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General introduction

1. GENERAL INTRODUCTION

1.1 Blood & leukemia

Blood consists of serum and three other main ingrast erythrocytes (red blood
cells), thrombocytes (platelets) and leukocytesit@viblood cells). Leukocytes
normally compose less than 1% of the blood volunehlave important functions
in our defense against foreign and endogenous gatiso Many different
leukocytes can be distinguished, the main typesgogmphocytes (~75% T-cells,
~25% B-cells), monocytes and granulocytel these different blood cells arise
through distinct and tightly controlled developrmanstages from hematopoietic
precursor cells, which reside in the bone marrod thgmus (Figure 1). However,
sequential mutations, chromosomal rearrangemerdsepigenetic changes can
cause a precursor cell to be blocked from furthiéfiergntiation and to start
proliferate in a uncontrollable manner which resulbh cancer. Uncontrolled
proliferation of blood precursor cells is calledukemia. Different types of
leukemia are distinguished based on their lineageomgin; myeloid or
lymphoblastic leukemia. Lymphoblastic leukemia dsnfurther divided into B-
cell precursor (BCP) or T-cell lymphoblastic leukamin acute lymphoblastic
leukemia malignant cells are arrested at a relatmmature stage whereas in
chronic lymphocytic leukemia, cells have a moréedéntiated phenotype.

1.2 Acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL) is the most coomtype of cancer in
children, comprising approximately 25% of all chitd malignancie$ Patients
usually present with nonspecific symptoms. Mosthaflse can be explained by the
accumulation of leukemic lymphoblasts in the bonarmow, which repress the
development of normal, healthy, blood cells. Thegaptoms can be fever (due to
normal leukocyte deficiency), fatigue (due to ergtyte deficiency) and bleeding
(due to thrombocyte deficiency). Infiltration ofulkeemic cells to sites outside the
bone marrow can lead to other symptoms such as jmaing(caused by infiltration
of the periosteum), lymphadenopathy (caused bjtration of the lymph nodes)
and headache (caused by infiltration of the cemeivous system). Without
treatment, leukemia is lethal. Therapy has becorme2rand more effective over
the years and the survival of ALL patients haseased to about 80%Therapy
consists mainly of combination chemotherapy.
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Figure 1: Schematic overview of hematopoiesis.
HSC: hematopoietic stem cell, HPC: hematopoietiogenitor cell, CMP: common myeloid

progenitor, CFU-GEMM: Colony forming unit generafigranulocytes, erythrocytes, monocytes and
megakaryocytes, CFU-GM: colony forming unit geniegatgranulocytes and monocytes, CLP:

common lymphoid progenitor.
Adapted picture from Dr. M. William Lensch, Geof@eDaley 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 lymphoblasti&kémia (T-ALL) in children. T-
ALL accounts for approximately 15% of pediatric ALEach year, approximately
20 children are diagnosed with T-ALL in the Netheds. The overall survival is
~70%', making T-ALL a relative poor prognostic subgrodjnerefore, improved
insight in the biology and pathogenesis of T-ALLniscessary as it may lead to
better and more targeted therapies. In additiom, ittentification of genetic
subgroups that have prognostic relevance can abtb stratification of T-ALL
patients and adjusted treatment protocols (hightensity for poor prognostic
subgroups) that may improve overall survival. Egdlcin the last decade, many
different genetic abnormalities have been idemtifréhich play a role in T-ALL.
These aberrations can be divided in type A and B/p& Type A aberrations are
predominantly mutually exclusive, and often involsleromosomal translocations
or large genomic deletions or amplifications andingate specific T-ALL
subgroups. These subgroups are also associated maatarational arrest at
particular T-cell developmental stadé¢see Figure 2). These developmental stages
are characterized by the presence or absence afnawhenotypic markers (such
as CD1 and mCD3) and different gene-expressionil@sofImportant genes
involved in type A aberrations afléAL1, LMO2, LMO1, TLX1, TLX&8hdHOXA.
These genes are ectopically expressed due to thetigeaberrations and thus
function as oncogenes. In many cases, an enhagienrof a T-cell receptor gene
(TRA@, TRD@, TRB@Jr a specific enhancer region downstream oB6&11B
gene, is juxtaposed to the oncogene causing tiptisoal activation. This
mechanism is common in T-ALL as consequence ophysiologic T-cell receptor
rearrangement that occurs in normal T-cell devekmmrhe T-cell receptor genes
are rearranged to acquire a wide diversity of @amigecognition. Aberrations in
this process, which involves breakage and re-bgatif the double stranded DNA,
can result in translocations or inversions to ect@es. The precise mechanism
by which type A oncogenes contribute to leukemogenis not clear, but they are
thought to function predominantly by blocking drfatiation. Type B mutations
affect many genes such BO®TCH1, FBXW7, PTEN, RAS, JAKAd CDKN2A-B
and often consist of point mutations, small ine&di or deletions. The mutations
can be activating as well as inactivating and,antast to type A aberrations, they
seem not specifically associated with particulakLl- subgroups (Figure 2). Type
B mutations are involved in diverse processes agltell cycle control, self-
renewal, T-cell receptor signaling, differentiationtyrosine kinase activation
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Figure 2. Schematic overview of T-ALL genetic subgrouplsX3, TLX1, HOXA and TAL/LMO in
relation to their T-cell developmental stage basadEGIL or TCR classification systems. The
presence of particular mutations suchpaS/pl6deletions, NOTCH1 activating mutations, the high
expression of genes such as LYL1, LMO2, ERG, PTC&A TCRA and the appearance of
immunophenoypic markers are indicatedMO?2 is ectopically expressed kMO2-rearranged cases
but is not included in this figuréddapted from Meijerink et al, Best Pract Res Cliaekhatol. 2010
Sep;23(3):307-18

2. AIM OF THE THESIS

Even though many chromosomal rearrangements andtiong are known in
pediatric T-ALL, still about 40% of patients lackkaown type A aberration, and
additional type B aberrations are currently stdling identified. In addition to
genetic aberrations, gene-expression profiling mawide important insights in T-
ALL and identify subgroups based on shared biology,shared pathologic
pathways, which may overlap with subgroups defin®d specific genetic
aberrations. Knowledge of these genetic aberratiand gene-signatures is
essential for understanding T-ALL, for identifyirtgrgets for future targeted
therapy and for risk adapted treatment stratifocawithin T-ALL.
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The main aim of this thesis is to identify genetlmerration- and gene-signature-
based subgroups in pediatric T-ALL patients, toegeally characterize these
subgroups and determine their prognostic relevédbeapter 1-5).

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

In the next section we will first provide a shoneoview of the most
important methods that were used to reach our dmsection 4 of this chapter, a
short introduction is given for each chapter o$ tiiesis.

3. METHODS OVERVIEW

At the center of our research efforts lies a cobbri46 pediatric T-ALL patients
for which extensive data was present, includingyéimpic data, gene-expression
data (for almost all human genes) and data on tbgepce of the most common
genetic aberrations that were known at the starthd thesis TAL1, LMO2,
HOXA, TLX1, TLX3nd NOTCH1 activating aberrations). These data led to the
realization that ~40% of our patient cohort lackekihown type A aberration. The
data also gave us the first clues where to looknBw genetic abnormalities. As
these aberrations had thus far remained elusiveegded to apply a combination
of different techniques to reveal them. Below weegan overview of the main
methods that were used in this thesis to dejeaketicabnormalities. In table 1
these methods are summarized.

3.1 Conventional techniques

3.1.1 Karyotyping

Karyotyping is used to detect gross chromosomalrratbens such as large
deletions, large amplifications or translocatioBarting material is an amount of
~5 million viable leukemic cells which are culturadd then arrested in metaphase
by addition of colcemide, an inhibitor of spindlesambly that is required for cell
division. Nuclei-suspensions are then applied oasgl slides so that the
chromosomes of nuclei that are in metaphase candéatified as separate
chromosomes, and can be stained by Giemsa. Thiksr@s a unique and distinct

14



General introduction

banding pattern for each chromosome (Figure 34nfortunately, this procedure
does not succeed for all patient samples and anfjelaberrations can be seen on
karyotype, up to a resolution of 10-20 Mb. Freqlenaberrations such as
translocations or inversions are missed becaugedbaot have visible effects on
the banding pattern. These aberrations are cafjgdic or hidden rearrangements.

In this thesis, karyotype analysis gave us a auedk for a translocation
in the region 21922 where tHRUNX1 gene is situated. We performed the 3'-
RACE technigue (see below) which led to the ideratfon of a noveRUNX1-
AFF3fusion gene (Chapter 1).

Table 1: Overview of methods used to detect genetibnormalities

METHOD COVERAGE RESO- DETECTION* PRICE MATERIAL
LUTION /sample
Conventional
Karyotype whole genome Mb trans/inv ~$50 5 million
large amps/dels viable cells
FISH 1 - 2 loci/genes Mb trans/inv ~$50 ~25.000 viable
~1000Kb large amps/ dels cells
Array based
arrayCGH whole genome Kb large amps/dels  ~$5084ug DNA
4C 1 - 10 loci Kb trans/inv ~$500  5-20 million
~5Mb large amps/dels viable cells
PCR-based
PCR 1 locus/gene bp mutations ~$50 ~50ng DNA
100-10,000bp small amps/dels
LM-PCR 1locus/gene  bp trans/inv, ~$50 ~4ug DNA
100-10,000bp small amps/dels
3’- RACE 1 (fusion)gene bp fusiongenes ~$50 ~1ug RNA
100-10,000bp (trans/inv)

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

3.1.2 Fluorescent in situ hybridisation (FISH)

This technigue can be used to detect large (> 190d€letions or amplifications
but is also suited to detect chromosomal rearrapg&rsuch as translocations or
inversions. FISH is more restricted than karyotgseonly a limited number of
selected loci can be visualized at once. Approxatya25,000 viable cells are spun
on a glass slide and specific loci on the genoneevasualized with fluorescent
probes with a size of 100-200 Kb. For the deteotibbohromosomal
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Figure 3: Results for different types of genetic analyses ugén this thesis.

A, Sorted human chromosomes in a karyotypic amalysach chromosome has a unique banding
pattern. B, FISH analysis showing a red/green fusignal (normal chromosome) and separate red
and green signals for both derivative chromosonies twanslocation. C, ArrayCGH results for all
chromosomes for one patient sample. A red signdleaight indicates a deletion (chromosome 5, 6,
12 and Y), a blue signal to the right an amplifimat(chromosome 8 and X). D, 4C results for all
chromosomes for one viewpoiMiKX2-1) on chromosome 14 (upper signal and inset). Aritiaddl
signal is present on the lower tip (grey arrow) abiromosome 14 indicating an inversion of

chromosome 14 (in this case betw@#(X2-1and thdgH@ locus).
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rearrangements, often a split signal FISH is dgpesddo This means that a certain
locus for which a chromosomal rearrangement isestisq, is flanked by two
probes that are labeled in red and green. Whenlates is positioned on a
autosomal chromosome, the FISH procedure in a danoaeus will show two
fusion signals (red-green, or yellowish signals). bAlanced translocation or
inversion will results in the separation of a redl green probe (split signal), and
the resulting derivative chromosomes will only havgreen or a red signal. FISH
analysis then shows one fusion signal (the norrhabrnosome) and a separate
green and a separate red signal (Figure 3B). Aaradge of FISH over karyotype
analysis, is that one can use metaphase as watkaghase nuclei.

We extensively used FISH in the research describdtlis thesis. Most
importantly, we used it to screen for abnormalitilest involve known recurrent
translocation loci such as the T-cell receptors B&l11B Combined with other
techniques, this led to the identification of nemcagenic translocation partners
such asNKX2-1 and NKX2-2 (Chapter 1, 2). Potential oncogenes were also
screened for involvement in chromosomal aberrati@isapter 1) and we used
FISH to validate rearrangements that were ideudtifigith other techniques
(Chapter 1 and 3).

3.2 Array based techniques

3.2.1. Array comparative genomic hybridization (arayCGH)

To detect deletions or amplifications with a rarigat covers the whole human
genome, one can use array comparative genomicdigdion. In this technique,
DNA of a specific sample of interest is comparedd@omal genomic control DNA.
To illustrate the progress in this technique; oaeded 10 pg of DNA (equivalent
to 1.510° leukemic cells) per sample to perform arrayCGHhat start of this
thesis, compared to only 100 ng (equivalent to ®,0ells) with the latest array
formats and labeling techniques. DNA samples agesied by restriction enzymes
or heat into smaller fragments and labeled witbridascent dyes. The control DNA
is labeled with a different color dye (usually grgehan the specific sample
(usually labeled in red). Both samples are therenhix a 1 to 1 ratio, and put on
the glass array where labeled fragments can hyleridith DNA probe sets that are
spotted on the array and that represent the eminean genome. Each probe set
represents a specific site on our genomic DNA. pilube set densities differ per
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array. ~44,000 probe sets were spotted per ary@ars ago and presently with the
latest array formats, this amount has risen to ;00D probe sets. When the two
different colored DNA fragments bind to the proletss the ratios between both
colors give information on the copy number stattishe genome of the specific
DNA versus the normal control DNA. Increased redrayreen intensities point to
local DNA amplification whereas increased greenraesl intensities point to a
local chromosomal deletion in the leukemic cell. #ifications and deletions in
the specific DNA can thus be detected and visuallzg a computer program, as
depicted in figure 2C. The advantage of this praceds that the entire genome is
visualized at a resolution (~35 Kb) that is muchher than that of karyotype
analysis (>10-2a0° Mb). The main disadvantages of this technique thiee
relative high costs (Table 1) and that balancedstogations or inversions cannot
be detected as no gains or losses of chromosomaldaisur.

In this thesis we performed arrayCGH on large sesiepatients. This led
to the identification of deletions near a new oreme®MEF2C (Chapter 1) and
gave clues for an unbalanced translocation invglvire T-cell receptor beta locus
(TRB@ which was further analyzed by 4C (Chapter 1, see below). Type B
aberrations were also detected, such as a delgtieBXW7andWT1(Chapter 3).
In Chapter 3, we identified a del5q35 that is sfieédr TLX3rearranged patients.

3.2.2. Chromosome conformation capture on chip (4C)

Chromosome conformation capture on chip (Figurea) be used for multiple
purposes. Originally it was designed to study tired-dimensional structure of the
genome (chromosome conformation) in living cell®ybver, it can also be used as
a tool to detect translocations and identify unkndrmanslocation partnefs-or the
4C procedure an amount of 10 million of viable €&l needed. These are fixed
with formaldehyde, providing cross links between Dind proteins. This cross
linking preserves the proximity of chromosomal stame when the cells are
processed further. The DNA is then digested (HipdlWwhich will lead to
complexes of protein and DNA sequences of sevetdbk.KThe protein-DNA
complexes are then diluted and the DNA is randolgigted again. In this way,
DNA fragments that were in close proximity in theble cell, either by being
situated on the same chromosomal region or by absomal folding, have a high
probability to become fused. Subsequently, the DiHAd protein are de-
crosslinked and then digested again with a resinatnzyme that can cut at high
frequency. The DNA is then diluted and ligatedltova circularization of
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Figure 4: Outline of 4C-technology.
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individual restriction fragments. This way circul@NA of ~200-800 bp is
obtained that can be easily amplified by an inv&®G&. Most of these circles
consist of two pieces of DNA that were originaltyproximity to each other in the
living cell. Because of the circular configuratiamknown proximal DNA can be
amplified by inverse PCR from a specific locus oferest. In general, DNA
fragments that flank the region of interest on slaene chromosome will have a
higher chance to ligate to the fragment of intetbah fragments that originally
were localized at greater distance from the sitentdrest. The PCR product is
labeled and put on an array containing probesatsrépresents the entire genomic
DNA pool (one probe per Hindlll digested DNA fragmie After scanning of the
array and computational manipulations, a bell staparve of hybridization
intensities can be seen around the PCR viewpoiguf& 3D), with the highest
fluorescent intensities directly flanking a regimhninterest and a gradual decline in
intensities for fragments at increasing distanca diistance of ~5 Mb on both

sides. When a translocation is present, which hlaseakpoint within this high
intensity region, part of the signal will be presem a different chromosomal
region (the locus of the translocation partner)sMmay, translocations, inversions
and also deletions within a region of ~5 Mb of thewpoint can be visualized
(Figure 3D). Disadvantages of this technique aeeré¢fhative high cost, and, as with
FISH and ligation mediated PCR (LM-PCR, see beldlg,necessity to start from
a known locus or gene. But even though 4C is lidhite one or several
chromosomal regions of interest, this techniguedik gap in technologies, as thus
far balanced chromosomal translocations or invassio unknown partners could
not be resolved at such a high resolution (<10 Kothermore, the immediate
identification of unknown translocation partnerfeo§ a great advantage of the 4C
technology.

In this thesis, 4C was essential in the identifazaof a cryptic inversion
involving the TCRA/D@ or IgH@ locus and the novel oncogemNKX2-1 on
chromosome 14. Other new translocations were dksatified with this technique
(Chapter 1).

3.3 Polymerase chain reaction (PCR) based technigue

The polymerase chain reaction (PCR, reviewe} ieveloped in the late 80's,
enables the amplification of a short (~100-10,00Gkggment of DNA for further
analyses. It is a widely used technique that hasrbe an integral part of
molecular-genetic research. Usually, genomic DNA complementary DNA
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(cDNA obtained from RNA) is used and a locus o€rmst is amplified using two
specific primers (16-24 bp long strands of DNA céenpentary to a specific site).
The PCR products can then be separated based @rinsian agarose gel, or
sequenced for detection of small mutations theaizeveral 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 theteganomic breakpoint
seqguence of a translocation, deletion or amplificatin case of a translocation to
an unknown site, the translocation partner candbeatified by this technique. To
perform an LM-PCR, 4 ug of genomic DNA of a sampedigested by 4
restriction enzymes that cut roughly every 400Ghzers. Four different enzymes
are used because an enzyme may have a recogiii#éidhat is positioned in such a
way that it is difficult or impossible to detectetlbreakpoint, e.i. positioned too
close or very far away from the breakpoint. Themfthe separate use of 4
enzymes increases the chance that a breakpoiatastdd by this procedure. Upon
DNA digestion, DNA linkers are ligated to the emdshe DNA fragments, making
it possible to amplify a specific DNA fragment bging one specific primer (on the
region of interest) and one reverse primer thabstioned in the linker. This way,
a DNA fragment can be amplified that harbors thendgition from a known
sequence (where the specific primer binds) ovebteakpoint region into a DNA
sequence that represents the translocation pariiger PCR amplification,
products can be visualized on an agarose gel amdites can be compared to
normal control DNA. Alternate sized bands are edtidrom the gel, and
seguenced to identify the exact breakpoint sequéhisenecessary to start an LM-
PCR with a primer located near the breakpoint (~1000 bp); this means that
knowledge of the relative position of a breakpoegion is required beforehand.

In this thesis we used LM-PCR to identify a novERD@-NKX2-2
translocation, to identify the breakpoint of a NoV&B@-NKX2-1translocation
(Chapter 1) and ARB@-LYL1ranslocation (Chapter 2).

3.3.2 3'-Rapid amplification of cDNA ends (3'-RACE)

Sometimes, translocations or deletions can resuthie formation of fusion genes
and subsequently fusion proteins with aberrant tianc e.g. the SET-NUP214
fusion as result of the del(9)(q34.11q34.f3Using 3- RACE, the fusion
transcript can be amplified from the 3’- end. Onlge partner of this fusion
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product has to be known for this technique. OneofidqRNA of the patient is
converted to cDNA by means of extended primershivat to the 5’ polyA tails of
MRNA. The fusion transcript can then be amplifigdabspecific primer designed
for the known fusion partner on the 3’- end andim@r complementary to the 5'-
end linker.

In this thesis, 3'-RACE was used to detect a fusianscript in a patient in
which aRUNX1translocation was suspected based on karyotypeidévdified a
novel RUNX1-AFF3fusion transcript (Chapter 1).

4. SHORT OUTLINE OF THE THESIS

In Chapter 1 we combined gene expression profiling of 117 pedigatient
samples and detailed molecular cytogenetic analysédentify novel oncogenic
rearrangements for 40% of T-ALL samples for whible driving oncogene had
remained elusive. Two T-ALL subtypes were identifi€ach having a specific
expression signature and representing approximd@¥y of all pediatric T-ALL
cases. In one subtype (the proliferative cluster)identified novel rearrangements
involving oncogenesNKX2-1 and NKX2-2 The second subtype (the immature
cluster) associated with immature T-cell developinaer high expression of the
transcription factorMEF2C In this subgroup, we identified multiple novel
rearrangements that directly or indirectly taryEF2C. In addition, we showed
that MEF2C blocks T-cell differentiation and provides parttbé gene-expression
signature of the immature cluster. Our data demnatest thalNKX2-landMEF2C
represent important novel type A oncogenes in T-ALL

For years,LYL1 aberrations including translocations were assutoeoe
associated with the immature T-ALL subgroup becahsesubgroup shows high
LYL1 expression. IlChapter 2 we describe a case with a raréL1 translocation
that belonged to the more matdr&L/LMO subgroup. This seems logical given the
high homology betweeAL1 andLYL1 basic helix-loop-helix oncogenes. Alike
rare TAL1 rearranged cases that may have synerdisti®©1 or LMOZ2 aberrations
as well, ourLYL1rearranged case possessed a del(11)(p12p13) wdtichtad the
LMOZ2 oncogene.

Approximately 20% of pediatric T-ALL patients harba chromosomal
rearrangement (t(5;14)(q35;932)) that upregulatée toncogenic NK-like
homeobox transcription factofLX3 In Chapter 3 we used arrayCGH to
investigate whether these patients harbor additiabhaormalities. Five recurrent
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genomic deletions were identified of which the ¢rypleletion del(5)(g35) was
exclusively found inTLX3rearranged patients. The deleted region, whichjlist
telomeric of TLX3 itself, might harbor a negative regulating elementa novel
tumor suppressor gene that may cooperate Tib3.

In addition to the NK-likeTLX3 homeobox transcription factor, other NK-
like transcription factors are also involved in TA such asTLX1> andNKX3-1".

In chapter 1, we further identified two additiomabrranged NK-like homeobox
genes:NKX2-1 and NKX2-2 Chapter 4 reviews the involvement of NK-like
transcription factors in cancer in general and éguila in particular. In T-ALL an
exceptional high number of different NK-like homeabenes is implicated.
Normally, most of these genes are not expresséddcell development, making it
difficult to predict which pathways may be activdiar inactivated by these genes.
However, one NKL genéilHEX, is highly expressed in early T-cell development
and implicated in stem cell self-renewal and leuigemesis**®* We hypothesize
that the ectopically upregulated NK-like homeobexes in T-ALL might share a
common downstream oncogenic pathway by mimickimgtions ofHHEX

In Chapter 5 we studied the relevance NODTCHl1andFBXW7mutations,
which are considered as type B aberrations in T-AWMOTCH1 is a
transmembrane receptor that is cleaved upon ligamting which gives rise to an
active intracellular NOTCH1 (ICN) protein. ICN ads a transcription factor that
activates many genes includingMYCand functions as an oncogenic protein in T-
ALL. Mutations inNOTCH1increase ICN formation in a ligand-indepent manner
Alternatively, mutations ir-BXW?7, which normally facilitates ICN degradation,
also result in ICN accumulation. In our T-ALL coho63% of the patients
harbored a NOTCHL1 activating mutation. AlthoughstnSOTCH1 and FBXW7
mutations had been previously associated with a dong term outcome in the
German BFM study, our study did not support such a superior outcdane
NOTCH1 activated T-ALL patients treated with DCO@IaCoALL protocols.

In Chapter 6, we investigated two drugs that are currentlylimcal trials
for T-ALL: forodesine and nelarabine. Both druggant the same enzyme: purine
nucleoside phosphorylase (PNP), an enzyme thatdegmade deoxyguanosine
(dGuo) into guanosine and deoxyribose-1-phosphBteodesine blocks this
enzyme, which results in increased dGTP levelsdkatt a toxic effect especially
on T-cells. Nelarabine is the pro-drug of ara-G alhis phosphorylated to ara-
dGTP, which is incorporated into the DNA and isatgkic to cells. To better
predict which patients might benefit from these poomds, we investigated the
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efficacy of these drugs in pediatric AML, BCP-ALInch T-ALL patient samples
in-vitro. Especially T-ALL samples appeared sensitive tmdesine and ara-G
treatment, but also nearly half of BCP-ALL samplesponded to these drugs
vitro. AML samples were markedly resistant. Forodesinesitgea samples
accumulated more dGTP than resistant sampleshaadhigher mRNA levels of
the genadGK that may result in higher phosphorylation ratesdsfoxyguanosine.
Ara-G sensitive samples had higher levelseEMNT1 and ENT2 than resistant
samples. ENT1 and ENT2 are transporters that @arase influx of ara-G into the
cell and thereby can thereby increase ara-G sahgiti

In Chapter 7 a summary, discussion and future perspectivegiaes for
the research presented in this the€isapter 8 contains a brief summary of the
thesis in Dutch for uninitiated.
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Chapter 1

ABSTRACT

To identify novel oncogenic pathways in T-cell aiymphoblastic leukemia (T-
ALL), we combined expression profiling of 117 pdd@ patient samples and
detailed molecular cytogenetic analyses includimg €hromosome Conformation
Capture on Chip (4C) method. Two T-ALL subtypes avatentified that lacked
rearrangements of known oncogenes. One subtypeiaszbwith cortical arrest,
expression of cell cycle genes and ectddi€X2-1 or NKX2-2 expression for
which rearrangements were identified. The second sub@ygsociated with
immature T-cell development and high expressiorthef MEF2C transcription
factor as consequence of rearrangementdBF2C, transcription factors that
targetMEF2C or MEF2C-associated cofactors. We prophige<2-1, NKX2-2and
MEF2Cas T-ALL oncogenes that are activated by varieasrangements.

SIGNIFICANCE

For 40% of pediatric T-ALL cases, underlying oncoigerearrangements remain
unresolved. By combined expression profiing and lemwar-cytogenetic
techniques, we revealed 2 T-ALL entities lacking okm oncogenic
rearrangements and representing ~20% of pediatdt [T cases. One subtype
associated with cortical thymocytic arrest and 1@ of 12 cases ectopically
expressedKX2-1/NKX2-Zor which 5 rearrangement variants were identifred
cases. The second subtype was associated withvitg2C expression (11 out of
12 cases), and rearrangements involvM&F2C or transcription factors and
transcription cofactors that directly targstEF2C were identified in 6 cases.
Ectopic expression of NKX2-1 or MEF2C was able tansform cells and
interfered with T-cell differentiation. We propogkat NKX2-1, NKX2-2 and
MEF2C are oncogenes in leukemia.
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INTRODUCTION

T-lineage acute lymphoblastic leukemia (T-ALL) ismalignancy of thymocytes.
T-ALL represents about 15% of pediatric ALL cases has an inferior outcome
compared to B-ALL as approximately 30% of T-ALL eagelapse during therapy
or within the first 2 years following treatment aegentually die (Pieters and
Carroll, 2008; Pui and Evans, 2006). T-ALL is mpstharacterized by genetic
abnormalities that are crucial for T-cell pathoggse(Van Vlierberghe et al.,
2008a). Various genetic rearrangements in T-ALLuoda a mutually exclusive
pattern (Van Vlierberghe et al., 2008a) in contrstfrequentCDKN2A/ARF
deletions (Hebert et al., 1994) dIOTCH1 activating mutations (Weng et al.,
2004). These mutually exclusive rearrangements @aesidered as driving
chromosomal abnormalities that affect thaLl LMO2, TLX1, TLX3, MYBor
HOXA oncogenes (Van Vlierberghe et al., 200&gsed on gene expression data
(Ferrando et al., 2002; Soulier et al., 2005; Vdrerderghe et al., 2008b), these
oncogenes have been associated with distinct T-8luhgroups denoted as the
TAL/LMO, TLX1, TLX3and the HOXA subgroups. Initial profiling data also
pointed to the existence of an additional immaiiw&LL subgroup (Soulier et al.,
2005). This entity probably corresponds to th¥L1 T-ALL subgroup as
previously defined (Ferrando et al., 2002) anch®recently described immature
T-ALL subset that is characterized by an early THoeecursor (ETP) profile and
inferior outcome (Coustan-Smith et al., 2009). &pproximately 40 percent of all
T-ALL patients including the immature T-ALL entitghe driving chromosomal
aberrations have thus far remained elusive.

RESULTS

Cluster analyses predict new T-ALL genetic subgroup

To identify driving oncogenic mechanisms in T-ALle performed unsupervised
hierarchical cluster analyses based on microarxpyession data of 117 diagnostic
pediatric T-ALL samples and 7 normal bone marrowtams. Seventy-seven T-
ALL samples were characterized by oncogenic regeaments, includingrAL1
(n=24),TAL2 (n=1),LMO1 (n=1),LMO1/TAL2(n=1),LMO2 (n=9), TLX3 (n=22),
TLX1 (n=7), HOXAactivating rearrangements (includingCALM-AF1Q
Inv(7)(p15934), SET-NUP214 n=10) or MYB translocations (n=2). No such
abnormalities were identified in the remaining 4AI0L patient samples. Four
robust T-ALL clusters were observed in unsupervigedter analysis irrespective
of the number of genes included or the data nomattin methods chosen
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(Figures 1A and S1,Tables S1-S3 The association with clinical and molecular-

cytogenetic data, immunophenotypic markers andesgoon ofTAL1 andLYL1

for these 4 subgroups is givenTiable 1 and Figure 1A
Table 1. Clinical and biological characteristics ounsupervised 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% 1C 33% 4 21% 7 47% | p=0.30¢
Age at Dx, years
Median 7.8 9.3 7.7 55 10.1
Range 1.5- 1.5- 3.1-
17.8 1.6-16.7 3.2-17.8 16.7 16.4 p=0.404
WBC, 10x16%L
Median 156. 121.
115.1 9 9 64.3 87.6
Range 1.8- 16.1- 1.8- 27.2- 2.3-
90C 90C 417 192 43t p=0.007
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 2% 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
TAL1L % expression of GAPDH x
1072
Median 3.1 13 0.73 14 1.14
Range 0.09-1820 0.75-1820 0.088-11 0.17-22 0.10-14 p<0.00f
LYL1, % expression of GAPDH x
1074
Median 17 1.3 3.1 35 8.5
Range 0- 0.96- p=0.00%
0-126 0-32 16.6 0.28-15.3 126

The p-values are calculated according to the chi-sdasrerthe Mann-Whitney-U test. See aBigure S2
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Chapter 1

Figure 1. (page 31) Identification of 2 Entities inPediatric T-ALL That Lack Known
Driving Oncogenic Hits. (A) Unsupervised hierarchical cluster analysis by therage
linkage method in dCHIP based on 435 probedaiblé S3 for RMA-solo (Soulier et al.,
2005) normalized U133 plus 2 Affymetrix data frorh71lpediatric T-ALL samples and 7
normal bone marrow controls. Cytogenetic rearrareggmindicated are: SIL-TALZL T,
TALL t, TALZ O, LMOZ; L, LMO2 (includes del(11)(p12p13)); FALZLMOIL; N, SET-
NUP214 C, CALM-AF1Q M, MYB; A, Inv(7)(p15g34); 1TLXZ; 3, TLX3 n, normal bone
marrow controls. The 3Dand/or the 28 percentiles of samples with the high&#tL1 or
LYL1 expression, positivity folfLX1 and TLX3 expression as measured by RQ-PCR, and
expression of the immunophenotypic markers CD13/an@€D33, CD4 or CD8 are
indicate; u, no data availabl&)(Pearson correlation plot for the patient sampkdenging

to the 4 unsupervisedAL/LMO, TLX, proliferative and immature cluster<)(Principal
component analysis of pediatric T-ALL patients lsasg@on the top 100 most significant
differentially expressed probesets among major T-Adubgroups (i.e.TALYLMO?2,
HOXA TLX1, andTLX3(Table S3). The immature cluster (12 cases) and the pralifee
cluster (12 cases) are indicated by green and @uiqis, respectively. Samples repeatedly
assigned to the proliferative or immature clustérs. the core samples) in multiple
unsupervised analyses on RMA-sokagure 1A), RMA or VSN normalized datasets (not
shown) or the supervised cluster analy$igyire 1C) are visualized by dark green or
purple dots. See aldeigure SlandTables S1-S4

Two clusters represented established T-ALL gensticgroups (Ferrando et al.,
2002; Soulier et al., 2005; Van Vlierberghe et &008b), corresponding to
abnormalities oTAL1/LMOZ andTLX3HOXAtranscription factors.

A third cluster included cases that highly exprds€®1 genes. This
corresponded with a CD1a positive immunophenotyme most cases of this
cluster (p<0.0017able 1), which validated our gene expression data. Thister
also comprised moStLX1 translocated cases, a genetic entity that wasqusy
associated with CD1-positivity and cortical develmmtal arrest (Ferrando et al.,
2002), and that may share a similar biology with ¢tlther samples present in this
cluster. In the unsupervised cluster analysis, tlisster is characterized by
expression of genes that are involved in cell cyegulation CDKN3), G1/S
transition JUHRF1, CDC32, cell cycle progressionTTK, E2F7, CDC2, DNA
replication and chromosome condensationOR2A, the spindle-assembly
checkpoint NUSAP1 MAD2L1, KIF15, KIF11), the G2/M checkpointABK) and
genes whose expression are linked to cell cyBBM2 ECT2. Furthermore,
differentially expressed genes for this cluster parad to all other T-ALL cases as
identified by t-statistics were enriched for getiest are strongly associated with
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the cell cycle pathway and spindle assemblgble S4 and this cluster strongly
expressed the proliferation markdKI67. This cluster was accordingly denoted as
“proliferative cluster”. Most of the cases in thekister lacked currently known
driving mutations, which may point towards involvemh of new T-ALL
oncogenes. This was further supported by the faat tost of these unknown
samples clustered as a separate entity (12 caséigctdfrom established T-ALL
genetic subgroups including tHE_X1l-rearranged cases in a supervised cluster
analysis Figure 1C).

The fourth cluster was enriched for immunophenatypmmature
CD4/CD8 double negative cases (p=0.00&%ble 1), and was named the
“immature cluster” by reference to previous workufer et al., 2005). Samples in
this cluster frequently expressed myeloid markelld & and/or CD33 (p=0.006),
and were characterized by expression of genes iagsbavith protein binding,
protein dimerization and TGFBR1 signal transductibhey expressed low levels
of genes associated with cellular proliferation tcary to samples of the
proliferative cluster Kigure 1B). This cluster comprised HOXA activated cases
with an immature immunophenotype unlike othd©XA activated cases that
usually have a more advanced immunophenotype. @Hraples in this immature
cluster were devoid of known driving mutations. Stuluster may comprise a
second molecular-cytogenetic T-ALL entity for whiatriving oncogenes are
unknown, and in support of this notion, most ofs#hesamples appeared as a
separate subgroup (12 cases) in the supervisedpairtomponent analysis (PCA)
based on differentially expressed genes among timvk 4 T-ALL genetic
subgroups Kigure 1C). This immature cluster largely overlaps with th¥L1
positive cluster as described earlier (Ferrandalgt2002) as it expressed the
highestLYL1 levels Table 1). Our immature cluster was highly enriched foryear
T-cell precursor (ETP) T-ALL cases as previouslgatided (Coustan-Smith et al.,
2009), as 13 out of 15 immature cases in contoasnty 3 out of 102 remaining
cases were predicted as ETPs in PAM analysis laséte 62 probeset profile that
defined the ETP group (p<0.001, not shown). In @sttto that study (Coustan-
Smith et al., 2009), the overall survival for imuona cases in our cohort was not
extremely poor (5yr OS = 73+11%), but seemed eguallv to the outcome of
TAL/LMO and TLX subgroups (5yr OS = 65+6%). The proliferative solbgr
seemed to have an improved outcome (5yr OS = 88x8M¢it not significant
(p=0.096 Figure S2.
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We then searched for candidate genes that paticiin oncogenic
chromosomal abnormalities using several methodsidny COPA (Tomlins et
al., 2005), SAM (Tusher et al., 2001) and PAM stats (Tibshirani et al., 2002).
Both COPA and PAM analyses identifiddKX2-1 and MEF2C as characteristic
genes for the proliferative and immature clusteespectively Table S5. The
NKX2-1 homologousNKX2-2 gene was also identified by COPA as outlier gene
for the proliferative cluster. High microarray egpsion levels oNKX2-1 and
MEF2C were validated by RQ-PCHigure 2) for the proliferative and immature
cluster cases, respectively, that lack known ongiegearrangements. These cases
form separate clusters in the supervised analisigife 1C). NKX2-1or MEF2C
were either absent or expressed at relative lowldev most cases belonging to
other supervised clusters. However, sohé&1 positive patient samples that are
part of the proliferative cluster in the unsupesdisnalyses expresdKX2-1 Also,
the CALM-AF10 positive HOXAactivated patient sample #1509 that highly
expressesMEF2C has an immature phenotype and co-clusters in riimeature
cluster in unsupervised analyses.
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Figure 2. Validation of Elevated NKX2-1 and MEF2C Levels in Patients from
Proliferative and Immature Supervised Clusters. Relative expression levels oAY
NKX2-1or B) MEF2C s determined by RQ-PCRIKX2-1andMEF2C expression levels
are indicated for 11 out of 12 immature clusteigratsamples (green) and 12 proliferative
cluster samples (purple) according to the supedvesealysis Figure 1C) compared to
cases of other T-ALL molecular-cytogenetic subgsouphe SEM are shown. See also
Table S5

Molecular-cytogenetic identification of NKX2-1 rearrangements

These data formed the start of detailed molecuyargenetic analyses on the 12
immature cluster and the 12 proliferative clustemples that seemed to form 2
genetic T-ALL entities Figure 1C), and for which driving oncogenic hits were
34
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unknown. We used a variety of molecular cytogentettiniques including FISH,
array-comparative genomic hybridization (array-CGHnd Chromosome
Conformation Capture on Chip (4C) (Simonis et 2009) to identify potential
deletions, amplifications, and T-cell receptor BCL11Bdriven oncogenic events
(Table 2 and Table Sh The 4C method was originally developed to sttiugy
three-dimensional structure of DNA (Simonis et a006), but it was recently
shown that it robustly identifies chromosomal raagements, in particular
inversions and translocations, even when they al@nbed (Simonis et al., 2009).
In the proliferative cluster, 2 out of 12 samplesr&v characterized biYB
translocations, a rearrangement considered asvimgloncogenic hit (Clappier et
al., 2007). No furthemMYB translocations were identified in the remainingch8es
by FISH Table S§. We identified 5 rearrangementsMKX2-1or NKX2-2genes

in 7 out of 12 patient samples that were not oleervefore in human cancer
(Table 2 Figures 3A-E, andFigure S3. TheNKX2-1gene was inverted to the T-
cell receptor geneTRA@ in 2 cases (#1446, #9247), inverted to the
immunoglobulin heavy chain get@H@ in 1 case (#9919) and translocated to the
TRB@ locus (1(7;14)(g34;913)) in 1 other case (#9989)identified by 4C
analysesKigure 3A). NKX2-1rearrangements in these patients were validated by
FISH (Figure 3B). The der(7) chromosomal breakpoint for this #4J(434;913) in
patient #9919 was cloneBigure 3C). A fifth patient (#2641) containedNKX2-1
rearrangement based on FISH resultiable 2 and data not shown), whereas a
sixth patient (#2702) had an amplification at 14¢ph3ed on array-CGHFigure
3D) presumable due to &KX2-1 duplication or an insertion into another
chromosome (not shown). These patients highly agae NKX2-1 protein levels
(Figure 3F, representative cases are shown). A seventh casH3&) had a
translocation between the homologddkX2-2 gene and thdRD@ locus, for
which both reciprocal breakpoint regions were ctbifeigure 3E). This patient
highly expressed NKX2-2 protein levels (not showRdr the TLX1 rearranged
cases that co-cluster with thadd&X2-1/NKX2-2rearranged cases in unsupervised
cluster analysis that also expresdi<iX2-1(Figure 2A), we did not find evidence
for NKX2-1rearrangements by FISH (data not shown). Thiscatds thaffLX1
and NKX2-1/NKX2-2oncogenes may exert identical or closely relatithgnenic
mechanisms.
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Table 2. Identified rearrangements in patient samps of the proliferative and

immature clusters.

Proliferative cluster

NKX2-1 Aberration Partner Partner Methods

expressiorf genel gene 2
Patient
#9919 + inv(14)(913932.33) IGH@ NKX2-1 FISH, 4C
#9247 + inv(14)(g11.2q13) TRA@ NKX2-1 FISH, 4C
#10138 +* t(14;20)(q11;p11) TRD@ NKX2-2 FISH, LM-PCR
#914 + t(6;7)(022-23;934) TRB@ MYB FISH
#2113 + - - - -
#2641 + rearrangement ? NKX2-1 FISH
#9989 + t(7;14)(g34;q13) TRB@ NKX2-1 FISH, 4C
#2702 + dup(14)(913.3913.3) or ? NKX2-1 Array-CGH, FISH
ins(?)(?q13.3)

#1446 inv(14)(q11.2q13) TRA@ NKX2-1 FISH, 4C
#9105 t(6;7)(022-23;934) TRB@ MYB FISH
#9696 - - - -
#9827 - - - -
Immature cluster

MEF2C Aberration Partner Partner Methods

expressiorf genel gene?2

Patient
#10030 + - - - -
#2703 + - - - -
#2130 - - - -
#2252 + t(11;14)(p11.2;932.2) BCL11B SPI.1 FISH, 4C
#167 + - - - -
#321F + - - - -
#497T + del(5)(q14) - MEF2C FISH, array-CGH
#572 + t(2;21)(q11.2-12;022.3)  RUNX1 AFF3 Karyotype, 3'-RACE
#1524 + t(8;12)(q13;p13) ETV6 NCOA2 RT-PCR, FISH
#1964 + der(5)t(4;5)(q26;914) 4926 MEF2C 4C, array-CGH
#9577 + t(5;14)(q34;932.2) BCL11B NKX2-5 FISH
#9226 + - - - -
Cell lines
LOUCY + t(5;14)(q34;932.2) BCL11B NKX2-5 (Przybylski et al., 2006)
PEER + del(5)(q14) - MEF2C (Nagel et al., 2008)

¥NKX2-1 or MEF2C expression based on expressiayand/or RQ-PCR results. *Sample #10138 expresses th
NKX2-1 homologous NKX2-2 gene; $Core immature or 8cqroliferative cases repeatedly assigned in
unsupervised and supervised analyses to the immatpreliderative clusters, respectively. See also Tabler86 a
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 fronNKX2-1 or TRB@ viewpoints (VP).
Position of TRA@, NKX2--andIGH@ loci are shown by grey vertical bars. 4C-resudts f
a normal control are shown in grey. Higher magatfans of the reciprocal breakpoint
regions are given irFigure S3 (B) Validation of NKX2-1 rearrangements by FISH.
Schematic positions of FISH probes are sho.§chematic representation of the der(7)
breakpoint region and breakpoint sequence of thmlanced t(7;14)(q34;913) for patient
#9989. D) Visualization of a single copiKX2-1 amplification (green box) in patient
#2702 as identified by array-CGHE) Schematic representation of t(14;20)(q11;20p11)
breakpoint regions and cloned breakpoint sequefarethe NKX2-2 rearranged patient
#10138. F) NKX2-1 protein expression in representative [eoétive cluster and
immature cluster patient samples as shown by wedikat. Actin was used as loading
control.

Molecular-cytogenetic identification of MEF2C and MEF2C-activating
rearrangements

We subsequently investigated the 12 immature alasiges lacking known driving
oncogenic hits, and identified chromosomal abnaitieal that converge on the
activation of theMEF2C gene in at least 5 cases. Two cases had chrombsoma
copy number loss of the 5q14-gter chromosomal aitimbveakpoint in a 0.5-2 Mb
proximity telomeric ofMEF2C. A similar deletion was also identified in T-ALL
cell line LOUCY (Figure 4A). These 5ql14-qter deletions were not identified0n
other T-ALL cases as included in our profiling studr which array-CGH data
were availableKigure S4A). For patient #1964, this 5g14-qter deletion wait pf

an unbalanced chromosomal translocation betweesnwsomal bands 5914 and
4927 fusing the telomeriEF2C region to the telomeric region ~0.6 Mb distal of
the PITX2 gene on chromosome &igure 4B). In contrast to other genes in the
5014 regionMEF2Cis highly upregulated in both patients indicatthgt MEF2C
represents the target of these 5q rearrangenmfegis¢s S4B-Q.

