for patient 
#572. See also Figure S4. 
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CHAPTER 2 

 
 
Figure 1. Unsupervised and supervised hierarchical clustering of 117 pediatric T-ALL samples 
and 7 normal bone marrow samples and LYL1 expression of unsupervised subgroups. (A) 
Unsupervised hierarchical clustering of 117 pediatric T-ALL samples and 7 normal bone marrow 
samples (horizontal axis), according to microarray gene-expression (genes on vertical axis, gene 
names not shown)(1). Red corresponds to high expression, blue to low expression. CD surface 
markers are shown as present (>25%, “+”), absent (<25% “-“) or not performed (blanc). Complete 
immunophenotype for #704: CD1-, CD2+, CD3-, CD4+, CD5-, CD7+, CD8+, cytoplasmatic CD3+, 
CD33-, CD14-, CD34-, CD71+, HLA_DR-, TDT+. Cytogentic abnormalities are annotated as 
follows: T: SIL-TAL deletion or TAL1 translocation, L: LMO2 translocation/deletion, 1: TLX1 
translocation, 3: TLX3 translocation, B: normal bone marrow, N: NKX2-1 
translocation/inversion/duplication, M: MYB translocation, H: HOXA activating aberration (CALM-
AF10, SET-NUP, HOXA inversion). Patient #704 is highlighted by a blue box. (B) Principal 
component analysis of supervised analyses of gene-expression data of 117 pediatric T-ALL 
samples(1). The position of the yellow dots representing LMO1, TAL2, LMO3, TAL2/LMO1 
rearranged cases and sample #704 (LYL1/LMO2) are indicated by arrows. 
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Figure 1. The recurrent cryptic deletion, del(5)(q35), in TLX3 rearranged pediatric T-cell acute 
lymphoblastic leukemia (T-ALL).  (a) Chromosome 5 ideogram and corresponding oligo 
microarray-based comparative genome hybridization (array-CGH) plot of case DNA:control DNA 
ratios (blue tracing) versus the dye-swap experiment (red tracing) for T-ALL cases 2112. 
Hybridization signals around the -2X or +2X lines represent loss of the corresponding region in the 
case DNA. (b) Detailed analysis of the centromeric breakpoint of the deletion in case 2112. (c) Dual-
color fluorescence in situ hybridization (FISH) analysis on interphase cells of case 9858 (left panel) 
and case 2640 (right panel) using the TLX3-U (Red) and TLX3-D (green) translocation probe set. Case 
9858 showed a split signal, indicative for a TLX3 translocation, whereas case 2640 showed loss of the 
TLX3-D (green) signal. (d) Similar chromosome 5 ideograms as in (a) for T-ALL cases 9012 and 222. 
(e) Schematic overview of the minimal deleted region on chromosomal band 5q35 for the 5 TLX3 
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rearranged T-ALL cases showing a del(5)(q35). Depicted genome positions and gene locations are 
based on the UCSC Genome Browser at http://genome.ucsc.edu/. (f) Quantitative PCR analysis of 
NSD1, present in the minimal deleted region, on 26 TLX3 rearranged T-ALL cases and 27 TLX3 
negative cases. 

 

 

 
Figure 2. FBXW7 deletion in pediatric T-cell acute lymphoblastic leukemia (T-ALL).  (a) 
Schematic overview of the chromosomal deletion, del(4)(q31.3q32.1), as detected in case 2786. 
Genomic positions of genes situated in this chromosomal region and bacterial artificial chromosome 
(BAC) clones used for fluorescence in situ hybridization (FISH) analysis are depicted. (b) FISH 
analysis using RP11-650G8 (green) and RP11-300I24 (red) confirms the presence of the 
del(4)(q31.3q32.1) in case 2786. 

 

Figure 3. (page 208) Wilms' tumor 1 (WT1) inactivation in pediatric T-cell acute lymphoblastic 
leukemia (T-ALL). (a) Chromosome 11 ideogram and oligo microarray-based comparative genome 
hybridization (array-CGH) plot for the deletion, del(11)(p13), as detected in case 2723 (left panel). 
The right panel shows a detailed overview of the deleted region for this 11p13 deletion. (b) 
Fluorescence in situ hybridization (FISH) analysis using RP11-98C11 (green) and RP11-299P16 (red, 
covering WT1) confirms the presence of the del(11)(p13) in case 2723. (c) Sequence analysis shows a 
truncating WT1 exon 7 mutation on the remaining allele of case 2723. (d) Similar FISH analysis as in 
(b) on TLX3 wild-type T-ALL cases identified one additional case showing a biallelic WT1 deletion. 
(e) Array-CGH analysis confirmed the presence of a large monoallelic deletion, del(11)(p13p14.3), in 
combination with an additional loss of the genomic region surrounding the WT1 gene on the other 
allele. 
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CHAPTER 5 

Figure 2. NOTCH1/FBXW7 mutations activate the NOTCH1 
pathway in primary T-ALL patient biopsies.  (A) Western blot 
analysis of lysates from the HPBALL T-ALL cell line which is 
NOTCH1-mutated. Treatment for 96 hrs with γ-secretase inhibitors 
including compound E (100 nM) or DAPT (5 µM), results in loss 
of activated intracellular NOTCH1 expression (ICN). Actin was 
used as loading control. (B) NOTCH1 ICN levels in wild-type and 
NOTCH1 and/or FBXW7-mutated T-ALL patients and T-ALL cell 
lines analyzed with Reverse-phase Protein microarray. 
NOTCH1/FBXW7 wild-type patient samples with high ICN levels 
are marked by an asterisk (C) Heatmap showing the TOP50 most 
differentially expressed genes between NOTCH1 and/or FBXW7 
mutant patients versus wild-type patients. NOTCH1 direct target 
genes are indicated. Annotations indicated are genetic 
rearrangements, Gender and NOTCH1/FBXW7 mutation status. 
Genetic rearrangements indicated are: T, TAL1 or SIL-TAL1; L, 
LMO1 or LMO2 (includes del(11)(p12p13)); A, HOXA-activated 
(includes cases with SET-NUP214; CALM-AF10 or 
Inv(7)(p15q34)); 1, TLX1; 2, TLX2; 3, TLX3; O, Other; U, 
Aberration unknown. Gender is indicated F, Female or M, Male. 
NOTCH1/FBXW7 mutation status is indicated 0, wild-type and 1, 

NOTCH1 and/or FBXW7-mutated; NOTCH1/FBXW7 wild-type patients with high ICN levels are 
marked by an asterisk; NOTCH1/FBXW7 wild-type patients having a NOTCH1 signature that cluster 
with NOTCH1-activated patients based upon hierarchical clustering based on the TOP50 probeset are 
indicated with a filled triangle. 
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CHAPTER 1  
(Supplementary Tables S2-S5: online available.)  