A NKX2-5/BCL11Btranslocation was identified by FISH in a third €as
(Figure 4C), and this case highly expressdd{X2-5 This rare translocation has
been reported in T-ALL before (Nagel et al., 200)ockdown of NKX2-5 levels
by siRNA molecules in thBlKX2-5translocation positive cell line PEER lowered
MEF2C levels Figures 5A-C), indicating that NKX2-5 controlsSMEF2C.
Chromatin immunoprecipitation (ChIP) experimentsnfooned that NKX2-5
directly binds in the promoter region EF2C (Figure 5D).
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A fourth case harbored BCL11B translocation td&SPI1, which encodes
for PU.1 Figure 4D). This patient uniquely express&&l1compared to the other
T-ALL cases in this studyHgure 4E). PU.1 was recently identified as important
regulator foMEF2C expression in normal lymphoid development (Stehisun et
al., 2009), and this T-ALL patient highly expres$48F2C (Figure 2B, Table 2.

A fifth case (#1524) harbored a t(8;12)(q13;pl3)identified by FISH
(Figures S4D-E) resulting in reciprocaETV6-NCOAZ2fusion products, and both
reciprocal breakpoints were cloned for this pati@ngure 4F). Similar fusions
were recently identified in biphenotypic T-ALL (8t et al., 2008). NCOA2 is a
known co-regulator of MEF2C (Chen et al., 2000)d aMEF2C was found
consistently upregulated in selectedV6—-NCOAZearranged caseBigure 4G).

A sixth immature case with highlEF2C levels had a karyotypic t(2;21)
that involved theRUNX1/AML1gene Figure S4F. For this patient, we cloned
reciprocal in-frame RUNX1-AFF3 and AFF3-RUNX1 fusion products as
consequence of this translocatioRigure 4H). How RUNX1 fusion products
could upregulatdEF2Cexpressiomemains to be determined.

Figure 4. (page 40)MEF2C Activating Rearrangements for Immature Cluster
Samples (A) Array-CGH results for chromosomes 4 and/or Splatients #491 and #1964.
Blue and red tracings represent dye swopped expatsnPositions d/IEF2C andPITX2
have been indicated.B] Visualization of an unbalanced chromosomal tracedion
t(4;5)(926;q14) for patient #1964 by 4C-analysise MEF2C VP is indicated by an arrow.
Running median of probeset intensities for chromwsd® and 4 are indicated in red and
blue, respectively.§) Validation of a chromosomal translocation betw@&fX2-5 and
BCL11Bin patient #9577 by FISH. Schematic positions t8HF probes are shownDJ)
Identification of the t(11;14)(p11.2;932.2) chromowl translocation betwee®PI1 and
BCL11Bin patient #2252 by 4C. The VP is positioned ~Hll6 upstream oBCL11B as
indicated by an arrow.E) Ectopic SPI1 expressionin patient #2252 compared to 116
additional T-ALL patient samples. Raw fluorescemtensities of probeset 205312 _at are
shown. F) Cloned fusion areas for reciprodallV6-NCOA2and NCOA2-ETV6fusion
transcripts in patient #1524GJ) Relative MEF2C expression by RQ-PCR in 3 selected
ETV6-NCOAZearranged T-ALL patients (Pat. #1-3). Cell lineQUCY and PF382 are
positive and negative controls fBIEF2C expression, respectivel\H} Cloned fusion areas
for reciprocaRUNX1-AFF3andAFF3-RUNXI1fusion transcripts for patient #572. See also
Figure S4
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NKX2-1landMEF2C as potential oncogenes in T-ALL

To investigate whether MEF2C could indeed reguthte expression of various
genes from the immature signatuMEF2C stable transfected clones and mock
transfected controls were generated for the aedl Jurkat figure 5E) that does
not have an immature signature (not shown). As shivmrigure 5F, the MEF2C
transfected Jurkat clone 2B3 but not the mock feasd control 3G4 highly
activates 5 out of 6 selected immature signaturegSCD4 HHEX, FAM46A,
LMO2 and LYLY), indicating that MEF2C may function as a trarsional
regulator for many genes that are highly expregssechmature T-ALL cases. For
the reciprocal setting in cell line PEER, knock-aiowf NKX2-5 using sIRNA
molecules that reduceBRIEF2C expression Kigures 5A-C) also led to reduced
levels of LMO2, LYL1 and HHEX (Figure 5G). Oncogenic rearrangements of
LMO2, LYL1 and theLYL1 homologousTAL1 gene are exclusively found in the
TAL/LMO subgroup but have never been observed in immat#eL cases (this
work and (Ferrando et al., 2002)). ActivationLdiO2 andLYL1 through MEF2C
may be crucial to prime early committed T-cells feukemogenesis. By using
ChlIP, we demonstrated that MEF2C directly bindshe promoter oHHEX as
well as to the distal and proximal promotersL®dO2 in the immature cell line
LOUCY. This could also be demonstrated for diagicoktukemic cells of 3
immature cluster patients (#491, #321 and #167shotvn) but not in the control
cell line Jurkat [Figure 5H). The MN1 gene, which is targeted by chromosomal
alterations in inv(16) MAEO AML subtype (Buijs dt,2000; Grosveld, 2007) was
also identified as a highly activated gene for ithenature clusterTable S§5. As
for HHEX, we did not find evidence for chromosomal reareangnts ofiMN1 by
FISH in immature T-ALL cased éble S§.
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NKX2-1landMEF2C as potential oncogenes in T-ALL

Figure 5. (page 42). NKX2-5 ControlsMEF2C Expression. (A) RQ-PCRresults of
NKX2-5 mMRNA expression levels oB] NKX2-5 protein levels in cell line PEER at
indicated time points following electroporation WwisiRNAs directed againffiKX2-5
(black bars) relative to control siRNA treated sdljrey bars). For western blot analysis,
Actin was used as a loading contrdl) (RQ-PCR results oMEF2C mRNA expression
levels at indicated time points following electropiion with antiNKX2-5 siRNA
molecules (black bars) relative to controls (graysh. D) Enrichment of MEF2C promoter
sequences in NKX2-5 ChIP analysis in thik&X2-5translocated cell line PEER, but not in
negative control lines LOUCY or DND41E) Ectopic MEF2C expression in the MEF2C
stably transfected Jurkat clone 2B3 as shown bytemesblot analysis. The mock
transfected Jurkat clone 3G4 served as negatingato(F) RQ-PCR results for MEF2C
positive Jurkat clone 2B3 clone or the mock tractsfé control (3G4) foMEF2C and
random selected immature signature genes thateda@vely down- TUSC3 CHRNAS3
ENO2 or upregulated HSCD4 (CYTH4)PDK1, HHEX, FAM46A, LYL1, LMOR in
immature T-ALL cases compared to other cluster sam§s). Relative expression results
for HHEX, LYL1 and LMOZ2 in the cell line PEER 72 hours after electropomtwith
SsiRNAs directed again®dKX2-5(black bars) relative to control siRNA treated PE&#Ss
(grey bars). i) Enrichment ofHHEX promoter and the distal and proximaMO2
promoters upon MEF2C ChIP analysis in the immatei line LOUCY, but not in the
negative control line Jurkat. For all panels, tiee®e shown.

Oncogenic activity ofNKX2-1 and MEF2C

To substantiate potential oncogenic activity MiKX2-1 and MEF2C, we tested
whether both genes had transforming capacity bygusellular transformation
assays in NIH3T3Kigure 6A) or BJ-EHT cells Figure 6B). TransfectingN\KX2-1
or MEF2C expression constructs into the cells was inswfitito drive cellular
transformation. We then tested cellular transforomaiof MEF2C and NKX2-1
when combined witlRASor MYC, two oncogenes that are frequently activated in
T-ALL through RAS or NOTCH1 activating mutations giamura et al., 1999;
Palomero et al., 2006; Weng et al., 2008X2-1 andMEF2C were both able to
synergize withPRASor MYC genes in driving cellular transformatioRigures 6A-
B).

We then further tested the importanceMEF2C for T-cell pathogenesis
for which we had a cell line model available. Irmal human T-cell development
subsetsMEF2C is exclusively expressed at the pre-DN1 and DNihest, after
which it is downregulatedH{gure S5. We knocked-down MEF2C expression in
T-ALL cell line LOUCY using siRNA molecules. MEF2&nock-down induced
cellular differentiation as LOUCY cells became piwsi for membrane CD3 and
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TCRyd expressionKigures 6C-B). This indicates that MEF2C can block T-cell
differentiation at a very immature stage.
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Figure 6. Cellular Transformation by MEF2C and NKX2-1. Cellular transformation of
(A) NIH3T3 or B) BJ-EHT cells upon transfection MEF2C, NKX2-1, MYC and/orRAS
expression vectors as indicated. Significance $efal colony number differences between
indicated expression construct combinations regativ the empty vector control are
indicated (*p<0.05, ** p<0.01, *** p<0.001). (C) MEF2C expression knockdown as
measured by RQ-PCR fohe MEF2C-positive cell line LOUCY at indicated time points
following electroporation wittMEF2C-specific SiRNA molecules (black bars) relative to
control siRNA treated cells (grey barslR)(Downregulation of MEF2C protein following
treatment withMEF2C-specific SIRNA molecules as validated by westelot.[Based on
the protein size, the predominaxip (47 KD) and thenlfy (51.2KD) MEF2C isoform
(Zhu and Gulick, 2004) are indicatecE)(Increase of mCD3 (p=0.0032) and TR
(p=0.023) expression as demonstrated by FACS araty& OUCY cells, 96 hrs following
treatment withMEF2G-specific SIRNA molecules. A representative examipten three
independent experiments is shown. For all paneésSEM are shown. See aBigure S&
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Validation of the immature and proliferative clusters in independent T-ALL
cohorts

We then confirmed our T-ALL clusteringFigures 1A and 1GQ and molecular-
cytogenetic findingsTable 2) in 2 independent validation cohorts, i.e. a French
dataset comprising 107 pediatric and adult T-ALlsesa (Clappier et al., 2007,
Soulier et al., 2005) and a second Rotterdam catwmprising 108 pediatric and
adult T-ALL cases. Upon testing the comparabilitythee initial Rotterdam cohort
and the French datasétidure S6A) the proliferative and immature clusters could
be reproduced in a combined unsupervised clustysia Figure S6B). Based on
the unsupervised clustering of our initial Rottendaohort, PAM statistics
predicted various proliferative cluster cases alé ageimmature cluster cases in the
Rotterdam validation cohort (not shown). Twenty-proliferative cluster cases
were identified of which various samples higkkpressedNKX2-1(Figure S60.
NKX2-1 translocations/inversions could be demonstratedguBISH in 3 cases
(Figures S6G-). Eight out of 10TLX1 rearranged cases were part of the
proliferative cluster as welFgure S6D, and data not shown), further supporting
the notion thalNKX2-1 and TLX1 oncogenic rearrangements may share common
pathogenic mechanisms. Again, some of thd$X1 rearranged cases also
expressed\KX2-1 at low levels Figure S6Q while none of these samples had
NKX2-1 rearrangements. We also validated hiBF2C expression for the 24
cases that were assigned to the immature clust€&Aby analysis Figure S6E),
and these samples expressed the highest levels downstream targdtYL1
(Figure S6P.

DISCUSSION
In this study, we have identifieddKX2-1, its related family membdiKX2-2 and
MEF2C as potential oncogenes for T-ALL. Supervised @usinalyses based on
genes uniquely associated with the known genBfie/LMQO, TLX3 TLX1 and
HOXA subgroups revealed that samples with high exjoress NKX2-1/NKX2-2
or MEF2C characterize 2 T-ALL clusters for which no drivingcogenic hits have
been identified so far. Both clusters representt®0 percent of all T-ALL cases.
Variant rearrangements ftdKX2-1 andNKX2-2to T-cell receptor genes
(TRAD@, TRB@)vere identified, and one case had an inversiorh¢dGH@
locus. ThelgH-enhancer seems functional in this T-ALL patiend &gH-enhancer
(Ep) driven oncogene expression in a T-cell contead been described before,
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both for human T-ALL (Nguyen-Khac et al., 2010)veall as in transgenic mouse
models (Katsumata et al., 1992; Strasser et &1)1T his patient did not express
B-cell markers therefore excluding it as a bi-phgpe leukemia.NKX2-1 was
able to transform NIH3T3 and BJ-EHT cells in symemgwith RASor MYC, two
genes that become activated through RAS or NOTCeiilading mutations in
approximately 15 and 60 percent of T-ALL casespeetvely (Kawamura et al.,
1999; Palomero et al., 2006; Weng et al., 2006)r @ata therefore strongly
support thalNKX2-1/NKX2-2may represent oncogenes in T-ALNKX2-1is not
expressed during normal T-cell development basederpression data by
microarray for flow-sorted thymic subsets (Dik &f 2005; Soulier et al., 2005).
NKX2-1 and NKX2-2 have been associated with other types of cancer
before:NKX2-1is amplified in human lung cancer (Weir et al.02)) andNKX2-2
is a target of the EWS/FLI fusion product in EwiBgrcoma (Smith et al., 2006).
NKX2-1 andNKX2-2 are 59% identical for the homeodomain regimdlicating
that both proteins may exert identical oncogeniesan T-ALL. This is further
supported by the fact that rearrangements for gettes were identified in samples
that tightly cluster together in unsupervised amgesvised analyses. NK-like
homeobox transcription factors play important rolesT-ALL as NKX2-5 was
previously identified as part of an oncogenic r@aagement in T-ALL (Nagel et al.,
2003). The NK-like homeobox transcription factdkX3-1 has been found to be
highly activated inTAL1 rearranged cases (Soulier et al., 2005), as atdirklL1
target gene (Kusy et al., 2010). The homeodomdingkaK2-5 and NKX3-1 are
only distantly related (37% identity) and only 4880d 47% identical to the
homeodomain of NKX2-1, respectively. This may explahy NKX2-5 NKX3-1
and NKX2-1/NKX2-2are associated with different T-ALL subgroups:opat
NKX3-1 expression in theTAL/LMO subgroup (Soulier et al., 2009NKX2-
1/NKX2-2 rearrangements with the proliferative T-ALL clus{ghis study) and
NKX2-5 translocations with immature T-cell developmenhigt study) that
activatedMEF2C (this study and (Nagel et al., 2008)).

In unsupervised analysed\KX2-1/NKX2-2 rearranged cases
cluster together witALX1 rearranged cases to form the proliferative clusiars
indicates thatNKX2-1/NKX2-2and TLX1 rearranged T-ALLs are biologically
related. This is further supported by the fact tR&iX2-1 and TLX1 rearranged
cases share a similar immunophenotypic makeup stensiwith cortical arrest as
well by the fact that variouELX1rearranged cases expréisX2-1in the absence
of NKX2-1rearrangements albeit at low levels. One of th@aations may be that
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TLX1 controlsNKX2-1expression. In addition, several other casesdateapart of
the proliferative cluster lackLX1, NKX2-1or NKX2-2rearrangements, indicating
that an additional oncogenic rearrangement awaeistification for this cluster.

The second cluster had a very immature immunoplpaptwith most
cases expressing CD34 and frequently co-expressiagCD13 and/or CD33
myeloid markers. We identified various rearrangetsi¢hat directly or indirectly
activate MEF2C. MEF2Cis a member of the MADS-box transcription factor
family that includes the MEF2A-D genes that are important regulators of skeletal
muscle development (Grounds, 1991). Immature T-Adubgroups have been
identified before (Coustan-Smith et al., 2009; &edo et al., 2002; Soulier et al.,
2005), and our immature cluster cases could alsprédicted based on an ETP
expression signature (Coustan-Smith et al., 2008@).now conclude tha?lEF2C
is the driving oncogene for immature (ETP) T-ALLsea.Our immature cases also
have the highesLYL1 expression and highly expre&$1O2 ((Ferrando et al.,
2002), and this study).YL1 andLMOZ2 are members of the basic helix-loop-helix
(bHLH) family and the LIM-domain only family, respiévely. Apart fromLYL1
andLMO2, the immature cases also highly express the hooxegéneHHEX. We
have now shown th&dHEX, LYL1andLMO2 are being regulated by MEF2C, and
it was proven that MEF2C directly binds in the poter regions of at leastHEX
andLMOZ2. This may support a pathogenic role for estabtishrecogenes as LYL1
and LMO2 in MEF2C deregulated early committed Tiscélo what extend MO2
and/orLYL1as MEF2C targets will be sufficient to drive akemogenic program
in these early committed T-cells is presently uacl®©ncogenic rearrangements of
LMO2 andLYL1 have not been observed in immature T-ALL ((Fercaed al.,
2002) and this work), but are exclusive for thAL/LMO subgroup that also
includes rearrangements of th¥L1-homologousTAL1 gene. Therefore, MEF2C
may elicit a more comprehensive transcriptionabpam characteristic for ETP T-
ALLs than aberrant expression of LMO2 or LYL1 alone

MEF2C is a key regulator for lymphoid developmdmittis activated by
PU.1 (Stehling-Sun et al., 2009). In B-cell devehgmt, MEF2C is activated by
calcineurin following BCR-triggering and warrantsor f cell-viability and
proliferation (Wilker et al., 2008). MEF2C has be@mnplicated in human
oncogenesis: in myeloid leukemias ML L-AF9 transgenic miceMef2chas been
identified as &HoxA9 target gene that regulates selfrenewal dfdeuic stem cells
(Krivtsov et al., 2006)MEF2Cis also highly expressed in humitiL-rearranged
AML that is characterized by upregulation BOXA genes includingHOXA9
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(Schwieger et al., 2009Mef2c is further identified as potential oncogene in
insertional mutagenesis studies (Du et al., 20@hw&ger et al., 2009), and can
provoke myeloid leukemias (Schwieger et al., 20080 the related family
member MEF2D is involved in the MEF2D-DAZAPL1 fusion that has been
identified in ALL (Prima and Hunger, 2007).

Many oncogenic hits as identified in this studyalwe early hematopoietic
transcription factors including NKX2-5, PU.1 andepumably RUNX1. These
factors are important for normal T-cell developm@bthenberg, 2007). All these
factors converge on MEF2C in immature T-ALL, andsitempting to speculate
that MEF2C is a central regulator for normal earkgell development. MEF2C
may need to become downregulated to facilitate raituin beyond this immature
stage, and we indeed demonstrated that knockdowE#F2C expression in T-
ALL cell line LOUCY provoked differentiation. In gport of these notions,
MEF2C is expressed in normal human thymocyte prd-RNd DN1 subsets, but
expression is dramatically decreased beyond the £2alfe Figure S5. A similar
downregulation ofMEF2C expression could be validated from gene expression
data for equivalent flow-sorted thymic subsets#siphed ((Dik et al., 2005); data
not shown).MEF2C may represent the central oncogene for immature -
cases that seems to provide a T-cell differentiakitock at the immature stage as
demonstrated in this article. This was further sufmal by our transformation assay
results in whichMEF2C transformed NIH3T3 and BJ-EHT cells in combination
with RASor MYC. We also observed that several genes from the RaRi&thway
were upregulated, includin§GFBR1 ZEB2 SMAD7 SMURF2and RUNX3 or
downregulated MADJ. Since both activatorsTGFBR) or in some extent
inhibitors  (like SMURF2 SMAD7} are overexpressed whileSMAD1 is
underexpressed, it is difficult to anticipate thendtional consequences of this
pathway for the immature T-ALL cases.

In conclusion, we used a strategy integrating mosogenetics with large
scale expression profiling and identified two nowesicogenic subgroups and 8
genomic rearrangements that have not been idehtiéore in human cancer. We
have shown that these proliferative and immaturbtygpes reflect different
biological entities: the proliferative cluster sigly express proliferation genes and
is associated with aberrations and ectopic exmessi NKX2-1 or NKX2-2 and
expression of CD1. In contrast, the immature clustes characterized by
immature T-cell development, activation of genesiwved in protein binding and
dimerization, expression of components of the TGEBpathway and high
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expression of the MADS transcription factdtEF2C due to abnormalities of
MEF2C, transcription factors that regulat® EF2C or MEF2C-associating
cofactors.We conclude thalNKX2-1, NKX2-2 and MEF2C define oncogenic
pathways in T-ALL.

EXPERIMENTAL PROCEDURES

Patient samples. Viably frozen diagnostic bone marrow or periphepdbod
samples from 117 pediatric T-ALL patients and cspanding clinical and
immunophenotypic data were provided by the Germaro@krative study group
for childhood Acute Lymphoblastic Leukemia (COALand the Dutch Childhood
Oncology Group (DCOG). The patients’ parents oirtlegal guardians provided
informed consent to use leftover material for resdegurposes according to the
declaration of Helsinki, as this study was approbgdthe Institutional review
board of the ErasmusMC Rotterdam. Leukemic cellsswsolated and enriched
from these samples as previously described (Vaerbéirghe et al., 2006). All
resulting samples containe®0% leukemic cells, as determined morphologically
by May-Grinwald-Giemsa-stained cytospins (Merck, riistadt, Germany).
Patients were assigned to specific molecular-cytegge T-ALL subgroups based
on FISH results folTALL TAL2 LMO1, LMO2, TLX1, TLX3 CALM-AF1Q SET-
NUP214 MLL, MYB,or Inv(7)(p15;934)) and positivity by RT-PCR f8tL-TAL]
TLX1, TLX3 CALM-AF10or SET-NUP214as described before (van Grotel et al.,
2006; Van Vlierberghe et al., 2006; Van Vlierberghal., 2008b).

Chromosome Conformation Capture on Chip (4C).4C was performed as
described before (Simonis et al., 2006). BriefjyAdand protein in approximately
10 million viable cells was cross linked in a 2%nf@aldehyde solution to conserve
the physical proximity of DNA regions. Cells werséd and DNA was digested
with Hindlll. After dilution of DNA, restriction fagments were ligated. This way,
DNA fragments that are physically near each othéhe viable cell can be ligated.
The sample was subsequently de-crosslinked by amight incubation at 65°C.
DNA was purified and digested with the frequentt@utDpnll. Samples were
diluted and ligated to allow circularization of iagiual restriction fragments.
Following linearization with Scal (located betwebath inverse PCR primers),
DNA sequences ligated to the fragment of interemievamplified by inverse PCR,
labeled and hybridized on a microarray (Nimblegeiadison, USA) containing
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probes that roughly represent individual Hindllhgments in the genome. Raw
fluorescence intensities are visualized as theingnmedian per 30 neighboring
probes, each representing a Hindlll restrictiorgrinants. The viewpoint (VP) is
the Hindlll restriction fragment where 4C PCR prisiare located. Data are
visualized with SignalMap software (Nimblegen) (NICBuild 36). Inverse PCR
primer sets developed foNKX2-1, BCL11B and MEF2C are listed in the
Supplemental experimental procedures

Gene expression microarray, data extraction and nanalization. Integrity of
patient samples total RNA was checked using theleAgi2100 Bio-analyzer
(Agilent, Santa-Clara, USA). Copy-DNA and ccRNA #yses from total RNA,
hybridization to Humane Genome U133 plus2.0 oligbeatide microarrays
(Affymetrix, Santa-Clara, USA) and washing stepgevperformed according to
the manufacturers’ protocol. Probeset intensitiesevextracted from CEL-files in
the statistical data analysis environmd®t version 2.8.0 (Bioconductor Affy
package). All arrays had a 3’ to 5° GAPDH ratio Ewthan 3 fold. Probe
intensities were normalized R using RMA-solo, RMA (Irizarry et al., 2003) or
VSN (Huber et al., 2002) methods.

Biostatistical analyses Biostatistical analyses have been described talde the
Supplemental experimental proceduresBriefly, unsupervised cluster analyses
were performed in Dchip (Li and Wong, 2001). |dbadition of differentially
expressed genes with FDR control was done by varimethods including
Wilcoxon statistics (“Multtest” in R), SAM statiss (Tusher et al., 2001) (BRB
tools, version 3.7, R. Simon & A.P. Lam), and COBtatistics (Tomlins et al.,
2005) for outlier analysis using a R routine. Pecgdn of identified subtypes was
done using various algorithms embedded in BRB towlkiding Diagonal Linear
Discriminant Analysis, 1-nearest neighbor, 3-neamnegghbor and nearest centroid
as well as tested by prediction analysis for mimags (PAM) (Tibshirani et al.,
2002). Principal component analysis (PCA) basedhentop100 most significant
differentially expressed genes for the major T-Adlibgroups (i.e. the supervised
analysis) was performed using GeneMath XT 1.6.twsoe (Applied Maths, Inc,
Austin TX, USA). To validate findings from the Rettlam dataset, this dataset
was combined with the French (Paris) Affymetrix BA3dataset (Soulier et al.,
2005). Data for overlapping probesets were extda@tem both datasets, RMA-
solo normalized and corrected for batch effectsquthe Combat Method (Johnson
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et al., 2007). Profiles for similar T-ALL subgroupsboth datasets were tested for
comparability by using various methods, including OrderedList method using
the Bioconductor package “OrderedList” in R (Scheid, Lottaz, C., Yang, X.,
and Spang, R) as well as the subclass method (thoshal., 2007).

Additional methods and materials are described e Supplemental
experimental procedures

Accession numbers

Microarray dataare available at http://www.ncbi.nim.nih.gov/geaidathe EBI
database at http://www.ebi.ac.uk/arrayexpress uadegssion numbers GSE26713
and E-MEXP-313, respectively.

Acknowledgements

I.H. is financed by the Dutch Cancer SociBytch Cancer Society (KWF-EMCR
2006-3500). C.K. and M.V. are financed by the Sinch Kinderen Kankervrij
(KiKa; Grant no. KiKa 2008-029). We also would like thank theGerman Jose
Carreras Leukemia Foundation (Grant no. SP 04/03)}lae French program Carte
d’ldentité des Tumeurs (CIT) from the Ligue Contee Cancer for financial
support.

51



Chapter 1

REFERENCES

Buijs, A., van Rompaey, L., Molijn, A. C., Davis,N., Vertegaal, A. C., Potter, M. D.,
Adams, C., van Baal, S., Zwarthoff, E. C., RoudskIF., and Grosveld, G. C. (2000). The
MN1-TEL fusion protein, encoded by the translocat{h2;22)(p13;911) in myeloid
leukemia, is a transcription factor with transfongiactivity. Mol Cell Biol20, 9281-9293.
Chen, S. L., Dowhan, D. H., Hosking, B. M., and Fais G. E. (2000). The steroid
receptor coactivator, GRIP-1, is necessary for MEFdependent gene expression and
skeletal muscle differentiation. Genes Dely 1209-1228.

Clappier, E., Cuccuini, W., Kalota, A., Crinquetge, Cayuela, J. M., Dik, W. A.,
Langerak, A. W., Montpellier, B., Nadel, B., Wakaf P, et al.(2007). The C-MYB locus
is involved in chromosomal translocation and gemoahiplications in human T-cell acute
leukemia (T-ALL) - the translocation defining a n@wALL subtype in very young
children. Blood110 1251-1261.

Coustan-Smith, E., Mullighan, C. G., Onciu, M., BelF. G., Raimondi, S. C., Pei, D.,
Cheng, C., Su, X., Rubnitz, J. E., Bassq,&bal.(2009). Early T-cell precursor leukaemia:
a subtype of very high-risk acute lymphoblastikkemia. Lancet Oncdl0, 147-156.

Dik, W. A., Pike-Overzet, K., Weerkamp, F., de RddD., de Haas, E. F., Baert, M. R.,
van der Spek, P., Koster, E. E., Reinders, M.ah,®dongen, J. Jet al.(2005). New
insights on human T cell development by quantigfivcell receptor gene rearrangement
studies and gene expression profiling. J Exp 2@8 1715-1723.

Du, Y., Spence, S. E., Jenkins, N. A., and Copelahds. (2005). Cooperating cancer-gene
identification through oncogenic-retrovirus-indudgadertional mutagenesis. Blodd6
2498-2505.

Ferrando, A. A., Neuberg, D. S., Staunton, J., IMhl_., Huard, C., Raimondi, S. C.,
Behm, F. G., Pui, C. H., Downing, J. R., Gillilaridl, G, et al.(2002). Gene expression
signatures define novel oncogenic pathways in Tameite lymphoblastic leukemia. Cancer
Cell 1, 75-87.

Grosveld, G. C. (2007). MN1, a novel player in hardaVL. Blood Cells Mol Dis39,
336-339.

Grounds, M. D. (1991). Towards understanding skératuscle regeneration. Pathol Res
Pract187, 1-22.

Hebert, J., Cayuela, J. M., Berkeley, J., and Sighu(1994). Candidate tumor-suppressor
genes MTS1 (p16INK4A) and MTS2 (p15INK4B) displagdquent homozygous deletions
in primary cells from T- but not from B-cell linea@cute lymphoblastic leukemias. Blood
84, 4038-4044.

Hoshida, Y., Brunet, J. P., Tamayo, P., Golub, T.aRd Mesirov, J. P. (2007). Subclass
mapping: identifying common subtypes in independiisease data sets. PLoS ORIE
el195.

Huber, W., von Heydebreck, A., Sultmann, H., Poaisk, and Vingron, M. (2002).
Variance stabilization applied to microarray daaélbration and to the quantification of
differential expression. Bioinformatids8 Suppl 1S96-104.

Irizarry, R. A., Hobbs, B., Collin, F., Beazer-Blyg, Y. D., Antonellis, K. J., Scherf, U.,
and Speed, T. P. (2003). Exploration, normalizateord summaries of high density
oligonucleotide array probe level data. Biostatisti 249-264.

52



NKX2-1landMEF2C as potential oncogenes in T-ALL

Johnson, W. E., Li, C., and Rabinovic, A. (20079}justing batch effects in microarray
expression data using empirical Bayes methodst&tiescs8, 118-127.

Katsumata, M., Siegel, R. M., Louie, D. C., MiyashiT., Tsujimoto, Y., Nowell, P. C.,
Greene, M. |, and Reed, J. C. (1992). Differerdfédcts of Bcl-2 on T and B cells in
transgenic mice. Proc Natl Acad Sci U 8% 11376-11380.

Kawamura, M., Ohnishi, H., Guo, S. X., Sheng, X, Minegishi, M., Hanada, R., Horibe,
K., Hongo, T., Kaneko, Y., Bessho, Et al.(1999). Alterations of the p53, p21, p16, p15
and RAS genes in childhood T-cell acute lymphoddstikemia. Leuk Re3 115-126.
Krivtsov, A. V., Twomey, D., Feng, Z., Stubbs, M., @/ang, Y., Faber, J., Levine, J. E.,
Wang, J., Hahn, W. C., Gilliland, D. Get al.(2006). Transformation from committed
progenitor to leukaemia stem cell initiated by MIRIE9S. Nature442 818-822.

Kusy, S., Gerby, B., Goardon, N., Gault, N., Fdfri,Gerard, D., Armstrong, F., Ballerini,
P., Cayuela, J. M., Baruchel, At al.(2010). NKX3.1 is a direct TAL1 target gene that
mediates proliferation of TAL1-expressing humanell acute lymphoblastic leukemia. J
Exp Med207, 2141-2156.

Li, C., and Wong, W. H. (2001). Model-based analydioligonucleotide arrays:
expression index computation and outlier detectyoc Natl Acad Sci U S A8, 31-36.
Nagel, S., Kaufmann, M., Drexler, H. G., and MaadileB. A. (2003). The cardiac
homeobox gene NKX2-5 is deregulated by juxtapasitwth BCL11B in pediatric T-ALL
cell lines via a novel t(5;14)(g35.1;932.2). CanRes63, 5329-5334.

Nagel, S., Meyer, C., Quentmeier, H., Kaufmann, Mexler, H. G., and MacLeod, R. A.
(2008). MEF2C is activated by multiple mechanisma subset of T-acute lymphoblastic
leukemia cell lines. Leukemi2, 600-607.

Nguyen-Khac, F., Barin, C., Chapiro, E., Macintye A., Romana, S., and Bernard, O. A.
(2010). Cyclin D3 deregulation by juxtaposition wiGH locus in a t(6;14)(p21,932)-
positive T-cell acute lymphoblastic leukemia. Ldrés34, e13-14.

Palomero, T., Lim, W. K., Odom, D. T., Sulis, M, Real, P. J., Margolin, A., Barnes, K.
C., O'Neill, J., Neuberg, D., Weng, A, Bt al.(2006). NOTCH1 directly regulates c-MYC
and activates a feed-forward-loop transcriptioreivork promoting leukemic cell growth.
Proc Natl Acad Sci U S A03 18261-18266.

Pieters, R., and Carroll, W. L. (2008). Biology @&nehtment of acute lymphoblastic
leukemia. Pediatr Clin North A5, 1-20, ix.

Prima, V., and Hunger, S. P. (2007). Cooperatiaadformation by MEF2D/DAZAP1 and
DAZAP1/MEF2D fusion proteins generated by the vatrtél;19) in acute lymphoblastic
leukemia. Leukemi2l, 2470-2475.

Przybylski, G. K., Dik, W. A., Grabarczyk, P., Wak, J., Chudobska, P., Jankowski, K.,
von Bergh, A., van Dongen, J. J., Schmidt, C. Ad hangerak, A. W. (2006). The effect
of a novel recombination between the homeobox ¢€2-5 and the TRD locus in T-
cell acute lymphoblastic leukemia on activatioriref NKX2-5 gene. Haematologi€d,
317-321.

Pui, C. H., and Evans, W. E. (2006). Treatmentocote lymphoblastic leukemia. N Engl J
Med 354 166-178.

Rothenberg, E. V. (2007). Regulatory factors faiahT lymphocyte lineage specification.
Curr Opin Hematol 4, 322-329.

53



Chapter 1

Schwieger, M., Schuler, A., Forster, M., Engelmahin Arnold, M. A., Delwel, R., Valk,
P. J., Lohler, J., Slany, R. K., Olson, E. N., &tdcking, C. (2009). Homing and
invasiveness of MLL/ENL leukemic cells is regulatedMEF2C. Blood.

Simonis, M., Klous, P., Homminga, |., Galjaard,JR.Rijkers, E. J., Grosveld, F.,
Meijerink, J. P. P., and De Laat, W. (2009). Higisalution identification of balanced and
complex chromosomal rearrangements by 4C technoldglyMethod<Oct 11 online
Simonis, M., Klous, P., Splinter, E., Moshkin, Wijllemsen, R., de Wit, E., van Steensel,
B., and de Laat, W. (2006). Nuclear organizatioaafve and inactive chromatin domains
uncovered by chromosome conformation capture-op-@t). Nat Genes8, 1348-1354.
Smith, R., Owen, L. A., Trem, D. J., Wong, J. Shakgbo, J. S., Golub, T. R., and
Lessnick, S. L. (2006). Expression profiling of EXWH identifies NKX2.2 as a critical
target gene in Ewing's sarcoma. Cancer @el05-416.

Soulier, J., Clappier, E., Cayuela, J. M., RegnaultGarcia-Peydro, M., Dombret, H.,
Baruchel, A., Toribio, M. L., and Sigaux, F. (200B6)0XA genes are included in genetic
and biologic networks defining human acute T-calidemia (T-ALL). Blood106 274-
286.

Stehling-Sun, S., Dade, J., Nutt, S. L., DeKoterPR and Camargo, F. D. (2009).
Regulation of lymphoid versus myeloid fate ‘cholmgthe transcription factor Mef2c. Nat
Immunol 10, 289-296.

Strasser, A., Harris, A. W., and Cory, S. (199t):-dtransgene inhibits T cell death and
perturbs thymic self-censorship. Cél, 889-899.

Strehl, S., Nebral, K., Konig, M., Harbott, J.,&t, H., Ratei, R., Struski, S., Bielorai, B.,
Lessard, M., Zimmermann, Met al.(2008). ETV6-NCOAZ2: a novel fusion gene in acute
leukemia associated with coexpression of T-lymplamd myeloid markers and frequent
NOTCH1 mutations. Clin Cancer R4, 977-983.

Tibshirani, R., Hastie, T., Narasimhan, B., and GBu(2002). Diagnosis of multiple
cancer types by shrunken centroids of gene expresBroc Natl Acad Sci U S 89, 6567-
6572.

Tomlins, S. A., Rhodes, D. R., Perner, S., Dharasek S. M., Mehra, R., Sun, X. W.,
Varambally, S., Cao, X., Tchinda, J., Kuefer, &.al.(2005). Recurrent fusion of
TMPRSS2 and ETS transcription factor genes in ptestancer. Scien@&i0 644-648.
Tusher, V. G., Tibshirani, R., and Chu, G. (20@ignificance analysis of microarrays
applied to the ionizing radiation response. Prott Nead Sci U S A98, 5116-5121.

van Grotel, M., Meijerink, J. P., Beverloo, H. Bangerak, A. W., Buys-Gladdines, J. G.,
Schneider, P., Poulsen, T. S., den Boer, M. L.stoann, M., Kamps, W. Aet al.(2006).
The outcome of molecular-cytogenetic subgroupsefiiric T-cell acute lymphoblastic
leukemia: a retrospective study of patients treatsmbrding to DCOG or COALL
protocols. Haematologic@l, 1212-1221.

Van Vlierberghe, P., Pieters, R., Beverloo, H.dd Meijerink, J. P. (2008a). Molecular-
genetic insights in paediatric T-cell acute lymplaghic leukaemia. Br J Haematb43
153-168.

Van Vlierberghe, P., van Grotel, M., Beverloo, H, Bee, C., Helgason, T., Buijs-
Gladdines, J., Passier, M., van Wering, E. R., Weer, A. J., Kamps, W. Aet al.(2006).
The cryptic chromosomal deletion, del(11)(p12pH&3)a new activation mechanism of
LMO2 in pediatric T- cell acute lymphoblastic lemkia. Blood.

54



NKX2-1landMEF2C as potential oncogenes in T-ALL

Van Vlierberghe, P., van Grotel, M., Tchinda, kel C., Beverloo, H. B., van der Spek, P.
J., Stubbs, A., Cools, J., Nagata, K., Fornerod,gval.(2008b). The recurrent SET-
NUP214 fusion as a new HOXA activation mechanismadiatric T-cell acute
lymphoblastic leukemia. Bloo#i11, 4668-4680.

Weir, B. A., Woo, M. S,, Getz, G., Perner, S., Dihg Beroukhim, R., Lin, W. M.,
Province, M. A., Kraja, A., Johnson, L. At al.(2007). Characterizing the cancer genome
in lung adenocarcinoma. Natu4&0 893-898.

Weng, A. P., Ferrando, A. A., Lee, W., Morris, Jt.PSilverman, L. B., Sanchez-Irizarry,
C., Blacklow, S. C., Look, A. T., and Aster, J.(€004). Activating mutations of NOTCHL1
in human T cell acute lymphoblastic leukemia. Sce806 269-271.

Weng, A. P., Millholland, J. M., Yashiro-Ohtani,,YArcangeli, M. L., Lau, A., Wali, C.,

Del Bianco, C., Rodriguez, C. G., Sai, H., Tobihset al.(2006). c-Myc is an important
direct target of Notchl in T-cell acute lymphobiastukemia/lymphoma. Genes D2q,
2096-2109.

Wilker, P. R., Kohyama, M., Sandau, M. M., Albriny,C., Nakagawa, O., Schwarz, J. J.,
and Murphy, K. M. (2008). Transcription factor Mefid required for B cell proliferation
and survival after antigen receptor stimulationt Mamunol9, 603-612.

Zhu, B., and Gulick, T. (2004). Phosphorylation aalkternative pre-mRNA splicing

converge to regulate myocyte enhancer factor 2@igctMol Cell Biol 24, 8264-8275.

55






CHAPTER 2
B

Characterization of a pediatric T-cell acute lymphdlastic leukemia
patient with simultaneousLYL1 and LMO2 rearrangements

Irene Hommingg Maartje J Vuerhard Anton W Langerak Jessica Buijs-
Gladdines, Rob Pieters Jules PP Meijerink

Department of Pediatric Oncology/Hematology, ErasmM</Sophia Children’s Hospital, Rotterdam,
The Netherland$Department of Immunology, Erasmus MC, Rotterdam Netberlands.

Submitted



Chapter 2

ABSTRACT

Lymphoid leukemia 1 (LYL)anslocations are rare in T-cell acute lymphdixdas
leukemia (T-ALL), whereas the homologod#AL1 oncogene is rearranged in
approximately 20% of pediatric T-ALL patients. Fas gene-expression studies
have identified immature T-ALL patient groups (EABL) that highly express
LYL1 in the absence oLYL1l aberrations. Molecular characterization of a
t(7;19)(g34;p13) in a pediatric T-ALL patient led the identification of a T-cell
receptor beta enhancer translocation to lik&1 locus. Alike incidental T-ALL
cases having doubl€AL1/2 and LMO1/2 synergistic translocations, thisyL1-
translocated case also had LMO2 rearrangement pointing to oncogenic
cooperation betweehYL1 and LMO2. In hierarchical cluster analyses based on
gene-expression data, this sample consistentlyecke along withTAL1- and/or
LMO2-rearranged cases in tAEAL/LMO subgroup. We conclude thatyL1-
rearranged T-ALL cases are not necessarily asgociaith the immature, ETP-
ALL subgroup despite their highYL1 expression levels but elicit 8AL/LMO
expression signature.
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INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is chaterized by chromosomal
rearrangements that activate several oncogeneh, asifALL1, LMO2, HOXA,
TLX1andTLX3,which predominantly occur in a mutually exclusiatprn. In our
previous study, we used a supervised gene-expnegsidiling approach to cluster
T-ALL patients with these chromosomal aberrationgPhatients wittHOXA TLX1
and TLX3 abnormalities formed 3 separate T-ALL clustersidpds having TAL1
and/orLMO2 rearrangements formed a single, fourthL/LMO cluster, explained
by the fact that TAL1 and LMO2 participate in tharge transcription complex and
effect similar downstream pathways. Co-clusterifgl® additional patients that
lack TAL1, LMO2, HOXA, TLXbr TLX3 aberrations, led to the identification of 2
additional T-ALL genetic subgroups that are chamazed byNKX2-1/NKX2-2or
MEF2GC-activating rearrangements(l). TheMEF2C-deregulated subgroup
overlapped with the early thymic progenitor ALL (B-RLL) subgroup as
previous described by Dario Campana and co-worRer§(ineteen of these 45
patient samples strongly co-clustered WithL1- or LMO2-rearranged patients in
supervised and unsupervised cluster analyses,iqpitdt a common pathogenic
mechanism. These 19 cases were denotdd®b4AMO-likes, and we hypothesized
that these patients might harbor rearrangementsvimg factors homologous to
TAL1or LMO2, or factors that participate in the TAL/LMO trangtion complex.
This hypothesis was confirmed when we identifie@hstocations that involved
LMO3(3), LMO1 or TAL2in 3 of theseTAL/LMC-like patients(4). A fourth patient
had double translocations affectifgAL2 and LMO1 oncogenes.(4) To identify
aberrations in the remaining TPAL/LMO-ike patients, we screened for T-cell
receptors driven translocations for which the ti@cegtion partner was unknown.

DESIGN AND METHODS

Patient material

Viably frozen diagnostic bone marrow or periphebibod samples from 117
pediatric T-ALL patients was used(1, 4) Clinicadammunophenotypic data were
provided by the German Co-operative study group @bmldhood Acute
Lymphoblastic Leukemia (COALL) and the Dutch Chivdld Oncology Group
(DCOG). The patients’ parents or their legal guamdiprovided informed consent
to use leftover material for research purposesaom@ance with the declaration of
Helsinki and the study was approved by the ethomahmittee of the Erasmus
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Medical Center. Leukemic cells were isolated andcbad from these samples as
previously described(5). All resulting samples eamd>90% leukemic cells, as
determined morphologically by May-Grunwald-Giemsairseed cytospins (Merck,
Darmstadt, Germany). Cytospin slide preparation BNA and RNA extraction
were performed as previously described(b).

Fluorescent in-situ hybridization (FISH)

FISH analysis was performed on cytospin slides gusive TCRalpha/delta and
TCRbeta split signal probes according to the mastufar's protocol (DAKO,
Glostrup, Denmark). Split signal FISH on th¥L1 locus was performed using the
following BAC clones as previously described(6):1RF852L7, RP11-356L15.

Ligation mediated PCR (LM-PCR) & Real-time quarnitva PCR (RQ-PCR)
LM-PCR for TRB@breakpoint hotspotésTRB@Dland TRB@D2),and RQ-PCR
for LYL1 were performed as described before(5, 7, 8). RdrACR, briefly,
genomic DNA was digested with either one of foufedent restriction enzymes
(Pwvull, Hincll, Stul, Dral) and ligated to adaptefglaptor primers were then used
in combination withTRB@Ioci specific primers to amplify the breakpoint i@y

in two PCR rounds. For the detection of the re@prbYL1-TRB@breakpoint the
following specific primers located nel¥L1were used: first: 5-CGG GCT GGA
GGA GAG AAG-3', nested: 5-GTG GCT GAC GAC GTG TARTT-3'.

RESULTS AND DISCUSSION

A FISH strategy was performed to identify novBERB@ or TRAD@driven
oncogenic rearrangements in TBL/LMO-like patients. These 15 cases strongly
clustered in hierarchical cluster analyses with Ol-Aases having AL1/2 and/or
LMO1/2/3 rearrangements (Figure 1A-B). One sample (#70dnfa 7 year old
male patient, showed BRB@ split signal pointing to a translocation that hraud
been revealed by karyotypic analysis (47,XY,+8[6]XY[7]).
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Figure 1. Unsupervised and supervised hierarchicatlustering of 117 pediatric T-
ALL samples and 7 normal bone marrow samples andLYL1l expression of
unsupervised subgroups.(A) Unsupervised hierarchical clustering of 117 p# T-ALL
samples and 7 normal bone marrow samples (horiz@nxia), according to microarray gene-
expression (genes on vertical axis, gene nameshwmtn)(1). Red corresponds to high expression,
blue to low expression. CD surface markers are shasvpresent (>25%, “+"), absent (<25% “-“) or
not performed (blanc). Complete immunophenotype#o94: CD1-, CD2+, CD3-, CD4+, CD5-,
CD7+, CD8+, cytoplasmatic CD3+, CD33-, CD14-, CD32b71+, HLA DR-, TDT+. Cytogentic
abnormalities are annotated as follows: SIL-TAL deletion or TAL1 translocation, L:LMO2
translocation/deletion, 1TLX1 translocation, 3TLX3 translocation, B: normal bone marrow, N:
NKX2-1 translocation/inversion/duplication, MMYB translocation, HHOXA activating aberration
(CALM-AF10, SET-NUP, HOX#version). Patient #704 is highlighted by a bluw.b(B) Principal
component analysis of supervised analyses of gemession data of 117 pediatric T-ALL
samples(1). The position of the yellow dots repméeg LMO1, TAL2, LMO3, TAL2/LMO1
rearranged cases and sample #704 (LYL1/LMO2) atieated by arrows.
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We then performed ligation-mediated PCR (LM-PCRNTf two TRB@
translocation hotspotsSTRB@D1and TRB@D2)on DNA from this patientand
identified a translocation betweefRB@D1and the last intron of thauclear
factor I/X (NFIX) gene for the derivative chromosome 7 (der(7)) {fég2A-B).
The reciprocal breakpoint of the derivative chroome 19 couples part of the last
intron of theNFIX gene to an area betweERB@JlandTRB@J2(der(19), Figure
2A). TheLYL1lgene is located 240bp centromerid\®f1X and is therefore placed
under the influence of thERB@ enhancer as consequence of this translocation
(Figure 2A). NFIX is not expressed in any of our patient samplesdam
microarray data (raw fluorescent intensities<50prbbe sets, data not shown)
indicating that changes IMNFIX are not contributing to leukemogenesis.
Positioning of theLYL1 gene under the influence of tARB@ enhancer may
explain the relative high expression leveLML1in this patient (Figure 2C). FISH
analysis of the.YL1locus on the remaining TBRAL/LMC-like patients revealed no
additionalLYL1rearrangements.
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Figure 2. Schematic overview oL YL1-TRB@ translocation and breakpoint sequences.
(A) Schematic overview of breakpoint loci on germalichromosomes 19 and 7, and the der(19) and
der(7). Arrows indicate approximate breakpoint tamoss, *, approximate breakpoint of previously
described LYL1 translocation(23), c, centromeritesand t, telomeric side of chromosal region. (B)
Reciprocal breakpoint sequences of the t(7;19)@®); In caps sequences corresponding to
chromosomal regions as described below, in non:eapslomly inserted nucleotiddsYL1 (C) and
LMO2 (D) expression according to VSN normalized arratadn the four subgroups as depicted in
Figure 1A.
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Various research groups including ours have regdhatLYL1andLMO2
are highly expressed in T-ALL patients with an intama immunophenotype(9-
11), despite the fact thdtMO2 rearrangements that are also associated with
ectopicLMO2 expression are exclusively associated with the unwphenotypic
more advancedAL/LMO subgroup(1, 12). In another study(2), immature -A
cases were described with an early thymic progeeitpression profile that were
associated with poor prognosis, and were denotedT&ALL cases. Based on
combined expression profiling and molecular-cytaienanalyses, we recently
identified an immature T-ALL subset that was predwntly characterized by
rearrangements that activate thi&EF2C oncogene(1). This subset could also be
predicted by the ETP-ALL profile. For these immatuETP-ALL cases, MEF2C
has been shown to directly activate expressionYadfl, LMO2 andHHEX(1) that
may explain the higlhYL1 expression in immature T-ALL cases. So far, we and
others have been unable to reved¥L1 rearrangements in these immature, ETP-
ALL cases(1, 2, 9). In line with this, the singéported T-ALL case havinglaryL1
translocation had a mature (CD3+, CD1-, CD4+, CD&hd CD34-)
immunophenotype(13).

LYL1 is an basic helix-loop-helix (bHLH) transctipn factor that shows
82% amino acid homology in the bHLH domein with TKIL4). TAL1 and LYL1
also show overlapping expression patterns in hepoatc development(15) and
in some pathways they can exert identical func{i®)s The strong co-clustering
of this patient sample (#704) along wiliAL1-rearranged T-ALL cases indicates
that LYL1 rearrangements elicit a similar expression profées TAL1
rearrangements during T-cell oncogenesis.

Using array-CGH, we further identified a small d4l\(p12p13) near the
LMOZ2 locus in this patient #704 ((12), data not shovawgompanied by ectopic
LMO2 expressiorn(Figure 2D). No copy number changes were foundhai AL1
locus. LMO2 rearrangements (translocations or del(11)(p12pl&ur in
approximately 9% of pediatric T-ALL(12) and haveeheexclusively associated
with the TAL/LMO subgroup(1, 12). The identification ofLX L1 translocation as
well as anLMO2 rearrangement in thiSAL/LMO-like patient implies that LYL1
and LMO2 synergize in T-cell oncogenesis. Otherdewtal cases harbdrAL1/2
as well asLMO1/2 aberrations(4), and 2 additional patients out ®fTAL/LMO
patients (including th& AL/LMGO-ike patients) as present in our T-ALL cohort
(n=117) had combined rearrangement3 AL andLMO family members: one case
had aSIL-TAL1ldeletion and th& MO2-activating del(11)(p12p13), and one had a
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TAL2/TRB@translocation in combination with &iMO1/TRAD @translocation(4).
This points to strong synergistic effects betwdersé oncogenic family members
in line with their participation in similar tranggtional complexes(17-19).
Lmol/Lmo2andTall have also been shown to synergize to T-cell leukgmesis
in mice studies(17, 20-22).

To conclude, we suggest tha¥YL1 rearranged cases are not part of the
immature, ETP-ALL subgroup, but belong to tRAL/LMO subgroup.LYL1
translocations fulfill arAL14ike role that can synergize wittMO2 aberrations in
T-cell oncogenesis.
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ABSTRACT

T-cell acute lymphoblastic leukemia (T-ALL) is aggaessive neoplastic disorder,
in which multiple genetic abnormalities cooperatehe malignant transformation
of thymocytes. About 20% of pediatric T-ALL casea® &haracterized byLX3
expression due to a cryptic translocation t(5;135(q32). Although a number of
collaborating genetic events have been identifiedTiLX3 rearranged T-ALL
patients NOTCH1 mutations,p19p16 deletions,NUP214ABL1 amplifications),
further elucidation of additional genetic lesionould provide a better
understanding of the pathogenesis of this spetiid L subtype. In this study, we
used array-CGH to scredi.X3rearranged T-ALL patients for new chromosomal
imbalances. Array-CGH analysis revealed five resmirrgenomic deletions in
TLX3 rearranged T-ALL, including del(1)(p36.31), de((f5), del(13)(g14.3),
del(16)(g22.1) and del(19)(p13.2). From these, dhyptic deletion, del(5)(q35),
was exclusively identified in about 25% ®L.X3 rearranged T-ALL cases. In
addition, 19 other genetic lesions were detecteme oanTLX3 rearranged T-ALL
cases, including a cryptM/T1deletion and a deletion covering tiBXW7gene,
an U3-ubiquitin ligase that mediates the degradatioNOTCH1, MYC, JUN and
CyclinE. This study provides a genome-wide overvedwopy number changes in
TLX3 rearranged T-ALL and offers great new challengesttie identification of
new target genes that may play a role in the pathesgjs of T-ALL.
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INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is aggressive disorder of T-cells,
and represents about 15% of pediatric ALL case8LI-is characterized by a
rapid progression of disease and shows a 30% eefaps. Over the last decade, a
large number of new genomic aberrations were ifledtin T-ALL, including
chromosomal translocations (involving the gedesll LYL1 LMO1, LMOZ2
TLX1/HOX11 TLX3/HOX11L2 MYB, Cyclin D2, deletions $IL-TALL del(6q),
del(9)(p21), del(11)(p12p13)), amplificationsYP214-ABL}, duplications MYB)
and mutationsRAS NOTCHJ).2 > # > © 7. 8.9.10. 1§ayarg| of these abnormalities
represent unique and mutually exclusive aberratrssibly delineating distinct
T-ALL subgroups. Others occur in combination witirieus of these subgroups,
for example, the del(9)(p21) that includes @i@KN2A/p15andCDKN2B/p16loci
both deregulating the cell cyclé? Also NOTCH1activation mutations are present
in more than half of all T-ALL cases of all subgpsd The genetic defects as
identified in T-ALL so far target different cellulgrocesses, including cell cycle
regulation, T-cell differentiation, proliferatiomd survival. It is hypothesized that
these genetic events cooperate in the leukemisfoanation of thymocyte¥.

TLX3 is a homeobox gene that is not expressed in noffegll
development. In T-ALL patients, it becomes abetyaattivated due to the cryptic
translocation, t(5;14)(q35;932), mostly juxtaposifigX3 to the BCL11B gene.
BCL11Bis normally expressed during T-cell maturatidsome alternativdLX3
translocations have been described including tbel4{(g32;911) juxtaposing
TLX3to theTCRu/d locus?® and the t(5;7)(q35;021) coupling-X3 to the CDK6
gene™® Although there is a clear relationship between pinesence ofTLX3
translocations an@LX3 expression levelY, incidental TLX3 expression has been
described in the absence of chromosomal abnoresdfiti®® suggesting that
alternative mechanisms f@iLX3 activation exist in T-ALL. Conflicting data have
been published about the relation betweBNX3 expression and treatment
outcome. In some studieg,LX3 rearranged T-ALL patients showed a poor
prognosis, whereas in other studidsX3 translocations had no effect on outcome
or was even associated with an improved outcdm& ?These discrepancies have
not been clarified thus far, but may be therapyetejent.

In this study, we used microarray-based compargireme hybridization
(array-CGH) to screenTLX3 rearranged pediatric T-ALL patients for new
chromosomal imbalances that could provide furthsight in the development of
TLX3mediated T-cell leukemia.
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DESIGN AND METHODS

Patients

Viably frozen diagnostic bone marrow or periphebibod samples from 146
pediatric T-ALL patients were provided by the Dut€hildhood Oncology Group
and the German Co-operative Study Group for chidhacute lymphoblastic
leukemial’ The patients and patients' parents or their legardians provided
informed consent to use leftover material for redegurposes. Leukemic cells
were isolated and enriched from these samples esiopsly describedi,and
genomic DNA and total cellular RNA were isolateddascribed befor.

Quantitative real-time RT-PCR (RQ-PCR).

cDNA synthesis and RQ-PCR in an ABI 7700 sequemtection system (Applied
Biosystems, Foster City, CA, USA) was used to gbatiie expression levels of
TLX3 transcripts relative to the endogenous housekgegeme glyceraldehyde-3-
phosphate dehydrogenaseAPDH), as described previousty.NUP214-ABL1
fusions were determined as previously described.

Oligo array-CGH
Oligo array-CGH analysis was performed on the hugemome CGH Microarray

44A (Agilent Technologies, Palo Alto, CA, USA) acding to the manufacturer's
protocol, as previously describ®dlicroarray images were analyzed using feature
extraction software (version 8.1, Agilent) and tata were subsequently imported
into array-CGH analytics software v3.1.28 (Agilerfor the detection of copy
number abnormalities, we have used-score cutoff value of 3. All copy number
aberrations were compared to the database of genomariants
(http://projects.tcag.cal/variation) and all genonaigions previously linked to copy
number variatiorf§ were not included in Table 1.

Fluorescencdn situ hybridization
Fluorescencein situ hybridization (FISH) was performed using a staddar

procedure, as described previouSIy.LX3 translocations were determined using
the TLX3-U/TLX3-Dtranslocation probes (DakoCytomation, Glostrupnimark).
BAC probes RP11-299P16 and RP11-98C11 (BACPAC ressuOakland, CA,
USA) were used to confirm the presence of Wilmshdu 1 (WT1) deletions,
whereas RP11-300124 and RP11-650G8 were used tiomdhe FBXW7deletion.
RP11-1072120 RANBP17TLX3, RP11-10N18 RANBP1}J and RP11-117L6
(downstream offLX3) as well as CTD-2243022 (5qter) (Invitrogen, Bretlee

Netherlands) were used to further characterizeléhetion, del(5)(q35).
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Real-time quantification of DNA copy number
Deletion analysis was performed using real-timengjtetive PCR of theNSD1

gene relative to the internal control gene, albyrainpreviously describéd.

Mutation analysis
For the detection ofVT1 mutations, the purified DNA was subjected to 40ley

of PCR of 15s at 95°C and 1 min at 60 °C, usiogvérd primer 5-AAG
CCTCCCTTCCTCTTACTCT-3' and reverse primer 5-TGGEITAG
CAGTGTGAGA-3' for WT1 exon 7.FBXW7 mutation detection was performed
using forward primer 5-TTTTCCAGTGTCTGAGAACAT-3' drreverse primer
5-CCCAAATTCACCAATAATAGA-3' for exon 9, forward pmer 5-TAAA
CGTGGGTTTTTTTGTT-3' and reverse primer 5-TCAGCAANGA
CAGTGATT-3" for exon 10 and forward primer 5-GGATBGGTTTCT
AAATATGTA-3'" and reverse primer 5-CTGCACCACTGAGAMRAG-3' for
exon 12, using similar PCR conditions as descri@lbedve. NOTCH1 mutation
screening in T-ALL was performed as previously diésd?* PCR products were
purified by standard methods and directly sequenftech both strands. The
sequence data were analyzed using Seqscape Vidd\Biosystems).

RESULTS

Collaborating genetic events inTLX3 rearranged T-ALL
In our previous study, we screened a large pedid#ALL cohort (1=146) for

TLX3 rearrangements using FISH and identified 29 of {#8%) rearranged
cases, in line with previous studi€$. * All TLX3 rearranged cases uniquely
expressed LX3whereas other T-ALL cases were negaliVEo identify additional
genetic abnormalities that may cooperate WilhX3 expression during T-cell
leukemogenesis, we performed array-CGH analysis dtect genomic
amplifications or deletions on thoSE_X3 rearranged T-ALL cases for which
material was availablen€21). All genomic deletions and/or amplifications a
identified by array-CGH are summarized in Table except for known
polymorphic copy number variatioAs Genomic deletions are more abundant as
compared to amplifications, as only two regionsgeinomic amplification in
contrast to 22 regions of genomic deletion weratified in ourTLX3 rearranged
patient cohort. To confirm if these additional abgons are trulyTLX3 specific,
we analyzed whether these additional abnormakiie® also identified in a large-
scale T-ALL array-CGH studyng85, unpublished data) of ndi-X3 rearranged
T-ALL patients (Table 1). Other known T-ALL-specifgenetic aberrations were
71



Chapter 3

determined using an RT-PCR or PCR and sequenaiuggy or using FISH, and
included NOTCH1 mutations NUP214-ABL1 amplification§ and p15/p16
deletions (Supplementary Table 1).

Table 1. Novel genetic lesions ifiL X3 positive pediatric T-ALL

Patient ID(s)

Chromosome Gain  Start End Size Gene(s)
(% of cases)
Band Loss (Mb) (Mb) (Mb) in region
1p36.31 Loss 5.05 791 1.26 27385,8251él.:l2é)2757, 18 genes |nc(|;1£:\;|1$§182, HES3 and
1p36.12-1p36.13 Loss 16.55 24.91 8.36 2757 (5) geses
1p34.2-1p34.3 Loss 35.99 39.66 3.67 2757 (5) >y
2p23.3-2p24.1 Loss 20.50 24.50 4.00 9012 (5) 12g@rcludingTP531 3 andNCOAL
2g37.1 Loss 233.30 234.45 1.15 2112 (5) 12 germwslaukemia associated
3q13.32-3g21.2 Loss 119.90 126.40 6.50 585 (5) geS@smiR-198
3026.2-3926.31 Loss 172.10 176.40 4.30 585 (5) etegmiR-569
4931.3-4932.1 Loss 153.08 155.51 2.43 2786 (5) eh2g includind-BXW7
5435.2-5qter Loss  172.60 180.90 8.30 22222 %gi% (223?0' 25 genes
6q25.1-6qter Loss 149.94 170.80 20.86 222 (5) >dEes
7031.33-7¢936.2 Loss 125.30 153.99 28.69 9012 (5) 100>genes, 11 microRNAs
8 Gain 0 146.25 146.25 2105 (5) complete chromos®me
9p24.1-9p24.2 Loss 2.71 5.12 2.41 2100 (5) 9 gandmlR-101-2 breakpoint inJAK2
9g21.13-9g31.1 Loss 67.12 119.72 52.60 222 (5) O-gehes and 10 microRNAs
10p15.2-10p15.3 Loss 1.08 3.20 2.12 9858 (5) WDR37 ADARB2 PFKP andPITRM1
10p11.23-10p12.1 Loss 27.99 30.05 2.06 9012 (5) enég ananlR-604
11p13 Loss 32.00 33.50 1.50 2723 (5) 10 genesdimgwWT1
11921-11g22.3 Loss 94.42 107.76 13.34 1179 (5) ge2@s, breakpoint in t#eTM gene
12p13.1-12p13.2 Loss 12.50 13.10 0.60 9858 (5) eteg including®DKN1B, miR-613/614
13914.3 Loss 49.45 50.35 0.90 2112, 2723 (9) KCNRG miR-15/16a, DLEU7
16022.1 Loss 66.20 66.60 0.40 2100, (21%2' 9012 12 genes including TCF
17q11.2 Loss 26.08 27.47 1.39 2780 (5) 11 genes i”"'”dir‘g%g_lz' mIR-193a mIR-
19p13.2 loss 10.75 11.90 1.15 222,378 (9) 33 geniés199a
20p12.3-20pter gain 0 5.94 5.94 9012 (5) > 50 ganesiR-103-2

The cryptic deletion, del(5)(g35), is associated thi TLX3 expression in T-ALL
The most frequent recurrent genetic abnormalityntified in TLX3 rearranged

cases was a heterozygous deletion at band 5q38hwias present in 5 of 21
(24%) TLX3 rearranged T-ALL cases. The deletional area diffen size among
cases. In three cases (nos. 2112, 2640 and 2656)dé¢letion started just
downstream of th& LX3 gene, as shown by the normal hybridization patbéithe
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TLX3 probe, and loss of all four array-CGH probes ciogethe nucleophosmin
(NPM1) gene located 80 kb telomeric BEX3 (Figures 1a and b). For these cases,
FISH analysis using th@LX3-U/TLX3-D translocation probes (Supplementary
Figure 1) confirmed the presence of this cryptitetien (Figure 1c). In the other
two cases (nos. 9012 and 222), the deletion stametteam oNKX2-5 (Figures

1d and e). However, gene expression array dataley@oNKX2-5expression in
any of these five cases (data not shown). For cases 2112, 2640, 2650 and
9012, the deletion seemed to include the compédbeneric region (Figure 1e). For
case no. 222, the terminal breakpoint was situdtechstream of thélSD1gene.
Therefore, the minimal deleted region at 5935 lhese five cases is about 4 Mb in
size and contains 30 known genes includinghB®1gene. Gene expression array
data revealed no differenceNSD1lexpression levels between del(5)(q35) positive
and negative T-ALL patients (data not shown).

Quantitative PCR analysis of thdSD1 gene, which is present in the
minimal deleted region, on 26 TLX3 rearranged T-Achses and 27 TLX3
negative cases (includin§AL1 rearranged|.MO2 rearranged,TLX1 rearranged
and CALM-AF10 positive cases), confirmed a one-cdg$D1 loss in all TLX3
rearranged T-ALL cases having the cryptic del(SHjodeletion (Figure 1f). None
of the nonTLX3 rearranged cases showed loss of NSD1, indicaliagrone of
these had a similar del(5)(g35).

Figure 1. (page 74) The recurrent cryptic deletiondel(5)(g35), inTLX3 rearranged
pediatric T-cell acute lymphoblastic leukemia (T-ALL). (a) Chromosome 5 ideogram
and corresponding oligo microarray-based compaaganome hybridization (array-CGH)
plot of case DNA:control DNA ratios (blue tracinggrsus the dye-swap experiment (red
tracing) for T-ALL cases 2112. Hybridization sigearound the -2X or +2X lines represent
loss of the corresponding region in the case DN\ Detailed analysis of the centromeric
breakpoint of the deletion in case 211@. Dual-color fluorescencen situ hybridization
(FISH) analysis on interphase cells of case 9888 flanel) and case 2640 (right panel)
using theTLX3-U (Red) andTLX3-D (green) translocation probe set. Case 9858 shawed
split signal, indicative for &LX3 translocation, whereas case 2640 showed losseof th
TLX3-D (green) signal.d) Similar chromosome 5 ideograms as @ for T-ALL cases
9012 and 222.) Schematic overview of the minimal deleted regsonchromosomal band
50935 for the 5 TLX3 rearranged T-ALL cases showingdel(5)(g35). Depicted genome
positions and gene locations are based on the UG&home Browser at
http://genome.ucsc.eduf) Quantitative PCR analysis &fSD1], present in the minimal
deleted region, on 26 TLX3 rearranged T-ALL cases 27 TLX3 negative cases.
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Next, we studied whether the deletions that stgusiddownstream of the
TLX3gene (nos. 2112, 2640 and 2650), truly represeamigadic 5935 deletions or
rather corresponded to unbalandedk3translocations. Therefore, we performed
FISH analysis using BAC clones covering the RANBFLX3 breakpoint region
and the telomeric end of chromosome 5 (Supplemgfigure 2A). For case
2650, FISH analysis, using RP11-1072120 and RPMN180revealed two fusion
signals indicating that bofALX3 gene copies were normally present
(Supplementary Figure 2A,B). In addition, FISH as#& using RP11-1072120,
RP11-117L6 and CTD-2243022 confirmed the preseheedel(5)(g35.1935.3)
(Supplementary Figure 2A,B). In contrast, FISH gsial on case 2640
(Supplementary Figure 2C) revealed an additiondlIRE072120
(RANBP17/TLX3) hybridization signal, indicative farcryptic unbalanced
chromosomal rearrangement involving the RANBP17/8Uxci. FISH analysis
for the known translocation partnéf€Rux/0, TCRS and BCL11B showed that
these loci were not involved in this chromosomalr@ngement (Supplementary
Figure 2C), indicating that patient 2640 has a heagant of TLX3rearrangement
with subsequent loss of 5g35.1. For case 2112,atermal was left to perform
additionalTLX3-specific FISH analyses.

Other recurrent genomic deletions inTLX3 rearranged T-ALL
Besides, the cryptic deletion, del(5)(q35), fourhest recurrent genetic

abnormalities were identified in variodd.X3 rearranged T-ALL cases (Table 1
and Supplementary Table 1). At chromosome 1, antich cryptic deletion of
~1 Mb was detected at chromosomal band 1p36 ie tteees (nos. 2738, 2112 and
585) (Supplementary Figure 3A). This deletion ax@a also comprised in a larger
deletion in case no. 2757 that in addition demastt multiple deletions on
chromosome 1p (Table 1, Supplementary Figure 3A& minimal deleted area on
1p36 for these four cases comprised 18 genes, dinguHES2 HES3 and
chromodomain helicase DNA binding domain GHD5) (Supplementary Figure
3B). The centromeric breakpoints of the del(1)(B3%.in cases nos. 2738, 2112
and 585 all clustered in tli@AMTAlgene (Supplementary Figure 3A).

Cryptic deletions of chromosome 13q were identifire@ TLX3rearranged T-ALL
cases (nos. 2112 and 2723, Supplementary FigureTB€¥e deletions differed in
size and the minimal deleted region contained tleeaRNA cluster miR-15/miR-
16a(Supplementary Figure 3D).
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Three T-ALL cases showed cryptic deletions at clusommal band
16922.1 (nos. 2100, 2112 and 9012) (Supplementagyrd-4A,B; Table 1). This
del(16)(g22.1) seemed identical in two cases (280 and 9012), but was smaller
(~400 kb) in a third case (no. 2112). The minimelkted area comprised 12 genes,
and included th€TCF gene.

Finally, two other cases contained similar delediamh 19p13.2 (nos. 222
and 378) covering a region of approximately 1.4 (8bpplementary Figure 4C,D;
Table 1) that covers 33 genes and the microRNA gaRel99a

Genetic abnormalities identified in single TLX3 rearanged T-ALL cases
Apart from the recurrent abnormalities, other genabnormalities were observed

in single cases (Table 1 and Supplementary Tablend)occasionally contained
known tumor suppressor gendaBWX7 WT1, ATM, p27KIPL NF1). None of
these abnormalities have been reported as nornpgl momber variation in the
healthy populatiori®

One case (no. 2786) showed a cryptic deletion @n ldmg arm of
chromosome 4 of about 2.5 Mb in size, del(4)(q3323t), which contained
among others thEBXW7gene (Figure 2). The loss of oRXW7gene copy in
this case was confirmed using FISH (Figure HBXW7 mutations have recently
been identified in 8-30% of primary T-ALL sampfés?® 2" ?Therefore, we
screened case no. 2786 for the currently kn&BXW?7 mutations. This analysis
revealed no addition&BXW7mutation on the remaining allele of this case.

Other rearrangements identified in singleX3rearranged cases included a
cryptic deletion, del(12)(p13.1p13.2), includinge GDKN1B/p27/KIP1gene (no.
9858) and a cryptic deletion, del(17)(q12), inchgitheNF1 gene (no. 2780Y.In
one case (no. 2100), the breakpoint of a cryptietd® on chromosome 9,
del(9)(p24.1p24.2), was situated AK2 In another case (no. 1179), the
breakpoint of a cryptic deletion on chromosomedEl(11)(g21922.3), was located
in theATM gene.

WT1 inactivation in pediatric T-ALL
Another abnormality that was identified in a singleX3 rearranged case (no.

2723) was a cryptic deletion of about 1.5 Mb inesidel(11)(p13p13), and
included theNT1gene (Figure 3a). Because conflicting data haea Ibeported on
the role of WT1 as a tumor suppressor and/or om@ge human leukemia8we
wondered whetheWT1was indeed the target gene of this genomic delefibe
telomeric breakpoint of this deletion was situategvnstream of th&VT1 gene,
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whereas the centromeric breakpoint was located sivesim of theCD59 gene
(Figure 3a). FISH analysis confirmed the one-ca®g lofWT1in this case (Figure
3b). To investigateNT1 inactivation in this case, the remainibgT1 allele was
analyzed for the presence of inactivation mutatighsmall frameshift mutation
(delCinsTAG) was identified in exon 7, disruptirgeWT1 coding region (Figure
3c).

A 49313 4g32.1

153 Mb 154 Mb 155 Mb

§ TMEM154 TRIM?2 RNFI7S  pepes
PETII2L —~-— P - - -
ARFIPI KIA40922 = 0,

genes R — 5
TIGD4 KiAA1727 MND1 TLR2 -~
- - —= — -

PLRGI
e

T-ALL #2786

FISH

clones RP11-300124
TALL#2786¢ — N I .

Figure 2. FBXW7 deletion in pediatric T-cell acute lymphoblastic éukemia (T-ALL).

(a) Schematic overview of the chromosomal deletiogl(4)(g31.3932.1), as detected in
case 2786. Genomic positions of genes situatetisnchromosomal region and bacterial
artificial chromosome (BAC) clones used for fluarescein situ hybridization (FISH)
analysis are depictedb)(FISH analysis using RP11-650G8 (green) and RRID123 (red)
confirms the presence of the del(4)(g31.3932.Lase 2786.

To investigate whethéWT1 inactivation is restricted t&dLX3 rearranged
T-ALL cases, we performed additiondlTlspecific FISH analysis on 2bLX3
negative pediatric T-ALL cases. This revealed odéiteonal case in which FISH
analysis revealed a loss of batiT1 gene copies (Figure 3d). Subsequent array-
CGH analysis confirmed the presence of a large gl deletion on the short
arm of chromosome 11, del(11)(p13p14.3), in comtimnawith a loss of the
genomic region surrounding thWWT1 gene on the other allele (Figure 3e). Gene
expression array data showed tWat 1 expression was virtually absent in this T-
ALL case showing a homozygoMWT1 deletion (Supplementary Figure 5). For
case no. 2723NT1lwas equally expressed compare\d1wild-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 YWT1) inactivation in pediatric T-cell acute
lymphoblastic leukemia (T-ALL). (a) Chromosome 11 ideogram and oligo microarray-
based comparative genome hybridization (array-C@ldl) for the deletion, del(11)(p13),
as detected in case 2723 (left panel). The righiepahows a detailed overview of the
deleted region for this 11p13 deletiorb) (Fluorescencan situ hybridization (FISH)
analysis using RP11-98C11 (green) and RP11-299fHE ¢overingWT]) confirms the
presence of the del(11)(p13) in case 272BSequence analysis shows a truncativigl
exon 7 mutation on the remaining allele of case327@ Similar FISH analysis as irb)
on TLX3 wild-type T-ALL cases identified one addmial case showing a biallel&wT1
deletion. €) Array-CGH analysis confirmed the presence ofrgdamonoallelic deletion,
del(11)(p13p14.3), in combination with an additibrass of the genomic region
surrounding th&VT1gene on the other allele.

DISCUSSION
To get more insight in new genetic defects that magperate withTLX3 gene

expression in the leukemic transformation of thyytes, we performed array-
CGH analysis on @LX3rearranged 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. ba#ngly, for a number of
cases, the genomic breakpoint of this deletion sitasted just downstream of the
TLX3 oncogene. The deletions in these cases differ thmnpreviously described
TLX3deletions that involved a genomic region upstreathe TLX3 gene near the
translocation breakpoint.Although most T-ALL cases that shaWzX3 expression
harbor a cryptic translocation at this genomic &ca number of studies have
reportedTLX3 activation in the presence of a seemingly norfiaX3 locus:® *°
For case no. 2650, combined array-CGH and FISHysaisastrongly suggest that
the TLX3 expression is associated with a interstitial Jéf(86.1935.3) in the
absence of aLX3 translocation. It is therefore tempting to speuthatTLX3is
normally under transcriptional control of a negatregulatory domain downstream
of TLX3 Deletion of this negative regulatory element nfegd to ectopicTLX3
expression. In addition, a potential tumor suppmegene could be present in the
minimal deleted area at 5935 that specifically @vafes withTLX3 expression in
the leukemogenesis of T-ALL. This hypothesis iemsithened by the fact that two
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cases have smaller 5935 deletions with breakpaety NKX2-5 A potential
candidate gene in this 5935 genomic regioN$O1 Mutations or deletions of the
NSD1gene are the major cause of Sotos syndrome, ditatinsal overgrowth
disorder’* and patients with this syndrome have a higherfaskhe development
of leukemia®® ** * In addition, NSD1 is involved in a cryptic translocation,
t(5;11)(q35;p15.5), generating [dUP98-NSD1fusion gene in acute myeloid
leukemia (AML)®® Although gene expression array data revealed fiereince in
NSD1gene expression between patients with and wittimutlel(5)(q35), a future
mutation screening diISD1in TLX3rearranged T-ALL is mandatory to evaluate a
potential role foNSD1linactivation in T-ALL.

Cryptic deletions on chromosome 1 were identifiedaur T-ALL cases
with a commonly deleted region surrounding chromasloband 1p36. Similar
1p36 deletions were previously identified in abo@0% of human
neuroblastoma¥, 25% of colorectal cancer casésind a variety of hematological
malignancies including AME® chronic myelogenous leukerfiaand non-
Hodgkin's lymphom&’ In neuroblastoma and colorectal cancer, reduced
expression levels of the CAMTALl gene correlated hwadverse outcome,
suggesting thaCAMTALlcould act as the 1p36-specifc tumor suppressoe gen
these malignancie$. *” Another interesting target gene in this genomigiaw is
the CHD5 gene, which has been shown to be a tumor supprésso controls
proliferation and apoptosis via the p19Arf/p53 paih’’ Other potential target
genes within this genomic region aE=S2and HES3 both of which are highly
similar toHES1that is a basic helix-loop-helix transcriptionapressor and known
NOTCH1target gené? Also the TNFRSF25gene may represent a target gene of
this deletion. TNFRSF25s a member of the tumor necrosis factor-recefahanly
which controls lymphocyte proliferation and regaktell apoptosis.

The minimal deleted region of the cryptic deletiars chromosome 13
contained the microRNA clusteniR-15/miR-16a In chronic lymphocytic
leukemia, deletion of thisniR-15/miR-16acluster leads to the activation of
antiapoptotic BCLZ? For example, in case no. 2723 (Supplementary Taple
activation of BCL2 could cooperate with a homozygaleletion of thg15/pl6
locus, aNOTCH1mutation and activatedLX3 expression in the development of
T-ALL.

Three TLX3 rearranged T-ALL cases showed cryptic deletions on
chromosomal band 16922.1. In AML, this genomic oegis recurrently targeted
by cytogenetic abnormalities including an inversiomv(16)(p13g22); a
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translocation, t(16;16)(p13g22) and a deletion(1#(q22)* The inv(16) and
t(16;16) both result in &BFB—MYH11fusion gene, which is associated with a
more favorable prognosi3in contrast, the deletion del(16)(q22) does novijoe

a favorable outcome and it remains to be elucidatieetherCBFB is targeted in
the 16q deletions in AME® In the TLX3 rearranged T-ALL cases, the minimal
deleted region on 169g22.1 contained 21 genes likedatheCBFB gene. One
interesting candidate genes in this genomic regdiTCF, which is a conserved
transcriptional repressor of tdYC oncogené’ MYC has been described in T-
ALL to become aberrantly activated due to a TCR-ated translocatidfi and has
been shown to represent an important downstreagettaf activatedOTCH1%*

*® Therefore, inactivation o€ TCF could represent an alternative mechanism for
MYC activation in T-ALL.

The majority of novel regions of genomic amplifioat or deletion were
only detected in singl@LX3 rearranged T-ALL case:£19). Given their low
frequency, one could argue that their oncogenie ial T-ALL is negligible.
However, NOTCHJ, which was originally identified due to its invement in a
rare chromosomal translocation (<1%), was laterntiled as the most
predominant mutational target in T-ALL (>50% of ea¥ Similarly, the cryptic
deletion, del(4)(g31.39g32.1), that was detectedairsingle case, includes the
FBXW7gene. FBXW7 is an F-box protein that binds spedtfibstrates including
CyclinE, NOTCH1, cMYC and cJUN target these for quliin-mediated
proteolysis. Heterozygous missense mutations dFB¥\W7gene are present in 8—
30% of T-ALL case$> % ?" ?demonstrating the importance of this gene in T-ALL
albeit inactivation through chromosomal deletiohisare. MutanEBXW7has lost
the potential to bind the PEST domain of NOTCH1d@d target NOTCH1 for
proteolytic degradation. This results in stabilizROTCH1-IC in the nucleus,
providing an alternative mechanism of NOTCH1 adtora in T-ALL that is
insensitive fory-secretase inhibition. The present study desctitredirst case of a
heterozygoud=BXW?7 deletion in human T-ALL. Haploinsufficiency ¢iBXW7
may be sufficient for NOTCHL1 stabilization as R8XW7 mutation could be
identified in the remaining allel&BXW7mutations can occur in combination with
NOTCH1 heterodimerization (HD) mutations but notthwiPEST truncating
mutations, and may complement the relatively weakdscriptional activity of HD
mutant NOTCH1 moleculé.In our del(4)(q31.3g32.1)-positive T-ALL case, an
activating NOTCH1 mutation was identified in the [dDmain.
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Deletions on the short arm of chromosome 12 amguéretly detected in a
wide range of hematological malignancies. A reagtome-wide copy number
analysis showed 12p deletions in about 25% of B-Aldses and suggested the
TEL gene as the main target of this genomic abnorymaliHowever, the 12p
deletion that we identified was about 600 kb inesiand included the
CDKN1B/p27/KIP1 gene and the microRNA genemiR-613 and miR-614
whereas it did not include thEEL gene. This indicates that the target gene(s) for
12p deletions probably differs between T- and BscelALL. The
CDKN1B/p27/KIP1gene encodes a cell cycle regulator that, simdapl5/pl6,
inhibits cyclin-dependent kinases (CDK). Loss gt CDK inhibitors may result
in uncontrolled cell cycle. The T-ALL case with4sli€DKN1Bdeletion (no. 9858)
also contained a homozygopd5/pl6 deletion, indicating that different T-cell
cycle defects can collaborate witiN®TCH1mutation andl'LX3 overexpression
in the development of T-ALL (Supplementary Table 1)

WT1, a transcription factor involved in normal cédir development and
cell survival, was initially discovered as a tunsuppressor in Wilms' tumor, a
pediatric kidney malignancy.In acute leukemias, there is evidence that thiege
can both act as an oncogene as well as a tumoresgop gen& WT1 mutations
have been described in AML, leading to a truncat&dl protein>® >*In addition,
specific AML subtypes show low levels W T1 expressiorf’ Both observations
are consistent with a tumor suppressor role of WiTAML. In contrast, a variety
of leukemias are characterized by activafédl expression compared to normal
bone marrow or normal progenitor cells® that has been associated with poor
outcome>” *® Our single T-ALL case with a deletion ¥T1 combined with an
inactivational mutation in the remainiVgT1allele points toward a potential tumor
suppressor role oWT1 in T-ALL. WT1 inactivation is not restricted t&LX3
rearranged T-ALL cases, as biallelic WT1 deletiorese also observed inTd_X3
negative T-ALL case indicating that WT1 inactivationay be a more general
collaborating genetic event in T-cell leukemia. Bekeless, th&@LX3 rearranged
T-ALL case showing/NT1 inactivation also harboredmiR-15/miR-16aleletion,
further extending the range of different genetitedes that collaborate in T-ALL
development.

In conclusion, we performed a genome-wide copy rem#zreening on
TLX3rearranged T-ALL cases and identified the crydetetion, del(5)(g35), as a
new and recurrent genetic aberration that is ekals associated withTLX3
expression in T-ALL. In addition, we identified aumber of genetic events,
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including FBXW7 and WT1 inactivation that could collaborate witAhLX3
expressionNOTCH1activation ang15/pl6deletion in the development of T-cell
leukemia. As shown forFBXW?7 the identification of new genomic
deletions/amplifications, even at low frequencyy séll highlight important target
genes with a broader role in T-ALL. Thereforesitikely that the current overview
of genetic defects will be further helpful for atiee understanding of the molecular
pathways leading to T-cell leukemia.
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Chapter 4

ABSTRACT

NK-like (NKL) homeobox genes code for transcriptifactors which can act as
key regulators in fundamental cellular processdd. §enes have been implicated
in divergent types of cancer. In this review we sanze the involvement of NKL
genes in cancer and leukemia in particular. NKLegetan act as tumor suppressor
genes as well as oncogenes, depending on tisseeApprrant expression of NKL
genes is especially common in T-cell acute lympastt leukemia (T-ALL). In T-
ALL, eight NKL genes have been reported highly esged in specific T-ALL
subgroups and in ~30% of cases, high expressiotaised by chromosomal
rearrangement of one of 5 NKL genes. Most of thi¢ké genes are normally not
expressed in T-cell development. We hypothesizettieaNKL genes might share
a similar downstream effect that promotes leukemeges, possibly due to
mimicking a NKL gene that has a physiological rate early hematopoietic
development, such aBlHEX. All eight NKL genes posses a conserved Ehl
repressor motif, which plays an important roleegulating downstream targets in
hematopoiesis and possibly in leukemogenesis ds ldehtification of a potential
common leukemogenic NKL downstream pathway will yie a promising
subject for future studies.
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INTRODUCTION

Homeobox genes

In 1894 William Bateson described a distinct kiridransformation within species,
which he terms ‘homeosis’, derived from the Grdaimoiosis’, which means ‘the
same’. He defined it as “a change of something tht® likeness of something
else”.(1) Famous examples are the mutant fruidfiyennapediawhich grows a
foot on the head where normally the antenna istéakcaAnother example is a moth
(Zygaena which has an extra wing on the position of a Hegl Later, the genes
held responsible for these variations were call@chdotic genes.(1) In 1983, two
research groups independently identified a 180bjpiesgce that was conserved in
all homeotic genes, denoted as the homeobox.(4;h8) homeobox is strongly
conserved among species and encodes for a DNAnNgirdthmain consisting of
three alpha-helices(4) called the homeodomain. 8w more than 200 human
homeodomain proteins are known. Homeodomain pretie transcription factors
that are involved in many key processes such ay Ipadterning, embryonic
organogenesis and cell fate decisions. A mutatioanie of these genes can have
far fetching consequences and lead to homeotisftsemations such as originally
described by Bateson. The classification and notaame of the homeobox genes
has varied substantially between research groupoaer time. In 2007, Holland
and others proposed a classification for all huimameobox genes based on their
hypothetical evolutionary shared ancestry(5). Bieliemeobox gene classes are
recognized that comprise a total of 102 homeobaxegkmilies. The largest
classes are the ANTP (analogous to@nesophilaantennapedia (antpyene) and
PRD (analogous to tHerosophila pairedprd) gene) classes. The ANTP class can
be divided in the HOX-like (HOXL, including thdOXA andHOXB gene clusters)
and the NKL (NK-like) subclasses. The involvemehH®XL genes in cancer and
leukemia has been extensively reviewed in liteef{i#11) while the NKL genes
have received less attention. However, recentrdgglimplicate an important role
for various NKL genes in human cancer. Therefore taview will focus on the
NKL homeobox genes, their role in cancer and leuaemparticular.

NKL homeobox genes

NKL homeobox genes have important functions in date specification and

embryologic organ development and their expressoaoften cell type specific.

They are key regulators in fundamental processadif@sentiation, proliferation

and apoptosis. The NKL subclass comprises 48 gamb49 assumed pseudogenes
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(table 1). All NKL genes have a similar homeodomdihe NKL genes are named
after Nirenberg and Kim who identified NK1-NK4 genm 1989 when searching
for new genes containing homeobox sequencd3rasophila melanogastét?).
The human NKL genes can be divided in gene-famibgh consists of genes
that are all derived from a single gene of theslatemmon ancestor &frosophila
and human(5) (table 1). In several cases, the games are somewhat misleading,
frequently suggesting higher similarity than isuadly the case. For instance, the
humanNKX2-3, NKX2-5and NKX2-6 genes belong to the NK4 family and are
most similar to theDrosophila melanogasteNK4 gene.NKX2-1 and NKX 2-4
resemble Drosophilscarecrow(scro) gene and comprise the Nk2.1 famiNKX2-

2 and NKX2-8 are orthologous to Drosophilentral nervous system defective
(vnd) gene and part of the Nk2.2 family. Also, not aKINgenes have names that
start withNKX, other genes such a&X1andTLX3also belong to the NKL gene
subclass (Table 1). The NKL genes are not strodlgistered on the chromosomes
in contrast to theHOXA-D genes, though some NKL genes cluster in pairs. This
linkage is conserved through species especially LBXK1-TLX1, LBX2-TLX2,
NKX2-6-NKX3-landHMX2 —HMX313) and to a lesser extend fdKX2-1-NKX2-

8 and NKX2-2-NKX2-4(14) Initially, clustering is often the result of tserd
duplications, however, the conservation of somahee pairs is likely due to
shared regulatory regions.(13) In humans severdl §&nhes are loosely gathered
over large areas on chromosome bands 2p13, 4p15gB86, and 10g23-26 (Table
1).