Supplementary data                                                                                   

213 

 

Table S1 Summary of patient samples clustering in the various cluster analyses and stability 
testing.  

Clustering Class prediction Clustering NKX2-1 MEF2C Cytogenetic Core samples

(unsupervised selection of probsets) (supervised) expression expression annotation without

previously identified

cytogentic alteration

# unique genes 435 581 889 1343 3034

filtered unfiltered unfiltered unfiltered unfiltered

Relates to: Fig 1A Table S3 Table S2 Table S2 Fig 1C

Table S3 (Analysis 1) (Analysis 2) Table S3

Sample name

167 I I I I I I I I  + I

321 I I I I I I I I  + I

491 I I I I I I I I  + I

572 I I I I I I I I  + I

1524 I I I I I I I I  + I

1964 I I I I I I I I  + I

10030 I I I I I I I I  + I

1509 I I I I I I I  + CALM-AF10

2736 I I I I I I I  + CALM-AF10

9194 I I I I I I I  +

2130 I I I I I I I I

2252 I I I I I I I  +

2703 I I I I I I I  +

9577 I I I I I I  +

9105 I I I I P MYB

9226 I

914 P P P P P P P P  + MYB

1446 P P P P P P P P  + P

2702 P P P P P P P P  + P

9247 P P P P P P P P  + P

10138 P P P P P P P P  +* P

9696 P P P P P

750 P P P P P P P SIL_TAL

2669 P P P P P P P SIL_TAL

8628 P P P P P P P TAL

9919 P P P P P P  + P

9989 P P P P P P P  + P

2113 P P P  +

2691 P P P P P P P TLX3

2737 P P P P P P P TLX1

3028 P P P P P P P TLX3

3044 P P P P P P CALM-AF10

2781 P P P P P P P  + TLX1

2229 P P P P P P P  + TLX1

2792 P P P P  + TLX1

2641 P

9827 P

*NKX2-2  expression

 
Figure S2 Relates to Table 1. The immature cluster is not associated with poor survival. The overall 
survival curves (solid lines, scale indicated at the left axis) and cumulative relapse incidence (dotted 
lines, scale indicated at the right axis) for the unsupervised proliferative cluster (purple lines), the 
immature cluster (green lines) as well as for all other T-ALL cases (black lines). The survival of the 
proliferative cluster that has a 5yr OS of 88±8% seems higher compared to both other subgroups (5yr 
OS for the immature cluster = 73±11% and the 5yr OS for the remainder of the T-ALL cohort = 
65±6%), but does not reach statistical significance (P=0.096). 
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Figure S3 Relates to 
Figure 3. High resolution 
4C-technology results of 
NKX2-1 breakpoints in 
NKX2-1 rearranged T-ALL 
patient samples. Raw 
Fluorescent Intensities 
(RFI) for probes for the 
TRAD@, IGH@ and 
TRB@ that are being 
captured from viewpoints 
as indicated on the right. 
Viewpoints (VP) are the 
HindIII restriction 
fragments where the 
primers for 4C PCR are 
located. Each Bar 
represents a single HindIII 
fragment that is covered by 
a probe.  Ensemble genes 
are shown below in green 
(build 36). The orientation 
of the genes is indicated by 
arrows at the left side. (A) 
For patient #1446, 
fragments centromeric of 
TRDD1 and TRDD2 are 