NKL HOMEOBOX GENES IN CANCER

Aberrant expression of NKL homeobox genes may m@ayimportant role in
oncogenesis. Different abnormalities of NKL geneseh been associated with
cancer (Table 2). For exampldKX2-1is amplified in 3-12% of primary lung
adenocarcinomas(15, 16) and in 33% of lung canedir limes(15). However,
amplification is significantly less frequent in ethtypes of lung cancer, and
deletion ofNKX2-1has been described in squamous lung carcinomag{Xégent
study demonstrated a suppressive effe®tkbk2-1expression on the progression

Table 1. (page 93) NKL homeobox genes

Each grey box corresponds to a separate brandmeiphylogenetic tree as described by
Holland et al(5) and therefore contains genes #rat more related in regard to the
homeodomain. Pseudogenes are left out of the table.
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Family Drosophila Gene Synonyms Location  Eh-1 motif
homologue FxIxxIL
Nk2.1 scarecrow NKX2-1  TITF1, TTF1, NKX2A, TEBP  14913.3 FSVSDI L
(scro NKXZ-4 NKX2C 20pl1.: FSVSDI L
Nk2.2 ventral nervous systen NKX2-2  NKX2B 20p11.2 FSVKDI L
defective (vnd)/NK2 ~ NKX2-8  NKX2H 14913.3 =
Nk3 bagpipe NKXE-1 NKX3A, BAPX 8p21.: FLI QDI L
(bap) NKX3-2  BAPX1 4p15.33 FSI QAI L
Nk4 tinman NKX2-3  NKX2C, CSX3 10g24.2 FSVKDI L
(tin)/NK4 NKXZ2-5 NKX2E, CSX1, C< 5035.: FSVKDI L
NKX2-6  CSX2 8p21.2 FSVKDI L
Nk5 H6-like-homeobox HMX1 NKX5-3 4p16.1 FLI ENLL
(hmx HMX2 NKXE-2 10026.: FTI QSI L
HMX3 NKX5-1 10g26.1  FSI KNLL
Nk6 Hgtx NKX6-1  NKX6A 4g21.23 HG NDI L
NKX6-2  NKX6B 10g26.1 HGE SDI L
NKX6-3 8pl11.21 HA TDIL
TIx C15 TLX1 HOX11, TCL3 10g24.3 FGDQL
TLX2 HOX11L1, NCX, ENX 2p13.1 FA DQ L
TLX3 HOX11L2, RNX 5035.1 FA DQ L
Msx drop MSX1 HOX7 4p16.2 =
(dr) MSX2 5035.2 =
Nanog - NANOG  FLJ12581 12p13.3 =
DIx Distal-less DLX1 2g31.1 =
(din DLX2 TES1 2g31.1 =
DLX3 17921.3 =
DLX4 DLX7, BP1 17921.3 =
DLX5 7921.3 =
DLX6 7921.3 =
Dbx CG12361 DBX1 11p15.1 FGVNAI L
DBX2 12g12 FLI ENLL
Bsx Brain specific BSX BSX1 11g24.1 FFIEDIL
homeobox gene (bsh)
Barx - BARX1 9g22.32 FMEEIL
BARX2 11g24.3 FM DEIL
Barhl BarH1 BARHL1 9g34.13 FADSIL
BarH2 BARHL2 1p22.2 FA DTI L
Lbx ladybird early (Ibe) LBX1 LBX1H 10g24.3 FSI EDI L
ladybird late(Ibl) LBX2 2pl3.1 LSI ADI L
Hix H2.0 HLX HB24, HLX1 1g41 FCl ADI L
Hhex CG7056 HHEX PRH, PRHX 10g23.3 FYIEDIL
En Engrailed (en) EN1 2q14.2 FFI DNI L
Invected (inv) EN2 70936.3 FFI DNI L
Vax - VAX1 10g26.1 =
VAX2 2p13.3 =
Ventx - VENTX 10g26.3 -
Emx Empty Spiracles (ems) EMX1 2pl13.2 =
E5 EMX2 10g26.1 =
Noto CG18599 NOTO 2p13.2 FSVEAI L
Nk1 slouch NKX1-1  HSPX153, HPX153 4p16.3 FSVLDI L
(slou) NKX1-2  C10orf121 10g26.1 o
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of lung adenocarcinoma.(18) This suggests H&X2-1 can function as a tumor
suppressor gene as well as an oncogene in lungrcdapending on the subtype,
but can also have a dual function within a lungceansubtype.(18) Also in
theabsence of genetic hits, certain NKL homeobaegédave been associated with
oncogenesis as crucial downstream targets of egtedl oncogenes, or by effects
on proliferation, differentiation or apoptosiBaple 2). For exampleNKX2-2is a
critical target of the EWS/FLI fusion protein in E\g’'s sarcoma(19) and in clear
cell sarcoma, a fusion of EWS/ATF-1 is responsibfeNKX6-1upregulation(20).
Hypermethylation of promoter regions of specific INKenes has also been
reported in human cancer, but in most cases thgnifisance in oncogenesis
remains poorly understood (Table 2). Promoter hye¢nylation of NKL genes
has also been interpreted as a sign of mitotic ag#l possibly predisposing for
certain types of cancer.(21, 22)

NKL HOMEOBOX GENES IN LEUKEMIA

Leukemia can be divided in myeloid, B- or T-celukemia depending on the
precursor cell that gave rise to the leukemia.drmal B- and T-cell development,
immunoglobulin (heavy and lambda or kappa lightichand T-cell receptors
(TCR-alpha, -beta, -gamma or -delta) are rearrangguovide a wide diversity in
antigen recognition. This process involves douliarsled DNA breaks, deletion,
random addition of nucleic acids and ligation of MEnds. Disregulation of this
process can result in chromosomal translocatiomsversions that may lead to the
ectopic expression of oncogenes. Such oncogenmsltreations are common in
hematopoietic malignancies, in fact, more than Sfi%/mphatic leukemias and
lymphomas carry chromosomal translocations thatliresthe immunoglobulin or
TCR genes(85). To date, many different oncogengs baen identified that are
ectopically expressed as consequence of such dcatigins. Among these are
homeobox genes such BOXA andHOXB genes (for review of HOX genes in
leukemia, see (7-10)). Thus far six NKL homeoboreghave been described to
be involved in chromosomal translocations or ingrs in leukemia and an
additional four have been implicated in leukemogendy aberrant expression
(Table 2).

Table 2: (page 95) NKL aberrations associated withancer
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)(g23;p15)(23))

NKX2-1in pediatric T-ALL (inv(14)(q11.2q13), inv(14)(q13932.33), t(7;14)(c343))(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,;932.2), t(5;14)(g35;q11))

TLX1in T-ALL (t(10;14)(q24;911),t(7;10)(g35;924))

TLX3in T-ALL (t(5;14)(935;932)(28-31) t(5;14)(q32;911)(32), t(%iB5;q21)(30),
del(5)(935.1)(33))

Deletions

BARX?2as part of a del(11)(q24a25) in ovarian carcinoB4a36)

EMX2 as part of a del(10)(q25.3g26.1) in endometrial caf8#®
NKX2-1andNKX2-8in lung carcinoma (17)

NKX2-3as part of a del(10)(g23.31924.33) in sporadic eckat cancer(38)

Amplifications

DLX4in breast cancer (39)
NKX2-1andNKX2-8in lung adenocarcinoma(15, 16)

Mutations

EMX2in endometrial cancer(37)

SNP

HLX increased risk of therapy related AML(40)
MSXlincreased risk dbreast cancer (41)
NKX3-lincreased risk of prostate cancer(42)

Overexpression

BARX2in estrogen dependent breast cancer cell lines(43)

DLX4 in prostate cancer(44) lung cancer(4@pmyelocytic leukemia(46), AML and T-
ALL(47) and breast cancer (4&LX5 in ovarian cancer(49) and lung cancer(50)
LBX1in breast cancer(51)

MSX2in pancreatic cancer(52-54)

NKX2-2in Ewing’s sarcoma(19).

NKX2-5in ovarian yolk sac tumors (55)

NKX3-1in lobular breast carcinomas(56, SMKX3-1in TAL1 rearranged T-ALL(58, 59)
NKX6-1in clear cell sarcoma(20)

TLX2in T-ALL(60)

VENTX in AML(61)

Downregulation

DLX4 in colorectal cancer(62)
HLX in colorectal cancer(62)
MSX1in cervical cancer(63)
NKX2-3in liver metastases of gastrointestinal carcinomas(64)

Promoter
hypermethylation

BARHL1andTLX2in melanoma cell lines(65)

DLX1 andLBX1in lung cancer(66)

DLX1 and DLX4 in chronic lymphocytic leukemia(67)

DLX2-4in AML, DLX4in breast cancer(68)

EMX2in lung carcinoma (69)

EN1, LBX2, NKX2-4 and NKX2ib salivary gland carcinoma(70)

HMX2 in colorectal cancer cell lines(71)

MSX1in T-ALL(72) lung, breast, colon, prostate and gastric cancer@)3,
MSX2in ALL(75)

NKX2-2andDLX2 in luminal breast cancer(76)

NKX2-3in melanoma cell lines(77)

NKX2-5in MDS and acute leukemia(21)NKX2-5in prostate cancer(22)
NKX3-1in prostate cancer (78)

NKX6-1 in cervical cancer(79, 80ALL(81) and small B-cell lymphoma(82)
NKX6-1, BARHL2, NKX2-6, DLX2, ENthdNKX2-8in astrocytomas(83)
TLX3in prostate cancer(84)
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NKX2-1 and NKX2-2

Our group recently reported on thiKX2-1andNKX2-2 genes that are amplified
(<1%) or involved in TCR or immunoglobulin drivehromosomal translocations
or inversions in ~5% of pediatric T-cell acute lymoplastic leukemia (T-ALL)
patients(24). Repositioning of enhancer regionsmfral-cell receptor or
immunoglobulin loci adjacent tNKX2-1 or NKX2-2results in aberrant activation
of these gened\NKX2-1 and NKX2-2 are very related homeobox genes forming
gene families Nk2.1 and Nk2.2 together witKX2-4andNKX2-8 Normally these
genes are not expressed in T-cells or their precs(®6) and the mechanisms by
which they can contribute to leukemia is not yedacl T-ALL cases harboring
theseNKX2-1 or NKX2-2rearrangements shared a gene expression signethre
T-ALL patients harboring a translocation involviig X1, another NKL gene. Of
interest, varioug LX1 rearranged T-ALL cases exprd$KX2-1, albeit to a lower
level compared toNKX2-1 rearranged T-ALL cases. This signature was
characterized by high expression of genes invoinedroliferation(24). In most
cases the lymphoblasts of these patients are edrastthe early cortical stage of
thymocyte development(87-90).

TLX1 (HOX11)

The TLX1 gene is upregulated by translocations in ~7% ofgted and ~30% of
adult T-ALL patients(29, 31, 91, 92)LX1aberrations have a been associated with
a relative good prognosis(91-94). NormallyX1is not expressed in adult T-cells,
thymocytes or hematopoietic stem cells (95, 96) [R& plays a role in spleen and
neural development(97-99). TLX1 is able to immormldifferent hematopoietic
cell lineages including T-cells(100-103), and owvexpression of TLX1 in
transgenic mice results in lymphoid tumors withddatency(101, 104). TLX1
promotes proliferation and blocks differentiatioh lrematopoietic precursors,
thereby contributing to leukemogenesis(100-102-10%), andTLX1 deregulated
T-ALL patients highly express genes that are ingdiuin proliferation(24, 31).
TLX1 enhances MYC protein levels by posttransonipdl regulation(111). It also
has abrogating effects on cell cycle check poifds, instance through down
regulation of CHEK1(104)or inhibition of protein serine-threonine phospaisas
PP1 and PP2A(110, 112). Additionally, TLX1 may re®&se genomic
instability(104).
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TLX2 (HOX11L1)

TLX2is normally not expressed in thymocytes(86) but tughly up regulated in a
single T-ALL patient in a cohort of 92 patients(6This patient co-clustered with
TLX3rearranged cases in hierarchical cluster anahas&ed on micro-array gene-
expression data(60), suggesting the existenceafdjr T-ALL cases where the
TLX2 gene plays an oncogenic role, that is homologodd.X3rearranged cases.
So far however, no translocation of this gene lnbdentified in this patient(60),
therefore the role ofLX2in T-ALL is not yet clear.

TLX3 (HOX11L2)

About 20% of pediatric and 5% of adult T-ALL patiermre characterized Ay X3
rearrangements and ectopic expression mostly dua typtic translocation
t(5;14)(935;932)(28, 29, 113-115) placii@ X3 under the influence of the distal
enhancer region downstream BCL11K28-31) In sporadic cases variaft.X3
aberrations have been reported such as translosatm the TRA/D@(32) or
CDK®6(30) gene, a del(5)(g35.1)(33) or more complexregmyements involving
the 5q35region(30). AlikdLX1andTLX2 TLX3is not expressed in normal T-cell
development. Leukemogenic modes of action¥lof3 have not been extensively
studied. AsTLX1 and TLX3 are closely related genes, a common oncogenic
pathway is expected. This is supported by thetfatthey can cluster together in
gene-expression based hierarchical cluster angB4js31, 58) On the other hand,
supervised gene-expressing profiling shows distprofiles for TLX1 and TLX3
rearranged cases(60) and both groups have a diffetmical outcome;TLX1
rearranged patients have a better prognosis Thxi3 rearranged.(31, 91-94, 113-
116) In addition,TLX3 cases are associated with tRdineage and immature T-
cell development whereasTLX1 cases are associated withf-lineage
commitment(87, 88, 114)ILX1-3 chromosomal aberrations are not reported in
other types of cancer.

NKX2-5

NKX2-5 translocations to eitheFRD@ or BCL11B sites are seen in sporadic T-
ALL cases(25, 26). A single case of atypical B-a#ltonic proliferative disorder
has also been described to carkaX2-5translocation(27)NKX2-5is normally
not expressed in thymocytes(26, 86) but involvedpleen and muscle formation.
Different pathways that are targeted by NKX2-5 hagen proposed to play a role
in leukemogenesis. NKX2-5 activates NOTCH3(117) almhican enhance
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survival(118, 119) and NKX2-5 causes upregulatibmiR-17-92 which may lead
to increased proliferation(120). Additionally, NKX®2 binds the promoter of
MEF2Cand activateMEF2C transcription in T-ALL cell lines(24, 121). Recbnt
we identifiedMEF2C as central oncogene in an immature T-ALL subgrthat
shares characteristics with early T-cell precurd&EP-ALL). In these patients,
genetic aberrations were identified that targ@EF2C or MEF2Cregulating
transcription factors, includingNKX2-5(24) During early normal T-cell
developmentMEF2C is down regulated and ectopMEF2C expression has been
shown to provide a differentiation block(24). MEF2&n also inhibit apoptosis by
repressing NR4A1/NUR77 which subsequently prevéaissformation of BCL2
into a pro-apoptotic factor(121).

HHEX

ETP-ALL is characterized by early T-cell developtararrest(24, 31, 122) and
ectopic expression dfMO2, LYL1 and the NKL homeobox ge¢HEX(24, 31).
We previously demonstrated tHa¥lO, LYL1landHHEX are transcriptional targets
of MEF2C.(24)HHEX may represent an important transcriptional targetegfor
this T-ALL subtype, asHHEX itself is sufficient to initiate self-renewal in
thymocytes(123) andHex can induce T-cell-derived lymphomas when over
expressed in hematopoietic precursor cells in g HHEX is highly expressed
in normal hematopoietic stem cells and down regulats necessary for normal T-
cell development(124, 125), whereas most other tepogetic lineages maintain
HHEX expression(126) (86). So far no genetic abnormalibf theHHEX gene
itself have been found in human T-ALL, though FlS@idalysis for possible
translocations involving theHHEX 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)(g23;p15).(23) NUP98 is often involved marislocations that result in
fusion genes and more than 20 different partneeg&ave been described. Among
these are several other Antp homeobox genes suchGaSA9(127, 128),
HOXD11129) andHOXC13130). For most NUP98-homeodomain fusion proteins
transforming capacities have been demonstratedtréhsforming activity seems
to depend primarily on the NUP98 N-terminus andeastt in part on an intact
homeodomain.(23) (131)
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NKX3-1

NKX3-1has been found over expressed AL1/LMOrearranged T-ALL(58, 59).
Normally TAL1 is only expressed in the early thymocyte diffeisdiin stages
(CD34+, CDla-, CD4- and CD8-)(132) but it is abetlyg up regulated by
interstitial deletions, translocations or unknowaamanisms in more than 40% T-
ALL cases.(31, 91, 114, 133, 134) TAL1 can bindnany target genes. One of its
target genes is the NKL homeobox geMEX3-1 TAL1 binds to theNKX3-1
promoter in a complex with LMO, Ldbl and GATA3 arattivates its
transcription(59). NKX3-1 in turn seems to be rieegh for T-ALL proliferation
and accordingly, genes associated with NKX3-1 esgpom found by gene-
expression analysis were involved in proliferati8)( NKX3-1 was shown to
potentially down regulate microRNAs of the miR-17-8luster andNKX3-1 and
mMiR-17-92 expression were inversely correlated(5®wever, T-ALL oncogenes
NKX2-5and TLX1 were reported to up regulate these miRNAs in T-&20) in
line with reported leukemogenic activity of this RNA cluster in T-ALL
models(135). Therefore the role of miR-17-92 suggia by NKX3-1 in T-ALL
is not clear. Normally NKX3-1 is not expressed dukh tissues except in prostate
and testis(136).

HLX

The NKL geneHLX has been suggested as a potential oncogene in #MLT-
ALL. HLX is normally expressed in activated T-cells andyehematopoietic
progenitors.(137, 138) Knock down of HLX in CD34ere marrow cells inhibits
proliferation, while over expression of HLX impaidifferentiation into mature
hematopoietic lineages(138). HLX promotes prolifiera in the T-ALL cell line
Jurkat(139) and HLX stably transfected Jurkat gettsduce tumors in mice.(140)
High levels of HLX have been demonstrated in AMLltigyat samples(141) and a
SNP in the 3-UTR ofHLX is associated with increased risk of therapy eélat
AML(40). No genetic aberrations ¢1LX have been found in T-ALL or AML.
HLX is not associated with other types of cancer as@ene or tumor suppressor
gene.

VENTX

VENTXis highly expressed in a small portion of acutesloigl leukemia patients,
especially those with translocation t(8,21) or anmal karyotype(61), but whether
it actually has a role in leukemogenesis is naircl€here are inconsistencies in the
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reports on the expression levels VENTX in normal hematopoietic lineages.
Healthy CD34+ early hematopoietic cells express VEMt low to undetectable
levels while mature myeloid cells highly expresENTX(61, 86) Some reports
describeVENTX expression inmature B- and T-cells(142), while others have
reported low to absent expression in these cedigifil) (86). Enforced expression
of VENTX in CD34+ progenitor cells impairs B- andcéll development but
promotes the development of myeloid cells(64ENTXknockdown in AML cell
lines impairs proliferation, suggesting a possibfeogenic role foWENTX in
AML or a role in promoting myeloid phenotype ovemmiphoid phenotype in
preleukemic or leukemic clones(61). In contrastcimonic lymphoid leukemia,
VENTX has been suggested as a potential tumor suppreesm@(142) that
functions by inducing cell senescence through tl#ivation of p53 and
p16™“2(143)

DLX2, DLX3andDLX4

In pediatric precursor B-ALL patients carrying anLMAF4 translocation,
decreased levels dDLX2,3 and 4(144) have been reported, possibly due to
promoter hypermethylation of these genes.(145) pbisats to a tumor suppressor
like role of these genes in this leukemia type. Eesv, the role of these specific
NKL genes in oncogenesis is not clear, as externmsiemoter hypermethylation of
many genes was recently demonstrated in MLL-AFAhsiccated 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 foundeto\er expressed, it has been
concluded that homeobox genes act as oncogenesaddg®;, studies have also
reported deletions and down regulation of homealenes as important oncogenic
events. Hence NKL genes cannot be considered amssicl oncogenes'.
Apparently, the same NKL gene can act as an onegetumor suppressor gene
depending on the cellular context. In general it ba stated that homeobox genes
that are normally expressed in undifferentiatedscate up regulated in cancer,
whereas homeobox genes that are normally exprasstitferentiated 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 NKLeges are implied in
leukemogenesis, especially compared to other typkescancer (Table 2).
Approximately 30% of pediatric T-ALL cases harbor 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 NIKeggis even higher, as
TAL1 rearranged cases over expré#sX3-1 and immature T-ALL casesver
expresHHEX. In addition, high expression of some NKL geneshsasNKX2-1,

is observed in some cases where no genetic aloerratis identified. Seven out of
eight NKL homeobox genes that are association WihLL (NKX2-1, NKX2-2,
NKX2-5, NKX3-1, TLX1, TLX2nd TLX3 are part of a separate branch in the
phylogenetic tree of the NKL homeobox genes andetbe= have a similar
homeodomain(5) (boxed in table 1). All these segenes are not expressed in
normal T-cell development. The other gerldHEX, is part of a separate
phylogenetic tree branch and is expressed in dwiyatopoietic stages and down
regulated upon T-cell development. Two differentt bwompatible lineage
dependency models have been proposed for oncogéeesthe “oncogene
addiction” model and the “lineage-survival modefs the oncogene addiction
model states that an oncogene will provide a tuspaecific gain-of-function, the
lineage-survival model poses that tumors may becdegendent on survival
pathways that are already present in the preceedts of the specific cell lineage.
The seveNKX andTLX genes mentioned above might be involved in dowastr
pathways that are normally not involved in earlycdll development, but are
nonetheless beneficial for survival of thymocytes,line with the ‘oncogene
addiction model’. On the other hand, these genegtrmimic NKL genes that
play a role in normal hematopoietic developmergréby making use of existing
pathways, in line with a ‘lineage survival modeHHEX(108) and MSXZ117)
have both been proposed as candidate genes thatt lImeignimicked by ectopically
expressed NKL geneBlHEX is highly expressed in hematopoietic progenitog a
down regulated upon T-cell differentiatioRlHEX has also been implicated in
leukemogenesis (see above), which makeEX a more likely candidate to be
mimicked by NKL genes in T-ALL.

NKLs MODES OF ACTION
NKLs have been implied in different processes dssdior oncogenesis especially
differentiation, proliferation and apoptosis (sé®\we). The exact mechanisms by
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which these processes are regulated remains poondgrstood. In general, NKL
genes function predominantly as transcriptionalrespors, though activating
properties have also been described(108, 148, 1M@)e than half (32/48) of the
NKL homeodomain proteins contain a conserved Etggtdiomogy 1 (Eh1) motif
(FxIxxIL, whereby x can be any amino acid) (150,11%t their N-terminal
(defined here as having at least 3 out of 4 comseamino acids present at the
correct position at the N-terminal side, Table e Eh1 domain functions as a
strong transcriptional repressor. It can interaith wWransducin-like Enhancer-of-
split (TLE) co-repressor proteins(152) and thes#gins can induce transcriptional
repression by recruiting histone deacetylases(158). ForHHEX and TLX1, it
has been shown that the interaction with TLE pnstas important in regulating
downstream targets in hematopoietic lineages a$ agelin T-ALL(111, 155).
Binding of TLE can result in repression of trangttan of NKL targets, but it can
also act as a competitive substrate for TLE pretealieving other factors from
TLE-mediated repression and activation of transiomg156). For example, TLX1
expression enhances NOTCH1 signaling in a T-ALLI daele, partly by
sequestering TLE from the HESI1-TLE-mediated trapsonal repression
complex(111, 157). In line with this hypothesis atadies that have identified
direct down regulation of TLE proteins by promoteypermethylation and
deletions in acute myeloid leukemia(158, 159). M{L genes associated with T-
ALL have an Ehl-like motif at their N-terminal. Is therefore tempting to
speculate that transcriptional repression throhghghl motif and TLE scavenging
may be general mechanisms by which NKLs promotkeemgenesis in T-ALL.
Besides TLE, GATA proteins also interact with NKktofeins. Together they can
activate target genes in muscle and lung tissue{®d(). What could be important
downstream factors of NKL genes, or proteins affdcby NKL genes in
leukemogenesis? In general, gene-expression asdiysa shown enrichment of
genes involved in proliferation infTLX1, TLX3, NKX2-1/2-2 and NKX3-1
rearranged T-ALL patients(24, 31, 58, 59). Bes@e@eneral profile, specific genes
or miRNAs have been identified for each of theseLNf¢enesNOTCH3has been
identified as a recurrent target of NKL proteinsXil, MSX2 and NKX2-5(117).
NOTCHS3 over expression induces T-cell lymphomasnine(118) and is highly
expressed in all thirty T-ALL cases examined in tadg by Bellavia and
others(165) posing a possible important NKL doweestn target.
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SUMMARY AND FUTURE IMPLICATIONS

NKLs are implicated in divergent types of canced aan function as oncogene or
tumor suppressor gene, depending on the tissue t@meogenes are down
regulated during tissue development in normal éssvhereas tumor suppressor
genes are normally up regulated during differelmimatMany different NKLs are
involved in T-ALL compared to other types of cancEne over expression of eight
different NKL genes has been associated with T-Aldvering the majority of
pediatric T-ALL cases. Most of these NKLs are ndtynaot expressed in T-cell
development. This suggests a potential similar ciongam effect that promotes
leukemogenesis in T-cell progenitors, possibly tuenimicking of a NKL gene
that is expressed in early hematopoietic developée HHEX. As all eight
NKL genes posses a conserved Ehl repressor mioisf, hight also play an
important role. A common downstream pathway of NKuhight prove difficult to
be discovered, especially when most gene-expresamatyses are focused on
comparisons between subgroups in T-ALL. To eluedatpotential common role
of NKL genes in T-ALL, comparisons with normal thgoytes subsets in
combination with ChlP-on-chip or chip-seq analyarsl functional knock-down
and knock-in experiments will be essential.

CONFLICT OF INTEREST
Authors have no conflicts of interest to disclose.

103



Chapter 4

REFERENCES

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

104

Gehring WJ. Master Control Genes in Developmend Evolution: The
Homeobox Story. first ed. New Haven: Yale Univers$tress; 1998.

Garber RL, Kuroiwa A, Gehring WJ. Genomic andNéDclones of the homeotic
locus Antennapedia in Drosophila. The EMBO jourdfi83;2(11):2027-2036.
Scott MP, Weiner AJ, Hazelrigg TI, Polisky BAjrietta V, Scalenghe F,
Kaufman TC. The molecular organization of the Amigmedia locus of
Drosophila. Cell. 1983 Dec;35(3 Pt 2):763-776.

Qian YQ, Billeter M, Otting G, Muller M, Gehring/J, Wuthrich K. The structure
of the Antennapedia homeodomain determined by Ng€Tsoscopy in solution:
comparison with prokaryotic repressors. Cell. 188& 3;59(3):573-580.

Holland PW, Booth HA, Bruford EA. Classificatiomnd nomenclature of all
human homeobox genes. BMC biology. 2007;5:47.

Shah N, Sukumar S. The Hox genes and their rolesncogenesis. Nat Rev
Cancer. 2010 May;10(5):361-371.

McGonigle GJ, Lappin TR, Thompson A. Grapplinghwthe HOX network in
hematopoiesis and leukemia. Front Biosci. 2008 2%744308.

Argiropoulos B, Humphries RK. Hox genes in hawpaiesis and leukemogenesis.
Oncogene. 2007 Oct 15;26(47):6766-6776.

Abramovich C, Humphries RK. Hox regulation of rmal and leukemic
hematopoietic stem cells. Curr Opin Hematol. 200%/\I2(3):210-216.
Abramovich C, Pineault N, Ohta H, Humphries RKx genes: from leukemia to
hematopoietic stem cell expansion. Annals of thes Nerk Academy of Sciences.
2005 Jun;1044:109-116.

Grier DG, Thompson A, Kwasniewska A, McGoni@d, Halliday HL, Lappin
TR. The pathophysiology of HOX genes and their ialeancer. J Pathol. 2005
Jan;205(2):154-171.

Kim Y, Nirenberg M. Drosophila NK-homeobox gendlroceedings of the
National Academy of Sciences of the United Statds Amnerica. 1989
Oct;86(20):7716-7720.

Wotton KR, Weierud FK, Juarez-Morales JL, AbaLE, Dietrich S, Lewis KE.
Conservation of gene linkage in dispersed vertebiK homeobox clusters.
Development genes and evolution. 2009 Oct;219(2480)496.

Wang CC, Brodnicki T, Copeland NG, Jenkins NAarvey RP. Conserved
linkage of NK-2 homeobox gene pairs Nkx2-2/2-4 #ck2-1/2-9 in mammals.
Mamm Genome. 2000 Jun;11(6):466-468.

Kwei KA, Kim YH, Girard L, Kao J, Pacyna-Gengath M, Salari K, Lee J, Choi
YL, Sato M, Wang P, Hernandez-Boussard T, GazdarPdtersen I, Minna JD,
Pollack JR. Genomic profiling identifies TITF1 asliaeage-specific oncogene
amplified in lung cancer. Oncogene. 2008 Jun 52)/8535-3640.

Weir BA, Woo MS, Getz G, Perner S, Ding L, Bédoim R, Lin WM, Province
MA, Kraja A, Johnson LA, Shah K, Sato M, Thomas Mgrletta JA, Borecki IB,
Broderick S, Chang AC, Chiang DY, Chirieac LR, ChoFujii Y, Gazdar AF,
Giordano T, Greulich H, Hanna M, Johnson BE, KrisGMLash A, Lin L,
Lindeman N, Mardis ER, McPherson JD, Minna JD, MorgViB, Nadel M,
Orringer MB, Osborne JR, Ozenberger B, Ramos AHjiRson J, Roth JA, Rusch



NKL homeobox genes in leukemia

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

V, Sasaki H, Shepherd F, Sougnez C, Spitz MR, T¥8&p Twomey D, Verhaak
RG, Weinstock GM, Wheeler DA, Winckler W, Yoshizawa Yu S, Zakowski
MF, Zhang Q, Beer DG, Wistuba, Il, Watson MA, Garag LA, Ladanyi M,
Travis WD, Pao W, Rubin MA, Gabriel SB, Gibbs RAarvhus HE, Wilson RK,
Lander ES, Meyerson M. Characterizing the cancenoge in lung
adenocarcinoma. Nature. 2007 Dec 6;450(7171):883-89

Harris T, Pan Q, Sironi J, Lutz D, Tian J, Sapk Perez-Soler R, Keller S, Locker
J. Both gene amplification and allelic loss occul4g13.3 in lung cancer. Clin
Cancer Res. Dec 10.

Winslow MM, Dayton TL, Verhaak RG, Kim-Kiseldk Snyder EL, Feldser DM,
Hubbard DD, DuPage MJ, Whittaker CA, Hoersch S, ivd®, Crowley D,
Bronson RT, Chiang DY, Meyerson M, Jacks T. Supmposs of lung
adenocarcinoma progression by Nkx2-1. Nature. 204y 5;473(7345):101-104.
Smith R, Owen LA, Trem DJ, Wong JS, Whangbo@&ub TR, Lessnick SL.
Expression profiling of EWS/FLI identifies NKX2.2saa critical target gene in
Ewing's sarcoma. Cancer cell. 2006 May;9(5):405-416

Jishage M, Fujino T, Yamazaki Y, Kuroda H, Nakaa T. Identification of target
genes for EWS/ATF-1 chimeric transcription factd@ncogene. 2003 Jan
9;22(1):41-49.

Mossner M, Hopfer O, Nowak D, Baldus CD, Neum&ah Kmetsch A, Benlasfer
O, John T, Perka C, Thiel E, Hofmann WK. Detectafrdifferential mitotic cell
age in bone marrow CD34(+) cells from patients withelodysplastic syndrome
and acute leukemia by analysis of an epigeneticoutdr clock DNA signature.
Experimental hematology. 2010 Aug;38(8):661-665.

Kwabi-Addo B, Chung W, Shen L, Ittmann M, Wtezel, Jelinek J, Issa JP. Age-
related DNA methylation changes in normal humarsiate tissues. Clin Cancer
Res. 2007 Jul 1;13(13):3796-3802.

Jankovic D, Gorello P, Liu T, Ehret S, La StaR, Desjobert C, Baty F, Brutsche
M, Jayaraman PS, Santoro A, Mecucci C, Schwalleedkemogenic mechanisms
and targets of a NUP98/HHEX fusion in acute myeleitkemia. Blood. 2008 Jun
15;111(12):5672-5682.

Homminga |, Pieters R, Langerak AW, de Rooi Stybbs A, Verstegen M,
Vuerhard M, Buijs-Gladdines J, Kooi C, Klous P, vdherberghe P, Ferrando
AA, Cayuela JM, Verhaaf B, Beverloo HB, Horstmanndé Haas V, Wiekmeijer
AS, Pike-Overzet K, Staal FJ, de Laat W, SoulieSijaux F, Meijerink JP.
Integrated Transcript and Genome Analyses ReveaKNK and MEF2C as
Potential Oncogenes in T Cell Acute Lymphoblastrkemia. Cancer cell. 2011
Apr 12;19(4):484-497.

Nagel S, Kaufmann M, Drexler HG, MacLeod RAeTdardiac homeobox gene
NKX2-5 is deregulated by juxtaposition with BCL11iB pediatric T-ALL cell
lines via a novel t(5;14)(q35.1;932.2). Cancer aesle. 2003 Sep 1;63(17):5329-
5334.

Przybylski GK, Dik WA, Grabarczyk P, WanzeckChudobska P, Jankowski K,
von Bergh A, van Dongen JJ, Schmidt CA, Langerak.AWe effect of a novel
recombination between the homeobox gene NKX2-5taadlRD locus in T-cell

105



Chapter 4

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

106

acute lymphoblastic leukemia on activation of th€X2-5 gene. Haematologica.
2006 Mar;91(3):317-321.

Su X, Della-Valle V, Delabesse E, Azgui Z, BargR, Merle-Beral H, Bernard
OA, Nguyen-Khac F. Transcriptional activation oktleardiac homeobox gene
CSX1/NKX2-5 in a B-cell chronic lymphoproliferativéisorder. Haematologica.
2008 Jul;93(7):1081-1085.

Bernard OA, Busson-LeConiat M, Ballerini P, Mhauffe M, Della Valle V,
Monni R, Nguyen Khac F, Mercher T, Penard-Lacrorif) Pasturaud P, Gressin
L, Heilig R, Daniel MT, Lessard M, Berger R. A nawcurrent and specific
cryptic translocation, t(5;14)(g35;932), is assteda with expression of the
Hox11L2 gene in T acute Ilymphoblastic leukemia. Reyoia. 2001
Oct;15(10):1495-1504.

Berger R, Dastugue N, Busson M, Van Den AkkeiPdrot C, Ballerini P,
Hagemeijer A, Michaux L, Charrin C, Pages MP, MugheF, Andrieux J,
Talmant P, Helias C, Mauvieux L, Lafage-Pochitaldff Mozziconacci MJ,
Cornillet-Lefebvre P, Radford I, Asnafi V, Bilhouadera C, Nguyen Khac F,
Leonard C, Speleman F, Poppe B, Bastard C, Tav&awQuilichini B, Herens C,
Gregoire MJ, Cave H, Bernard OA. t(5;14)/HOX11LXpoe T-cell acute
lymphoblastic leukemia. A collaborative study ofetiGroupe Francais de
Cytogenetique Hematologique (GFCH). Leukemia. 2668;17(9):1851-1857.

Su XY, Busson M, Della Valle V, Ballerini P, 8&tague N, Talmant P, Ferrando
AA, Baudry-Bluteau D, Romana S, Berger R, Bernam. @arious types of
rearrangements target TLX3 locus in T-cell acutagiioblastic leukemia. Genes,
chromosomes & cancer. 2004 Nov;41(3):243-249.

Ferrando AA, Neuberg DS, Staunton J, Loh MLaiduC, Raimondi SC, Behm
FG, Pui CH, Downing JR, Gillland DG, Lander ES,|IBD TR, Look AT. Gene
expression signatures define novel oncogenic pathwen T cell acute
lymphoblastic leukemia. Cancer cell. 2002 Feb;¥8-87.

Hansen-Hagge TE, Schafer M, Kiyoi H, Morris SWhitlock JA, Koch P,
Bohlmann I, Mahotka C, Bartram CR, Janssen JW. upigsn of the
RanBP17/Hox11L2 region by recombination with theRD@lta locus in acute
lymphoblastic  leukemias  with  1(5;14)(q34;q11). Leuka. 2002
Nov;16(11):2205-2212.

Van Vlierberghe P, Homminga |, Zuurbier L, Glatks-Buijs J, van Wering ER,
Horstmann M, Beverloo HB, Pieters R, Meijerink {fdoperative genetic defects
in TLX3 rearranged pediatric T-ALL. Leukemia. 2088r;22(4):762-770.

Sellar GC, Li L, Watt KP, Nelkin BD, Rabiasz ,GStronach EA, Miller EP,
Porteous DJ, Smyth JF, Gabra H. BARX2 induces aaulteexpression and is a
functional suppressor of ovarian cancer progressitancer research. 2001 Oct
1;61(19):6977-6981.

Davis M, Hitchcock A, Foulkes WD, Campbell IQRefinement of two
chromosome 119 regions of loss of heterozygosityowarian cancer. Cancer
research. 1996 Feb 15;56(4):741-744.

Gabra H, Watson JE, Taylor KJ, Mackay J, LedriR€, Steel CM, Porteous DJ,
Smyth JF. Definition and refinement of a regionlo$s of heterozygosity at



NKL homeobox genes in leukemia

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

11923.3-924.3 in epithelial ovarian cancer assediatith poor prognosis. Cancer
research. 1996 Mar 1;56(5):950-954.

Noonan FC, Mutch DG, Ann Mallon M, Goodfellow.RCharacterization of the
homeodomain gene EMX2: sequence conservation, ssipre analysis, and a
search for mutations in endometrial cancers. Geewr2001 Aug;76(1-3):37-44.
Wang X, Zbou C, Qiu G, Fan J, Tang H, Peng &eé&hing of new tumor
suppressor genes in sporadic colorectal cancezmatiHepato-gastroenterology.
2008 Nov-Dec;55(88):2039-2044.

Cavalli LR, Man YG, Schwartz AM, Rone JD, ZhavigUrban CA, Lima RS,
Haddad BR, Berg PE. Amplification of the BP1 hom@olgene in breast cancer.
Cancer genetics and cytogenetics. 2008 Nov;18dD4l

Jawad M, Seedhouse CH, Russell N, Plumb M. rRaghisms in human
homeobox HLX1 and DNA repair RAD51 genes incredse tisk of therapy-
related acute myeloid leukemia. Blood. 2006 De©8(12):3916-3918.

Sliwinski T, Synowiec E, Czarny P, Gomulak BfrRa E, Morawiec Z, Morawiec
J, Dziki L, Wasylecka M, Blasiak J. The c.469+46d&b mutation in the
homeobox MSX1 gene--a novel risk factor in breastcer? Cancer Epidemiol.
2010 Oct;34(5):652-655.

Zheng SL, Ju JH, Chang BL, Ortner E, Sun &ds&D, Sun J, Wiley KE, Liu W,
Zemedkun M, Walsh PC, Ferretti J, Gruschus J, &s&4B, Gelmann EP, Xu J.
Germ-line mutation of NKX3.1 cosegregates with kéesy prostate cancer and
alters the homeodomain structure and function. @arresearch. 2006 Jan
1;66(1):69-77.

Stevens TA, Meech R. BARX2 and estrogen recegdftha (ESR1) coordinately
regulate the production of alternatively splicedRESsoforms and control breast
cancer cell growth and invasion. Oncogene. 2006 Z85(39):5426-5435.
Schwartz AM, Man YG, Rezaei MK, Simmens SJ,gBRE. BP1, a homeoprotein,
is significantly expressed in prostate adenocarmaand is concordant with
prostatic intraepithelial neoplasia. Mod Pathol020an;22(1):1-6.

Yu M, Wan Y, Zou Q. Prognostic significanceBR1 mRNA expression level in
patients with non-small cell lung cancer. Clin Biem. 2008 Jul;41(10-11):824-
830.

Awwad RT, Do K, Stevenson H, Fu SW, Lo-CocdCBstello M, Campbell CL,
Berg PE. Overexpression of BP1, a homeobox gerassasciated with resistance
to all-trans retinoic acid in acute promyelocyteukemia cells. Ann Hematol.
2008 Mar;87(3):195-203.

Haga SB, Fu S, Karp JE, Ross DD, Williams DMnkins WD, Behm F, Ruscetti
FW, Chang M, Smith BD, Becton D, Raimondi SC, Bdtg. BP1, a new
homeobox gene, is frequently expressed in acutkefeias. Leukemia. 2000
Nov;14(11):1867-1875.

Fu SW, Schwartz A, Stevenson H, Pinzone JJeDawt GJ, Orenstein JM,
Gutierrez P, Simmens SJ, Abraham J, Poola |, Stepi#g Berg PE. Correlation
of expression of BP1, a homeobox gene, with estrageeptor status in breast
cancer. Breast Cancer Res. 2003;5(4):R82-87.

107



Chapter 4

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

108

Tan Y, Cheung M, Pei J, Menges CW, Godwin Al¢stad JR. Upregulation of
DLX5 promotes ovarian cancer cell proliferation lephancing IRS-2-AKT
signaling. Cancer research. 2010 Nov 15;70(22):92806.

Kato T, Sato N, Takano A, Miyamoto M, Nishimusia Tsuchiya E, Kondo S,
Nakamura Y, Daigo Y. Activation of placenta-specifianscription factor distal-
less homeobox 5 predicts clinical outcome in prymang cancer patients. Clin
Cancer Res. 2008 Apr 15;14(8):2363-2370.

Yu M, Smolen GA, Zhang J, Wittner B, Schott Biachtel E, Ramaswamy S,
Maheswaran S, Haber DA. A developmentally regulateldicer of EMT, LBX1,
contributes to breast cancer progression. Genese$eldpment. 2009 Aug
1;23(15):1737-1742.

Satoh K, Hamada S, Kanno A, Hirota M, Uminttd H, Masamune A, Egawa S,
Unno M, Shimosegawa T. Expression of MSX2 predmotignancy of branch
duct intraductal papillary mucinous neoplasm of grecreas. J Gastroenterol.
2010 Jul;45(7):763-770.

Satoh K, Hamada S, Kanno A, Ishida K, Ito Hoth M, Masamune A, Egawa S,
Unno M, Shimosegawa T. Evaluation of MSX2 mRNA imu¢h cytology
specimens distinguished pancreatic carcinoma frarorec pancreatitis. Cancer
Sci. 2011 Jan;102(1):157-161.

Satoh K, Hamada S, Kimura K, Kanno A, Hirota Wimino J, Fujibuchi W,
Masamune A, Tanaka N, Miura K, Egawa S, Motoi Fn&iM, Vonderhaar BK,
Shimosegawa T. Up-regulation of MSX2 enhances takgmant phenotype and is
associated with twist 1 expression in human pamicreancer cells. Am J Pathol.
2008 Apr;172(4):926-939.

Shibata K, Kajiyama H, Yamamoto E, TerauchildMy K, Nawa A, Kikkawa F.
Establishment and characterization of an ovaridik gac tumor cell line reveals
possible involvement of Nkx2.5 in tumor developme@ncology. 2008;74(1-
2):104-111.

Turashvili G, Bouchal J, Burkadze G, Kolar 4ff@entiation of tumours of ductal
and lobular origin: 1. Proteomics of invasive dui@ad lobular breast carcinomas.
Biomedical papers of the Medical Faculty of the \wémsity Palacky, Olomouc,
Czechoslovakia. 2005 Jun;149(1):57-62.

Gelmann EP, Bowen C, Bubendorf L. ExpressionN&fX3.1 in normal and
malignant tissues. The Prostate. 2003 May 1,;55[(2)117.

Soulier J, Clappier E, Cayuela JM, RegnaultGaycia-Peydro M, Dombret H,
Baruchel A, Toribio ML, Sigaux F. HOXA genes areluded in genetic and
biologic networks defining human acute T-cell lenik& (T-ALL). Blood. 2005 Jul
1;106(1):274-286.

Kusy S, Gerby B, Goardon N, Gault N, Ferri ler&d D, Armstrong F, Ballerini
P, Cayuela JM, Baruchel A, Pflumio F, Romeo PH. NKKXis a direct TAL1
target gene that mediates proliferation of TALl+@gsing human T cell acute
lymphoblastic leukemia. The Journal of experimentaledicine. Sep
27;207(10):2141-2156.

Van Vlierberghe P, van Grotel M, Tchinda J, &eBeverloo HB, van der Spek
PJ, Stubbs A, Cools J, Nagata K, Fornerod M, B@Bigddines J, Horstmann M,
van Wering ER, Soulier J, Pieters R, Meijerink JRe recurrent SET-NUP214



NKL homeobox genes in leukemia

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

fusion as a new HOXA activation mechanism in pediafT-cell acute
lymphoblastic leukemia. Blood. 2008 May 1;111(95861680.

Rawat VP, Arseni N, Ahmed F, Mulaw MA, ThoeneHgilmeier B, Sadlon T,
D'Andrea RJ, Hiddemann W, Bohlander SK, Buske QyriRg-Buske M. The
vent-like homeobox gene VENTX promotes human myketbiferentiation and is
highly expressed in acute myeloid leukemia. Proicegsdof the National Academy
of Sciences of the United States of America. 2040 33;107(39):16946-16951.
Hollington P, Neufing P, Kalionis B, Waring Bentel J, Wattchow D, Tilley WD.
Expression and localization of homeodomain prot&hX4, HB9 and HB24 in
malignant and benign human colorectal tissues. cAnter Res. 2004 Mar-
Apr;24(2B):955-962.

Shim C, Zhang W, Rhee CH, Lee JH. Profilinglifferentially expressed genes in
human primary cervical cancer by complementary Déipression array. Clin
Cancer Res. 1998 Dec;4(12):3045-3050.

Leja J, Essaghir A, Essand M, Wester K, ObergTétterman TH, Lloyd R,
Vasmatzis G, Demoulin JB, Giandomenico V. Novelkeas for enterochromaffin
cells and gastrointestinal neuroendocrine carcisomilod Pathol. 2009
Feb;22(2):261-272.

Furuta J, Nobeyama Y, Umebayashi Y, Otsuka Kkudki K, Ushijima T.
Silencing of Peroxiredoxin 2 and aberrant methgtatof 33 CpG islands in
putative promoter regions in human malignant meisam Cancer research. 2006
Jun 15;66(12):6080-6086.

Rauch T, Li H, Wu X, Pfeifer GP. MIRA-assistedcroarray analysis, a new
technology for the determination of DNA methylatipatterns, identifies frequent
methylation of homeodomain-containing genes in lwancer cells. Cancer
research. 2006 Aug 15;66(16):7939-7947.

Tong WG, Wierda WG, Lin E, Kuang SQ, Bekele ESstrov Z, Wei Y, Yang H,
Keating MJ, Garcia-Manero G. Genome-wide DNA mailigh profiling of
chronic lymphocytic leukemia allows identificaticof epigenetically repressed
molecular pathways with clinical impact. Epigengti2010 Aug 27;5(6).
Miyamoto K, Fukutomi T, Akashi-Tanaka S, Hasegdal, Asahara T, Sugimura
T, Ushijima T. Identification of 20 genes aberrgmiethylated in human breast
cancers. International journal of cancer. 2005 B&f6(3):407-414.

Okamoto J, Hirata T, Chen Z, Zhou HM, Mikamill, H, Yagui-Beltran A,
Johansson M, Coussens LM, Clement G, Shi Y, Zharipizumi K, Shimizu K,
Jablons D, He B. EMX2 is epigenetically silenced asuppresses growth in
human lung cancer. Oncogene. 2010 Nov 4;29(44):596%.

Bell A, Bell D, Weber RS, EI-Naggar AK. CpGdsetd Methylation Profiling in
Human Salivary Gland Adenoid Cystic Carcinoma. @n2011 Jan 11.

Jin B, Yao B, Li JL, Fields CR, Delmas AL, L@, Robertson KD. DNMT1 and
DNMT3B modulate distinct polycomb-mediated histamedifications in colon
cancer. Cancer research. 2009 Sep 15;69(18):7422-74

Dunwell TL, Hesson LB, Pavlova T, Zabarovskakashuba V, Catchpoole D,
Chiaramonte R, Brini AT, Griffiths M, Maher ER, Zaovsky E, Latif F.
Epigenetic analysis of childhood acute lymphobtaktukemia. Epigenetics. 2009
Apr 1;4(3):185-193.

109



Chapter 4

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

110

Shames DS, Girard L, Gao B, Sato M, Lewis Ckiy&ourkar N, Jiang A, Perou
CM, Kim YH, Pollack JR, Fong KM, Lam CL, Wong M, $®hY, Nanda R,
Olopade OlI, Gerald W, Euhus DM, Shay JW, Gazdar Mina JD. A genome-
wide screen for promoter methylation in lung candentifies novel methylation
markers for multiple malignancies. PLoS Med. 20@:{3(12):e486.

Yamashita S, Tsujino Y, Moriguchi K, Tatematsly Ushijima T. Chemical
genomic screening for methylation-silenced geneagastric cancer cell lines using
5-aza-2'-deoxycytidine treatment and oligonuclestishicroarray. Cancer Sci.
2006 Jan;97(1):64-71.

Kuang SQ, Tong WG, Yang H, Lin W, Lee MK, Fafig, Wei Y, Jelinek J, Issa
JP, Garcia-Manero G. Genome-wide identification aiferrantly methylated
promoter associated CpG islands in acute lymphodgtikemia. Leukemia. 2008
Aug;22(8):1529-1538.

Kamalakaran S, Varadan V, Giercksky Russnesliéizy D, Kendall J, Janevski
A, Riggs M, Banerjee N, Synnestvedt M, Schlichtieg Karesen R, Shama
Prasada K, Rotti H, Rao R, Rao L, Eric Tang MH,y8atoorthy K, Lucito R,
Wigler M, Dimitrova N, Naume B, Borresen-Dale AL,idds JB. DNA
methylation patterns in luminal breast cancersediffom non-luminal subtypes
and can identify relapse risk independent of ottiencal variables. Mol Oncol.
2011 Feb;5(1):77-92.

Tellez CS, Shen L, Estecio MR, Jelinek J, Gamslald JE, Issa JP. CpG island
methylation profiling in human melanoma cell linddelanoma research. 2009
Jun;19(3):146-155.

Asatiani E, Huang WX, Wang A, Rodriguez OrtkgrCavalli LR, Haddad BR,
Gelmann EP. Deletion, methylation, and expressibthe NKX3.1 suppressor
gene in primary human prostate cancer. Cancernase2005 Feb 15;65(4):1164-
1173.

Lai HC, Lin YW, Huang TH, Yan P, Huang RL, WaHg, Liu J, Chan MW, Chu
TY, Sun CA, Chang CC, Yu MH. Identification of ndvBNA methylation
markers in cervical cancer. International journiat@ncer. 2008 Jul 1;123(1):161-
167.

Lai HC, Lin YW, Huang RL, Chung MT, Wang HC do YP, Su PH, Liu YL, Yu
MH. Quantitative DNA methylation analysis detectervical intraepithelial
neoplasms type 3 and worse. Cancer. Sep 15;116268)4274.

Taylor KH, Pena-Hernandez KE, Davis JW, Arth@at, Duff DJ, Shi H,
Rahmatpanah FB, Sjahputera O, Caldwell CW. Largées€pG methylation
analysis identifies novel candidate genes and fteweathylation hotspots in acute
lymphoblastic leukemia. Cancer research. 2007 NBa&87(6):2617-2625.
Rahmatpanah FB, Carstens S, Guo J, Sjahputefaylr KH, Duff D, Shi H,
Davis JW, Hooshmand SI, Chitma-Matsiga R, Caldw®lV. Differential DNA
methylation patterns of small B-cell lymphoma salssks with different clinical
behavior. Leukemia. 2006 Oct;20(10):1855-1862.

Wu X, Rauch TA, Zhong X, Bennett WP, Latif FeiX D, Pfeifer GP. CpG island
hypermethylation in human astrocytomas. Cancerareke Apr 1;70(7):2718-
2727.



NKL homeobox genes in leukemia

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Wang Y, Hayakawa J, Long F, Yu Q, Cho AH, Raud&, Welsh J, Mittal S, De
Belle I, Adamson E, McClelland M, Mercola D. "Proteoarray" studies identify
cohorts of genes directly regulated by methylatioopy number change, or
transcription factor binding in human cancer celsnals of the New York
Academy of Sciences. 2005 Nov;1058:162-185.

Zhang Y, Rowley JD. Chromatin structural eletserand chromosomal
translocations in leukemia. DNA Repair (Amst). 2@ 8;5(9-10):1282-1297.
Novershtern N, Subramanian A, Lawton LN, Mak, Rtaining WN, McConkey
ME, Habib N, Yosef N, Chang CY, Shay T, Frampton (GMake AC, Leskov |,
Nilsson B, Preffer F, Dombkowski D, Evans JW, Lldf&@, Smutko JS, Chen J,
Friedman N, Young RA, Golub TR, Regev A, Ebert Blensely interconnected
transcriptional circuits control cell states in hanmhematopoiesis. Cell. 2011 Jan
21;144(2):296-309.

Asnafi V, Beldjord K, Libura M, Villarese P, Men C, Ballerini P, Kuhlein E,
Lafage-Pochitaloff M, Delabesse E, Bernard O, Mgten E. Age-related
phenotypic and oncogenic differences in T-cell aclymphoblastic leukemias
may reflect thymic atrophy. Blood. 2004 Dec 15;1(B)(4173-4180.

van Grotel M, Meijerink JP, van Wering ER, Larak AW, Beverloo HB, Buijs-
Gladdines JG, Burger NB, Passier M, van Lieshout E&¥mps WA, Veerman AJ,
van Noesel MM, Pieters R. Prognostic significandenmlecular-cytogenetic
abnormalities in pediatric T-ALL is not explainedy mmunophenotypic
differences. Leukemia. 2008 Jan;22(1):124-131.

Ludwig WD, Harbott J, Bartram CR, Komischke $erling C, Teichmann JV,
Seibt-Jung H, Notter M, Odenwald E, Nehmer A, etldidence and prognostic
significance of immunophenotypic subgroups in dildd acute lymphoblastic
leukemia: experience of the BFM study 86. RecensuRge Cancer Res.
1993;131:269-282.

Pullen J, Shuster JJ, Link M, Borowitz M, AmylM, Carroll AJ, Land V, Look
AT, Mcintyre B, Camitta B. Significance of commonilsed prognostic factors
differs for children with T cell acute lymphocyteukemia (ALL), as compared to
those with B-precursor ALL. A Pediatric Oncology dap (POG) study.
Leukemia. 1999 Nov;13(11):1696-1707.

Ferrando AA, Neuberg DS, Dodge RK, Paietta&san RA, Wiernik PH, Rowe
JM, Caligiuri MA, Bloomfield CD, Look AT. Prognostiimportance of TLX1
(HOX11) oncogene expression in adults with T-cetiuta lymphoblastic
leukaemia. Lancet. 2004 Feb 14;363(9408):535-536.

Kees UR, Heerema NA, Kumar R, Watt PM, Baker, D MK, Uckun FM,
Sather HN. Expression of HOX11 in childhood T-ligeaacute lymphoblastic
leukaemia can occur in the absence of cytogenéecration at 10g24: a study
from the Children's Cancer Group (CCG). Leukemi@®@May;17(5):887-893.
Cave H, Suciu S, Preudhomme C, Poppe B, Réhddyttebroeck A, Malet M,
Boutard P, Benoit Y, Mauvieux L, Lutz P, MechinaadGrardel N, Mazingue F,
Dupont M, Margueritte G, Pages MP, Bertrand Y, RleuE, Brunie G, Bastard
C, Plantaz D, Vande Velde |, Hagemeijer A, SpelerrarLessard M, Otten J,
Vilmer E, Dastugue N. Clinical significance of HOK12 expression linked to
t(5;14)(g35;932), of HOX11 expression, and of SIALTfusion in childhood T-

111



Chapter 4

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

112

cell malignancies: results of EORTC studies 5888d 88951. Blood. 2004 Jan
15;103(2):442-450.

Schneider NR, Carroll AJ, Shuster JJ, Pullenlink MP, Borowitz MJ, Camitta
BM, Katz JA, Amylon MD. New recurring cytogeneticoreormalities and
association of blast cell karyotypes with prognosischildhood T-cell acute
lymphoblastic leukemia: a pediatric oncology graeport of 343 cases. Blood.
2000 Oct 1;96(7):2543-2549.

Salvati PD, Ranford PR, Ford J, Kees UR. HOX%fression in pediatric acute
lymphoblastic leukemia is associated with T-cekepbtype. Oncogene. 1995 Oct
5;11(7):1333-1338.

Yamamoto H, Hatano M, litsuka Y, Mahyar NS, Yanoto M, Tokuhisa T. Two
forms of Hox11 a T cell leukemia oncogene, are esped in fetal spleen but not
in primary lymphocytes. Mol Immunol. 1995 Nov;32j16 77-1182.

Kanzler B, Dear TN. Hox11 acts cell autonompusispleen development and its
absence results in altered cell fate of mesenchwplalen precursors. Dev Biol.
2001 Jun 1;234(1):231-243.

Cheng L, Arata A, Mizuguchi R, Qian Y, Karuname A, Gray PA, Arata S,
Shirasawa S, Bouchard M, Luo P, Chen CL, BusslineGoulding M, Onimaru
H, Ma Q. TIx3 and TIx1 are post-mitotic selectongs determining glutamatergic
over GABAergic cell fates. Nat Neurosci. 2004 Md$)7510-517.

Holland PW, Takahashi T. The evolution of hobwogenes: Implications for the
study of brain development. Brain Res Bull. 200H $8;66(4-6):484-490.

Hawley RG, Fong AZ, Reis MD, Zhang N, Lu M,vday TS. Transforming
function of the HOX11/TCL3 homeobox gene. Canceseaech. 1997 Jan
15;57(2):337-345.

Hough MR, Reis MD, Singaraja R, Bryce DM, KdReid S, Dardick I, Breitman
ML, Dube ID. A model for spontaneous B-lineage Iyramas in IgHmMu-HOX11
transgenic mice. Proceedings of the National AcadehSciences of the United
States of America. 1998 Nov 10;95(23):13853-13858.

Keller G, Wall C, Fong AZ, Hawley TS, HawleysROverexpression of HOX11
leads to the immortalization of embryonic precusswith both primitive and
definitive hematopoietic potential. Blood. 1998 ALi§2(3):877-887.

Hawley RG, Fong AZ, Lu M, Hawley TS. The HOXAidmeobox-containing gene
of human leukemia immortalizes murine hematopoigtiecursors. Oncogene.
1994 Jan;9(1):1-12.

De Keersmaecker K, Real PJ, Gatta GD, Paloffg&ulis ML, Tosello V, Van
Vlierberghe P, Barnes K, Castillo M, Sole X, HadM Lenz J, Aplan PD,
Kelliher M, Kee BL, Pandolfi PP, Kappes D, GourfariPetrie H, Van der Meulen
J, Speleman F, Paietta E, Racevskis J, WiernikFdiye JM, Soulier J, Avran D,
Cave H, Dastugue N, Raimondi S, Meijerink JP, Cor@ardo C, Califano A,
Ferrando AA. The TLX1 oncogene drives aneuploidy icell transformation. Nat
Med. 2010 Nov;16(11):1321-1327.

Greene WK, Ford J, Dixon D, Tilborook PA, W&, Klinken SP, Kees UR.
Enforced expression of HOX11 is associated withnamature phenotype in J2E
erythroid cells. Br J Haematol. 2002 Sep;118(3):909.



NKL homeobox genes in leukemia

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Riz I, Hawley TS, Johnston H, Hawley RG. Role TLX1 in T-cell acute
lymphoblastic leukaemia pathogenesis. Br J Haem20819 Apr;145(1):140-143.
Riz I, Akimov SS, Eaker SS, Baxter KK, Lee WNBrino-Ramirez L, Landsman
D, Hawley TS, Hawley RG. TLX1/HOX11-induced hemaiagiic differentiation
blockade. Oncogene. 2007 Jun 14;26(28):4115-4123.

Dixon DN, Izon DJ, Dagger S, Callow MJ, TapRid, Kees UR, Greene WK.
TLX1/HOX11 transcription factor inhibits differeation and promotes a non-
haemopoietic phenotype in murine bone marrow cdlis.J Haematol. 2007
Jul;138(1):54-67.

Owens BM, Hawley TS, Spain LM, Kerkel KA, Hayl RG. TLX1/HOX11-
mediated disruption of primary thymocyte differatiton prior to the CD4+CD8+
double-positive stage. Br J Haematol. 2006 Jan2)321(6-229.

Kawabe T, Muslin AJ, Korsmeyer SJ. HOX11 iatés with protein phosphatases
PP2A and PP1 and disrupts a G2/M cell-cycle checdkp®ature. 1997 Jan
30;385(6615):454-458.

Riz I, Hawley TS, Luu TV, Lee NH, Hawley RGLX1 and NOTCH coregulate
transcription in T cell acute lymphoblastic leukamcells. Mol Cancer.
2010;9:181.

Riz I, Hawley RG. G1/S transcriptional netwrkodulated by the HOX11/TLX1
oncogene of T-cell acute lymphoblastic leukemia. cayene. 2005 Aug
25;24(36):5561-5575.

Mauvieux L, Leymarie V, Helias C, PerrussorFslkenrodt A, Lioure B, Lutz P,
Lessard M. High incidence of Hox11L2 expressioncimldren with T-ALL.
Leukemia. 2002 Dec;16(12):2417-2422.

van Grotel M, Meijerink JP, Beverloo HB, Large AW, Buys-Gladdines JG,
Schneider P, Poulsen TS, den Boer ML, HorstmaniKaps WA, Veerman AJ,
van Wering ER, van Noesel MM, Pieters R. The outoof molecular-
cytogenetic subgroups in pediatric T-cell acute phwblastic leukemia: a
retrospective study of patients treated accordm®€OG or COALL protocols.
Haematologica. 2006 Sep;91(9):1212-1221.

Ballerini P, Blaise A, Busson-Le Coniat M, Y, Zucman-Rossi J, Adam M,
van den Akker J, Perot C, Pellegrino B, Landmark®ad, Douay L, Berger R,
Bernard OA. HOX11L2 expression defines a cliniagtgpe of pediatric T-ALL
associated with poor prognosis. Blood. 2002 Au@Q¢3):991-997.

Baak U, Gokbuget N, Orawa H, Schwartz S, Haelz, Thiel E, Burmeister T.
Thymic adult T-cell acute lymphoblastic leukemieasfied in standard- and high-
risk group by aberrant HOX11L2 expression: expegerof the German
multicenter ALL study group. Leukemia. 2008 Jun®2(154-1160.

Nagel S, Venturini L, Przybylski GK, Grabarkzf, Meyer C, Kaufmann M,
Battmer K, Schmidt CA, Drexler HG, Scherr M, MadedA. NK-like
homeodomain proteins activate NOTCHS3-signaling eakkemic T-cells. BMC
cancer. 2009;9:371.

Bellavia D, Campese AF, Alesse E, Vacca Ali k&P, Balestri A, Stoppacciaro
A, Tiveron C, Tatangelo L, Giovarelli M, Gaetano RBuco L, Hoffman ES,
Hayday AC, Lendahl U, Frati L, Gulino A, ScrepahtConstitutive activation of

113



Chapter 4

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

114

NF-kappaB and T-cell leukemia/lymphoma in Notchantgenic mice. The
EMBO journal. 2000 Jul 3;19(13):3337-3348.

Doucas H, Mann CD, Sutton CD, Garcea G, Néjl Berry DP, Manson MM.
Expression of nuclear Notch3 in pancreatic ademimamas is associated with
adverse clinical features, and correlates with #xpression of STAT3 and
phosphorylated Akt. J Surg Oncol. 2008 Jan 1;988LES8.

Nagel S, Venturini L, Przybylski GK, Grabarkzf, Schmidt CA, Meyer C,
Drexler HG, Macleod RA, Scherr M. Activation of miF-92 by NK-like
homeodomain proteins suppresses apoptosis viatredwf E2F1 in T-cell acute
lymphoblastic leukemia. Leukemia & lymphoma. 2068;30(1):101-108.

Nagel S, Meyer C, Quentmeier H, Kaufmann Mexer HG, MacLeod RA.
MEF2C is activated by multiple mechanisms in a stilb$ T-acute lymphoblastic
leukemia cell lines. Leukemia. 2008 Mar;22(3):6@¥-6

Coustan-Smith E, Mullighan CG, Onciu M, Behi@, FRaimondi SC, Pei D,
Cheng C, Su X, Rubnitz JE, Basso G, Biondi A, PH, Oowning JR, Campana
D. Early T-cell precursor leukaemia: a subtype dfryv high-risk acute
lymphoblastic leukaemia. The lancet oncology. 2B68;10(2):147-156.
McCormack MP, Young LF, Vasudevan S, de G&&af Codrington R, Rabbitts
TH, Jane SM, Curtis DJ. The Lmo2 oncogene initideaskemia in mice by
inducing thymocyte self-renewal. Science. 2010 E2827(5967):879-883.
George A, Morse HC, 3rd, Justice MJ. The hdrograyene Hex induces T-cell-
derived lymphomas when overexpressed in hematopoigtecursor cells.
Oncogene. 2003 Oct 2;22(43):6764-6773.

Mack DL, Leibowitz DS, Cooper S, Ramsey H,Bneyer HE, Hromas R. Down-
regulation of the myeloid homeobox protein Hex ssential for normal T-cell
development. Immunology. 2002 Dec;107(4):444-451.

Manfioletti G, Gattei V, Buratti E, Rustighi ®e Iuliis A, Aldinucci D, Goodwin
GH, Pinto A. Differential expression of a novel lme-rich homeobox gene (Prh)
in human hematolymphopoietic cells. Blood. 1995 M&5(5):1237-1245.

Borrow J, Shearman AM, Stanton VP, Jr., Be&heZollins T, Williams AJ, Dube
I, Katz F, Kwong YL, Morris C, Ohyashiki K, Toyan&, Rowley J, Housman
DE. The t(7;11)(p15;p15) translocation in acute loigkleukaemia fuses the genes
for nucleoporin NUP98 and class | homeoprotein H@XNature genetics. 1996
Feb;12(2):159-167.

Nakamura T, Largaespada DA, Lee MP, JohnsonQiyashiki K, Toyama K,
Chen SJ, Willman CL, Chen IM, Feinberg AP, Jenki&, Copeland NG,
Shaughnessy JD, Jr. Fusion of the nucleoporin ¢8oE98 to HOXA9 by the
chromosome translocation t(7;11)(p15;p15) in hummyeloid leukaemia. Nature
genetics. 1996 Feb;12(2):154-158.

Taketani T, Taki T, Shibuya N, Ito E, Kitazawa Terui K, Hayashi Y. The
HOXD11 gene is fused to the NUP98 gene in acuteloid/deukemia with
t(2;11)(g31;p15). Cancer research. 2002 Jan 1;&@317.

Panagopoulos I, Isaksson M, Billstrom R, Stveok B, Mitelman F, Johansson B.
Fusion of the NUP98 gene and the homeobox gene HGX& acute myeloid
leukemia with t(11;12)(p15;913). Genes, chromosomg&s cancer. 2003
Jan;36(1):107-112.



NKL homeobox genes in leukemia

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Yassin ER, Sarma NJ, Abdul-Nabi AM, Dombrow&kiHan Y, Takeda A, Yaseen
NR. Dissection of the transformation of primary lamhematopoietic cells by the
oncogene NUP98-HOXA®9. PloS one. 2009;4(8):e6719.

Herblot S, Steff AM, Hugo P, Aplan PD, Hoang SCL and LMOL1 alter
thymocyte differentiation: inhibition of E2A-HEB fiction and pre-T alpha chain
expression. Nat Immunol. 2000 Aug;1(2):138-144.

Bash RO, Hall S, Timmons CF, Crist WM, Amyleh Smith RG, Baer R. Does
activation of the TAL1 gene occur in a majority pétients with T-cell acute
lymphoblastic leukemia? A pediatric oncology grosjudy. Blood. 1995 Jul
15;86(2):666-676.

Armstrong SA, Look AT. Molecular genetics aute lymphoblastic leukemia. J
Clin Oncol. 2005 Sep 10;23(26):6306-6315.

Mavrakis KJ, Wolfe AL, Oricchio E, Palomero de Keersmaecker K, McJunkin
K, Zuber J, James T, Khan AA, Leslie CS, Parker B&ldison PJ, Tam W,
Ferrando A, Wendel HG. Genome-wide RNA-mediatederfetence screen
identifies miR-19 targets in Notch-induced T-ceatute lymphoblastic leukaemia.
Nature cell biology. 2010 Apr;12(4):372-379.

Korkmaz KS, Korkmaz CG, Ragnhildstveit E, Klag S, Pretlow TG, Saatcioglu
F. Full-length cDNA sequence and genomic orgaroratf human NKX3A -
alternative forms and regulation by both androgens estrogens. Gene. 2000 Dec
30;260(1-2):25-36.

Deguchi Y, Kehrl JH. Selective expression wb thomeobox genes in CD34-
positive cells from human bone marrow. Blood. 190115;78(2):323-328.
Deguchi Y, Thevenin C, Kehrl JH. Stable expigs of HB24, a diverged human
homeobox gene, in T lymphocytes induces geneswedaih T cell activation and
growth. The Journal of biological chemistry. 199@rR5;267(12):8222-8229.
Deguchi Y, Moroney JF, Wilson GL, Fox CH, WnHS, Kehrl JH. Cloning of a
human homeobox gene that resembles a diverged phitedromeobox gene and
is expressed in activated lymphocytes. New Bio@118pr;3(4):353-363.

Deguchi Y, Kehrl JH. High level expressiontbé homeobox gene HB24 in a
human T-cell line confers the ability to form tursom nude mice. Cancer
research. 1993 Jan 15;53(2):373-377.

Deguchi Y, Kirschenbaum A, Kehrl JH. A divaldgeomeobox gene is involved in
the proliferation and lineage commitment of humamhtopoietic progenitors and
highly expressed in acute myelogenous leukemiaod18992 Jun 1;79(11):2841-
2848.

Gao H, Le Y, Wu X, Silberstein LE, Giese RWuZZ. VentX, a novel lymphoid-
enhancing factor/T-cell factor-associated transionp repressor, is a putative
tumor suppressor. Cancer research. 2010 Jan 1;7021211.

Wu X, Gao H, Ke W, Hager M, Xiao S, Freeman ,NARku Z. VentX trans-
activates p53 and pl6inkd4a to regulate cellulareseence. The Journal of
biological chemistry. 2011 Feb 16.

Ferrari N, Palmisano GL, Paleari L, Basso Gniyloni M, Fidanza V, Albini A,
Croce CM, Levi G, Brigati C. DLX genes as targetAdlL-1: DLX 2,3,4 down-
regulation in t(4;11) acute lymphoblastic leukemiak Leukoc Biol. 2003
Aug;74(2):302-305.

115



Chapter 4

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

116

Campo Dell'Orto M, Banelli B, Giarin E, Accorld, Trentin L, Romani M, te
Kronnie G, Basso G. Down-regulation of DLX3 expressin MLL-AF4
childhood lymphoblastic leukemias is mediated byonpoter region
hypermethylation. Oncology reports. 2007 Aug;18{27-423.

Stumpel DJ, Schneider P, van Roon EH, Boerdi,orenzo P, Valsecchi MG,
de Menezes RX, Pieters R, Stam RW. Specific promaiethylation identifies
different subgroups of MLL-rearranged infant acuyenphoblastic leukemia,
influences clinical outcome, and provides therageaptions. Blood. 2009 Dec
24;114(27):5490-5498.

Abate-Shen C. Deregulated homeobox gene esipresn cancer: cause or
consequence? Nat Rev Cancer. 2002 Oct;2(10):777-785

Greene WK, Bahn S, Masson N, Rabbitts TH. Theell oncogenic protein
HOX11 activates Aldhl expression in NIH 3T3 cellg bepresses its expression
in mouse spleen development. Molecular and cellul@iblogy. 1998
Dec;18(12):7030-7037.

Muhr J, Andersson E, Persson M, Jessell TM¢s&n J. Groucho-mediated
transcriptional repression establishes progenigdlr gattern and neuronal fate in
the ventral neural tube. Cell. 2001 Mar 23;104®)-873.

Smith ST, Jaynes JB. A conserved region ofaleg, shared among all en-, gsc-,
Nk1l-, Nk2- and msh-class homeoproteins, mediatesveactranscriptional
repression in vivo. Development (Cambridge, Englad®96 Oct;122(10):3141-
3150.

Lints TJ, Parsons LM, Hartley L, Lyons I, HayvRP. Nkx-2.5: a novel murine
homeobox gene expressed in early heart progendtts end their myogenic
descendants. Development (Cambridge, England). M893119(3):969.

Desjobert C, Noy P, Swingler T, Wililams H, 9B K, Jayaraman PS. The
PRH/Hex repressor protein causes nuclear retentbnGroucho/TLE co-
repressors. Biochem J. 2009 Jan 1;417(1):121-132.

Chen G, Fernandez J, Mische S, Courey AJ.n&tional interaction between the
histone deacetylase Rpd3 and the corepressor grondbrosophila development.
Genes & development. 1999 Sep 1;13(17):2218-2230.

Choi CY, Kim YH, Kwon HJ, Kim Y. The homeodomgprotein NK-3 recruits
Groucho and a histone deacetylase complex to remaasscription. The Journal of
biological chemistry. 1999 Nov 19;274(47):33194-331

Swingler TE, Bess KL, Yao J, Stifani S, Jaysaa PS. The proline-rich
homeodomain protein recruits members of the Grofichasducin-like enhancer
of split protein family to co-repress transcriptiam hematopoietic cells. The
Journal of biological chemistry. 2004 Aug 13;279(33938-34947.

Rice KL, Kees UR, Greene WK. Transcriptionggulation of FHL1 by
TLX1/HOX11 is dosage, cell-type and promoter cotependent. Biochem
Biophys Res Commun. 2008 Mar 14;367(3):707-713.

Riz I, Lee HJ, Baxter KK, Behnam R, Hawley Fawley RG. Transcriptional
activation by TLX1/HOX11 involves Gro/TLE corepress. Biochem Biophys
Res Commun. 2009 Mar 6;380(2):361-365.

Dayyani F, Wang J, Yeh JR, Ahn EY, Tobey EathDE, Bernstein ID, Peterson
RT, Sweetser DA. Loss of TLE1 and TLE4 from the(9g) commonly deleted



NKL homeobox genes in leukemia

159.

160.

161.

162.

163.

164.

165.

region in AML cooperates with AML1-ETO to affect elpid cell proliferation
and survival. Blood. 2008 Apr 15;111(8):4338-4347.

Fraga MF, Berdasco M, Ballestar E, Ropero &elz-Nieva P, Lopez-Serra L,
Martin-Subero JI, Calasanz MJ, Lopez de Silan&glien F, Casado S, Fernandez
AF, Siebert R, Stifani S, Esteller M. Epigenetiagctivation of the Groucho
homologue gene TLE1 in hematologic malignanciesac€aresearch. 2008 Jun
1;68(11):4116-4122.

Liu C, Glasser SW, Wan H, Whitsett JA. GATA&td thyroid transcription factor-
1 directly interact and regulate surfactant proteigene expression. The Journal
of biological chemistry. 2002 Feb 8;277(6):4519-452

Nishida W, Nakamura M, Mori S, Takahashi Mk&a Y, Tadokoro S, Yoshida
K, Hiwada K, Hayashi K, Sobue K. A triad of seruesponse factor and the
GATA and NK families governs the transcription @h@th and cardiac muscle
genes. The Journal of biological chemistry. 2002 Ma77(9):7308-7317.
Sepulveda JL, Belaguli N, Nigam V, Chen CYpniée M, Schwartz RJ. GATA-4
and Nkx-2.5 coactivate Nkx-2 DNA binding targetsier for regulating early
cardiac gene expression. Molecular and cellulafogyo 1998 Jun;18(6):3405-
3415.

Sepulveda JL, Vlahopoulos S, lyer D, BelaguliSchwartz RJ. Combinatorial
expression of GATA4, Nkx2-5, and serum respons¢ofadirects early cardiac
gene activity. The Journal of biological chemistd002 Jul 12;277(28):25775-
25782.

Weidenfeld J, Shu W, Zhang L, Millar SE, Meely EE. The WNT7b promoter is
regulated by TTF-1, GATA6, and Foxa2 in lung epithe. The Journal of
biological chemistry. 2002 Jun 7;277(23):21061-2107

Bellavia D, Campese AF, Checquolo S, BaleatriBiondi A, Cazzaniga G,
Lendahl U, Fehling HJ, Hayday AC, Frati L, von Bowr H, Gulino A, Screpanti
|. Combined expression of pTalpha and Notch3 irell leukemia identifies the
requirement of preTCR for leukemogenesis. Procggsdii the National Academy
of Sciences of the United States of America. 20@2 19;99(6):3788-3793.

117






CHAPTER 5
L —

NOTCH1 and/or FBXW7 mutations predict for initial good prednisone
response but not for improved outcome in pediatricl-cell acute
lymphoblastic leukemia patients treated on DCOG oCOALL

protocols

Linda Zuurbiet, Irene Hommingh Valerie Calveft Mariél L. te Winket, Jessica
G.C.A.M. Buijs-Gladdines Clarissa Kodi Willem K. Smits, Edwin Sonnevef
Anjo J.P. Veerman, Willem A. Kamps* Martin Horstmann®, Emanuel F.
Petricoin IIF’, Rob Pieters and Jules P.P. Meijerihk

From the 'Department of Pediatric Oncology/Hematology, Erasnuiniversity Medical Center-
Sophia Children’s Hospital, Rotterdam, the Nethmdtg “Center for Applied Proteomics and
Molecular Medicine, George Mason University, MamsssVA, USA; the *Dutch Childhood
Oncology Group (DCOG), the Hague, the Netherlaritig;*Department of Pediatric Oncology,
University of Groningen-Beatrix Children’s HospitaBroningen, the Netherlands; ti€&erman
Cooperative Study Group for Childhood Acute Lymplastic Leukemia (COALL), Hamburg,
Germany®the Research Institute Children's Cancer Centerhtagn Clinic of Pediatric Hematology
and Oncology, University Medical Center Hamburg-&mgorf, Hamburg, GermanyNCI-FDA
Clinical Proteomics Program, Food and Drug Admiaisbn, Bethesda, MD, USA.

Leukemia, 2010: 24; 2014-2022



Chapter 5

ABSTRACT

Aberrant activation of the NOTCH1 pathway by ineating and activating
mutations iNNOTCH1 or FBXW?7 is a frequent phenomenon in T-cell acute
lymphoblastic leukemia (T-ALL). We retrospectivehyvestigated the relevance of
NOTCH1/FBXW7mutations for pediatric T-ALL patients enrolled ddutch
Childhood Oncology Group (DCOG) ALL7/8 or ALL9 ohda German Co-
Operative Study Group for Childhood Acute Lymphatila Leukemia study
(COALL-97) protocols. NOTCH1-activating mutationese identified in 63% of
patients. NOTCH1 mutations affected the heterodimerization, thdgmembrane
and/or the PEST domains, but not the RBRassociated module, the ankyrin
repeats or the transactivation domain. Reverseeplmmetein microarray data
confirmed thaNOTCH1 and FBXWTutations resulted in increased intracellular
NOTCHL1 levels in primary T-ALL biopsies. Based oricroarray expression
analysisNOTCH1/FBXWutations were associated with activation of NOTCH
direct target genes includingES1, DTX1, NOTCH3, PTCRAbut not cMYC
NOTCH1/FBXWmutations were associated withX3 rearrangements, but were
less frequently identified iMAL1-or LMOZ2-rearranged cases. NOTCH1-activating
mutations were less frequently associated with meatucell developmental stage.
Mutations were associated with a good initavivo prednisone response, but were
not associated with a superior outcome in the DC&@ COALL cohorts.
Comparing our data with other studies, we conclutat the prognostic
significance folNOTCH1/FBXW7mutations is not consistent and may depend on
the treatment protocol given.
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INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) accosifibr approximately 10-15%
of all leukemias in children. Despite improved #yy, still 30% of these cases
relapse and ultimately dfe?

Various chromosomal aberrations are known in T-Adhd some have
been associated with prognosig: > NOTCH1 may be important for T-ALL
pathogenesis and was initially identified as péntave t(7;9) translocatiorfs! A
role for NOTCHL1 is now more clear as nearly 60% @ALL cases hav&NOTCHL1
mutations affecting the heterodimerization (HD) jhxtamembrane domain (JM)
or the proline, glutamic acid, serine, threonirerfPEST) domain$.’ HD or JM
mutations result in ligand-independent proteolyticdeavages (reviewed in
Grabheret al'9), resulting in the release of intracellular NOTCHEN). ICN is a
transcription factor that regulates differentiatiand proliferation through the
activation of various target genes includodYG HES1andPTCRA 112

As an alternative NOTCH1 activation mechanism, tilating mutations
in the F-Box WD40 domain containing protein 7 g¢RBXW7) were identified in
8-30% of T-ALL patients> ** > **FBXW?7 is part of the E3 ubiquitin ligase
complex that controls the turnover of various preeincluding ICN. FBXW7
interacts with phosphodegron domains located in REST domain of ICN.
Therefore, inactivating mutations FBXW?7or loss of the phosphodegron domains
through truncatingNOTCH1PEST mutations both result in the stabilizatiohCi
in the nucleus. Mutations IRBXW7andNOTCH1PEST mutations are mutually
exclusive®® * *®indicating that they seem to exert an equival@esbgenic effect.
Mutations INNOTCHZ1or FBXW7may have prognostic relevance in T-ALL. Breit
et al!” reported thaNOTCH1mutant pediatric patients in the German ALL-BFM
2000 study show a good vivo prednisone response and have an improved event-
free survival (EFS). In contrast, Zlet al*® published an unfavorable outcome for
NOTCH1mutated adult T-ALL patients, but not for pediatpatients. We could
not confirm a favorable prognostic effect OTCHEmutated pediatric T-ALL
patients treated on Dutch Childhood Oncology GRIMPOG) protocols? and this
was confirmed by children treated on POG protodofswhich no relation was
identified between the presenceN®TCH1mutations and relap$éThese initial
studies investigated the relevanceN®TCH1HD and PEST mutation$,™® *°but
did not includeNOTCH1JM mutations oFBXW7 mutations. We now extended
our initial study by examining the prognostic etfef NOTCH1 and FBXW7
mutations in 141 pediatric T-ALL patients treated DCOG or German Co-
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Operative Study Group for Childhood Acute Lymphatila Leukemia study
(COALL-97) protocols. The functional consequences MOTCH1/FBXW7
mutations in relation to ICN levels and activatioh target genes in primary
leukemia samples were investigated.

PATIENTS/MATERIALS AND METHODS

Patient samples

This study comprised 146 primary pediatric T-ALLtipats, of which 72 were
treated on DCOG protocols ALL-778,% (n=30) or ALL-9 (1=42)2® This cohort
had a median follow-up of 67 months, and includdd dale and 21 female
patients. As the overall disease-free survivaldatients treated on these DCOG
protocols are comparable, these patients will lsdyard as one cohort as carried
out before’? ** Of these, 70 patients were part of our previoudyst® For ALL7/8
patients,in vivo prednisone response was monitored at day 8 fallgpwi days of
BFM-like prednisone monotherapy and one intrathetzde of methotrexate. A
clearance to less than 1000 blastsypdriood at day 8 was considered as an initial
prednisone good response (PGR). In total, 74 datiware enrolled in the German
COALL-97 protocot® with a median follow-up of 52 months. This cohiadluded
49 male and 25 female patients. The patients’ psr@nlegal guardians provided
informed consent to use leftover diagnostic biapdm research in accordance
with the institutional review board and the Dedera of Helsinki Principles.
Isolation of leukemia cells from blood or bone noarrsamples has been described
before®® and all samples contained >90% of leukemic bla&tinical and
immunophenotypic data were supplied by both stuahars. Classification into T-
cell development stages was based on EGIL critérgap-/pre- (CD?7, CD2'
and/or CD5 and/or CD8), cortical (CDZ) or mature T-cell stage (sCOGDY).

Genomic DNA and RNA extraction

Isolation of genomic DNA and RNA from 5 x %@ukemic cells using the TRIzol
reagent (Invitrogen, Breda, the Netherlands) amy d&@NA synthesis were carried
out as described befofé?

Mutational detection

NOTCH1 exons 25-34 were screened for mutations that declall relevant
domains (Supplementary Table S1). FB8XW?7 the F-box and WD40 domains
(exon 5, exons 7-11) were amplified, coveringF8XW7mutations as reported so
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far. PCR reactions were carried out as describéord® Primers are shown in
Table 1. PCR products were sequenced using theyRiglerminator version 3.1
Cycle Sequencing Kit (Applied Biosystems, FostetyCCA, USA) on a 3130
DNA Analyzer (Applied Biosystems).

Identification of recurrent rearrangements by FISH, RQ-PCR or array-CGH
SIL-TAL CALM-AF10or rearrangements &fMO2, TLX1, TLX3 TAL1 CALM-
AF10, SET-NUP214, HOXAr MLL were determined with fluorescenaesitu
hybridization (FISH) as previously describtdd’”" 2NOTCHZ1translocations were
detected using bacterial artificial chromosomesneto RP11-769N4, RP11-
1008C19, RP11-83N9 and RP11-662J2 covering botkssa@djacent to the
NOTCH1locus. Bacterial artificial chromosomes were afedi from BAC/PAC
Resource Center (Children's Hospital, Oakland, O8A). Expression levels of
TLX1, TLX3 TAL1 LMO2 or HOXA or CALM-AF10 and SET-NUP214fusion
products were measured relative to the expresdigtyoeraldehyde-3-phosphate
dehydrogenase as described bef6ré® Array-CGH analysis was performed as
previously describetl,on the human genome CGH Microarray 105 or 400K dua
arrays (Agilent Technologies, Santa Clara, CA, US#)ich consists of ~10800

or ~400000 60-mer oligonucleotide probes that span botlingpand noncoding
sequences with an average spatial resolution oforlbkb. Microarray images
were analyzed using feature extraction softwarersjse 8.1; Agilent
Technologies) and the data were subsequently ieghonto array-CGH analytics
software version 3.1.28 (Agilent Technologies).

Gene expression array analysis

RNA integrity testing, copy DNA and copy-copy RNACRNA) syntheses,
hybridization and washing to Human Genome U133 Zlusmicroarrays
(Affymetrix, Santa-Clara, CA, USA), extraction ofgbeset intensities from CEL-
files and normalization with RMA or VSN methods wegrerformed as described
before?® Differentially expressed genes betw®@TCH1mutant versus wild-type
T-ALL patients were determined by Wilcoxon statistand corrected for multiple
testing errof using the Bioconductor package ‘Multtest Rn Heatmaps based on
the TOP50 most significant differentially expressgehes were performed in
Dchip software, Harvard University, Boston, MA, USAMicroarray data are
available at http://www.ncbi.nlm.nih.gov.proxy-ulgrnl/geo/.
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Reverse-phase protein microarray analysis and westeblot

Reverse-phase protein microarray construction andlysis was performed
essentially as previously described? To isolate proteins from 10 x Aukemic
cells, lysis was performed in 2(0l tissue protein extraction reagent (Pierce
Biotechnology, Rockford, IL, USA) with 300 nM NaCl, mM orthovanadate and
protease inhibitors. Cells were incubated at 4 6€ Z0 min and subsequently
centrifuged at 10,000p.m. for 5 min in an Eppendorf centrifuge. Sup¢ants
were stored at —80 °C before printing on the mioas. Lysates were diluted to
1.0 mg/ml protein concentration and mixed 1:1 vdtlx SDS Tris-glycine buffer
(Invitrogen) containing 5% 2-mercaptoethanol (SigmZwijndrecht, the
Netherlands) (FC=0.5 mg/ml). Lysates were spotteal@ncentration of 0.pg/ul
(neat spot) and 0.12pg/ul in duplicate with 350um pins on glass-backed
nitrocellulose coated array slides (FAST slides;atian, Kent, UK) using an
Aushon Biosystems 2470 (Aushon Biosystems, BileriMA, USA). Printed
slides were stored at —20 °C or directly used. fits¢ of each 25 slides printed
were subjected to Sypro Ruby Protein Blot stairfingitrogen) to determine total
protein amount. These slides were visualized onoaaRay CCD fluorescent
scanner (Alpha Innotech, San Leandro, CA, USA). iEmeaining slides were used
for staining with a specific antibody. Before thslides were incubated with 1 x
Reblot (Chemicon, Temecula, CA, USA) for 15 min aantdsequently washed with
phosphate-buffered saline twice. This was continwuigld a blocking procedure for
5 h using 1 gr I-Block (Applied Biosystems) diluted500 ml phosphate-buffered
saline with 0.5% Tween 20. Slides were stained &ithautomated slide stainer
(Dako, Glostrup, Denmark) according to the manuiiaets instructions using the
Autostainer catalyzed signal amplification kit ([@k In each staining run, a
negative control slide was stained with the secgndatibody only for background
subtraction. Briefly, endogenous biotin was blocked 10 min with the biotin
blocking kit (Dako), followed by application of gen block for 5 min; primary
antibodies were diluted in antibody diluent anduipated on slides for 30 min and
biotinylated secondary antibodies were incubatedLfomin. Signal amplification
involved incubation with a streptavidin/biotin/pgrdase complex provided in the
catalyzed signal amplification kit for 15 min, aadplification reagent (biotinyl-
tyramide/hydrogen peroxide, streptavidin/peroxidldse 15 min each. A signal is
generated using streptavidin-conjugated IRDye638C@QR Biosciences, Lincoln,
NE, USA). Slides were allowed to air dry followingvelopment. Stained slides
were scanned individually on the NovaRay scanndph@ Innotech) and files
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were saved in TIF format in Photoshop 7.0. All siidvere subsequently analyzed
with the MicroVigene version 2.8.1.0 program (Vig&ech, Carlisle, MA, USA).
To screen for ICN protein levels, we have used @pitmized the conditions for
the ICN Vall744 antiserum (catalog no. 2421; Cah8ling Technology, Beverly
MA, USA). Slides were scanned in a NovaRay scar{ddpha Innotech) and
analyzed with the MicroVigene version 2.8.1.0 pewgr (VigeneTech). For
western blot validatiof® protein loading was validated by staining for Acti
(Sigma, catalog no. 2547)

Statistics
Statistics were performed using SPSS 15.0 softW&RSS Inc., Chicago, IL,
USA). The Pearsonjé-test or the Fisher's exact test was used to ifstahces in
the distribution of nominal data as indicated. iStatal significance for continuous
distributed data was tested using the Mann—Whisridytest. Differences between
patient populations in EFS and relapse-free sur{RRES) were tested by using the
log-rank test. For RFS, an event is defined aspselaor nonresponse toward
induction therapy at day 56 (COALL) or at staricohsolidation therapy (DCOG).
An event for EFS is defined as relapse, nonresptmsard induction therapy,
death in remission because of toxicity or develapnoé a secondary malignancy.
NOTCH1 and/or FBXWY7 mutations in pediatric T-ALL patients

Bone marrow or blood DNA samples for 146 primanAlL patients were
analyzed forNOTCH1 (exons 25-34) and/d¢BXW7 mutations (exons 5, 7-11)
and 141 samples were successfully amplified andiesempd. The locations of
mutations in specific NOTCH1 or FBXW7 domains dnewn in Figure 1a.