captured starting from the VP located downstream of NKX2-1, whereas fragments telomeric of 
TRDJ3 are captured starting from the VP located upstream of NKX2-1. These data indicated that the 
breakpoint is located between TRDD2 and TRDJ3. (B) In patient #9247 fragments centromeric of 
TRDD1 and TRDD2 are captured starting from the VP located downstream of NKX2-1, and fragments 
telomeric of TRAJ25 are captured starting from the VP located upstream of NKX2-1. The large area 
between the fragments that are being captured from the VP up- and downstream of NKX2-1 suggests 
a deletion of the intermediate area, that corresponds to array-CGH data for this sample as depicted in 
the lower row. For the array-CGH data, blue and red tracings represent dye swopped experiments for 
which each dot represents the log 2 scaled data for a single probeset. The genomic TRAD@ reciprocal 
breakpoints are located between TRDD2 and TRAJ25 according to the 4C data. (C) In patient #9919 
the breakpoint region can be confined to the area between 3 probes. The only gene segment situated 
in this area is IGHV4-28. (D) As patient #9989 has a deletion telomeric of the TRB@ locus (according 
to FISH), 4C was started from the VP centromeric of TRB@. In this experiment, HinDIII fragments 
located telomeric of NKX2-1 are captured. These results predict the location of the genomic 
breakpoint close to NKX2-1. 
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Figure S4 (page 216) Relates to Figure 4. Molecular-cytogenetic characterization of immature cluster 
cases. (A) Schematic illustration of array-CGH results for chromosome 5 for 92 pediatric T-ALL 
cases that cluster in the 4 unsupervised clusters (TAL/LMO, TLX, Immature and Proliferative, 
Figure 1A). Two patients (#491 and #1964) harbour a heterozygous 5q14-5qter deletion (shown in 
red) with breakpoints just telomeric (0.5-2 Mb) of the MEF2C gene (relative position is indicated). 
One copy gains (amplifications) are shown in blue. (B) Selective MEF2C activation as consequence 
of chromosomal rearrangements telomeric of MEF2C. Schematic representation of the 5q14 MEF2C 
chromosomal region. Location of genes and Affymetric probeset are indicated. The 5q14 
chromosomal breakpoints for the T-ALL LOUCY cell line and T-ALL patient #1964 and #491 are 
shown by red lines. (C) Relative probeset intensities are given as ratio of probeset expression from 
immature patients or the cell line LOUCY compared to the median of T-ALL patients from all other 
subgroups combined or a panel of 17 cell lines (ALL-SIL, BE-13, CCRF-CEM, DND-41, HPB-ALL, 
HSB-2, JURKAT, KARPAS-45, KE-37, MOLT-3, MOLT-16, P12-ICHIKAWA, PF-382, RPMI-
8402, SKW-3, SUPT1, TALL1), respectively. Only the MEF2C gene but not centromeric genes 
including RASA1, CCNH, TMEM161B are activated as consequence of these rearrangements. Split 
signal FISH analysis for NCOA2 (D) and ETV6 (E) loci in patient #1524. Both photographs show a 
split signal next to the normal fusion signal, indicating a translocation. (F) FISH analysis of RUNX1 
and ETV6 loci in patient #572. FISH analysis shows a triple red signal in patient #572 corresponding 
to a translocation breakpoint in RUNX1. A schematic representation of probe positions is shown 
below the FISH photograph. 
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Figure S5 Relates to Figure 6. Expression of MEF2C in normal human T-cell development. MEF2C 
(probeset 209100_s_at and 209200_at) expression levels relative to ABL1 expression levels (probeset 
202123_s_at) as extracted from the gene expression levels by microarrays for flow sorted thymic 
subsets (Soulier et al., 2005). Isolation and purification of thymic fractions have been described 
before ((Soulier et al., 2005), and references therein). The dashed line represents the positivity level. 
All values below this line were indicated as absent calls. 
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Figure S6 (page 218) Relates to Table 2. (A) Comparability of similar subgroups in the Paris and 
Rotterdam T-ALL datasets as visualized by the SUBMAP method. Shown is an SA matrix that 
reveals the comparability between the various subgroups in the Paris T-ALL dataset and the 
Rotterdam T-ALL dataset. For the Paris cohort the normal bone marrow controls (A1) and the T-ALL 
subgroups TAL-R (A2), TLX1 (A3), TLX3 (A4) and immature subgroup (A5) are shown versus the 
Rotterdam subgroups such as normal bone marrow controls (B1), TAL/LMO (B2), TLX1 (B3), TLX3 
(B4) and immature subgroups (B5, as defined in Figure 1). (B) Identification of immature cluster and 
proliferative cluster samples in the combined Rotterdam and Paris T-ALL cohorts. Unsupervised 
cluster analysis in dChip for RMA-solo normalized datasets, after matching for identical probesets 
and adjustment for batch effects by the combat method (Johnson et al., 2007). Filtering criteria for the 
unsupervised analysis and annotations of the Rotterdam dataset have been described in the legend of 
Figure 1. The Paris dataset (107 T-ALL cases) has been described before (Clappier et al., 2007; 
Soulier et al., 2005). Other annotations used are: First line: yellow boxed cases, Rotterdam series; Red 
boxed cases, Paris series. Second line, consensus cytogenetic annotations: blue boxed cases, 
TAL/LMO rearrangements; orange boxed cases, TLX3 rearranged; yellow boxed cases, HOXA 
activated cases; green boxed cases, immature cases; Third line: green boxed cases, Immature cluster 
samples from the Rotterdam series; Fourth line: purple boxed cases, proliferative cluster cases from 
the Rotterdam series; C, cell line. NKX2-1 is expressed in 6 T-ALL cases from the Paris series, 4 of 
which belonging to the proliferative cluster. Fourteen out of 16 French cases previously annotated as 
immature fall in the combined immature cluster. MEF2C is expressed in 10 out of these 14 cases. (C-
I)  Molecular characterisation of the Rotterdam validation cohort. RMA normalized expression values 
for (C) NKX2-1, (D) TLX1, (E) MEF2C and (F) LYL1 probesets for the PAM predicted unsupervised 
clusters in the Rotterdam cohort 2. Median values are indicated by lines. P-values for distribution of 
NKX2-1,  TLX1 and MEF2C were calculated by using the Chi-square (Px) or the Fisher’s exact test 
(PF) assuming expression as positive when the normalized fluorescent intensity was >5, otherwise 
samples were considered as negative. Differences in the distribution of LYL1 expression has been 
analyzed using the non-parametric Mann-Whitney-U test. The 3 NKX2-1 rearranged cases (#7069, 
#5716 and #6508) as validated by FISH (G-I)  are shown. FISH data for NKX2-1 rearranged patients 
of the Rotterdam validation cohort. (G) Patient #6508 has a NKX2-1 translocation. (H) Patient #7069 
has a NKX2-1 inversion. (I) Patient #5716 has a NKX2-1/TRAD@ inversion on chromosome 14. 

 