NOTCH1 and FBXW7 mutations in pediatric T-ALL patients.a)(
Schematic representation of identified mutationshie heterodimerization (HD),
juxtamembrane (JM) and PEST domains in NOTCH1 aritie WD40-repeats of
FBXW7. Missense mutations are indicated by an dpangle, a silent mutation is
indicated by a filled gray triangle and nonsenseatmns are indicated by a filled
black triangle. I) The distribution oNOTCHlandFBXW7mutation 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 had@nerization (HD), juxtamembrane (JM)
and PEST domains in NOTCH1 and in the WD40-repeBEBXW7. Missense mutations
are indicated by an open triangle, a silent mutaisandicated by a filled grey triangle, and
nonsense mutations are indicated by a filled btaakgle (B) The distribution of NOTCH1
and FBXW7 mutation types in the DCOG and COALL atfo

Heterozygous mutations MOTCH1were detected in 79 out of 141 cases (56%),
whereas 23 T-ALL patients (16%) harbored a pointation in FBXW7 In total,
89 patients (63%) containedOTCH1 and/or FBXW7 mutations. In total, 35
patients (39%) had a missense mutation or an mdrasertion/deletion in the
HD-domain of NOTCH1 whereas 9 (10%) and 13 (15%) patients harbored a
combination of HD and PEST dfBXW7 mutations, respectively. Seventeen
patients (19%) had a singdOTCH1PEST mutation and ten (11%) had a single
FBXW7 mutation (Figure 1b). We confirmed th&OTCH1 PEST domain
mutations andFBXW7mutations were nearly mutual exclusié? but one patient
carried aFBXW7and aNOTCH1PEST mutation. Five patients had a mutation in
the JM domain ofNOTCHL1 (5.6%) of which one also had MOTCH1 HD
mutation. It is not known whether these JM and Hitations occurred ikis or
affected different alleles.

In total, 66 NOTCH1 mutations were found and 10 HD and 9 PEST
mutations were not reported before to the bestuofkmowledge (Supplementary
Figure S1). TerBXW?7point mutations were found, five of which have beten
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observed before in T-ALL (Supplementary Figure S2ese are H379L in exon 7,
R465P in exon 8 and K622STOP, G687V and E693K ionekl. The E693K
mutation was previously identified in a gastricaiaoma patient®

NOTCH1 and/or FBXW7 mutations activate ICN and downstream target
genes in primary T-ALL samples

As published for T-ALL cell line&,® ** %1% ye demonstrated by using reverse-
phase protein microarrays th&OTCH1 and/or FBXW7 mutations result in
enhanced levels of ICN in primary T-ALL cells. Thpecificity of the NOTCH1
antibody was validated on the T-ALL cell line HPR44A and ICN detection was
lost on treatment with gsecretase inhibitor (Figure 2&8OTCH1and/orFBXW?Z
mutated patients showed about twofold higher ICK I compared with wild-type
patients (Figure 2bP=0.0015). Strikingly, four wild-type patients alshowed
high ICN levels despite the absenceN@TCH1and/orFBXW7mutations (Figure
2b). Subsequent FISH and array-CGH analyses rulgdpotential NOTCH1
translocations or other chromosomElOTCH1 rearrangements in these four
patients (data not shown).

Figure 2. (page 126) NOTCH1/FBXW7 mutations activa the NOTCH1 pathway in
primary T-ALL patient biopsies. (A) Western blot analysis of lysates from the HRBA
T-ALL cell line which is NOTCH1-mutated. Treatmemdr 96 hrs with y-secretase
inhibitors including compound E (100 nM) or DAPT (@), results in loss of activated
intracellular NOTCH1 expression (ICN). Actin wasedsas loading control. (B) NOTCH1
ICN levels in wild-type and NOTCH1 and/or FBXW7-ratéd T-ALL patients and T-ALL
cell lines analyzed with Reverse-phase Protein gaicay. NOTCH1/FBXW7 wild-type
patient samples with high ICN levels are markedahyasterisk (C) Heatmap showing the
TOP50 most differentially expressed genes betwe@TCGH1 and/or FBXW7 mutant
patients versus wild-type patients. NOTCH1 direcgét genes are indicated. Annotations
indicated are genetic rearrangements, Gender an@CRQ/FBXW7 mutation status.
Genetic rearrangements indicated are: T, TAL1 ot-BALL; L, LMO1 or LMO2
(includes del(11)(p12p13)); A, HOXA-activated (indes cases with SET-NUP214;
CALM-AF10 or Inv(7)(p15934)); 1, TLX1; 2, TLX2; 3TLX3; O, Other; U, Aberration
unknown. Gender is indicated F, Female or M, MBI®@TCH1/FBXW7 mutation status is
indicated 0, wild-type and 1, NOTCH1 and/or FBXWtHated; NOTCH1/FBXW?7 wild-
type patients with high ICN levels are marked byaaterisk; NOTCH1/FBXW?7 wild-type
patients having a NOTCH1 signature that clustehWOTCH1-activated patients based
upon hierarchical clustering based on the TOP5Megwet are indicated with a filled
triangle.
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NOTCHlandFBWX7mutations in T-ALL

We investigated whethédOTCH1/FBXW7mutations would result in the
activation of specific genes. Expression array Batawere available for 111 T-
ALL patients with a knowrNOTCH1/FBXW7mutation status. The TOP50 most
significant and differentially expressed genes Ijps®ets) between
NOTCHIFBXW7mutant and wild-type patients comprised previouislished and
validated NOTCH1 direct target genes includidgS1 HES4 DTX1, PTCRA
NOTCH3 PTPRG CR2 LZTFL1, TASP1, SHQland RHOU (Figure 2c):> *
AlthoughcMYCis a NOTCHL1 target gene in T-ALL cell lines, tlgene did not
appear in our TOP50 nor TOP200 gene lists (not shoksight wild-type patients
also seemed to express genes from this NOTCHL1 tsign@Figure2c; data not
shown). For six out of these eight patients foraRHICN levels were available, two
patients were among the four wild-type cases havireg highest ICN protein
levels. Similarly to these two cases having a NOICGHgnature and high ICN
levels, none of the remaining six patients with @ MCH1 signhature carried
NOTCH1translocations or alternative chromosomal abnatimslbased on FISH
and array-CGH results (data not shown).

NOTCHLFBXW7 mutations in relation to clinical, immunophenotypic and
cytogenetic parameters

We did not observe a relationship betwad@TCH1/FBXW7mutations with
gender, age or white blood cell counts (Table Dr E3 patients, thén vivo
prednisone response was known. NOTCH1-activatadmatwere correlated with
a goodin vivo prednisone response as 14 out of 16 patients amtimitial PGR
containedNOTCH1mutations, in contrast to 2 out of 7 cases wiffoar response
(P=0.01). This observation was stronger by includtBXW7data where 15 out of
16 cases with a PGR hadN® TCHIFBXW7mutation in contrast to only 2 out of
7 prednisone poor response cades0(003, Table 1). Classification into T-cell
development stages on EGIL critéfiaevealed thaNOTCHIFBXW?7 mutations
were less frequently identified in mature T-ALL easf=0.05, Table 1). In
relation to molecular cytogenetic daQTCH1/FBXWmutations were identified
in all cytogenetic T-ALL subgroups (Table 1). Caiesing TAL1- or LMO2-
rearranged cases as a singisL/LMO entity based on their identical expression
profiles?® 3% and including an additional 1TALLMOlike patients with a
TAL/LMO signature that lackTAL1 or LMO2 rearrangements, NOTCH1
mutations were less frequent. Only 25 out of TRXLLMO patients (42%) had a
NOTCH1mutation P=0.002, Table 1). This remained significant wheeluding
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FBXW?7 mutations as only 30 out of 60 cases (50%) hadCa CHIFBXW7
mutation P=0.004).NOTCH1mutations were more prevalentTibX3rearranged
cases, in which 21 out of 27 cases (86%) haDd CH1mutation P=0.02). This
remained significant when takifkBXW7mutations into accounP£0.01).

Prognostic relevance oNOTCH1 and/or FBXW7 mutations

We then investigated the relevance MOTCH1 and/or FBXW7 mutations in
relation to treatment outcome. For the DCOG cohloutations ilfNOTCH1and/or
FBXW7tended toward poor treatment outcome. The 5-y&& ates for patients
with NOTCH1 mutations only compared with wild-type patientsrevés7+8%
versus 76+8% R=0.08) for the DCOG cohort but 63+8 versus 64+10% the
COALL cohort £=0.99, Figures 3a and b). InclusionfkdXW7mutations resulted
in 5-year EFS rates of 587 versus 74x9&{.16) for the DCOG cohort and
638 versus 68+10% for the COALL cohoR=0.90; data not shown).

Events in both cohorts are summarized in TablI&NQTCH1 mutations
tended toward a lower RFS in the DCOB=0.068) and COALL cohorts
(P=0.094) with 5-year RFS of 83+7 versus 62+8% fa EINCOG cohort and 89+6
versus 67+8% for the COALL cohort for wild-type aN@®@TCHZEmutated patients,
respectively (Figures 3c and d). These trends bedass evident when including
FBXW7 mutation data, with an RFS of 82+8 versus 62+8%h&n DCOG cohort
(P=0.101) and an RFS of 86+7 versus 70+8% in the ClOAhhort £=0.23) for
wild-type orNOTCHZactivated 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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Values

Only significantp-values are indicated. #;values calculated by the Fisher exact methogd

calculated by the Mann-Whitney-U method. WBC, wiiikeod cell count; PGR, prednisone good

response; PPR, prednisone poor response, NE, aloiadle.
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Figure 3. NOTCHL1-activating mutations have no progostic implication in pediatric
T-ALL. Event-free survival (EFS)a( b) and Relapse-free survival (RFS) @) for the
pediatric T-ALL patients treated on DCOG protocf@sc) or the COALL protocol lf, d).

Patients carryingNOTCH1 and/or FBXW7 mutations and wild-type patients have been
indicated.

We also investigated the effect for specNi© TCHland/orFBXW7 mutations on
the activation of downstream target genes and awtc@s reported by the group
of Pear and co-workers, specifilNOTCH1 mutations or combinations of
NOTCHIFBXW7mutations may have strong NOTCH1-activating effeathereas
others may only have modest activating effét®or this, we distinguished weak
NOTCH1-activating mutations, that i&NOTCH1 HD or PEST mutations or
FBXW7mutations, and strong NOTCH1-activating mutatidghat is NOTCH1JM
mutations or combinations MOTCH1 HD mutations with PEST mutations or
FBXW7 mutations. Although ICN protein levels wergrsficantly higher for
NOTCH1-and/orFBXW7-mutated cases versus wild-type cases, thereelatson
to the types of NOTCH1-activating mutations invgated (Supplementary Figure
S3). To investigate differential activation of dostream target genes between
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patients with weak or strong NOTCH1-activating ntiotas, we first calculated the
most significantly and differently expressed gefpesbesets) 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 NOTCHL1; *, include€3NS relapse

with strong NOTCH1-activating mutations versus wijge patients, which again
revealed mostly bonafide NOTCH1 target genes. Hewethese genes were
expressed at intermediate levels for patients lgavieak NOTCH1-activating

mutations (Supplementary Figure S4), indicatingt tiieese types of mutations
indeed differ in their potential to activate dowesim target genes in primary
leukemic samples. Distinction between these tygeswttations may also have
prognostic significance as patients from the DC@@Boct with strong NOTCH1-

activating mutations had a significant poor outcamlative to wild-type patients

(P=0.012) as well as to patients carrying weak NOT&idtlvating mutations

(P=0.048) (Supplementary Figure S5a). However, thiseovation could not be
substantiated for COALL-97 T-ALL patients (Supplertay Figure S5b). We also
investigated whether ICN protein levels itself l@dgnostic significance. As 55
out of 66 patients for whom ICN protein levels wakailable were treated on the
COALL cohort, we divided these patients into questiand determined their RFS
and EFS rates. However, no relationship between p@itein levels and RFS or
EFS was presenP£0.98 and 0.97, respectively).

DISCUSSION

Activation of NOTCH1 as a consequence of activatv@TCH1 mutations or
inactivatingFBXW?7mutations is a frequent phenomenon in T-A\We screened
for NOTCH1and FBXW7 mutations in 141 pediatric T-ALL patient samplesl a
identified NOTCH1 mutations in 56% andBXW7 mutations in 16% of the
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patients. In total, 63% of the patients had an rabpdly activated NOTCHL1
pathway due to mutations. In line with previousdas,” '® we observed that
NOTCH1PEST domain mutations affBXW7 mutations occurred in a mutually
exclusive manner with the exception of one pati&his patient had a nonsense
mutation inFBXW?7in contrast to missense mutations that are noynoélserved in
FBXW*#mutated patients. This implies that mutant FBXWn ot truncated
FBXW?7 proteins exert a dominant-negative effecttie E3-ubiquitin ligase
complex. Interestingly, Par&t al’® also discovered a nonsense mutation due to a
5bp insertion iFBXW7in combination with &NOTCH1PEST mutation in a non-
Hodgkin's lymphoma patient.

The frequency of NOTCH1-activating mutations is line with other
studies also comprising adult T-ALL patient seffed’ In adult studiesNOTCH1
and FBXW7 mutations were identified in 60-62% and 18-24%thef T-ALL
patients, respectively. This indicates that theogeaic role foNOTCH1/FBXW7
during T-cell oncogenesis remains conserved over (e did not find evidence
for mutations outside thdOTCH1HD, JM and PEST domains in any of the 141
pediatric T-ALL patients indicating that reporteditations in the LNR region, the
RAM, ANK and TAD domains are very ratg>® ®

We found thaNOTCHlandFBXW7mutations resulted in increased levels
of cleaved NOTCHL1 (ICN) in primary leukemia cellsdawas associated with the
activation of NOTCH1 target gen&s™ “includingHES1 HES4 DTX1, PTCRA
NOTCH3 PTPRC CR2, LZTFL]1 TASPl1and RHOU. This confirms that the
mutations manifest functionally at the protein lewe patient samples. We
identified 10 patients that lackedOTCH1 and/or FBXW7 mutations that either
expressed high levels of ICN or that expressed NI @rget genes. As we did
not find chromosomal translocations or other typler®arrangements involving the
NOTCH1locus, this implies that additional mutation meukens inNOTCHZ1or
directly downstream regulatory genes must exist sbafar been left unnoticed in
T-ALL. Although cMYCwas identified as a prominent NOTCH1 target in DA
cell lines™ *?it was not identified as target gene in primamyngkes. However, two
cases expressed ectopic cMYC levels due to a &24;qll) translocation,
which were both wild-type foNOTCHandFBXW?7,supporting a role foMYC as
NOTCH1 target. Further research will be requiredstablish whether cMYC is
generally upregulated by means of other oncogergchanisms in addition to
activatedNOTCH1in primary samples and therefore left undetectedthat the
expression of cMYC is rapidly lost on isolationmfmary leukemic cells.
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NOTCH1/FBXW7mutations were identified at a lower frequencyTin
ALL cases with a mature immunophenotype. This mgylaen the low incidence
of NOTCH1/FBXW7 mutations in the TAL/ILMO subgroup becausdALl
rearrangements, which are the most recurrent aladibymin this subgroup, are
associated with a mature T-cell development affedl.This is an interesting
finding and suggests that the oncogenic rol&NOITCH1is less prominent in T-
ALL cases arrested at a relative mature T-cell ipraental stage. Interestingly,
NOTCH1/FBXW7mutations were identified at a higher frequency TibX3-
rearranged T-ALL. The oncogenic activation of NOTClthus far has been
regarded as one of the earliest acquired abnoresalit a preleukemic progenitor
cell that therefore becomes committed to the T-ALL In this perspective, our
data indicate that the importance of deregulated GlI1 as initiating event during
T-cell oncogenesis depends on additional collabuyagvents likeTLX3 or TAL1
rearrangements. It also suggests that the oncogemgram that is followed by T-
ALL cases that eventually arrest at the mature lopwmeent stage may be less
dependent on NOTCH1. Whether NOTCH1-activating mnoria represent truly
initiating leukemic events or not needs to be dstadd, as evidence is emerging
that NOTCH1 activation in some T-ALL cases may haveurred as a secondary
event which may be acquired or lost at reldpse.

In the study of Breiet al,'” NOTCH1mutations were associated with an
initial PGR and a significantly lower minimal regal disease content at day 78.
Our study supports this association with initialegmisone response for
NOTCH1/FBXWmutant patients. This association is also valilébe patients of
the EORTC-CLG study. In that study, NOTCH1-actimgtimutations were also
associated with reduced minimal residual diseasegltherapy'” The association
for NOTCHL1-activating mutations with PGR seems @ ib contrast with the
finding that y-secretase inhibitors can sensitize for glucocoidE in
glucocorticoid-resistant celf.lt may be that the NOTCH pathway has opposing
effects in the glucocorticoid response in respansigainst resistance patients, but
it now seems clear that activation of NOTCH1 by atiohs does not drive
glucocorticoid resistance. Further research wilkréguired to clarify this seeming
contradiction.

NOTCH1mutations are not associated with a superior ougcfor patients
treated on the BFM-like DCOG protocols or the COAQYT protocol. The survival
rate of NOTCHL1-activated patients was actually léss for wild-type patients.
Separating patients carrying strong NOTCH1-actngatnutations from those with
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weak NOTCH1-activating mutatiofisor patients that were wildtype showed a
significant poor outcome for patients having strétv@TCH1-activating mutations
in the DCOG cohort. This could not be reproducadTiALL patients treated on
the German COALL-97 protocol. In the accompanyirticke of Clappieret al,*?
NOTCH1-activating mutations did not predict imprdveutcome for patients
treated on the BFM-derived EORTC-CLG protocolsagiti hese observations are
in contrast to the findings by the BFM study grdlin the accompanying article
of Kox et al,* this finding is now validated in an extended sexdemprising 301
pediatric T-ALL patients treated on the ALL-BFM ZD@rotocol. A favorable
prognostic effect oNOTCH1 and/or FBXW7 mutations was also identified in a
recent study by Parét al,'® although the overall incidence of identifiS®DTCH1
mutations was only 31%. No favorable outcomeN@TCH1 and/or FBXW7Z
mutated cases has been observed neither for adMliLTpatients treated on
GMALL 05/93 and 06/99 multicenter protocSfsnor for patients treated on the
MRC UKALLXI/ECOG E2993" or LALA-94°° protocols. A significant
association with improved outcome for NOTCH1-adiivgq mutations has only
been observed for adult T-ALL patients treated e GRAALL-2003 multicenter
protocol®® These results indicate that the prognostic efftddOTCH1/FBXW?7
mutations may strongly depend on the treatmenbpobgiven.

Compared with the ALL-BFM-2000 protocol, the DCOGLIA7/8
protocol in general showed an inferior outcofmeélthough both protocols are
highly related, part of the patients treated on@D@OG ALL-7/8 cohort received
less chemotherapy and none of them received praglylcranial irradiation,
except for patients with initial central nervousstgyn involvement. NOTCH1-
activating mutations may provoke central nervoustesy relapse because of the
activation of the CCR7 chemokiAgThis study therefore predicts that NOTCH1-
activating mutations would result in increased risk central nervous system
relapse through the CCL19-CCR7 axis in the absesfceranial irradiation.
However, the numbers of central nervous systenpsekin our cohorts were too
low to substantiate this notion. In addition, neiththe CCR7 gene nor its ligand
CCL19 was identified as significantly differentially engssed genes that were
activated inNOTCH1/FBXW+mutated T-ALL patients based on our microarray
expression data set (data not shown). As our patiEmpsies were all obtained
from peripheral blood or bone marrow samples, wencaexclude that these genes
are only upregulated in malignant blasts in thetexdnof a neuronal environment.
Cranial radiation may contribute to the differences prognostic value for

136



NOTCHlandFBWX7mutations in T-ALL

NOTCH1-activating mutations between the DCOG and.AEM-2000 cohorts,
but this does not apply for the COALL-97 cohorttthrecludes cranial irradiation.
Therefore, other differences among treatment podscgeem important.

In conclusion, NOTCH1/FBXW7mutations that activate the NOTCH1
pathway are identified in >60% pediatric T-ALL patts and result in elevated
ICN levels and activation of NOTCH1 target genesitétions were more often
found in association witiTLX3rearranged T-ALL, but were less frequently
identified in TAL/LMO T-ALL patients and T-ALL patients with a maturec&H
phenotypeNOTCH1/FBXW mutations predict for an initial PGR, which does n
translate into a superior outcome of T-ALL on DCOXRL-7/8, ALL-9 or
COALL-97 protocaols.
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ABSTRACT

Forodesine and nelarabine (the pro-drug of arasé)two nucleoside analogues
with promising anti-leukemic activity. To better derstand which pediatric
patients might benefit from forodesine or nelarabitara-G) therapy, we
investigated thein-vitro sensitivity to these drugs in 96 diagnostic peiat
leukemia patient samples and the mRNA expressieeldeof different enzymes
involved in nucleoside metabolism. Forodesine aratG cytotoxicities were
higher in T-cell acute lymphoblastic leukemia (T44Lsamples than in B-cell
precursor (BCP-) ALL and acute myeloid leukemia (BNMamples. Resistance to
forodesine did not preclude ara-G sensitivity amg wersa, indicating that both
drugs rely on different resistance mechanisms.egfiices in sensitivity could be
partly explained by significantly higher accumubati of intracellular dGTP in
forodesine sensitive samples compared with resis@mples, and higher mRNA
levels ofdGK but notdCK. The mRNA levels of the transportéEdT1andENT2
were higher in ara-G sensitive than resistant sasnWe conclude that especially
T-ALL, but also BCP-ALL pediatric patients may béhdrom forodesine or
nelarabine (ara-G) treatment.
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INTRODUCTION

Leukemia is the most common childhood malignanog, the general incidence in
both adults and children to develop acute lymplsailideukemia (ALL) or acute
myeloid leukemia (AML) is approximately 1 per 10000and 2-3 per 100,000,
respectively. Although overall cure rates have begroved over the last decades,
still about 20% of children with acute lymphobladiukemia (ALL) and 40% of
children with acute myeloid leukemia (AML) eventyadlie from their diseasé.

In adults, the prognosis is worse with a survivelolw 60% in ALL® and 50% in
AML*, indicating that there is still a great need fettér therapy. Currently, purine
nucleosides analogues are in clinical trials fdiedent types of leukemia including
clofarabine, forodesine (BCX-1777/Immucillin  H)  and nelarabine
(506U78/Arranon/Atriance) the latter being the puad for 9$-D-
arabinofuranosylguanine (ara-G).

Forodesine is a non-cleavable inosine analoguelalea® to bind and
inhibit the purine nucleoside phosphorylase (PNRxym€. PNP normally
degrades excess of intracellular deoxyguanosineud@yiGnto guanosine and
deoxyribose-1-phosphate through phosphorylysis.odiSwcontinuously produced
in the body as the result of DNA degradation dugafular turnover. Inhibition of
PNP by forodesine results in the intracellular acglation of dGuo. DGuo is
rapidly phosphorylated to deoxyguanosine triphosph@GTP) in the purine
salvage pathway leading to dGTP accumuldtiomdigh intracellular levels of
dGTP cause cell death through mechanisms thattilreas fully understood, but
which may likely involve imbalance in the deoxyremtide pool and/or inhibition
of ribonucleotide reducta$eesulting inhibition of DNA synthesis and/or by
activation of a p53-induced cell cycle arrest ambposiS. Whereas most
nucleoside analogues depend on DNA incorporatiaxast their toxic effect, this
iIs not the case for forodesine. T-cells seem toe$pecially sensitive to PNP
inhibition as severe combined immunodeficient (SClpatients with PNP
deficiency have increased plasma levels of d&Uand a severe depletion of T-
cells compared to other cell type§ In contrast to SCID however, severe
opportunistic infections are not seen in treatmatii forodesine, as there seems to
be a selective toxicity towards leukemic cells

Ara-G is an arabinosylguanine analogue that istae® to PNP mediated
phosphorylysis. Accumulated intracellular ara-Gapidly converted to ara-GTP
which results in cell death through inhibition dbanucleotide reductase and
incorporation of ara- GTP in the DNA which blocksther DNA synthest§* In
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contrast to various other arabinonucleoside comg®uncluding ara-C, selective
T-cell toxicity has only been demonstrated for &'&*". However, the use of ara-
G is limited due to its poor water solubility. Thésre nelarabine, a pro-drug of
ara-G that is eight fold more water solufilés used in clinical setting$n-vivo
nelarabine is rapidly converted into ara-G throdgmethoxylation by adenosine
deaminase.

Forodesine has been tested in clinical phase fidistin relapsed or
refractory patients with T-cell ALL or lymphoblastiymphoma*®, BCP-ALL and
chronic lymphocytic leukemfa (reviewed in?'). Forodesine treatment resulted in
an overall response in 32% of the T-cell leukenaigmts, with 21% of the having
a complete response. Forodesine administratiorteesin an increase in plasma
dGuo and intracellular dGTP levels. Adverse affeeere mild, with only grade 3
thrombocytopenia and leukopelii&. For BCP-ALL patients forodesine treatment
resulted in complete responses in 17% of the patfen

Nelarabine, the pro-drug of ara-G, has been testadlinical phase /Il
trials in adult® and childref?®* with refractory or relapsed T-ALL or T-cell
lymphoblastic lymphoma (T-LBL) and is an approveadglfor T-cell disease in
both the US and Europe. Thirty-one percent of afiulLL and T-LBL patients
achieved a complete remission with an overall rasporate in 41 % of the
patients. Median disease-free survival (DFS) aneralls survival (OS) were 20
weeks, with 28 percent of the patients survivingear. Principal toxicity was a
grade 3 or 4 neutropenia and thrombocytoénigor pediatric T-ALL patients at
first relapse, complete responses were documemie&5% of the patients. For
patients in second relapse or for patients withaexédullary relapses, response
rates ranged from 14-33 %. However, 18 % of th@eptt had a>grade 3
neurologic adverse evéht

To better predict which patients might benefit froforodesine or
nelarabine treatment, we investigatedith&itro sensitivity to forodesine or ara-G
in pediatric ALL and AML diagnostic patient sampldorodesine toxicity was
investigated in relation to intracellular accumidat of dGTP levels. We also
investigated potential mechanisms that may be resple for differences in drug
sensitivity among patient samples. To this end,measured mRNA expression
levels of proteins that are involved in purine nelssm and uptakeHgure 1). In
addition, we tested whether forodesine had a syster@r antagonistic effect with
7 commonly used drugs in leukemia treatment.
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forodesine j

dGuo/ara-G T) guanine + 1-ribose-phosphate
1: ENT1,ENT2, CNT1, CNT2, CNT3
2: PNP 4 3
3: dCK, dGK
4: NT5C, NT5C1A, NT5C2 5
5: RRM1, RRM2 dGMP/araGMP —> —> dGTP/araGTP —l Ribonucleotide
Reductase
Extracellular j§ Intracellular ‘I’
Cell death

Figure 1. Purine metabolism overview.Schematic overview omain enzymes and
transporters involved in purine conversion and kgtd&ENT1-2 equilibrative nucleoside
transporter 1-2, CNT1-3oncentrative nucleoside transporter 1-3, PNP:ngunucleoside
phosphorylase dCK: deoxycytidine kinase, dGK: dgmanine kinase, NT5@ytosolic 5’
nucleotidase 1ANT5C1A: cytosolic 5’ nucleotidase 1A, NT5C&ytosolic 5’ nucleotidase
RRM1 and RRM2: ribonucleotide reductase subunitd subunit 2.

MATERIALS & METHODS

Patient Material

Fresh or viably frozen bone marrow or peripherabdlsamples from a total of 96
de novo, untreated pediatric acute leukemia patiemtre used, comprising 36 T-
ALL, 43 BCP-ALL and 17 AML samples. All samples wetested for forodesine
cytotoxicity, whereas additional assays were paréat on the same samples based
on the availability of material. The patients’ patie or legal guardians provided
informed consent to use leftover diagnostic patibripsies for research in
accordance with the Institutional Review Boardled Erasmus MC Rotterdam and
in accordance with the Declaration of Helsinki. kemnic cells were isolated and
enriched as previously describedll resulting samples containe®0% leukemic
cells, as determined morphologically by May-Grurdv@iemsa-stained cytospins
(Merck, Darmstadt, Germany) and were viably frozenliquid nitrogen as
described earliét.
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Cell lines

T-ALL cell lines (CCRF-CEM, LOUCY, BE-13, MOLT-4, EER, KARPAS-45,
MOLT-3, JURKAT, HPB-ALL, PF-382) were purchased rfrothe German
Collection of Microorganisms and Cell Cultures (D&M Braunschweig,
Germany), and cultured under recommended conditions

Assessment of PNP inhibition by forodesine (dGuo rasurements)

The efficacy of forodesine to inhibit phosphoryl/sif dGuo into guanosine and
deoxyribose-1-phosphate by PNP was assessed inditne T-ALL and 2
pediatric BCP-ALL patient samples. For this, therdase in dGuo concentration
was measured over time in the supernatant of célires that were treated with
varying concentrations of forodesine. Cells weréucad in RPMI 1640 Dutch
modification without L-glutamine, 20% fetal calf reen, 2 mM L-glutamine
(Invitrogen), 5pg/ml insulin, 5pg/ml transferrin, 5 ng/ml sodium selenite (ITS
media supplement; Sigma, St Louis MO, USA), 100mUpenicillin, 100ug/ml
streptomycin, 0.12%g/ml fungizone and 0.2 mg/ml gentamycin (Invitropamh a
concentration of 1:80° cells/ml. Forodesine (provided by Mundipharma Redea
Ltd) was added to final concentrations of 1, 3@pud4; or replaced by dkO in the
control. dGuo (Sigma) was added to all culturea fmal concentration of 1AM.
Cells were plated in triplicate in 96 well plateBidplastics, Landgraaf, the
Netherlands) for each condition (320° cells/well). After 0, 4, 24, 48 and 96
hours, cells were pelleted by centrifugation anel sbhpernatant was collected for
dGuo measurement and stored at -80°C until furdmalysis. dGuo levels were
analyzed by high-performance liquid chromatogra@figL.C or LC) with tandem
mass spectrometry detection (MS/MS) as previousiycdbed?® Briefly, dGuo
was extracted from the supernatant using a WatasssO'HLB” affinity solid
phase extraction (SPE) cartridge. The mass of d@us H+ (268.1 m/z) was
monitored in quadrupole one (Q1). The dGuo procctl57.0 m/z was monitored
in quadrupole three (Q3). The concentrations of @lGuere determined by
weighted (1/x) quadratic regression analysis ofkpaeeas produced from the
standard curve.

In-vitro forodesine, ara-G and ara-C cytotoxicity (MTT assg)

Forodesine (36 T-ALL, 43 BCP-ALL and 17 AML sampleara-G (28 T-ALL, 35
BCP-ALL and 17 AML samples) and ara-C (28 T-ALL s#@es) cytotoxicities
were determined using the MTT assay as describediqusly®® Ara-G is the
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active metabolite of the pro-drug nelarabine. Weasneed cell viability in the
presence of 1M forodesine and 6 concentrations (0.01, 0.1, 1,03and 5QuM)

of dGuo, following an incubation period of four @ayAs control, samples were
incubated with the same range of dGuo concentrstion the absence of
forodesine. Additional controls wereyuM forodesine in the absence of dGuo, and
vehicle only. dGuo is added to the culture to mithie natural variable presence of
dGuo in the blood, as this compound mediates fa@iodecytotoxicity. For ara-G
(Carbosynth Limited, Berkshire, UK) the followingricentrations were used: ara-
G 0.01, 0.1, 1, 3, 10, 50M. The concentrations used in the MTT assay forGara
were: 0.01, 0.04, 0.16, 0.625, 2.5 anduMD

Combination cytotoxicity assay
Using the MTT assay as previously descrifedve screened for potential
antagonistic or synergistic effects in forodesinedrated cytotoxicity for 7
compounds that are used in ALL treatment, comggisira-C, ara-G, 6MP (Sigma
Aldrich, St. Louis, USA), asparaginase (Medac, Asigu USA), daunorubicin
(cerubidine®, Sanofi-aventis, Bridgewater, USA)edgmisolone (BUFA BV,
Uitgeest, the Netherlands), and vincristine (TEVAapnachemie, Haarlem, the
Netherlands). Four to 9 T-ALL and 6 to 8 BCP-ALLdegric patient samples were
tested for each drug combination. Prior to thi® thedian concentration that is
lethal to 10% (LC10) and to 30% (LC30) of cells eveletermined for dGuo in the
presence of UM forodesine on the basis oif-vitro forodesine cytotoxicity assay
results (see above) for 10 T-ALL and 10 BCP-ALLigat samples. The T-ALL
and BCP-ALL median LC10 or LC30 concentrations wesed in the combination
assay for T-ALL and BCP-ALL samples, respectivétprodesine (iM) and the
median LC10 or LC30 concentrations of dGuo wera ttembined with a range of
each of the 7 drugs (ara-C: 0.01, 0.04, 0.16, 0.82%, 10.0uM, ara-G: 0.01,
0.10, 1.0, 3.0, 10, 50M, 6-mercaptopurine (6MP): 0.016, 0.031, 0.06326,1
0.50, 1.0 mg/ml, asparaginase: 0.003, 0.016, 0@8p, 2.0, 10.0 IE/mlI,
daunorubicin: 0.002, 0.008, 0.031, 0.125, 0.5,@nl, prednisolone: 0.008, 0.06,
0.49, 3.9, 31.3, 25Ag/ml and vincristine: 0.05, 0.20, 0.78, 3.1, 1&6,0ug/ml).
The controls were: M forodesine in combination with the median LC10 or
LC30 value of dGuo. Previous experiments on T-Aldll tnes (JURKAT, HPB-
ALL, LOUCY and PF-382) showed no effect of additiohthe median LC30
values of dGuo on the cytotoxicity of the 7 drugshe absence of forodesine (data
not shown). Since 6MP solutions give a backgrouigtad in the MTT assay,
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varying concentrations of 6MP in culture medium evarcluded as an additional
control. For each patient and each concentrationcofmpound tested, a
hypothetical maximal additive effect of either LCH® LC30 forodesine/dGuo
treatment in combination with the other compound walculated by the following
formula: ((100-A) X B/100) +A, where A and B ateetpercentages of cell death
caused by each compound individually. We performedest to analyze for each
drug concentration whether the median calculate@otietical values were
significantly different from the actual measured dia@ values obtained by
combining the drugs, i.e whether the results didersignificantly from the
hypothetical maximum additive effect. When a sigaifit difference was
observed, we performed another t-test to analyzetivein the median cell survival
measured with drug only increased significantlydaldition of forodesine/dGuo,
I.e. whether an antagonistic effect was present.

dGTP measurement

Accumulation of dGTP was calculated using a polyserassay as previously
described in 22 T-ALL, 6 BCP-ALL and 2 AML samples. Ten niilh cells were
cultured for 24 hours in 5 ml culture medium (sbewe) in the presence ofpM
dGuo and 1pM forodesine. The control reaction comprisedpu® dGuo.
Proliferation and apoptosis were measured with dmnyplue staining and counting
in a Burker-Turk counting chamber. Cells were waslwice with PBS and
spinned down by centrifugation. The cell pellet wasuspended in 1 ml 60%
methanol (-20°C) and stored at -20°C. The samplesewcentrifuged and
supernatants were dried in a TurboVap. Dried etdra@re stored at -20°C until
further analysis. Extracts were suspended inuRbuffer (20 mM Hepes-NaOH,
pH 7.3; 2 mM MgCJ) and 20ul was used in the assay. dGTP standards were used
at 0, 0.5, 1, 5, 10, and 50 pmol. Reactions coath20pul of extract or standard,
100 mM Hepes-NaOH (pH 7.3), 10 mM MgCBO nM primer, 2.5uM [3H]-
dATP, 0.5 U Klenow Exo-Free DNA Polymerase |, artd, @ to 100pl final
volume. Reactions were incubated in U-bottom 96-tigtue culture plates at RT
for 1 hour. Samples were harvested onto WhatmanlOBEBAE cellulose paper
using a Packard cell harvester, washed three timigs 5% NaPQ,, once with
dH,O, once with 95% ethanol and then air-dried andhtedion a Packard Matrix-
9600 beta counter. A standard curve was genergpd ¥s. dGTP concentration)
for each experiment and the amounts of dGTP presernhe extracts were
calculated using the standard curve.
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Real time Quantitative Polymerase Chain Reaction (R-PCR)

cDNA was available for 25 T-ALL samples, 24 BCP-Alsamples, and 1 AML
patient sample. RNA extraction and cDNA synthesseaperformed as previously
describeé. RQ-PCR reactions were performed in 1x DyNAMhdHS SYBR®
Green mastermix (Finnzymes, Espoo, Finland), 1x ROginnzymes), 8.3 pmol
forward primer, 8.3 pmol reverse primer, 20ng cDAiAd 4mM MgC] in a final
volume of 27.5ul. RQ-PCR was performed on a 9700HT Fast Real-THG&
system (Applied Biosystems, Foster City, CA, USAbrsng with DNA
polymerase heat activation at°@5for 10 minutes, followed by 40 cycles of°@5
for 15 seconds and 60 for 1 minute. A melting curve was recorded durang
heating step from 2& to 95C during a 10 minute period. We performed cycle
threshold analysis for each reaction using SDS248lyais software (Applied
Biosystems) and expression levels were quantifiddtive to the endogenous
housekeeping gene glyceraldehyde-3-phosphate daismise GAPDH) using
the ACt-method® All reactions were performed in duplicate. Prirseguences for
deoxycytidine kinase dCK), cytosolic 5’ nucleotidase 1APNI/NT5C/P5N2),
equilibrative nucleoside transporter(ENT1/SLC29A1)ribonucleotide reductase
subunit 1 (RRM1) and subunit 2(RRM2) and GAPDH have been described
elsewher®?° Other primer combinations are listed sSnpplementary Table 1
cDNA of a T-ALL cell line pool (CCRF-CEM, LOUCY, B#3, MOLT-4, PEER,
KARPAS-45, MOLT-3 and JURKAT) was used as positeantrol for these
targets.

Statistical analysis

Differences in the distribution of continuous véies were analyzed using the
Mann-Whitney U test. Analyses of proportional diffeces were performed by
Chi-square test or Fisher exact test. Studenesttwas used to analyze whether
differences in cell survival differed significantiyom zero. Statistical tests were
performed at a two-tailed significance level of3.0
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RESULTS

In-vitro forodesine and ara-G cytotoxicity levels

To explore the efficacy of purine nucleosides agaés as a potential therapeutic
drug for ALL, we testedin-vitro toxicity levels of forodesine and ara-G on
pediatric ALL and AML samples. Forodesine toxicitigpends on the plasma
availability of dGuo and its conversion into dGEHRAd we first tested the ability of

forodesine to block the degradation of dGuo intargsine and deoxyribose-1-
phosphate by PNP. These measurements were perfanntieel presence of dGuo

and increasing forodesine concentrations. Withoudesine, dGuo levels in the
culture media are rapidly being depleted as coremempi of PNP-mediated

degradation to nearly undetectable levels withinh2d in 5 out of 6 patient

samples. For all samples tested M 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 obdesine was then chosen in
subsequent cellular cytotoxicity experiments.

We then measured the cellular toxicity tuM¥ forodesine in 96 pediatric
primary leukemia samples in the presence of varyogcentrations of dGuo
(Figures 2A and 2B. In our assay, dGuo itself elicited no cellulaxitity up to
concentrations of 1QM as it is rapidly being degraded by PNP (datastmawn).
OnepuM of forodesine in the absence of dGuo had no effecsurvival (data not
shown). However, in the presence of forodesine saambequent blockage of PNP
activity, T-ALL samples were more sensitive to dGewels (median LC50 =
1.6uM dGuo) than BCP-ALL (median LC50 = &B! dGuo, p=0.001) and AML
(median LC50 >10M, p<0.001) sampled~{gure 2A). Only one out of 17 AML
samples reached an LC50 in our assay.

Ara-G cytotoxicity was measured in 28 T-ALL, 35 B@RL and 17 AML
pediatric patient samples. Again, T-ALL sampleseaverost sensitive to treatment
(median LC50 = 2048M) compared to BCP-ALL (median LC50 >¥l,
p<0.001) or AML (median LC50 = 4581, p=0.012) sampled={gure 2B).

152



Forodesine and ara-G sensitivity in pediatric atet&emias

forodesine/dGuo B ara-G

>

*kk *

I 1 | 1

K% *%k 604 * k%

| [ | | 1

—
<
L ]
°
]
|
N

B
=)

o

LC50 uM ara-G
L ]

L]
®e
L]
[ ] [ ®

(] .

e 0g0® :. °
. L «** .

® ] L L]

L] ..

wo-:~~ i * ‘:'.

T-ALL BCP-ALL AML T-ALL BCP-ALL AML

L]
L~

LC50 pM dGuo (+ 1uM forodesine)

(=]

Figure 2. Forodesine/dGuo and ara-G sensitivity in pediatricleukemia. (A) LC50
values for forodesine/dGuo for T-ALL, BCP-ALL andVA leukemia samples. When no
LC50 was reached, a value ofpd was assigned. (B) LC50 values for ara-G for T-ALL
BCP-ALL and AML leukemias. When no LC50 was reacledalue of 5QM was
assigned. Median LC50 values are indicated by @yzontal lines. Significance levels
are indicated by asterisks: *,p<0.05; **,p<0.01%¥1<0.001.

As conversion of dGuo and ara-G rely on the sanzgreatic pathways,
we investigated potential cross-resistance towd@liso/forodesine and ara-G in T-
ALL patient samples. Patient that require drug eoi@ations higher than 10uM of
dGuo (at 1uM of forodesine) or 50uM of ara-G as Q@alues in our assay were
regarded as resistant. We did not find any coicgldietween dGuo/forodesine and
ara-G cytotoxicities, nor between dGuo/forodesind the pyrimidine equivalent
of the ara-G drug, i.e. ara-€Eigure 3A and 3B). For T-ALL patients, 2 out of 3
samples that were resistant to ara-G were sensiaiferodesine/dGuo exposure
whereas 6 out of 7 forodesine/dGuo resistant saplaained sensitive for ara-G.
For all patient samples tested, 10 out of 30 aree§istant samples remained
sensitive to forodesine/dGuo exposure and 19 o@9dbrodesine/dGuo resistant
samples were still sensitive to ara-G exposure.réfbee, resistance to ara-G
exposure did not preclude sensitivity to forodesl@eio exposure and vice versa,
and suggests that the modes of cytotoxicity orstasce between forodesine and
ara-C or ara-G are different. In contrast, LC50ueal for ara-C and ara-G
cytotoxicities strongly correlated (p<0.001, R=Q.FRyure 3C), indicating that the
cytotoxic mechanisms are the same for ara-G an@ a@mpounds.
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values for ara-G and ara-C were available for 2B T-ALL patients respectively.

dGTP accumulation

To investigate whether differences in forodesinesiwrity levels could be
attributed to differences in intracellular accuntigia of dGTP, we analysed dGTP
levels among patient samples in the absence oemresof forodesine. After 24
hours, no significant differences were found inlifgcation rate or the number of
apoptotic cells between forodesine/dGuo-treatedGuo-treated control cells (not
shown). Without blocking PNP activity, T-ALL patiersamples accumulated
higher basal intracellular dGTP levels within 24ut®than BCP-ALL samples
(p=0.004) Figure 4A), so BCP-ALL cells may have a higher intrinsic akilib
degrade dGuo levels than T-ALL cells or have a slowonversion rate of dGuo
into dGTP). Upon blockage of PNP by forodesinealtottracellular dGTP levels
increased 10 to 100-fold within 24 houFRsdure 4B).
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Figure 4. dGTP accumulation.(A) Basal dGTP levels after 24 hrs of 10 uM of @Gu
exposure and (B) dGTP accumulation after 24 hr&0ofiM dGuo and 1uM forodesine
exposure in 22 T-ALL and 6 BCP-ALL patient samplefmdetectable dGTP levels have
been assigned a value of 1. (C) Intracellular d@&Mels after 24 hrs 1AM dGuo and 1
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MM forodesine exposure in forodesine-sensitive \v@ngsistant patients (22 T-ALL, 6
BCP-ALL and 2 AML samples). Horizontal lines remasmedian values. ** p<0.01.

No difference was observed between T-ALL and BCR-Asamples
indicating that both ALL types are equally efficien convert dGuo into dGTP.
Intracellular dGTP accumulation was significantigtrer for forodesine sensitive
cells than for resistant cells (p=0.00&igure 4C). So, resistant patients may
convert less dGuo into dGTP or resistant patiertsenefficiently consume (toxic)
dGTP levels.

Gene expression

To find potential explanations for differences orddesine or ara-G sensitivity
levels, we determined mRNA expression levels ofed#nt transporters and
enzymes that are involved in the purine metaboliBigure 1). Of the 13 genes
investigated, 4 geneNT1, CNT2, CNT3, NT5C)Avere expressed at low to
undetectable levels in most of our patient samples were therefore excluded
from further analyse€£NT1and ENT2 were both expressed at higher levels in T-
ALL samples than in BCP-ALL samples (p=0.007 an@.p36 respectively) while
levels of the nucleotidagd TS5CZPNT5 and PNP were expressed at lower levels
(p=0.016 and p<0.001, respectivdiygure 5).
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Figure 5. Gene expression in leukemia subtypesiIRNA expression of 9 genes in T-ALL
and BCP-ALL patients. Each dot represents a meamein one patient sample. cDNA
was available for 25 T-ALL samples, 24 BCP-ALL sdesp * p<0.05, ** p<0.01.
***pn<0.001.
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Patient samples sensitive to forodesine/dGuo egpdesigher levels of
dGK (p=0.039;Figure 6A), and may more efficiently convert dGuo into dGsi
a first activation step in the conversion of dGoidGTP.ENTl1andENT2levels
were significantly higher in ara-G sensitive patsetthan in resistant patients
(p=0.010 and p=0.009, respectivefygure 6B) permitting a higher uptake of ara-
G. ENT1 expression levels strongly correlated with ara-€hs#ivity levels
(p=0.005 R=-0.503). Also for T-ALL samples, we faua correlation between
ENT1levels and ara-C sensitivity (p=0.011 R=-0.60)ik8tgly, ENT1andENT2
levels were not related to forodesine sensitivitgicating that cellular uptake of
forodesine may be facilitated by another transporte
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Figure 6. (page 154) Gene expression in relation téorodesine/dGuo or ara-G
sensitivity. MRNA expression of 9 genes in forodesine/dGuoqifgra-G (B) sensitive and
resistant patient samples. Each dot representsasureanent in one patient sample. *
p<0.05, ** p<0.01.

Combination studies

In the treatment of leukemia, multiple drugs areniistered simultaneously or
administered sequentially. It is therefore impartantest for drug interactions. To
this end we explored the presence of synergistiditiae or antagonistic effects
between forodesine/dGuo and 7 other compoundsatieaturrently used in ALL
treatment protocols. Leukemic cells were incubatétl a concentration range of
these 7 compounds with or without the LC10 or LC8&@otoxic dGuo
concentrations (0.0pM and 0.48uM for T-ALL and 0.5pM and 3.5uM for
BCP-ALL, respectively) in the presence of M of forodesine. As controls,
samples were incubated with LC10 or LC30 concentmatof dGuo with 1uM
forodesine only. For prednisone, vincristine, argpasaginase, no significant
synergistic or antagonistic effects were found irombination with
forodesine/dGuo. To our surprise, no antagonism waserved between
forodesine/dGuo and ara-G or ara-C despite thetiatthese drugs depend on the
same enzymes of the guanosine salvage pathwayddtororubicin, addition of
LC10 forodesine/dGuo levels resulted in an incredseellular viability, both for
T-ALL as well as for BCP-ALL samples (42% vs 61% fo-ALL (p=0.009) and
45% vs 66% for BCP-ALL (p=0.018). This effect wasly observed at a
daunorubicin concentration of 0.12®/ml (Supplementary Figure 2A-B), but
not at other daunorubicin concentrations. Also, aatagonistic effect was
measured for any of the daunorubicin concentratioo®bined with the LC30
forodesine/dGuo level. For various concentratiohs6®P combined with the
LC10 or LC30 concentrations forodesine/dGuo, syisgogtoxicity was observed
for T-ALL samples SupplementaryFigure 2C, D).
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DISCUSSION

In this study, we have demonstrated selective ftiyxiof forodesine/dGuo
treatment for pediatric T-ALL compared to BCP-ALInca AML samples. The
median forodesine/dGuo LC50 value was more thaoldbIlbwer for T-ALL than
for BCP-ALL samples. Only one out of 17 AML patiemeached an LC50 below
10uM. This patient was also a Down syndrome patiansyndrome known to
display increased sensitive to a wide range of sllargd these patients are highly
susceptibility towards toxic side effetd&" High sensitivity of pediatric T-ALL
patients towards forodesine/dGuo exposure is @ \Wth expectations, as natural
occurring PNP deficiency is known to result in Tkdgmphopenia®*® and
provided the rationale to develop PNP inhibitorgy fiseatment of T-cell
malignancies. Forodesine is a very potent inhibtabrPNP that inhibits PNP
activity in the picomolar range in biochemical esipents® Cytotoxic effects of
forodesine were shown on T-ALL cell lines beforand a clinical response has
been documented in a phase | trial for advancediMalignancieS. Ourin-vitro
studies indicated thatuM of forodesine is sufficient to inhibit PNP activiin a
cellular system, which is well within clinical aewable plasma concentrations.
Steady-state forodesine levels that range betwe®n84uM were documented in
the plasma of patients following intravenous infinsof 40 mg/rf of forodesiné.

In this clinical phase | trial, elevated dGuo leveip to 34 uM in plasma were
documented. As the median LC50 dGuo levels (in ghesence of 1 uM of
forodesine) in our study for forodesine respondivALL samples was estimated
on 1.6 uM (range 0.31-10 puM), this indicates tlmbdlesine may be a promising
compound in future clinical trials for nearly 75rpent of pediatric T-ALL
patients.

In the present study, we demonstrate that nearfy dfaall BCP-ALL
patient samples responded to dGuo/forodesine v@ilnod_C50 values that ranged
between 0.67 and 10 puM. Again, this is well witltimical achievable plasma
dGuo levels following forodesine infusion, suggegtithat forodesine treatment
may be effective for nearly 50 percent of BCP-Aldnples.

Selective T-cell toxicity was also demonstrated tfee arabinoguanosine
derivative compound ara-G. Primary T-ALL patienigdes had a median LC50
value of 20.5uM ara-G whereas about half of BCP-ALL or AML sangpl#id not
reach an LC50 within the limits of our assay. Tl-selective toxicity of ara-G is in
line with previous studié§'”* and nelarabine is an approved drug for T-cell
malignancie¥. One of the explanations for selective T-cell ¢ityi by
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forodesine/dGuo or ara-G treatment is the findhmg T-ALL samples express less
PNP, which is in line with our previous finding thatALL cells have lower PNP
activity compared to BCP-ALL cefl$ Also, the expression of cytosolic purine 5-
prime nucleotidasBIT5C2was lower in T-ALL cells than in BCP-ALL cells, 36
ALL cells have a reduced capacity to revert phosghton of dGuo. The
expression of the equilibrative nucleoside transgweENT1andENT2was higher
for T-ALL than for BCP-ALL cells, possibly resulgnin enhanced cellular uptake
of dGuo and ara-G. Lower expression levelsPMP and NT5C2 but higher
expression oENT1 and ENT2 transporters in T-ALL cells are in line with our
finding of higher basal intracellular dGTP levefteaexposure to dGuo in T-ALL
patient samples than in BCP-ALL samples. Howewalowing inhibition of PNP
activity by forodesine, both responding T-ALL andCBB-ALL samples seem
equally efficient to accumulate comparable levefsimdracellular dGTP. So,
differential sensitivity for T-ALL and B-ALL cellsowards forodesine may not be
due to differences in the dGuo to dGTP activatiteps in the purine salvage
pathway, but may be due to differential cytotoxfteets of accumulated dGTP
levels on ribonucleotide reductase activity andibition of DNA synthesis, or
intrinsic differences in the apoptotic thresholésaeen T-cell and B-cells.
Although dGuo mediated toxicity through forodesewed ara-G toxicity
depends on stepwise phosphorylation steps in tmmesalvage pathway, no
relationship could be demonstrated between foraéédisuo sensitivity and ara-G
sensitivity. This was further supported by the theit resistance to ara-G exposure
did not preclude sensitivity for forodesine/dGuo wce versa. In contrast,
sensitivity levels towards ara-G strongly corredat@ith ara-C sensitivity levels.
Despite the fact that T-ALL samples have differerpression levels of enzymes
and transporters that favour preferential phosghbon of dGuo or ara-G in T-
ALL cells compared to BCP-ALL cells, our resultsgiy that toxicity levels for
both compounds are determined by different compnanthe purine salvage
pathway. For this, dCK has been suggested as aortamp and rate-limiting factor
in the phosphorylation of pyrimidine and purine xigwucleosideSthat has been
associated with ara-C resistaficg or relaps&*’. However, we did not observe
differences indCK expression levels between forodesine/dGuo seasiind
resistant patients, nor between ara-G sensitive r@sistant patients. In our
previous study on infant BCP-ALL, a 2 fold lowerpegssion indCK levels was
identified despite a 3.3 fold higher sensitivitywdés towards ara-C compared to
non-infant ALL patientS. This indicates that dCK is not a major contrilutte
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ara-C, ara-G or forodesine/dGuo toxicity, even when-physiological high levels
of deoxycytidine can block ara-G toxicify".

We observed significant differences in the mitauieal deoxyguanosine
kinase (GK) expression levels between forodesine/dGuo sees#nd resistant
patient samples, but not between ara-G sensitigegesistant patients. This finding
is completely in line with previous findings by GHm and co-workers who
demonstrated that dGuo is predominantly phosphiaglay dGK but not by dCK,
whereas ara-G can be phosphorylated by both enzwilesdGK as preferential
enzyme at limiting ara-G concentratiéhsAra-G resistance could be associated
with significant lower expression levels of th&iIT1andENT2transporters. These
transporters have been shown important for the impbara-C? and elevated
ENT1levels have been reported to explain the highCasansitivity of infant ALL,
and a strong correlation was observed betw&dhl expression levels and ara-C
sensitivity>. Lower ENT1 expression levels have been related to ara-Ctaesis
in childhood AML?°. Previous work by Huang et*alon the T-ALL cell line
CCRF-CEM demonstrated that while the cellular uetadf forodesine was
dependent on ENT1 and ENTZ2, forodesine toxicity wats This is in agreement
with our data, anENT1andENT2expression levels were not related to forodesine
toxicity levels. These data therefore suggestfthraidesine import and subsequent
PNP inhibition seems not limited in leukemia cdlig may depend on the import
and activation of dGuo. Import of dGuo has beenomeg to occur via
concentrative nucleoside transport&ralthough observations as described above
may contribute to forodesine/dGuo or araG resigtaexact resistance mechanisms
are not yet clear. For CLL blasts, forodesine/d@fiectiveness has been related to
basal levels of MCL1 and BIM, elevated phospho-dtokdCK ratios following
treatment, and induction of p73 that may upreguBité via the FOXO1 and
FOXO3A transcription factofsA recent study provided an alternative mechanism
of forodesine resistance as marrow stromal cellsews&hown to antagonize
forodesine-enforced apoptosis in CLL c&lls

The combination cytotoxicity assays revealed rtagonistic or synergistic
effect of forodesine/dGuo combined with prednisonacristine or asparaginase.
For daunorubicin we observed an antagonistic effeéet only at a single
concentration combined with the LC10, but not witle concentration of LC30
forodesine/dGuo. We found no antagonistic effectfdoodesine/dGuo with either
the purine analogue ara-G, nor with the pyrimidar@alogue ara-C. Moreover
forodesine/dGuo had a synergistic effect in T-ALIlthnanother purine analogue,
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6MP, at multiple concentrations combined with theC1D and LC30
dGuo/forodesine concentrations. The molecular bagighese differences in
combined effects remains elusive.

We conclude that forodesine and ara-G have cytoteXects on T-ALL
and to a lesser extent on BCP-ALL cetlsvitro and could therefore have potential
beneficial therapeutic effects in both types ofkkmia, possibly in a combined
therapy approach. In AML patients forodesine treatims expected to result in
little response. Our study gives no indication t¢éac antagonistic effects of
forodesine/dGuo when combined with any of the 7gdras 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 raagement or major driving
aberration had been identified in ~40% of pediafdALL patients. We denoted
these cases as “unknown” T-ALL cases. In fingt chapter of this thesis we
aimed to identify novel aberrations in these pasidsy combined genome-wide
expression analyses and detailed molecular-cytdgesrealyses. Supervised gene-
expression profiling led to the identification afd novel T-ALL subgroups that
comprised more than half of these unknown casessd hovel subgroups each had
a distinct expression signature and each subgroopised approximately 10% of
T-ALL cases (Figure 1).

The first group, which we denoted the proliferaticduster, was
characterized by high expression of genes invoinaztll proliferation and ectopic
expression of the NK-like transcription factdKX2-1.In unsupervised analyses,
these cases formed a single cluster that also d¢smtbrmost of theTLX1
rearranged cases. These cases were characterizad imgmunophenotype that
corresponded to a T-cell development arrest atctiréical stage. This analysis
implies a possible common pathobiology X1 and NKX2-1 aberrations, or
simply a similar preference to occur in cells aeddn the cortical stage. In 7 out
of 12 patients of this cluster, we found novel chosomal rearrangements
involving theNKX2-1gene or its homologueKX2-2 These aberrations included
translocations and inversions involviNgKX2-1or NKX2-2and the T-cell receptor
genes or th&GH@ locus and resulted in ectopic upregulatiomNe&iX2-1or NKX2-

2.

The second group, which we called the immatureetus/as characterized
by an immature immunophenotype and high expressidhe transcription factor
MEF2C. In this group we identified novel genetic reagaments that targeted the
transcriptional activation dEF2C.

Beside the proliferative and immature cluster, naisthe other unknown
T-ALL cases clustered together witiAL1 and LMO2 rearranged patients (Figure
1). In theTAL/LMOH{ike patients, rearrangements were identified inegethat are
homologous toTAL1 or LMO2, such asLMO1}, LMOZ, TALZ and LYL1
(Chapter 2). Therefore at the end of this project, 99% ofigtat T-ALL patients
can now be classified into 6 T-ALL subgroups (&&gure 1), and in more than
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half of the 40% of the unknown T-ALL cases, nowgdd A abnormalities have
been identified.

With the advances in whole-genome sequencing amdiévelopment of
bioinformatic tools to facilitate data processiitgyill become possible in the near
future to analyse the whole genome of a leukemitepiasample, and thereby
simultaneously map mutations and breakpoint regadrdeletions, amplifications,
translocations and inversions, at the single basépeel® The costs for these
applications are still decreasing, making it peghiqe best suitable tool to identify
additional type A and type B aberrations in theifat

TAL/LMO-like

Unknown
(40%)

Figure 1. Schematic overview of classification of 117 péddiaT-ALL patients according
to gene-expression profile (corresponding to typabarration). The left pie-chart refers to
4 major genetic groups that were known at the sfdftis thesisTAL1andLMOZ2 form the
TAL/LMO subgroup). The right pie-chart demonstrates hoknawn cases can be assigned
to one of 2 novel T-ALL subgroups, or the TAL/LM@é group that clusters withAL1
andLMO2 rearranged cases.

Type A aberrations: mechanism of action

Besides identifying type A aberrations, it is imjamt to determine how these
aberrations contribute to leukemogenesis, sinceetiesights will help to develop
future targeted therapeutic approaches. For mogé th aberrations, these
mechanism are not yet clear, though in general #neyconsidered to block T-cell
differentiation. This is supported by the fact thgie A aberrations are associated
with arrest in distinct maturation stagéseviewed by Meijerin®. In addition to
this, effects on other processes such as proliberand apoptosis have also been
described (partly reviewed Dhapter 4). In Chapter 1, we identifiedMEF2C and
NKX2-1as two novel type A oncogenes. We have shown firagulation of these
genes increased colony formation in a cellular ygssadicating effects on
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proliferation. We demonstrated that ectopMEF2C expression inhibits
differentiation and that part of the gene-expresssignature of the immature
cluster is caused by MEF2C. This indicates thattthascription factor MEF2C
has wide ranging effects on many different dowmstrggenes, which are involved
in proliferation as well as differentiation. In thegure, the mechanisms of action of
MEF2C and NKX2-1 will be further investigated. Waue initiated Chip-on-chip
experiments on patient and cell line material, Wh@mims to identify direct
transcriptional target genes that are controlledi®aF2C and NKX2-1. The effect
of the over expression MEF2C andNKX2-1on thymocyte differentiation will be
addressed using the stromal-support culturing sy€&®9-DL£, which facilitates
the differentiation of hematopoietic stem cell®itiie T-cell lineage. The next step
is to studyNKX2-1, MEF2C and other type A oncogenes in conditional knock-
down and knock-in experiments-vitro as well as in xenograft mouse models
These model systems are currently in developmeatiiiab. This will enable the
investigation of many aspects ranging from dowmstrdargets to the effect of
potential drugs.

NKL overexpression as common theme in T-ALL

So far we have focused on different subgroups WLE; but in Chapter 4 we
have reviewed the role of NK-like (NKL) homeoboxngs and their participation
in T-ALL. More than half of pediatric T-ALL sampldsave over expression of
NKL genes. Most of these NKLs are not expressedbimal T-cell development.
These NKL genes could have a similar downstreanecefithat promotes
leukemogenesis in T cell progenitors, possibly ttuenimicking of a NKL gene
that has a role in hematopoietic development, HKEX. All NKL genes that are
implicated in T-ALL posses a conserved Eh1 repnessuif. Future research has
to be conducted to determine whether this repressotif may facilitate a
leukemogenic effect and whether there is evidemceaf common downstream
pathway of these NKL genes, or whether these gexeeh fulfill specific
pathologic roles. To identify a common downstreaathpay of NKL homeobox
genes, one cannot compare T-ALL samples with edlobroHealthy thymocyte
subpopulations reflecting different maturation sgould be compared to their
malignant (T-ALL) counterparts, and in this way TdA specific genes may be
identified, that are common in all T-ALL subgrougshIP-on-chip experiments
could be used to find a set of genes that is tadgey multiple NKL genes and that
could be associated with T-ALL. If a common pathway these NKL genes is
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identified, this may offer therapeutic opportursti®r a large part of pediatric T-
ALL patients.

A multitude of hits model?

In T-ALL, we have discussed the existence of typandl B aberrations; however,
a two-hit model is not adequate to explain leukeemegis in T-ALL. Often more
than just two genetic aberrations are present e amleukemic cells, and not all
aberrations have been identified yet.

Interestingly, several aberrations seem to havereference’ to occur
together in T-ALL. For example, irChapter 3 we identified a recurrent
del(5)(q35) that was exclusively found in combioatiwith TLX3 rearranged
patients. InChapter 5 we show thaNOTCH1 mutations are found significantly
more frequent iNTLX3 rearranged patients than in other subtypes, dativedy
less frequent within thd AL/LMO subgroup. Several reasons may be given for
these associations. One aberration could be theeqgoence of the other. In the
case of th&LX3 accompanying aberration del(5)(g35), the abemasovery close
to theTLX3 locus and might be part of a more complex reaearmmt involving
multiple sites. Another possibility is that botheafations act synergistically in T-
cell pathogenesis. A third possibility is that badberrations need a similar
maturation stage to exert an oncogenic effecCHapter 2, we identified two type
A aberrations in a single T-ALL patient:Ll&L1 translocation and a small deletion
near LMO2 Usually type A aberrations are mutually exclusibet within the
TAL/LMO subgroup this might be slightly different. Comtioas of TAL and
LMO aberrations in a single leukemic cell have beestrilzed beforeand several
papers have reported strong synergism between tigeses in leukemia
development in mic&™® LMO2 and TAL1 have been shown to participate i@ th
same transcription complex and impact the samewagth This is also reflected
by the fact thafTAL1/2 and LMO1/2/3 rearranged leukemias have similar gene-
expression profiles. ‘Double’ TAL/LMO hits may oacin specific cases, e.g. the
small deletion nealMO2 as found in ourLYL1 translocated case was also
identified in a patient that carried an additiomAlL1 aberration. This small LMO2
deletion may ‘need’ the help of an additional hit be truly leukemogenic.
However, based on the current data this remaincusgen and future
identification of additional T-ALL samples with dble TAL/LMO hits will provide
more insight into this matter.
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Recent pilot experiments of whole genome sequagnici our group have
given a glimpse of the extent of additional mutasian pediatric T-ALL samples.
In addition, several aberrations are only founduhbclonal populations, making the
picture even more complex. So, even when part®fptizzle seems to be solved,
the reality is getting more complex as many monegje aberrations remain to be
identified, passenger as well as driving mutatiopsrhaps unigue ones in
individual patients. Besides the genetic aberratidhat play their part in
leukemogenesis, it is likely that other types okrafitions may contribute to
leukemogenesis as well. In precursor B-cell ALLRINAS and epigenetic changes
have been identified that may play a role in leuigemesis’™*® Also in T-ALL,
more is becoming known of these types of aberratidfi’®and as these research
fields are further progressing, it is becoming fiel@sand well within our reach to
identify novel aberration in T-ALL that might lead the identification of drugable
targets.

Classifying T-ALL

Stratification of patients based upon the assessofdgheir prognosis can lead to
adjusted treatment protocols to improve survivalg.Epatients harboring
Philadephia chromosome have a very poor prognosd therefore receive
treatment according to a specific protocol (EsPhAptotocol). Also, infant
precursor B-ALL with MLL-rearrangements have betesfi from a dedicated
infant-ALL international protocol (Interfant). Oth®&-lineage and T-lineage ALL
patients are stratified into standard, intermedsaté high risk treatment arms of a
protocol, such as the current protocols of the Buithildren Oncology Group
(DCOG), based on their early response to chemgikiedten measured by PCR
techniques that quantify so-called minimal residiiséase.

In recent years, classification based on maturasiage, i.e. the EGIL
classification’ and more recently the TCR classificatforhas shown prognostic
relevance. The immature (pro- or pre-T) groups havelative poor prognosis™
and for the immature group defined by the TCR diassion, similar results have
been found® Cortical T-ALL, defined by EGIL by the presence@b1a, has been
associated with a good outcoth&.

The identification of genetic aberrations and gerpression profiling has
now led to the possibility of classifying T-ALL bas on expression-signatures and
genetic aberrations, which might prove to be battassifiers or an addition to
those already used. Genetic classification has [senvn to have prognostic
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significance, though results have not been comgisted might also be influenced
by differences in treatment protocols. For exampl€hapter 5 we demonstrated
that in pediatric T-ALL, NOTCH1 activating mutati®mare associated with a good
initial in vivo prednisone response, but not with a favourablg-term outcome, in
fact, a trend towards a poor outcome was visibt@ugh a study by Clappier et al
showed similar resuft§ other groups found a favorable prognostic effett
NOTCH1 activating mutations in their cohofs? In adult T-ALL similar
discrepancies in results have been reported, asstudies report no effect on
outcomé>* and one study observed a good outcome N@TCH1 mutated
patients treated according to GRAALL-2003 protodnlf not for patients treated
according to LALA-94 protocol® This last study demonstrates that the impact of a
genetic aberration on prognosis could depend ornrédament protocol, which is
very interesting, as it implies that some protocuis better or less suited for T-
ALL patients harboring certain abnormalities.

Another example of a possible T-ALL classifier isetearly T-cell
progenitor T-ALL signature (ETP T-ALL). This recéntdentified T-ALL subtype
shares many characteristics with normal early thoytes based upon gene-
expression as well as immunophenotypic marKeltswas characterized by a very
poor prognosis which was confirmed within the satn&ly in an independent T-
ALL cohort”. These data have now led to the implementatioarofntensified
treatment protocol for ETP T-ALL patients in the Btde Children’s Research
Hospital, Memphis, USA. I'Chapter 1 of this thesis we identified an immature
cluster which can largely be predicted by the ETIR-Asignature as describéd.
Thus far, we, we did not find a poor prognosis tiois subgroup of immature
patients (Chapter 1). The explanation for this rigancy could lie in the limited
number of patients used in our cohort, or perhapslifferences in treatment
protocols, and indicates that additional validation other patient cohorts is
required.

So, a big challenge for future research is to dater the prognostic
relevance of T-ALL aberrations in different anchtouously changing treatment
protocols. Therefore continuous research on prdgnaglevance of T-ALL
aberrations, gene-signatures and other potentaakiflers is important. This will
enable future meta-analysis that will help in deieing the best T-ALL
classifiers.
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Future therapy

In Chapter 6, we have investigated two drugs (forodesine araralgine)in-vitro

on pediatric ALL and AML samples. Both drugs tartye¢ same enzyme: purine
nucleoside phosphorylase (PNP). In humans, a naiocarring deficiency of this
enzyme causes a specific T-cell depletion, ancetber these drugs are potentially
suitable to treat T-ALL. Indeed we found that T-AkBmples were most sensitive
to these drugsn-vitro, whereas still half of pediatric precursor B-celtute
lymphoblastic leukemia (BCP-ALL) samples also resper to these drugs. The
differences in sensitivity are likely multifactokidout could partly be explained by
differences in dGTP accumulation (which causes aedith) andlGK levels (and
enzyme that leads to dGTP formation) for forodesamel differences iENT1and
ENT2 levels (transporters that could transport the slruigto the cell) for
nelarabine/ara-G sensitivity. AIsBNP andNT5C2levels were lower in T-ALL
samples compared with B-ALL samples wher&hé$T1 and ENT2 levels were
higher. Although both drugs target similar pathwagsistance to one drug did not
preclude sensitivity to the other, which is impattanformation for future
treatment strategies.

The above treatment was designed to specificaftyetarl-cells, but not
leukemic cells or specific aberrations found in TEA As more and more of the
pathology of T-ALL is unraveled, more potentialaiment targets are becoming
available. Specific genetic hitt MO, NOTCH, MEF2C, NKXcould be targeted,
or perhaps a more general subgroup specific patteagyone that activated by
TAL1/2/LYL1 and LMO1/2/3 Though for in-vitro testing, targets can be
specifically knocked down by for example siRNAsstiRNA constructs, in vivo
there is no vehicle available to deliver such conmats intact at the right place. To
find drugs that can reverse a specific expressrofil@ in-vitro, a free online tool
is available called ‘Connectivity mapping’.This is an easy-to-use method that
compares a list of differentially expressed gemsvided by the researcher, for
instance MEF2C knock in mice compared to normalenim a database that
comprises many gene-signature changes relatedutpekposure to multiple cell-
lines. Perhaps by using such approaches, potesigalature targeting’ drugs can
be identified.
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Conclusion

To conclude, this thesis has elucidated two newet@rmbnormalities involving
NKX2-1/2-2 and MEF2C and provided additional insight into (common or co
operating) genetic rearrangements and gene-expnegsifiles in T-ALL, as well
as the prognostic relevance of certain T-ALL genatberrations and the-vitro
sensitivity of ALL samples to two potential new dsu As our knowledge of
genetic aberrations in T-ALL is improving, an imfaort next step will be a further
investigation of the leukemogenic mechanisms o$déhgenetic aberrations, using
in-vitro but alsoin-vivo models. These models could also be used to séoeen
potential new therapeutics to provide more effitiand more targeted therapy.
Then hopefully, the rapid technological advancesggmome research will be
followed by advances in the treatment of childrethwW-ALL.
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Leukemie

Witte bloedcellen (leukocyten) spelen een belakgripl in ons afweer systeem.
Ze ontstaan uit stamcellen in het beenmerg. De c&tien rijpen via voorloper
stadia uit tot verschillende soorten leukocytemfbtische leukocyten (B- en T-
cellen) en myeloide leukocyten (granulocyten en aagten). B- en T-cellen zijn
met name belangrijk voor ons specifieke (verworviennuunsysteem. B-cellen
rijpen in hetbeenmerg en T-cel voorloper cellen ontwikkelen zeéghst in het
beenmerg en rijpen daarna uit in teymus (zwezerik). De voorlopers van
bloedcellen kunnen door DNA mutaties ongecontrolegaan delen, er is dan
sprake van leukemie. De leukemie cellen verdringenaanmaak van gezonde
cellen in het beenmerg waardoor bloedarmoede (tmigveode bloedcellen),
bloedingen (te weinig bloedplaatjes) of infectiés \einig gezonde leukocyten)
kunnen ontstaan. Men spreekt van T-cel acute |yscfa |eukemie bij
ongecontroleerde groei van T-cel voorloper cellem,over deze aandoening bij
kinderen gaat dit proefschrift.

T-cel acute lymfatische leukemie (T-ALL) wordkegaar in Nederland bij
ongeveer 20 kinderen gediagnosticeerd. Als de karmdaiet behandeld worden,
overlijden zij aan deze aandoening. Intensieve id¢lang bestaat uit een
combinatie van chemotherapeutica, die echter meerde@ecte bijwerkingen
hebben zoals haarverlies en verminderde weerstarsbr@s ook complicaties op
latere leeftijd, zoals hartfalen en ontwikkelingnvandere vormen van kanker.
Ondanks verbeterde behandeling in de laatste decemwerlijdt nog steeds
ongeveer 30% van de kinderen aan deze ziekte. &en imzicht in het ontstaan
van deze ziekte kan bijdragen aan de ontwikkeleng meuwe therapieén. Daarom
is het belangrik om afwijkingen in DNA, die ten ogidslag liggen aan de
ontwikkeling van T-ALL, in kaart te brengen. In tiekomst zouden we op basis
van dit inzicht de behandeling direct kunnen riohde deze afwijkingen. Op deze
manier blijven de normale cellen zo veel mogeligsgaard, dit wordt ook wel
‘targeted therapy’ genoemd. Zo bestrijden we niktea de leukemie, maar
beperken we ook de bijwerkingen op de lange erekermijn.

Aan het begin van dit onderzoek waren reeds meerd®A afwijkingen
(oncogenen) bekend die een rol spelen in het @mtstan T-ALL. Een deel van de
T-ALL patiénten bleek echter geen afwijkingen aagn evan deze bekende
oncogenen te hebben. Het voornaamste doel vamnderpoek was daarom het
ontdekken van genetische afwijkingen en hun wesdmgchanismen in deze
patiénten. Ook wilden we weten of deze afwijkingarorspellend zijn voor de
wijze waarop deze patiénten reageren op therapie.
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Wat zijn DNA afwijkingen?

Een mens heeft 46 chromosomen in al zijn cellert. Zijh lange ketens van

dubbelstrengs DNAOeoxyribd\ucleic Acid). DNA bestaat uit vier verschillende
bouwstenen ook wel nucleotiden genaamd: guanined@)sine (C), adenine (A)

en thymine (T). In ons DNA ligt de informatie opgegen die elke cel nodig heeft
om te functioneren. Het grootste deel van de in&tienligt gecodeerd in kleine

pakketjes DNA, ook wel genen genoemd. ElIk gen beéeainformatie voor de

aanmaak van een bepaald eiwit. Ons DNA bevat orge?®.000 verschillende

genen. DNA afwijkingen die gerelateerd zijn aan Kanontregelen vaak een
bepaald gen. De meeste vormen van kanker, inclusigéemie, worden niet

overgeérfd van vader of moeder, maar ontstaanmeawe afwijkingen in slechts

een enkele cel in het lichaam. Er zijn verschillersdorten afwijkingen; er kan

bijvoorbeeld een stuk DNA ontbreken (ook wel eeletie genoemd), of er is een
stuk vermenigvuldigd (ook wel een amplificatie gemal). Stukken DNA kunnen

ook breken en weer verkeerd aan elkaar gezet wprdénnoemen we een

translocatie (zie figuur 1). DNA afwijkingen kunneaneerdere genen beslaan,
echter ze kunnen ook heel klein zijn. Er kan slkeddn of enkele bouwstenen
gedeleteerd worden, of vervangen door andere beoest (deletie/insertie

mutaties), of één enkele bouwsteen in het DNA (ACG®f T) is veranderd door

een andere bouwsteen (puntmutatie).

K’&_)

Figuur 1: Schematisch weergave van een translocatie

Links zijn twee chromosomen weergegeven. Er treedtbreuk op in zowel het grote,
donker grijze chromosoom, als het kleine, lichfzgrichromosoom. De onderste delen van
de chromosomen worden verkeerd hersteld zodat zeisgeld worden en de rechter
situatie ontstaat. Genen die op of vlakbij de bpeuken 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 typemajische afwijkingen die
we type A en type B afwijkingen genoemd hebben. rgaand onderzoek heeft
duidelijk gemaakt dat type A afwijkingen gekoppeldin met specifieke
rijpingsstadia van leukemische voorloper T-cell®wok blijken T-cel leukemieén
met dezelfde type A mutaties een specifiek pat@ngenen te hebben die aan- of
uitstaan (dit patroon wordt ook wel een gen-expeepsofiel genoemd). Type A
mutaties lijken daarmee dus specifieke T-cel leukesubgroepen te bepalen.
Hierbij blijkt elke subgroep geblokkeerd te staam @en specifiek onrijp
ontwikkelingsstadium en ook een karakteristiek gepresssie profiel te hebben.
Binnen deze verschillende T-cel leukemie groepennkn dezelfde type B
afwijkingen voorkomen, echter soms is er wel eeddalijke hogere frequentie van
bepaalde type B mutaties in specifieke (type A)eTleukemie subgroepen. Bij
aanvang van dit promotietraject was voor ongevééb fan de T-ALL patiénten
geen type A afwijking bekend. In hoofdstuk 1 vam plioefschrift hebben we
gezocht naar nieuwe type A afwijkingen in deze gdén. We hebben hiervoor
gebruik gemaakt van de gen-expressie data van iideren met een T-cel
leukemie. We hebben bewijs gevonden voor het bestaa 2 nieuwe T-ALL
subgroepen waarvoor geen type A mutatie bekend @ebruik makend van een
aantal verschillende moleculaire technieken vondenin een van deze nieuwe
subgroepen afwijkingen aan HeKX2-1 of NKX2-2gen, dat hierdoor geactiveerd
was. In de andere groep vonden we verschillendetigehe afwijkingen die
ervoor zorgden dat h&EF2C gen hoog aangezet werd. Ook bleek dit de meest
onrijpe T-cel leukemie subgroep te zijn. We hebliervolgens aangetoond dat
hoge expressie vaNKX2-1/NKX2-2of MEF2C cellen er toe aanzet om hard te
gaan delen en de cellen belet zich verder te okelek richting een rijpe T-cel.
Voor MEF2C werd tevens aangetoond dat het andarengkan aanzetten zoals
0.a.LMO2 enLYLL1 Dit zijn twee reeds bekende genen die soms Heatrokijn bij
andere T-cel leukemie patiénten.

HOOFDSTUK 2: LYL1 afwijkingen lijke op TAL1 & LMO2 afwijkingen

In hoofdstuk 2 van dit proefschrift wordt één T-Aldatiént beschreven die een
zeldzame afwijking, een translocatie, heeft van h&l1 gen. Door deze
translocatie wordt hdtYL1gen gekoppeld aan een T-cel receptor gen op et an
chromosoom, hierdoor raakt heYL1 gen ontregeld en komt hoog tot expressie.
Het gen-expressie profiel van deze patient kwamemremet een andere bekende
T-cel leukemie subgroep die met name gekenmerttbas afwijkingen aamAL1
en/of LMO2 oncogenen. TAL1 en LMO2 zijn beide regeleiwitidie specifieke
genen aan- of uit kunnen zetten. De hoge mate wedijkenis tussen TAL1 en
LYL1, wat ook een regeleiwit is, verklaart waaroeed leukemie eemAL/LMO
gelijkend expressie profiel heetft.
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HOOFDSTUK 3: extra DNA afwijkingen bij TLX3 afwijkingen

Een andere T-cel leukemie subgroep, waar onge\@érvan de kinderen met T-
ALL toe behoort, wordt gekenmerkt door verandermge hetTLX3 oncogen. In
hoofdstuk 3 hebben we bekeken of er na@kK3 afwijkingen ook andere
afwijkingen aanwezig waren in deze leukemie subgrd&it hebben we gedaan
met behulp van een methode waarmee we een totaedicht verkregen van alle
deleties (verlies van kopieén) en amplificatiesr@kopieén) van het leukemisch
DNA, ook wel de array Comparative Genomic Hybritima (array-CGH)
techniek genoemd. In leukemisch DNA van een kwart de patiénten in deze
TLX3 subgroep werden extra deleties aan de tipclaomosoom 5 aangetoond,
die niet bleken voor te komen in andere T-cel lenikesubgroepen. Mogelijk
speelt een verlies van deze chromosomale regiaaan het ontstaan van deze
leukemie, maar het verantwoordelijk gen kon nietdeo aangewezen.

HOOFDSTUK 4: NK-like homeobox genen in T-ALL

Diverse oncogenen zoalfNKX2-1/NKX2-2, NKX2-5(zoals beschreven in
hoofdstuk 1), alsooKLX1en TLXS3, zijn verwante genen die behoren tot de NK-
like (NKL) gen familie. Ongeveer 30% van de T-AlLlatgEnten heeft een DNA
afwijking waarbij een NKL gen betrokken is. In hdsfuk 4 wordt een literatuur
overzicht gegeven van genetische afwijkingen aarL Nilkkimeobox genen zoals
gevonden in kanker bij de mens. Behalve afwijkingeam verschillende NKL
genen in T-ALL subgroepen blijken ook meerdere Nifdnen hoog tot expressie
te worden gebracht door andere oncogenen. De nmberdevan de T-ALL
gevallen blijkt hoge expressie van een NKL gen e@bden. Dit suggereert een
belangrijke rol voor NKL genen in het ontstaan facel leukemie.

HOOFDSTUK 5: NOTCH1 & FBXW?7 afwijkingen als voorspellers voor
prognose

Ongeveer 60% van de T-ALL patiénten heeft een &imgj in hetNOTCH1 of
FBXW7 gen. Dit zijn type B afwijkingen waarbij het NOTQHeiwit ontregeld
raakt en als regulator veel andere genen aan-4zdtuin hoofdstuk 5 hebben we
gekeken oNOTCH1lenFBXW?7afwijkingen de behandelingsuitkomst van T-ALL
patiénten voorspelt. Deze afwijkingen blijken e@®de eerste reactie op therapie
met prednison te voorspellen, maar ze blijken geemspellende waarde te hebben
voor uiteindelijke overleving van kinderen met THAL
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HOOFDSTUK 6: forodesine en ara-G gevoeligheid in TALL

In dit hoofdstuk is de effectiviteit van twee nieengeneesmiddelen, Forodesine en
ara-G, in het laboratorium getest op leukemiesoellan patiénten met T-cel ALL,
B-cel ALL alsook patiénten met een acute myeloglgkémie (AML). Het bleek
dat met name T-cel leukemie cellen gevoelig war beide middelen, alsook de
helft van alle B-cel leukemieén. AML cellen blekeiterst ongevoelig. Om beter
te begrijpen waarom cellen gevoelig of ongevoebgrvdeze middelen waren, is
gekeken naar het expressie niveau van diverse gdigecoderen voor enzymen of
transporteiwitten die betrokken zijn bij het verkem en opnemen van deze
geneesmiddelen. T-ALL bleek meer transport eiwitteh expressie te brengen
(ENT1 en ENT2. Daarnaast hadden leukemie cellen die gevoeligenvaoor
Forodesine een hogere expressie van een end@k) (dat ervoor zorgt dat
Forodesine wordt omgezet naar een actieve vormbléek dat resistentie tegen
het ene middel niet betekende dat deze cellen danresistent waren voor het
andere middel. Momenteel lopen er Kklinische trialst deze medicijnen bij
kinderen en volwassenen met T-cel leukemieén.

CONCLUSIE

Het onderzoek zoals beschreven in dit proefschndieft nieuwe type A
afwijkingen in kaart gebracht. Ongeveer een kwart alle T-cel leukemieén bij
kinderen behoort tot een van deze nieuwe subgra@per2C of NKX2-1/NKX2-
2). Afwijkingen aan NK-like homeobox genen zoal&X2-1, NKX2-2 NKX2-5
TLX1 en TLX3 komen bij ongeveer een derde van alle T-cel leug@&m bij
kinderen voor. Andere oncogenen blijken ook NK-ldenen te ontregelen, en de
meerderheid van alle T-cel leukemieén wordt gekekimmor hoge expressie van
een van deze genen. NK-like homeobox genen lijlkemrdee dus veel belangrijker
voor T-ALL dan tot dusver bekend. NOTCH1-activerenthutaties (type B)
komen bij ongeveer 60 procent van alle T-cel leukémvoor. In tegenstelling tot
resultaten uit andere studies, blijkt dat NOTCHiivecende mutaties in het
Nederlandse DCOG (ALL-7, -8 en -9) alsook het DuIGOALL-97 cohort geen
betere overleving te voorspellen. Leukemische wel@n kinderen met een T-cel
leukemie blijken zeer gevoelig voor de nieuwe migakn Ara-G (Nelarabine) en
Forodesine. Ondanks overeenkomende werkingsmecohamiblijkt dat resistentie
tegen het ene middel gevoeligheid voor het andéldehniet uitsluit.

Het identificeren van type A afwijkingen, alsookt iverder in kaart brengen van
bekende en nieuwe type B mutaties is belangrijkstaat aan de wieg van nieuw
onderzoek waarbij verder gekeken gaat worden hdoeegeling van deze genen
kan leiden tot het ontstaan van een T-cel leuke@®ak zullen nieuwe technieken
gebruikt gaan worden zoals ‘whole genome sequehwaiagrbij de complete DNA
code van leukemische cellen wordt gecontroleerd rmg andere verborgen
genmutaties op te sporen. Betere kennis van dexrejkiaben en hun
werkingsmechanismen zal hopelijk leiden tot hetvitkelen van betere middelen
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die leukemie cellen bij de bron kunnen uitschakel@hkan leiden tot een verdere
verbetering van het genezingspercentage van dedeertee bij kinderen en
mogelijk ook bij volwassenen. Deze gerichte werkuan nieuwe middelen zal
mogelijk ook leiden tot minder schade aan normdedcellen, weefsels en
organen, waardoor de kans afneemt dat patiéntee toekomst toch last krijgen
van bijeffecten.
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bedankt! Ton, bedankt voor de prettige samenwerkeng de verhelderende
gesprekken.

Berna, ik heb je aanwezigheid bij het werkoverleglherg gewaardeerd.
Wanneer we afdwaalden van de kern van de zaakhthfpons altijd weer terug.
Bedankt voor je enthousiasme, je bereidheid oprisusment te helpen en mee te
denken over oplossingen voor problemen (ik heb denkg nooit een ‘nee’ van je
gehoord). En niet te vergeten de gezellige praaigsendoor!
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Beste Monique, bedankt voor de interesse die ijd &édionde als we elkaar
op de gang of in de lift tegenkwamen, en ook vaokeren dat je me zo snel hebt
geholpen met vragen tussendoor!