Supplemental experimental Procedures 

Fluorescent in-situ hybridization (FISH). FISH analysis was performed on thawed cytospin slides. 
The following probes were used: TCRβ, TCRα/δ, TCRγ and IgH split signal FISH DNA probes 
(Dako, Glostrup, Denmark), LSI TEL-AML1 ES dual color translocation probes (Abbot Molecular, 
Illinois), LSI ETV6 dual color break apart rearrangement probes (Abbot Molecular), following the 
manufacturer’s instructions. For other loci we used home-labeled BAC clones (BAC/PAC Resource 
Center, Children’s Hospital, Oakland, USA) as described before (Van Vlierberghe et al., 2008a). 
BAC clones are listed below. 
Microarray-based comparative genomic hybridization (array-CGH). Human genome CGH 105A 
oligo microarrays (Agilent, Santa Clara, USA) were used according to the manufacturer’s 
instructions. Slides were scanned in a 2565AA DNA microarray scanner (Agilent). Microarray 
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images were analyzed using feature extraction software (Agilent) and the data were subsequently 
imported into array-CGH analytics software (Agilent). 
Ligation mediated polymerase chain reaction (LM-PCR). LM-PCR was performed as described 
before (Przybylski et al., 2005). We used primers located in the Dδ3, Jδ1 and Dβ1, Dβ2 gene 
segments of the TRD@ and  TRB@ loci, respectively (van Dongen et al., 2003). To clone the NKX2-2 
der(20)chromosomal breakpoint region for patient #10138, we used a primer located telomeric of 
NKX2-2. Specific primers and adapter primer sequences used for LM-PCR are described in the table 
below. 
3’ Rapid amplification of cDNA ends (3’-RACE). 3’-RACE was performed from RUNX1 for 
patient #571. For this, 1µg of RNA was incubated for 5 minutes at 37°C with 25pmol oligo-dT 
adapter primer in a volume of 15µl. cDNA synthesis was performed in a final volume of 25µl in the 
presence of 40U/µl RNAsin (Promega, Wisconsin, USA), 200nM of dNTPs, and 200U/µl MMLV-RT 
(Promega) in 1x RT-buffer at 42°C for 1 hr, followed by inactivation of MMLV-RT enzyme for 5 
minutes at 95°C. One hundred microliters of dH2O were added, and cDNA was stored at –80°C. 
3’RACE amplification was performed in a final volume of 50µl in the presence of 40ng of cDNA 
template, 1.5mM MgCl2, 350nM dNTPs, 300nM adapter_1 primer, 300nM of RUNX1_1 primer, and 
0,025U/µl IntegroTaq in 1x PCR buffer. After initial denaturation for 5’ at 95°C, product was 
amplified for 14 touch-down cycles of 20’’ at 95°C, 1’ at annealing temperature (starting at 65°C 
which was lowered by a 0.5°C each consecutive cycle) and 1’ at 72°C. Product was further amplified 
for another 31 cycles of 20’’ at 95°C, 1’ at 58°C and 1’ at 72°C. One microliter of the PCR product 
was used for a nested PCR using the same reaction conditions and nested PCR primers. Product was 
amplified for 5’ at 95°C, followed by 35 cycles of 20’’ at 95°C, 1’ at 60°C and 1’ at 72°C. Total PCR 
product was separated on a 2% agarose gel, followed by excision of bands. DNA was isolated for 
sequencing using the QIAquick gel extraction kit (Qiagen, Venlo, Netherlands). Specific primers and 
adapter primer sequences used for 3’-RACE are described in the table below. 
DNA Sequencing. Sequencing of PCR products according to the manufacturer’s recommendations 
were performed in a 3130XL Genetic Analyzer (Applied Biosystems, Fostercity, USA). 
siRNA knockdown. siRNA transfection was performed by electroporation as described before (Van 
Vlierberghe et al., 2008b). We used siRNAs directed against NKX2-5 (siGenome on-target J-019795-
05) or MEF2C (siGenome on-target J-009455-07) purchased at Dharmacon (Thermo Fisher 
Scientific, Waltham, USA). A FITC labeled random siRNA control (Eurogentec, Seraing, Belgium) 
was used to verify transfection efficiency. 
MEF2C transfection. Cell lines were cultured as preciously described (Van Vlierberghe et al., 
2008b). A pCMV6 entry vector containing the MEF2C cDNA (TrueORF RC220584, Origene, 
Rockville, USA) was transfected into JURKAT cells by electroporation (350V, 10 ms rectangular 
pulse). Forty-eight hours after electroporation, cells were plated in 96-wells flat bottom plates (10,000 
cells/well), and stable transfectants were selected on selective media containing Geneticin (2mg/ml, 
Invitrogen Life Technologies, Breda, The Netherlands). Stable transfected clones were validated for 
MEF2C expression by RQ-PCR and western blot.   
Chromatin Immunoprecipitation (ChIP).  Chromatin immunoprecipitation was performed as 
described before (Van Vlierberghe et al., 2008b). For each ChIP, 8 g of antibody directed against 
NKX2-5 (ab54567, Abcam, Cambridge, United Kingdom) or MEF2C (D80C1, Cell Signaling, 
Danvers, USA) was used. RQ-PCR for the MEF2C, HHEX, and distal and proximal LMO2 promotor 
regions were performed on immunoprecipitated DNA as described above. Primers sequences are 
described in the table below.   
Western blotting. Western blotting was performed as described before (Van Vlierberghe et al., 
2008b). The following antibodies were used: NKX2-5 (ab54567, Abcam, Cambridge, United 
Kingdom), NKX2-1 (sc-13040, Santa Cruz Biotechnology, Santa Cruz, USA), MEF2C (D80C1, Cell 
Signaling) and β-actin (A2547, Sigma). 
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Flow Cytometry. Expression of surface CD3 and TCRγ/δ was analyzed by flow cytometry using a 
FACS Calibur (Becton Dickinson, San Jose, CA, USA). Cells were washed with 1XPBS containing 
0.1% BSA and stained with  PerCP-labeled anti-CD3 (BD Pharmingen, San Diego, USA) and PE-
labeled anti-TCR γ/δ (BD Pharmingen) antibodies after which two additional washes followed.  For 
analysis 100,000 events were recorded.  
Colony Formation Assay.  NIH3T3 or BJ-EHT cells were cultured in DMEM + glutamax  
(Invitrogen) supplemented with 10% fetal calf serum, 2 mM L-glutamine (Invitrogen), 5 µg/ml 
insulin, 5 µg/ml transferrin, 5 ng/ml sodium selenite (ITS media supplement; Sigma, St Louis MO, 
USA), 100 IU/ml penicillin, 100 µg/ml streptomycin, 0.125 µg/ml fungizone and 0.2 mg/ml 
gentamycin (Invitrogen). Cells were transfected in 24 well plates  (1.5·103 cells/well) using a total of 1 
µg total plasmid DNA and 1.5 µl Lipofectamine 2000 per well (Invitrogen) for 4 hours in 500 µl 
culture medium without antibiotics, after which medium was refreshed. Transfection was performed 
with 0.5µg of pCMV6 entry vector containing MEF2C (TrueORF  RC220584, Origene) or NKX2-1 
(TrueORF  RC217520, Origene) cDNA inserts, MYC or RAS expression vectors. All transfections 
with the constructs indicated were supplemented with empty pCDNA3 vector DNA (Invitrogen) to a 
total concentration of 1µg . The pCDNA3 vector served as empty vector control.  After 24 hours, 
cells were plated in triplo at a densitiy of 3·103 cells/100mm plate. Following 8 days (NIH3T3) or 30 
days (BJ-EHT) of culture, adherent cells were washed, fixed in 10% formaldehyde and dyed with 
0.1% crystal violet in 20% methanol. Colonies with a diameter of 2 mm or larger were scored blind 
by 4 independent observers.  
Statistical analyses. Asymmetric distribution of cytogenetic abnormalities or expression of 
immunohenotypic markers over unsupervised clusters was calculated by using the Chi-square 
statistical test. Statistical significance on mCD3 and TCRγδ expression in siRNA mediated 
knockdown of MEF2C were analyzed Student t-test. The p-values lower than p=0.05 were considered 
significant. 
Expression microarray data normalization. For most analyses, Affymetrix CEL files were pre-
processed using the RMA normalization method (Irizarry et al., 2003) followed by quantile 
normalization (Soulier et al., 2005). To exclude clustering as consequence of the normalization 
method chosen, the dataset was also normalized using the VSN method (Huber et al., 2002), leading 
to consistent results. 
Unsupervised cluster analysis. Unsupervised cluster analysis was performed in dChip software (Li 
and Wong, 2001) that calculates a coefficient of variation (CV) for each probeset in a dataset. 
Probesets with the largest variability in expression have the largest CVs. Selection of probesets occurs 
by setting upper and lower thresholds, with broader ranges resulting in a larger selection of probesets.  
Probesets were selected by the following criteria: CV between 1.2-10 (or as indicated in figure 
legends) for probesets expressed at minimal intensity values of 6 in ≥5 percent of the samples while 
masking for redundant probesets. The CV range of 1.2-10 resulted in the selection of 581 probesets 
(Table S3). Probesets reflecting contaminating erythroid or normal bone marrow cells in patient 
samples were removed, resulting in 435 probesets (Table S3) as used in Figure 1A. The influence of 
increasing number of probesets on the proliferative and immature clusters by expanding CV ranges in 
the unsupervized analysis was tested for unfiltered 581, 889, 1343 and 3034 probsets (Table S1) 
corresponding to CV ranges of 1.2-10, 1.1-10, 1.0-10 and 0.9-10, respectively. The general typology 
of clusters was conserved, as most cases initially assigned to prolerative or immature clusters (Figure 
1) remained in these clusters (Table S1). 
Supervised cluster analysis based on Wilcoxon statistics. For the supervised analysis, p-values for 
differentially expressed genes between T-ALL subgroups were calculated using a Wilcoxon statistical 
test (pcox), and corrected for multiple testing error (pfdr) according to the Hochberg and Benjaminin 
developed false discovery rate procedure (Hochberg and Benjamini, 1990). The Bioconductor 
package Multtest was used on VSN normalized data to determine the p-values and FDR corrected p–
values for probesets that were significantly and differentially expressed for specific T-ALL genetic 
subgroups tested versus all other genetic subgroups, i.e. the TAL1 subgroup (n=24; pcox<2.21·10-6 and 
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pfdr<0.0012), the LMO2 subgroup (n=9; pcox=NS and pfdr=NS), the combined TAL/LMO subgroup 
(n=33; pcox<1.47·10--8 and pfdr<8.02·10-6), the TLX3 subgroup (n=22; pcox<1.24·10-6 and pfdr<0.00068), 
the TLX1 subgroup (n=7; pcox<0.00031 and pfdr<0.053) and the HOXA subgroup (n=10; pcox<1.43·10-5 
and pfdr<0.039). Using the combined top100s for these subgroups (324 probesets in total, Table S3), 
principal component analysis was performed using GeneMath XT 1.6.1. software (Applied Maths, 
Inc, Austin TX, USA). As displayed in Figure 1C, 24 cases formed two separate T-ALL subgroups 
that overlapped in great extend with samples consistently associated with the proliferative (P) and 
immature (I) clusters as identified by the unsupervised analyses (Figure 1A). 
Prediction of classes identified by unsupervised methods. Stability of sample assignment towards 
the proliferative cluster (P), the immature cluster (I) or others (O) was tested by using various 
algorithms including Diagonal Linear Discriminant Analysis, 1-nearest neighbour, 3-nearest 
neighbour and nearest centroid in BRB tools version 3.7 (R. Simon & A.P. Lam). These analyses 
were performed on 12676 highest variable probesets as obtained in dChip (CV range 0.5-10). Normal 
bone marrow samples were excluded from the analysis. On average, results were optimal using 250 
probesets (analysis 1). Using these parameters, sample #9105 and samples #9696, #2792, and #2113 
were not predicted as immature cluster or proliferative cluster samples, respectively (Table S2). 
Repeating the procedure while leaving out these samples (analysis 2) identified another 4 cases 
(#9577, #2703 and #2252 (immature cluster) and #9919 (proliferative cluster) that no longer stably 
clustered into these clusters (Table S2). Repeating this procedure again while leaving out these 4 
samples (analysis 3) did not further result in the identification of samples that were not stably 
assigned to the immature cluster, the proliferative cluster or other T-ALL subgroups (Table S2). 
As an alternative strategy, PAM analysis (Tibshirani et al., 2002) was performed for the same classes 
(P, I and O) using an identical set of probesets (12676). Using a 10-fold cross validation, most stable 
clustering of patient samples was achieved by 100 probesets, in which proliferative cluster sample 
#9989 was classified as belonging to one of the other T-ALL subgroups. All immature cluster 
samples were correctly assigned to the immature cluster (Table S2). 
Outlier gene analysis for the immature and proliferative subgroups. 
Outlier gene analysis was performed by COPA statistics (Tomlins et al., 2005). For this, quantiles 
from 0.75 to 1.0 were analyzed. Normal bone marrow samples were excluded. The proliferative and 
immature clusters were tested separately whereby all other cases were considered as a single control 
group (e.g. when testing the proliferative cluster, all others samples including those belonging to the 
immature cluster were included in the control). Probesets for which maximum expression in the tested 
group was below 8 were excluded from the analysis. Permutation analysis was done on the top200 
most significantly, differentially expressed probesets. Lists of the most significant probesets of outlier 
genes expressed in the proliferative or immature clusters are displayed in Tables S5. 
For the proliferative cluster samples, COPA statistics identified outlier expression of the NKX2-2 and 
NKX2-1 genes as potential candidates for rearrangements (Table S5). In support of this, proliferative 
cluster sample #10138 uniquely expressed high levels of NKX2-2 while NKX2-1 expression was 
detected in 13 T-ALL samples in total of which 10 belonged to the proliferative cluster. MEF2C was 
identified as top ranking gene in the immature cluster that was strongly up-regulated in all samples 
(Table S5). MN1 and CLECL1 were also identified as top-ranking genes in this analysis. MN1 has 
been described as a gene that is targeted by chromosomal alterations in the inv(16) M4EO AML 
subtype (Buijs et al., 2000; Grosveld, 2007).By using PAM, the 6 subgroups as identified by PCA 
analysis could robustly be reproduced based on a minimal set of 195 probesets (Tables S5). Nine out 
of 12 proliferative cluster samples were repeatedly assigned to the corresponding group based on only 
2 probesets that both encoded for NKX2-1. Eleven of the immature samples were most robustly 
assigned to this group based on 13 probesets that included 3 MEF2C probesets (Table S5). This 
further confirms that NKX2-1 and MEF2C may actually be novel oncogenes for the proliferative and 
immature cluster samples, respectively. 
Comparability of equivalent T-ALL subgroups between the French and the Rotterdam 
datasets: OrderedList method and Subclass mapping. Comparability between both datasets was 
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tested by 2 different strategies, i.e. the OrderedList method (Lottaz et al., 2006) and the Submap 
method (Hoshida et al., 2007). For the OrderedList method, TAL1 rearranged samples, HOX-
rearranged samples (i.e. TLX1 or TLX3) and immature T-ALL samples were mutually compared 
between the Rotterdam T-ALL and the French T-ALL datasets (Soulier et al., 2005). For this, 
genelists of differentially expressed genes for indicated subgroups in the French dataset were then 
compared to genelists of the equivalent subgroups in the Rotterdam dataset. Cytogenetically non-
annotated samples from the French cohort (n=24) and 21 cases including all proliferative cluster 
samples from the Rotterdam cohort were left out of this analysis. For this comparison, we used the 
Bioconductor package OrderedList (Lottaz et al., 2006). Differentially expressed genes for these 
subgroups in both datasets were compared by z-statistics. Briefly, the OrderedList method relies on 
the definition of parameter α that defines the weighing scheme for each ranked probeset and how 
many ranks are taken into account in this comparison between 2 datasets. For this, the distribution of 
observed scores and random scores were evaluated to decide which parameter α results in the most 
reliable score. Observed scores are derived by drawing 80 percent of the samples of the subgroups for 
each cohort, whereas random scores (empirical p-value) are derived by random shuffling of samples 
in each cohort. The number of permutations for this analysis was 10000. The overlap of 2 score 
distributions is evaluated by a similarity-score. In both datasets, we compared the ordered genelists 
for the subgroups as described above. Cut-off’s for genelists was set at 99 percent of the probesets 
that explained the overall similarity between comparable subgroups. For these subgroups, the optimal 
α-value was 0.115, 0.115 and 0.038, respectively (not shown). At these α-values, the percentage of 
overlapping genes between both datasets was 30-50 percent for each subgroup comparison (not 
shown). For Subclass mapping (SubMap), we compared lists of differentially expressed probesets for 
comparable or identical subgroups including TAL_R (Paris) versus TAL/LMO (Rotterdam), TLX1, 
TLX3, immature or normal bone marrow samples between both datasets (Figure S6A). As for the 
OrderedList method, only major subtypes were considered in this analysis as well. To briefly outline 
this method, the overlap in top ranking differentially expressed genes from comparable subgroups in 
both datasets are compared in a two-way comparison b Gene Set Enrichment Analysis (GSEA). 
These results provide enrichment scores (ES) for mutual comparisons. A nominal p-value is 
calculated for each subgroup in a dataset by randomly distributing subgroup labels in the other 
dataset. A 1000 permutations were performed to calculate the nominal p-value in each comparison. 
The 2 enrichment scores for the mutual subgroup comparisons are combined by using Fisher inverse 
chi-square statistics (F), and compared to a nominal p-value for F by randomly picking 10000 ES 
scores from null distributions in the 2-way Gene Set Enrichment Analyses. After correction for 
multiple testing, p-values for similarity between comparable subgroups in the datasets are 
summarized in a subclass association matrix. 
Validation of the immature cluster and the proliferative cluster in an independent T-ALL 
cohort, i.e. the French T-ALL U133A expression set. The proliferative and immature clusters were 
validated in an independent validation cohort based upon expression signatures. For this, we used the 
microarray expression dataset of the French T-ALL cohort as previous described (Soulier et al., 
2005). Annotations for this cohort were as described previously (Clappier et al., 2007; Soulier et al., 
2005). As these T-ALL cases had been arrayed on the U133A Affymetrix expression arrays, we 
matched the Rotterdam U133 plus 2 dataset with the French U133A dataset for overlapping probesets 
resulting in 22676 overlapping probesets. The combined dataset was RMA-solo normalized and 
corrected for batch effects using the COMBAT method (Johnson et al., 2007). As expected, clustering 
of the two combined series revealed a strong batch effect which disappeared after applying the 
“Combat” method based on an empirical Bayes strategy (Figure S6B). 
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4C  Forward Reverse 

NKX2.1 upstream 5’-TGAGACCCACCAACTACA-3’   5’-ATTAGCCACCACTGAACC-3’  
NKX2.1 downstream 5’-GTGTGAGGTCAGAAAGAAGA-3’ 5’-ACTTTCCACTGACACAACTC-3’ 
BCL11B upstream 5’-TATCCCAAACTTTTACAACC-3’ 5’-CTTCCTGCAGTGAGTGTAC-3’ 
MEF2C located in gene 5’-GAAAAGGGAGTTCCTGAGT-3’ 5’-GGCATTACCCTTGATGTAC-3’ 

TCRβ upstream 5’-CCTTGATGTTTCTCCCTTTACC-3’  5’-CATGAAGAAACGAGCACCC -3’  

PCR Forward Reverse 

#9989-genomic 
breakpoint 

5’-CTTTGGCAAAAAAAATGACTT-3’ 5-GAGGACCGAAATACCAAACTA-3’ 

RT-PCR Forward Reverse 

NCOA2 exon 11  5’-GTGAGGGGCTGTTCATTT-3’ 
NCOA2 exon 12 5’-AGCCCTGTCACACCTGTT-3’  
NCOA2 exon 13 5’-ATGGGTAATCAAGGGATGATA’-3  
NCOA2 exon 14  5’-TAGGCCGAGAAGCACTGT-3’ 
NCOA2 exon 17  5’-GGCGATGCTGAAGTTGA-3’ 
NCOA2 exon 21  5’-TGCTGCCCAAAGTGTG-3’ 
ETV6 exon 1 5’-GCTGGAAGAAACTTCTTAAATGA-

3’ 
 

ETV6 exon 3 5’-CTTTCGCTATCGATCTCCTC-3’  
ETV6 exon 5 5’-TGCCCATTGGGAGAATAG-3’ 5’-GAGCGGTGCAACAGTTC-3’ 
ETV6 exon 6  5’-TCCCATCGGATGAAGTTT-3’ 
ETV6 exon 7 5’-CCTGCGCCACTACTACAA-3’  
RUNX1 exon 7  5’-TGGGGATGGTTGGATCT-3’ 
AFF3 exon 8 5’-CTGGCTTCCACCACTTTC-3’  

RQ-PCR Forward Reverse 

MEF2C 5’-GCGCTGATCATCTTCAAC-3’ 5’-CTTTGCCTGCTGATCATT-3’ 
NKX2-1 5’-TACCAGGACACCATGAGG-3’ 5’-GTCGCTCCAGCTCGTAC-3’ 
NKX2-5 
ENO2 
HHEX 
PSCD4 
CHRNA3 
PDK1 
TUSC3 
FAM46A 
LYL1 
LMO2 

5’-TATCCACGTGCCTACAGC-3’ 
5’-CTGCCTGGTCCAAGTTC-3’ 
5’-ATCGACGCGCTAAATG-3’ 
5’-GCACGGGTCATCTTTTC-3’ 
5’-GGAGAGGCCGTCTCTG-3’ 
5’-AATGCTTGTGAAAAGACCTC-3’ 
5’-GCACCACCTCGAAACTATT-3’ 
5’-ACTGCCTGTTGGACTTCTT-3’ 
5’-CGCTGCAACTCTC-3’ 
5’-TTGGGGACCGCTACTT-3’ 

5’-TGCGTGGACGTGAGTT-3’ 
5’- TCCTGAGCGATGACTCAC-3’ 
5’- ATGCCAATGCCAGTGG-3’ 
5’- CTTGCGCCCAATACAC-3’ 
5’- ACAGGCCGGATGATCT-3’ 
5’- CATCCTCAGCACTTTTGTC-3’ 
5’- TCTGTCCCCTCATCATAGTC-3’ 
5’- TTTGCCACTGTTGTTTGAC-3’ 
5’-ACCAGGAAGCCGATGTA-3’ 
5’-ATGTCCTGTTCGCACACT-3’ 

LM-PCR First Primer Nested Primer 

#10138-genomic 
breakpoint 

5’-GGGCAGTTGGGTGTTTCTT-3’ 5’-CGTTGCTTTTCCCATCTTTG-3’ 

3’RACE  First Primer Nested Primer 

RUNX1  5’-GTCGGTCGAAGTGGAAGA-3’ 5’-AAGTCGCCACCTACCACA-3’ 
Adapter 5’-TTCGCACGAGCAATTAG(T)17-3’  
Adapter Primers 5’-TTCGCACGAGCAATTAG-3’ 5’-CGCACGAGCAATTAGTTT-3’ 

ChIP Forward Reverse 

MEF2C-8000 exon 4/1a 5’-ATGGCTTCAGAAGTCCTATG-3’ 5’-AGTGCCAAGTTCTCTGTTTC-3’ 

HHEX 5’-CCGTTCATACAGGAAATCTT-3’ 5’-GGCTATCAGAAGTCGAGTGT-3’ 

LMO2 distal promotor 5’AGGTCCAATGTGAACTCAAT-3’ 5’-TGGTCTGGTGGTTAGCATA-3’ 

LMO2 proximal promotor 5’-GTGGGTTACTTTCTGCCTT-3’ 5’-CTCCTGGGGATTAGCAAT-3’ 
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BAC clones used for FISH analyses 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BCL11B RP11-431B1, RP11-74H1, RP11-68I8, RP11-889B13 
FOXH1 RP11-48I1, RP11-1143I12, RP11-1022M7 
HHEX RP11-148C9, RP11-790D23 
LYL1 RP11-352L7, RP11-356L15 
MEF2C RP11-749E19, RP11-845O10, RP11-467C24,  
MEF2C distal deletion RP11-236J15, RP11-1147F22 
MN1 RP11-46E17, RP11-1056M20, RP11,79G21 
MYB RP11-378M4, RP11-104D9, RP11-141K5, RP11-937M14 
MYC RP11-100H12, RP11-372A3 
NCOA2 RP11-259M18, RP11-356O6, RP11-784J23 
NKX2-1 RP11-945C4, RP11-662B6 or RP11-465B6, RP11-81F13 
NKX2-2 RP11-872K7, RP11-1065O2 
NKX2-5 RP11-166N7, RP11-352N17 
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Supplementary Figure 1. Genomic localization of 
the TLX3-U/TLX3-D translocation probeset. (a) 
Overview of the genomic positions of the TLX3 break 
apart probe set, at chromosome 5 band q35.1, used for 
FISH analysis. Specific genes located in this region 
are indicated. Depicted genome positions are based on 
the UCSC Genome Browser.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2. Further characterisation of the del(5)(q35) in T-ALL using FISH 
analysis. (a) Overview of the genomic positions of BAC clones used for additional FISH analysis. (b) 
Further characterization of the deletion on 5q in patient 2650. FISH analysis using RP11-1072I20 and 
RP11-10N18 (left panel) excludes the presence of a TLX3 translocation. FISH analysis using RP11-
1072I20 and CTD-2243O22 (middle panel) revealed a fusion signal on the derivative chromosome 5. 
FISH analysis using RP11-1072I20, RP11-117L6 and CTD-2243O22 (right panel) revealed a fusion 
of the green signals and loss of the red signal. (c) Further characterization of the del(5)(q35.1) in 
patient 2640. FISH analysis revealed an additional RP11-1072I20 hybridization signal, indicative for 
partial RANBP17/TLX3 amplification.  FISH analysis showed no involvement of  the TCRα/δ, TCRβ 
and BCL11B loci.   
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Supplementary Figure 3. The recurrent deletions, del(1)(p36.31) and del(13)(q14.3), in TLX3 
rearranged pediatric T-ALL. (a) Representative chromosome 1 ideogram and oligo array-CGH plot 
for the deletion, del(1)(p36.31), as detected in cases 2738, 2112 and 585 (left panel). Case 2757 (right 
panel) shows multiple deletions on the short arm of chromosome 1. The middle panel shows a 
detailed overview of the minimal deleted region for 1p36 deletions in T-ALL. (b) Schematic 
overview of the genes situated in the chromosomal region 1p36.31.   
(c) Chromosome 13 ideograms and oligo array-CGH plots for the deletions, del(13)(q14.2q14.3) and 
del(13)(q14.3), as detected in cases 2112 (left panel) and 2723 (middle panel). The right panel shows 
a detailed overview of the minimal deleted region for 13q14 deletions in T-ALL. (d) Schematic 
overview of the genes and microRNAs situated in the chromosomal region 13q14.3.   
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Supplementary Figure 4. The recurrent deletions, del(16)(q22.1) and del(19)(p13.2), in TLX3 
rearranged pediatric T-ALL. (a) Chromosome 16 ideograms and oligo array-CGH plots for the 
deletions, del(16)(q22.1), as detected in cases 2100, 2112 and 9012 (left panel). The right panel shows 
a detailed overview of the minimal deleted region for 16q22.1 deletions in T-ALL.  (b) Schematic 
overview of the genes situated in the chromosomal region 16q22.1. (c) Representative chromosome 
19 ideogram and oligo array-CGH plot for the deletion, del(19)(p13.2), as detected in cases 222 and 
378 (left panel). The right panel shows a detailed overview of the minimal deleted region for 19p13.2 
deletions in T-ALL. (d) Schematic overview of the genes and microRNAs situated in the 
chromosomal region 19p13.2.  
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Supplementary Figure 5. WT1 expression analysis in T-ALL. WT1 mRNA expression data relative 
to GAPDH, based upon gene expression array data, which were available for a selection of patient 
samples. WT1 expression levels are shown for 14 of the TLX3 rearranged T-ALL cases and for 20 non 
TLX3 rearranged T-ALL cases including TAL1, TLX1, LMO2 rearranged patients and unknown cases. 
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Figure S1. NOTCH1 mutations in pediatric T-ALL patients.  Amino acid changes in the HD, JM 
and PEST domains of NOTCH1, as a result of NOTCH1 mutations, are listed for each patient. New 
mutations and the reference of each known mutation are indicated. 
Known NOTCH1 mutations as previous identified in the study of Weng et al (2004)1, Breit et al 
(2006)2, Zhu et al (2006)3, Van Grotel et al (2008)4, Asnafi et al (2009)5, Park et al (2009)6, Larson 
Gedman et al (2009)7 and Suzuki et al (2009)8. 
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Figure S3. ICN levels in wild-type, weak NOTCH1-activated (single HD, single PEST, single 
FBXW7 mutation) and strong NOTCH1-activated (HD+PEST, HD+FBXW7, JM mutation) T-ALL 
patients analyzed with reverse-phase protein microarray.  
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Figure S2. FBXW7 mutations in pediatric T-ALL patients . Amino acid changes in the WD40-
repeats, as a result of FBXW7 mutations, are listed for each patient. New mutations and the reference 
of each known mutation are indicated. Known FBXW7 mutations as previous identified in the studies 
of Thompson et al (2007)[1], O’Neil et al (2007)[2], Malyukova et al (2007)[3], Park et al (2009)[4], 
Asnafi et al (2009)[5], Larson et al (2009)[6] and Mansour et al (2009)[7]. 
References: 
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Figure S5. The prognostic effect of NOTCH1/FBXW7 mutations. Weak NOTCH1-activating 
mutations were considered as NOTCH1 HD, PEST or FBXW7 mutations, whereas strong NOTCH1-
activating mutations were considered as NOTCH1 JM mutations or NOTCH1 HD mutations in 
combination with PEST or FBXW7 mutations. A. For DCOG T-ALL patients, strong NOTCH1-
activating mutations are significantly associated with poor outcome, with p-values of p=0.012 and 
p=0.048, compared to patients without NOTCH1/FBXW7 mutations (wild-type) or patients with weak 
NOTCH1-activating mutations, respectively. B. No significant association with poor outcome was 
observed for weak or strong-activated NOTCH1 T-ALL patients treated according to the COALL-97 
protocol.  
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CHAPTER 6 
 
Supplementary Table 1. Primer sequences used for RQ-PCR 

Gene Forward primer Reverse primer 

equilibrative 
nucleoside transporter 
2 (ENT2/SLC29A2) 

5’-ACA GGG CAG CCT CTT C-3’ 5’-TAG CGG GCA AAC TTC A-3’ 

cytosolic 5’ 
nucleotidase 2 
(NT5C2/NT5B/PNT5) 

5’-TAT GCC TGC TAA CAT GGA T-3’ 5’-ACC AAG GGA CTC ATA CTC TG-3’ 

PNP (NP) 5’-TCC CCG AAG TAC AGT GC-3’ 5’-GGG TTC TGA CCA CTG AAA C-3’ 

deoxyguanine kinase 
(dGK/dGUOK) 

5’-AGG CTC TGA TGA ACA TTC C-3’ 5’-AAC AAT GGC AAA GTC TAA CAA-3’ 

concentrative 
nucleoside transporter 
1 (CNT1/SLC28A1) 

5’-TGG ATG CTG ACA GAA ACA-3’ 5’-CTC CAG CTG CTC CTG AT-3’ 

concentrative 
nucleoside transporter 
2 (CNT2/SLC28A2) 

5’-AGC TGG GTT GAG GAG AAC-3’ 5’-AAG CTG GCG TGT GTT TT-3’ 

concentrative 
nucleoside transporter 
3 (CNT3/SLC28A3) 

5’-CCC AGG TCC CTG TAA CA-3’ 5’- TGT GTG CTC CCT GCT T-3’ 

cytosolic 5’ 
nucleotidase 1A 
(NT5C1A/CN1A) 

5’-GGA GGA AGC CAA GAT TTT-3’ 5’-CTG AAG GGT TCG TTC TCA-3’ 
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Supplementary Figure 1. dGuo degradation for different concentrations of forodesine.  DGuo 
concentrations in culture supernatants at different time points (x-axis) following dGuo (1µM) or 

forodesine (0, 1, 3 or 10 µM) + dGuo (10µM) administration for 4 T-ALL and 2 BCP-ALL primary 
diagnostic patient samples.  
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Supplementary Figure 2. Combination studies. Median survival values for drug only (solid black 
line), the calculated full additive effect of the drug and the LC10 or LC30 of forodesine/dGuo (dotted 
black line) and the measured effect (solid grey line) on survival of the combination is depicted for 
daunorubicin and the LC10 of forodesine/dGuo in T-ALL samples (A) and BCP-ALL samples (B) 
and for 6MP for T-ALL samples and LC10 (C) or LC30 (D) values of forodesine/dGuo. Vertical grey 
lines represent interquartile ranges. 
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