Beste Ronald, ten eerste bedankt voor het bestdtapprecept ooit. Maar
vooral ook voor je inspirerende vragen en antwaoréé&a jouw presentaties werd
mijn wetenschappelijk enthousiasme altijd weerteadje hoger gezet.

Shanta Bantia, Chantal Meinz, Fiona Higginbothamh &m MacDonald-
Clink, | would like to thank you and your compan{@oCryst & Mundipharma)
very much for the opportunity to study forodesineour laboratory. Shanta Bantia
and Cynthia Parker, thank you very much for yoor$fin determining dGTP and
dGuo levels in all the samples from our lab!

Johan de Rooi, Andrew Stubbs en Peter van der 3k, erg bedankt
voor de prettige samenwerking!

Beste Anna-Sophie Wiekmeijer, Karin Pike-Overzet Erank Staal,
bedankt voor jullie medewerking bij het onderzoalande effecten van MEF2C en
NKX2-1 op T-cel ontwikkeling.

Graag wil ik ook alle mensen van de T-ALL groep dr@cen! Beste Pieter,
toen ik in de T-ALL groep begon was jij al bijnaakk. De eerste weken tijdens het
werkoverleg had ik geen idee waar je het over Hadrna werd ik wel een beetje
zenuwachtig. Als dit de standaard was had ik wel@ebleem. Hoe deed jij toch
zoveel werk, had je zoveel goede ideeén, elke naamputitend weer? 1k denk dat
je een groot onderzoeker bent en ben blij met jeeteben samengewerkt. Je liet
regelmatig je werk vallen als ik wat kwam vragen@ste het meteen voor me op.
Ik wil je ook erg bedanken voor het wetenschappeliprk dat je hebt gedaan.
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Zonder dit werk had dit proefschrift niet bestadartine, we zijn elkaar net
misgelopen, maar ook jou wil ik bedanken voor abd&ouwbare data en analyses
waar ik op heb kunnen bouwen in het onderzoekicksset een engelengeduld
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onderzoek geleerd, en meer! Heel erg bedankt vibes, het inwerken en alle
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werk is heel prettig. Bedankt voor alle blots, Fi&Hen de rest! Linda, wat was
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eens door te nemen. We hoefden niets uit te leggant we zaten precies in
hetzelfde schuitje. Ik heb het erg gemist toenakrrnRotterdam was verhuisd. Ik
wens je heel veel succes met de laatste loodjé®en dat we allebei veel mooie
ideeén hebben in onze toekomstige wetenschappealgkaére! Beste Maartje,
bedankt voor je gezelligheid en je behulpzaamheidral als ik weer eens array-
CGH data op jouw computer wilde bekijken. Monigbedankt voor de introductie
in de wereld van de virussen! Kirsten, je bent leeerlijke collega. Sinds je komst
is de gemiddelde tijd dat er per dag gelachen wexgbnentieel toegenomen. Ik
vind het jammer maar zo kort te hebben samengewd&&tlankt voor de
gezelligheid! Laura, je was er kort maar krachtligdankt voor de fijne
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dezelfde creche, beide om 17:30 weg om de kindaremalen, en allemaal een
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op de fiets naar huis besproken. Ik vind je eeneldige wetenschapper, altijd
dacht je net een stap verder. Ik ga je missen onidgen, maar ik hoop dat we
elkaar ondanks een druk leven nog vaak zullen sprek zien!
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Figure 2: Results for different types of genetic analyses ugen this thesis. A, Sorted human
chromosomes in a karyotypic analysis. Each chromesbas a unique banding pattern. B, FISH
analysis showing a red/green fusion signal (norchabmosome) and separate red and green signals
for both derivative chromosomes of a translocation ArrayCGH results for all chromosomes for
one patient sample. A red signal to the right iaths a deletion (chromosome 5, 6, 12 and Y), a blue
signal to the right an amplification (chromosomargl X). D, 4C results for all chromosomes for one
viewpoint NKX2-1) on chromosome 14 (upper signal and inset). Aritiaddl signal is present on
the lower tip (grey arrow) of chromosome 14 indiegtan inversion of chromosome 14 (in this case
betweerNKX2-1and thdgH@ locus).
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Figure 3: Outline of 4C-technology.
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Figure 1. (page 200) Identification of 2 Entitiesri Pediatric T-ALL That Lack Known Driving
Oncogenic Hits.(A) Unsupervised hierarchical cluster analysis by therage linkage method in
dCHIP based on 435 probesetaljle S3 for RMA-solo (Soulier et al., 2005) normalized 3BLplus

2 Affymetrix data from 117 pediatric T-ALL sampleend 7 normal bone marrow controls.
Cytogenetic rearrangements indicated areS&-TALY T, TALL t, TALZ O, LMOZL; L, LMO2
(includes del(11)(p12p13)); $TALZLMOIL; N, SET-NUP214 C, CALM-AF1Q M, MYB A,
Inv(7)(p15934); 1,TLXL, 3, TLX3 n, normal bone marrow controls. The's@nd/or the 28
percentiles of samples with the highdgtL1l or LYL1 expression, positivity foTLX1 and TLX3
expression as measured by RQ-PCR, and expresstbie ahimunophenotypic markers CD13 and/or
CD33, CD4 or CD8 are indicate; u, no data availafi®@ Pearson correlation plot for the patient
samples belonging to the 4 unsupervidedl/LMQO, TLX, proliferative and immature cluster<)(
Principal component analysis of pediatric T-ALL ipats based upon the top 100 most significant
differentially expressed probesets among major T-Aubgroups (i.eTALYLMO2, HOXA TLX1,
and TLX3 (Table S3). The immature cluster (12 cases) and the pralifee cluster (12 cases) are
indicated by green and purple dots, respectivedyni8es repeatedly assigned to the proliferative or
immature clusters (i.e. the core samples) in mlaltyumsupervised analyses on RMA-sokglre
1A), RMA or VSN normalized datasets (not shown) @ slupervised cluster analysiidure 1C)

are visualized by dark green or purple dots. SeeFagjure SlandTables S1-S4

Figure 3. (page 202)NKX2-1 and NKX2-2 Rearrangements in Proliferative Cluster Patient
Samples. (A) 4C-results obtained fromlKX2-1 or TRB@ viewpoints (VP). Position oTRA@,
NKX2-1andIGH@ loci are shown by grey vertical bars. 4C-resudtsaf normal control are shown in
grey. Higher magnifications of the reciprocal bmesikt regions are given ifrigure S3 (B)
Validation of NKX2-1rearrangements by FISH. Schematic positions oHRd®bes are shownCj
Schematic representation of the der(7) breakpeigion and breakpoint sequence of the unbalanced
t(7;14)(g34;q13) for patient #998DY Visualization of a single copMKX2-1 amplification (green
box) in patient #2702 as identified by array-CGHE) ( Schematic representation of
t(14;20)(g11;20p11) breakpoint regions and cloneshkpoint sequences for thiKX2-2 rearranged
patient #10138.K) NKX2-1 protein expression in representative feoétive cluster and immature
cluster patient samples as shown by western bldinAvas used as loading control.
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Figure 4. (page 204MEF2C Activating Rearrangements for Immature Cluster Sanples (A)
Array-CGH results for chromosomes 4 and/or 5 fdigmds #491 and #1964. Blue and red tracings
represent dye swopped experiments. PositionBF2C and PITX2 have been indicatedB)
Visualization of an unbalanced chromosomal traratloo t(4;5)(q26;914) for patient #1964 by 4C-
analysis. TheMEF2C VP is indicated by an arrow. Running median ofbgset intensities for
chromosome 5 and 4 are indicated in red and baspectively. C) Validation of a chromosomal
translocation betweeNKX2-5andBCL11Bin patient #9577 by FISH. Schematic positions I&HF
probes are shownD] Identification of the t(11;14)(p11.2;932.2) chrorao®al translocation between
SPI1landBCL11Bin patient #2252 by 4C. The VP is positioned ~Bil6 upstream oBCL11B as
indicated by an arrowE() EctopicSPI1expressiorin patient #2252 compared to 116 additional T-
ALL patient samples. Raw fluorescent intensitieprmibeset 205312_at are showr). Cloned fusion
areas for reciproc& TV6-NCOA2andNCOA2-ETV@usion transcripts in patient #1524%)(Relative
MEF2C expression by RQ-PCR in 3 selecteliV6-NCOA2earranged T-ALL patients (Pat. #1-3).
Cell lines LOUCY and PF382 are positive and negationtrols foMEF2C expression, respectively.
(H) Cloned fusion areas for reciprod@UNX1-AFF3andAFF3-RUNX1fusion transcripts for patient
#572. See alsbigure S4
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CHAPTER 2
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Figure 1. Unsupervised and supervised hierarchicatlustering of 117 pediatric T-ALL samples
and 7 normal bone marrow samples and_YL1 expression of unsupervised subgroupgA)
Unsupervised hierarchical clustering of 117 pettiai-rALL samples and 7 normal bone marrow

samples (horizontal axis), according to microarggne-expression (genes on vertical axis, gene

names not shown)(1). Red corresponds to high esioresblue to low expression. CD surface
markers are shown as present (>25%, “+"), abse25%«“-“) or not performed (blanc). Complete
immunophenotype for #704: CD1-, CD2+, CD3-, CD4B5c CD7+, CD8+, cytoplasmatic CD3+,
CD33-, CD14-, CD34-, CD71+, HLA DR-, TDT+. Cytogentabnormalities are annotated as
follows: T: SIL-TAL deletion or TAL1 translocation, L:LMO2 translocation/deletion, 1TLX1

translocation, 3: TLX3 translocation, B: normal bone

marrow, N:NKX2-1

translocation/inversion/duplication, MAYB translocation, HHOXA activating aberrationQALM-
AF10, SET-NUP, HOXAnversion). Patient #704 is highlighted by a bluex.b(B) Principal
component analysis of supervised analyses of gemession data of 117 pediatric T-ALL
samples(1). The position of the yellow dots repméeg LMO1, TAL2, LMO3, TAL2/LMO1

rearranged cases and sample #704 (LYL1/LMO?2) atiedted by arrows.
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Figure 1. The recurrent cryptic deletion, del(5)(g%), in TLX3 rearranged pediatric T-cell acute
lymphoblastic leukemia (T-ALL). (a) Chromosome 5 ideogram and corresponding oligo
microarray-based comparative genome hybridizatamnay-CGH) plot of case DNA:control DNA
ratios (blue tracing) versus the dye-swap experim@ad tracing) for T-ALL cases 2112.
Hybridization signals around the -2X or +2X linepresent loss of the corresponding region in the
case DNA. Ip) Detailed analysis of the centromeric breakpofrthe deletion in case 2112) ([Dual-
color fluorescencén situ hybridization (FISH) analysis on interphase cefixase 9858 (left panel)
and case 2640 (right panel) using TheX3-U (Red) andlTLX3-D (green) translocation probe set. Case
9858 showed a split signal, indicative foflaX3 translocation, whereas case 2640 showed lossof th
TLX3-D(green) signal.d) Similar chromosome 5 ideograms asdpfor T-ALL cases 9012 and 222.
(e) Schematic overview of the minimal deleted regimmchromosomal band 5g35 for the 5 TLX3
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rearranged T-ALL cases showing a del(5)(q35). Diedigenome positions and gene locations are
based on the UCSC Genome Browser at http://genasweadu/. f) Quantitative PCR analysis of
NSDJ1 present in the minimal deleted region, on 26 TL¥arranged T-ALL cases and 27 TLX3
negative cases.

A 4q31 3 4q32.1 control T-ALL
I | | ‘
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Figure 2. FBXW?7 deletion in pediatric T-cell acute lymphoblastic ¢ukemia (T-ALL). (a)
Schematic overview of the chromosomal deletion(4J@431.3932.1), as detected in case 2786.
Genomic positions of genes situated in this chramad region and bacterial artificial chromosome
(BAC) clones used for fluorescenae situ hybridization (FISH) analysis are depictetd)) FISH
analysis using RP11-650G8 (green) and RP11-300i24l) (confirms the presence of the
del(4)(g31.3g32.1) in case 2786.

Figure 3. (page 208) Wilms' tumor 1 \T1) inactivation in pediatric T-cell acute lymphoblagic
leukemia (T-ALL). (a) Chromosome 11 ideogram and oligo microarray-b@eeparative genome
hybridization (array-CGH) plot for the deletion,ldd)(p13), as detected in case 2723 (left panel).
The right panel shows a detailed overview of théetdd region for this 11p13 deletionb)(
Fluorescence situ hybridization (FISH) analysis using RP11-98C1%ér) and RP11-299P16 (red,
coveringWT1) confirms the presence of the del(11)(p13) in @&&23. €) Sequence analysis shows a
truncatingWTZlexon 7 mutation on the remaining allele of cas232l) Similar FISH analysis as in
(b) on TLX3 wild-type T-ALL cases identified one atldhal case showing a bialle&T1 deletion.
(e) Array-CGH analysis confirmed the presence ofrgdanonoallelic deletion, del(11)(p13p14.3), in
combination with an additional loss of the genomggion surrounding th&VT1 gene on the other
allele.
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CHAPTER 5
A
é\\(,\@ é:ﬂo é@w ;.2& Figure 2. NOTCH1/FBXW7 mutations activate the NOTCHL
= o 50 pathway in primary T-ALL patient biopsies. (A) Western blot
analysis of lysates from the HPBALL T-ALL cell linehich is
ICN NOTCH1-mutated. Treatment for 96 hrs wytisecretase inhibitors

actin s S — —

including compound E (100 nM) or DAPT (5 uM), resuh loss
of activated intracellular NOTCH1 expression (ICMctin was
used as loading control. (B) NOTCHL1 ICN levels iidvtype and
NOTCH1 and/or FBXW7-mutated T-ALL patients and THAtell

B lines analyzed with Reverse-phase Protein micrgarra
p=0.0015 o= 0.2001 NOTCH1/FBXW?7 wild-type patient samples with highNCevels
s000 7 ° ' ' are marked by an asterisk (C) Heatmap showing MB5D most

$ wo| o ° ° differentially expressed genes between NOTCH1 anEBXW7

E .0 00,  Mutant patients versus wild-type patients. NOTCliteal target

@ 3000 0o —= . . L .

g 8% genes are indicated. Annotations indicated are tgene

2 ]| 0% % o oo rearrangements, Gender and NOTCH1/FBXW7 mutatiatust
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NOTCH1 and/or FBXW7-mutated; NOTCH1/FBXW?7 wild-typatients with high ICN levels are
marked by an asterisk; NOTCH1/FBXW?7 wild-type patseshaving a NOTCHL1 signature that cluster
with NOTCH1-activated patients based upon hieraadhilustering based on the TOP50 probeset are

indicated
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with a filled triangle.
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CHAPTER 1

(Supplementary Tables S2-S5: online available
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Table S1ISummary of patient samples clustering in the varios 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 Fig1C
Table S3 (Analysis 1) (Analysis 2) Table S3
Sample name
167 |
321 |
491 |
572 |
1524 |
1964 |
10030 |
1509 |
|
|
|
|
|
|
|

CALM-AF10
2736 CALM-AF10
9194
2130
2252
2703
9577
9105
9226
914
1446
2702
9247
10138
9696
750
2669
8628
9919
9989
2113
2691
2737
3028
3044
2781
2229
2792
2641 P
9827 P
*NKX2-2 expression
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Figure S2Relates to Table The immature cluster is not associated with poorigal. The overall
survival curves (solid lines, scale indicated atlgft axis) and cumulative relapse incidence &btt
lines, scale indicated at the right axis) for tihhewpervised proliferative cluster (purple linebg t
immature cluster (green lines) as well as for #ieo T-ALL cases (black lines). The survival of the
proliferative cluster that has a 5yr OS of 88+8%ss higher compared to both other subgroups (5yr
OS for the immature cluster = 73+11% and the 5yf@3$he remainder of the T-ALL cohort =
65+6%), but does not reach statistical significafifzeD.096).
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Figure S3 Relates to
Figure 3. High resolution
4C-technology results of
NKX2-1 breakpoints in
NKX2-1rearranged 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
HindllI restriction
fragments  where the
primers for 4C PCR are
located. Each Bar
represents a single Hindlll
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 siddA)
For patient #1446,
fragments centromeric of
TRDD1 and TRDD2 are

captured starting from the VP located downstreanNKiX2-1, whereas fragments telomeric of
TRDJ3are captured starting from the VP located upstrelMKX2-1 These data indicated that the
breakpoint is located betwedfRDD2 and TRDJ3 (B) In patient #9247 fragments centromeric of
TRDDlandTRDD2are captured starting from the VP located dowastrefNKX2-1, and fragments
telomeric of TRAJ25are captured starting from the VP located upstreBMKX2-1 The large area
between the fragments that are being captured fhenVP up- and downstream RKX2-1suggests

a deletion of the intermediate area, that corredpaa array-CGH data for this sample as depicted in
the lower row. For the array-CGH data, blue andtradings represent dye swopped experiments for
which each dot represents the log 2 scaled daia $argle probeset. The genoriiRAD@reciprocal
breakpoints are locatdzietweenTRDD2 andTRAJ25according to the 4C datéC) In patient #9919
the breakpoint region can be confined to the asdavden 3 probes. The only gene segment situated
in this area i$GHV4-28 (D) As patient #9989 has a deletion telomeric of iRB@Ilocus (according

to FISH), 4C was started from the VP centromerid@B@ In this experiment, HinDIII fragments
located telomeric ofNKX2-1 are captured. These results predict the locatibthe genomic

breakpoint close thiIKX2-1
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Figure S4 (page 216Relates to Figure 4. Molecular-cytogenetic charagon of immature cluster
cases(A) Schematic illustration of array-CGH results forainosome 5 for 92 pediatric T-ALL
cases that cluster in the 4 unsupervised clustefd/(MO, TLX, Immature and Proliferative,
Figure 1A). Two patients (#491 and #1964) harbour a hetgrozy 5914-5qter deletion (shown in
red) with breakpoints just telomeric (0.5-2 Mb)tbé MEF2C gene (relative position is indicated).
One copy gains (amplifications) are shown in bli). SelectiveMEF2C activation as consequence
of chromosomal rearrangements telomefidEF2C. Schematic representation of the 5dMBF2C
chromosomal region. Location of genes and Affyneetgrobeset are indicated. The 5ql4
chromosomal breakpoints for the T-ALL LOUCY celhdi and T-ALL patient #1964 and #491 are
shown by red lineqC) Relative probeset intensities are given as rdtiprobeset expression from
immature patients or the cell line LOUCY comparedhe median of T-ALL patients from all other
subgroups combined or a panel of 17 cell lines (AL, BE-13, CCRF-CEM, DND-41, HPB-ALL,
HSB-2, JURKAT, KARPAS-45, KE-37, MOLT-3, MOLT-16, 1IR-ICHIKAWA, PF-382, RPMI-
8402, SKW-3, SUPT1, TALL1), respectively. Only thEF2C gene but not centromeric genes
including RASA1 CCNH, TMEM161Bare activated as consequence of these rearrantgensght
signal FISH analysis falCOA2(D) andETV6 (E) loci in patient #1524. Both photographs show a
split signal next to the normal fusion signal, cating a translocatiorfF) FISH analysis oRUNX1
andETV6loci in patient #572. FISH analysis shows a trifgld signal in patient #572 corresponding
to a translocation breakpoint RUNX1 A schematic representation of probe positionshewn
below the FISH photograph.
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Figure S5Relates to Figure 6. ExpressionMEF2C in normal human T-cell developmeMEF2C
(probeset 209100 _s at and 209200 _at) expressiefs Imslative toABL1 expression levels (probeset
202123 s _at) as extracted from the gene expressi@mis by microarrays for flow sorted thymic
subsets (Soulier et al., 2005). Isolation and pmation of thymic fractions have been described
before ((Soulier et al., 2005), and referenceseihgr The dashed line represents the positivitgllev
All values below this line were indicated as absetis.
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Figure S6 (page 218Relates to Table 2Aj Comparability of similar subgroups in the Parigl an
Rotterdam T-ALL datasets as visualized by the SUBMwethod. Shown is an SA matrix that
reveals the comparability between the various suipg in the Paris T-ALL dataset and the
Rotterdam T-ALL dataset. For the Paris cohort themal bone marrow controls (A1) and the T-ALL
subgroupsTAL-R (A2), TLX1 (A3), TLX3 (A4) and immature subgroup (A5) are shown verses t
Rotterdam subgroups such as normal bone marrowaterfB1), TAL/LMO (B2), TLX1 (B3), TLX3
(B4) and immature subgroups (B5, as defineBigure 1). (B) Identification of immature cluster and
proliferative cluster samples in the combined Rdden and Paris T-ALL cohorts. Unsupervised
cluster analysis in dChip for RMA-solo normalizedtakets, after matching for identical probesets
and adjustment for batch effects by the combat ate{Bohnson et al., 2007). Filtering criteria floe t
unsupervised analysis and annotations of the Riatterdataset have been described in the legend of
Figure 1. The Paris dataset (107 T-ALL cases) has beerridedcbefore (Clappier et al., 2007,
Soulier et al., 2005). Other annotations usedFHirst line: yellow boxed cases, Rotterdam series] R
boxed cases, Paris series. Second line, consengageretic annotations: blue boxed cases,
TAL/LMO rearrangements; orange boxed casdsX3 rearranged; yellow boxed casddDXA
activated cases; green boxed cases, immature dases;line: green boxed cases, Immature cluster
samples from the Rotterdam series; Fourth lineplpuboxed cases, proliferative cluster cases from
the Rotterdam series; C, cell limngKX2-1is expressed in 6 T-ALL cases from the Paris sedeof
which belonging to the proliferative cluster. Faam out of 16 French cases previously annotated as
immature fall in the combined immature clustdEF2Cis expressed in 10 out of these 14 ca@es.

I) Molecular characterisation of the Rotterdam valatacohort. RMA normalized expression values
for (C) NKX2-1, (D) TLX3, (E) MEF2C and(F) LYL1 probesets for the PAM predicted unsupervised
clusters in the Rotterdam cohort 2. Median valuesiradicated by lines. P-values for distribution of
NKX2-1 TLX1andMEF2C were calculated by using the Chi-squarg @ the Fisher's exact test
(Pe) assuming expression as positive when the norewilfiiorescent intensity was >5, otherwise
samples were considered as negative. DifferenceBeirdistribution ofLYL1 expression has been
analyzed using the non-parametric Mann-Whitney-&i. t€he 3NKX2-1 rearranged cases (#7069,
#5716 and #6508) as validated by FI8Btl) are shown. FISH data fdfKX2-1rearranged patients
of the Rotterdam validation cohofG) Patient #6508 hasMKX2-1translocation(H) Patient #7069
has aNKX2-linversion.(l) Patient #5716 hasMKX2-1/TRAI® inversion on chromosome 14.

Supplemental experimental Procedures

Fluorescentin-situ hybridization (FISH). FISH analysis was performed on thawed cytospireslid
The following probes were used: TBRTCRu/6, TCRy and IgH split signal FISH DNA probes
(Dako, Glostrup, Denmark), LS| TEL-AML1 ES dual opltranslocation probes (Abbot Molecular,
lllinois), LSI ETV6 dual color break apart rearramgent probes (Abbot Molecular), following the
manufacturer’s instructions. For other loci we ukedne-labeled BAC clones (BAC/PAC Resource
Center, Children’s Hospital, Oakland, USA) as diésct 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) weused according to the manufacturer’s
instructions. Slides were scanned in a 2565AA DNicroarray scanner (Agilent). Microarray
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images were analyzed using feature extraction soéwAgilent) 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 primarsated in theDd3, JA1 and DAL, D32 gene
segments of thERD@and TRB@Iloci, respectively (van Dongen et al., 2003). Tane theNKX2-2
der(20)chromosomal breakpoint region for patiend#88, we used a primer located telomeric of
NKX2-2 Specific primers and adapter primer sequences issdM-PCR are described in the table
below.

3’ Rapid amplification of cDNA ends (3'-RACE). 3'-RACE was performed fronRUNX1 for
patient #571. For this,p)y of RNA was incubated for 5 minutes at 37°C withp@iol oligo-dT
adapter primer in a volume of 5 cDNA synthesis was performed in a final voluni€bul in the
presence of 40y RNAsin (Promega, Wisconsin, USA), 200nM of dNTRsd 200U4l MMLV-RT
(Promega) in 1x RT-buffer at 42°C for 1 hr, folladvey inactivation of MMLV-RT enzyme for 5
minutes at 95°C. One hundred microliters of,@Hw~vere added, and cDNA was stored at —80°C.
3'RACE amplification was performed in a final volenof 5Qul in the presence of 40ng of cDNA
template, 1.5mM MgGJ 350nM dNTPs, 300nM adapter_1 primer, 300nM of RUN1 primer, and
0,025Ul IntegroTaq in 1x PCR buffer. After initial denastion for 5' at 95°C, product was
amplified for 14 touch-down cycles of 20" at 95°C, at annealing temperature (starting at 65°C
which was lowered by a 0.5°C each consecutive ¥yoid 1’ at 72°C. Product was further amplified
for another 31 cycles of 20" at 95°C, 1’ at 58°fdal’ at 72°C. One microliter of the PCR product
was used for a nested PCR using the same readiuatitions and nested PCR primers. Product was
amplified for 5’ at 95°C, followed by 35 cycles 20" at 95°C, 1’ at 60°C and 1’ at 72°C. Total PCR
product was separated on a 2% agarose gel, folldwyeelxcision of bands. DNA was isolated for
sequencing using the QIAquick gel extraction kita@n, Venlo, Netherlands). Specific primers and
adapter primer sequences used for 3'-RACE are itbestcin the table below.

DNA Sequencing.Sequencing of PCR products according to the matwirts recommendations
were performed in a 3130XL Genetic Analyzer (Appliosystems, Fostercity, USA).

siRNA knockdown. siRNA transfection was performed by electropora@sndescribed before (Van
Vlierberghe et al., 2008b). We used siRNAs directgdinstNKX2-5 (siGenome on-target J-019795-
05) or MEF2C (siGenome on-target J-009455-07) purchased at nidwn (Thermo Fisher
Scientific, Waltham, USA). A FITC labeled randonRBIA control (Eurogentec, Seraing, Belgium)
was used to verify transfection efficiency.

MEF2C transfection. Cell lines were cultured as preciously describgdn( Vlierberghe et al.,
2008b). A pCMV6 entry vector containing thdEF2C cDNA (TrueORF RC220584, Origene,
Rockville, USA) was transfected into JURKAT cellg blectroporation (350V, 10 ms rectangular
pulse). Forty-eight hours after electroporatiofisosere plated in 96-wells flat bottom plates Q@)
cells/well), and stable transfectants were seleotedelective media containing Geneticin (2mg/ml,
Invitrogen Life Technologies, Breda, The Netherkghdbtable transfected clones were validated for
MEF2C expression by RQ-PCR and western blot.

Chromatin Immunoprecipitation (ChlP). Chromatin immunoprecipitation was performed as
described before (Van Vlierberghe et al., 2008loy. €ach ChIP, 81g of antibody directed against
NKX2-5 (ab54567, Abcam, Cambridge, United Kingdoor) MEF2C (D80C1, Cell Signaling,
Danvers, USA) was used. RQ-PCR for MEF2C, HHEX and distal and proxim&MO2 promotor
regions were performed on immunoprecipitated DNAdascribed above. Primers sequences are
described in the table below.

Western blotting. Western blotting was performed as described befuian Vlierberghe et al.,
2008b). The following antibodies were used: NKX2@b54567, Abcam, Cambridge, United
Kingdom), NKX2-1 (sc-13040, Santa Cruz Biotechnglo§anta Cruz, USA), MEF2C (D80C1, Cell
Signaling) andg-actin (A2547, Sigma).
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Flow Cytometry. Expression of surface CD3 and TE&Rwas analyzed by flow cytometry using a
FACS Calibur (Becton Dickinson, San Jose, CA, US2¢lls were washed with 1XPBS containing
0.1% BSA and stained with PerCP-labeled anti-CBB Pharmingen, San Diego, USA) and PE-
labeled anti-TCRy/6 (BD Pharmingen) antibodies after which two addiibwashes followed. For
analysis 100,000 events were recorded.

Colony Formation Assay. NIH3T3 or BJ-EHT cells were cultured in DMEM + ¢hmax
(Invitrogen) supplemented with 10% fetal calf seyuZnmM L-glutamine (Invitrogen), 5 pg/ml
insulin, 5 pg/ml transferrin, 5 ng/ml sodium seten{ITS media supplement; Sigma, St Louis MO,
USA), 100 IU/ml penicillin, 100 pg/ml streptomyci®.125 pg/ml fungizone and 0.2 mg/ml
gentamycin (Invitrogen). Cells were transfecte@4nwell plates (1.80°cells/well) using a total of 1
pg total plasmid DNA and 1.5 pl Lipofectamine 208 well (Invitrogen) for 4 hours in 500 pl
culture medium without antibiotics, after which med was refreshed. Transfection was performed
with 0.5ug of pCMV6 entry vector containiddEF2C (TrueORF RC220584, Origene) RNKX2-1
(TrueORF RC217520, Origene) cDNA insem4YC or RASexpression vectors. All transfections
with the constructs indicated were supplementeti eihpty pCDNAS3 vector DNA (Invitrogen) to a
total concentration of 1ug . The pCDNA3 vector senas empty vector control. After 24 hours,
cells were plated in triplo at a densitiy oL@ cells/100mm plate. Following 8 days (NIH3T3) or 30
days (BJ-EHT) of culture, adherent cells were wdsli@ed in 10% formaldehyde and dyed with
0.1% crystal violet in 20% methanol. Colonies wétldiameter of 2 mm or larger were scored blind
by 4 independent observers.

Statistical analyses. Asymmetric distribution of cytogenetic abnormalitieor expression of
immunohenotypic markers over unsupervised clusteas calculated by using the Chi-square
statistical test. Statistical significance on mCRAd TCRdS expression in siRNA mediated
knockdown ofMEF2C were analyzed Student t-test. The p-values lotem p=0.05 were considered
significant.

Expression microarray data normalization. For most analyses, Affymetrix CEfiles were pre-
processed using the RMA normalization method (irizaet al., 2003) followed by quantile
normalization (Soulier et al., 20050 exclude clustering as consequence of the nizatian
method chosen, the dataset was also normalized tt#nVSN method (Huber et al., 2002), leading
to consistent results.

Unsupervised cluster analysisbnsupervised cluster analysis was performed inigi€bftware (Li
and Wong, 2001) that calculates a coefficient ofiatimn (CV) for each probeset in a dataset.
Probesets with the largest variability in expresgiave the largest CVs. Selection of probesetsreccu
by setting upper and lower thresholds, with broadages resulting in a larger selection of prolseset
Probesets were selected by the following criteG& between 1.2-10 (or as indicated in figure
legends) for probesets expressed at minimal irtiemaiues of 6 i-5 percent of the samples while
masking for redundant probesets. The CV range 2fLQ.resulted in the selection of 581 probesets
(Table S3. Probesets reflecting contaminating erythroidnormal bone marrow cells in patient
samples were removed, resulting in 435 probedetsl¢ S3 as used irrigure 1A. The influence of
increasing number of probesets on the proliferadive immature clusters by expanding CV ranges in
the unsupervized analysis was tested for unfiltés@tl, 889, 1343 and 3034 probsefalfle S
corresponding to CV ranges of 1.2-10, 1.1-10, DG&ad 0.9-10, respectively. The general typology
of clusters was conserved, as most cases inifalygned to prolerative or immature clust&igire

1) remained in these clusterBaple SJ).

Supervised cluster analysis based on Wilcoxon statics. For the supervised analysis, p-values for
differentially expressed genes between T-ALL subgeowere calculated using a Wilcoxon statistical
test (Row, and corrected for multiple testing errogy{paccording to the Hochberg and Benjaminin
developed false discovery rate procedure (Hochlzrd Benjamini, 1990). The Bioconductor
package Multtest was used on VSN normalized datketermine the p-values and FDR corrected p—
values for probesets that were significantly arfteintially expressed for specific T-ALL genetic
subgroups tested versus all other genetic subgraepsheTAL1 subgroup (n=24p.,,<2.21:10° and
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Prar<0.0012), theLMO2 subgroup (n=9; @,=NS and p=NS), the combined AL/LMO subgroup
(N=33; Ru<1.4710"® and p,,<8.0210°), the TLX3 subgroup (N=22.,,<1.2410° and R,,<0.00068),

the TLX1 subgroup (N=7p.,,<0.00031 and{<0.053) and th&lOXA subgroup (n=10; §<1.4310°

and ,<0.039). Using the combined top100s for these sulpy (324 probesets in totdlable S3,
principal component analysis was performed usinge®tath XT 1.6.1. software (Applied Maths,
Inc, Austin TX, USA). As displayed ifigure 1C, 24 cases formed two separate T-ALL subgroups
that overlapped in great extend with samples ctergly associated with the proliferative (P) and
immature (I) clusters as identified by the unsued analyses={gure 1A).

Prediction of classes identified by unsupervised nigods. Stability of sample assignment towards
the proliferative cluster (P), the immature clus(Br or others (O) was tested by using various
algorithms including Diagonal Linear Discriminantndlysis, 1-nearest neighbour, 3-nearest
neighbour and nearest centroid BRB tools version 3.7 (R. Simon & A.P. Lam). Theselyses
were performed on 12676 highest variable probesetsbtained in dChip (CV range 0.5-10). Normal
bone marrow samples were excluded from the anal@Bisaverage, results were optimal using 250
probesets (analysis 1). Using these parameterqleaf105 and samples #9696, #2792, and #2113
were not predicted as immature cluster or prolifeeacluster samples, respectivelyaple S2.
Repeating the procedure while leaving out thesepkesn(analysis 2) identified another 4 cases
(#9577, #2703 and #2252 (immature cluster) and #9pfoliferative cluster) that no longer stably
clustered into these clusterfaple S2. Repeating this procedure again while leaving these 4
samples (analysis 3) did not further result in ttlentification of samples that were not stably
assigned to the immature cluster, the proliferativster or other T-ALL subgroup3dble S2.

As an alternative strategy, PAM analysis (Tibshietral., 2002) was performed for the same classes
(P, I and O) using an identical set of probese2676). Using a 10-fold crosalidation, most stable
clustering of patient samples was achieved by l@bgsets, in which proliferative cluster sample
#9989 was classified as belonging to one of theerofrALL subgroups. All immature cluster
samples were correctly assigned to the immatursgerirable S2.

Outlier gene analysis for the immature and prolifeative subgroups.

Outlier gene analysis was performed by COPA stedigfTomlins et al., 2005). For this, quantiles
from 0.75 to 1.0 were analyzed. Normal bone marsamples were excluded. The proliferative and
immature clusters were tested separately wherdlnthadr cases were considered as a single control
group (e.g. when testing the proliferative clustdrothers samples including those belonging ® th
immature cluster were included in the control).d&sets for which maximum expression in the tested
group was below 8 were excluded from the analyd&mutation analysis was done on the top200
most significantly, differentially expressed probiss Lists of the most significant probesets ofieut
genes expressed in the proliferative or immatuwistels are displayed ables S5

For the proliferative cluster samples, COPA statisidentified outlier expression of tiNKX2-2and
NKX2-1genes as potential candidates for rearrangeméaltdg( S5. In support of this, proliferative
cluster sample #10138 uniquely expressed high deBENKX2-2 while NKX2-1 expression was
detected in 13 T-ALL samples in total of which 1€ldmged to the proliferative clustéEF2C was
identified as top ranking gene in the immature telushat was strongly up-regulated in all samples
(Table S5. MN1 and CLECL1 were also identified as top-ranking genes in #malysis.MN1 has
been described as a gene that is targeted by ckmna alterations in the inv(16) MAEO AML
subtype (Buijs et al., 2000; Grosveld, 2007).ByngsPAM, the 6 subgroups as identified by PCA
analysis could robustly be reproduced based omamal set of 195 probeset§ables S5. Nine out

of 12 proliferative cluster samples were repeatedbigned to the corresponding group based on only
2 probesets that both encoded fdKX2-1 Eleven of the immature samples were most robustly
assigned to this group based on 13 probesets ribltded SMEF2C probesetsTable S5. This
further confirms thalKX2-1andMEF2C may actually be novel oncogenes for the prolifeeaiind
immature cluster samples, respectively.

Comparability of equivalent T-ALL subgroups between the French and the Rotterdam
datasets: OrderedList method and Subclass mappingcomparability between both datasets was
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tested by 2 different strategies, i.e. the Ordeigdinethod (Lottaz et al., 2006) and the Submap
method (Hoshida et al., 2007). For the Orderedbithod, TAL1 rearranged sample$jOX-
rearranged samples (i.€LX1 or TLX3) and immature T-ALL samples were mutually compared
between the Rotterdam T-ALL and the French T-ALltadats (Soulier et al., 2005). For this,
genelists of differentially expressed genes foridatkd subgroups in the French dataset were then
compared to genelists of the equivalent subgronptheé Rotterdam dataset. Cytogenetically non-
annotated samples from the French cohort (n=24) 2dndases including all proliferative cluster
samples from the Rotterdam cohort were left outhaf analysis. For this comparison, we used the
Bioconductor package OrderedList (Lottaz et al.08)0 Differentially expressed genes for these
subgroups in both datasets were compared by ztstatiBriefly, the OrderedList method relies on
the definition of parametex that defines the weighing scheme for each rankebtigset and how
many ranks are taken into account in this comparisgiween 2 datasets. For this, the distribution of
observed scores and random scores were evaluatietitle which parameter results in the most
reliable score. Observed scores are derived byidga®0 percent of the samples of the subgroups for
each cohort, whereas random scores (empirical yeyalre derived by random shuffling of samples
in each cohort. The number of permutations for #mslysis was 10000. The overlap of 2 score
distributions is evaluated by a similarity-scone.bloth datasets, we compared the ordered genelists
for the subgroups as described above. Cut-off'sgimelists was set at 99 percent of the probesets
that explained the overall similarity between corapte subgroups. For these subgroups, the optimal
a-value was 0.115, 0.115 and 0.038, respectively ghown). At these-values, the percentage of
overlapping genes between both datasets was 3@f&em for each subgroup comparison (hot
shown). For Subclass mapping (SubMap), we comgastsdof differentially expressed probesets for
comparable or identical subgroups includifgL_R (Paris) versusTAL/LMO (Rotterdam),TLX1,
TLX3 immature or normal bone marrow samples betwedh datasetsHigure S6A). As for the
OrderedList method, only major subtypes were cansidl in this analysis as well. To briefly outline
this method, the overlap in top ranking differeliyi@xpressed genes from comparable subgroups in
both datasets are compared in a two-way compatis@ene Set Enrichment Analysis (GSEA).
These results provide enrichment scores (ES) fotuahucomparisons. A nominal p-value is
calculated for each subgroup in a dataset by rahddistributing subgroup labels in the other
dataset. A 1000 permutations were performed toutztke the nominal p-value in each comparison.
The 2 enrichment scores for the mutual subgrouppemisons are combined by using Fisher inverse
chi-square statisticd~§, and compared to a nominal p-value for F by ramgiopicking 10000 ES
scores from null distributions in the 2-way Gend &arichment Analyses. After correction for
multiple testing, p-values for similarity betweerontparable 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 seflThe proliferative and immature clusters were
validated in an independent validation cohort bagseh expression signatures. For this, we used the
microarray expression dataset of the French T-Abbhoart as previous described (Soulier et al.,
2005). Annotations for this cohort were as descripeeviously (Clappier et al., 2007; Soulier et al.
2005). As these T-ALL cases had been arrayed onUtt@8A Affymetrix expression arrays, we
matched the Rotterdam U133 plus 2 dataset witlir-tbech U133A dataset for overlapping probesets
resulting in 22676 overlapping probesets. The coedidataset was RMA-solo normalized and
corrected for batch effects using the COMBAT metfimhnson et al., 2007). As expected, clustering
of the two combined series revealed a strong baftdct which disappeared after applying the
“Combat” method based on an empirical Bayes styafeigure S6B).

223



Supplementary data

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
TCR upstream 5-CCTTGATGTTTCTCCCTTTACC-3 5-CATGAAGAAACGAGCACCC -3
PCR Forward Reverse

#9989-genomic 5-CTTTGGCAAAAAAAATGACTT-3 5-GAGGACCGAAATACCAAACTA-3
breakpoint

RT-PCR Forward Reverse

NCOA2 exon 11
NCOA2 exon 12
NCOA2 exon 13
NCOA2 exon 14
NCOA2 exon 17

5-AGCCCTGTCACACCTGTT-3
5-ATGGGTAATCAAGGGATGATA*-3

5-GTGAGGGGCTGTTCATTT-3'

5-TAGGCCGAGAAGCACTGT-3
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
ETV6exon 7 5-CCTGCGCCACTACTACAA-3
RUNX1 exon 7 5-TGGGGATGGTTGGATCT-3
AFF3exon 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 5-TATCCACGTGCCTACAGC-3 5-TGCGTGGACGTGAGTT-3
ENO2 5-CTGCCTGGTCCAAGTTC-3 5- TCCTGAGCGATGACTCAC-3
HHEX 5-ATCGACGCGCTAAATG-3 5- ATGCCAATGCCAGTGG-3
PSCD4 5-GCACGGGTCATCTTTTC-3 5- CTTGCGCCCAATACAC-3
CHRNA3 5-GGAGAGGCCGTCTCTG-3 5- ACAGGCCGGATGATCT-3
PDK1 5-AATGCTTGTGAAAAGACCTC-3 5- CATCCTCAGCACTTTTGTC-3
TUSC3 5-GCACCACCTCGAAACTATT-3 5-TCTGTCCCCTCATCATAGTC-3
FAM46A 5-ACTGCCTGTTGGACTTCTT-3 5-TTTGCCACTGTTGTTTGAC-3
LYL1 5-CGCTGCAACTCTC-3 5-ACCAGGAAGCCGATGTA-3
LMO2 5-TTGGGGACCGCTACTT-3 5-ATGTCCTGTTCGCACACT-3
LM-PCR First Primer Nested Primer
#10138-genomic 5-GGGCAGTTGGGTGTTTCTT-3 5-CGTTGCTTTTCCCATCTTTG-3
breakpoint
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

LMQ2 distal promotor

5AGGTCCAATGTGAACTCAAT-3

5-TGGTCTGGTGGTTAGCATA-3

LMQO2 proximal promotor

5-GTGGGTTACTTTCTGCCTT-3

5-CTCCTGGGGATTAGCAAT-3'
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BAC clones used for FISH analyses

BCL11B RP11-431B1, RP11-74H1, RP11-6818, RP11-889B13
FOXH1 RP11-4811, RP11-1143112, RP11-1022M7

HHEX RP11-148C9, RP11-790D23

LYL1 RP11-352L7, RP11-356L15

MEF2C RP11-749E19, RP11-845010, 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, RP11-35606, RP11-784J23

NKX2-1 RP11-945C4, RP11-662B6 or RP11-465B6, RP11-81F13
NKX2-2 RP11-872K7, RP11-106502

NKX2-5 RP11-166N7, RP11-352N17
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A I Supplementary Figure 1. Genomic localization of

. "™ the TLX3-U/TLX3-D translocation probeset. (a)
Gens — Overview of the genomic positions of the&X3 break
" apart probe set, at chromosome 5 band q35.1, osed f
o FISH analysis. Specific genes located in this negio
FISH probes I are indicated. Depicted genome positions are based

the UCSC Genome Browser.

a RANBPI17/TLX3 region TRIMS52 region
Centromeric breakpoint Telomeric breakpoint
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Supplementary Figure 2. Further characterisation ofthe del(5)(g35) in T-ALL using FISH
analysis. (a)Overview of the genomic positions of BAC clonesdifor additional FISH analysif)
Further characterization of the deletion on 5qatigmt 2650. FISH analysis using RP11-1072120 and
RP11-10N18 (left panel) excludes the presence T3 translocation. FISH analysis using RP11-
1072120 and CTD-2243022 (middle panel) revealedsioh signal on the derivative chromosome 5.
FISH analysis using RP11-1072120, RP11-117L6 an®-QZ43022 (right panel) revealed a fusion
of the green signals and loss of the red sigf@dlFurther characterization of the del(5)(g35.1) in
patient 2640. FISH analysis revealed an additi®i11-1072120 hybridization signal, indicative for
partial RANBP17TLX3 amplification. FISH analysis showed no involverneh the TCRa/J, TCRB
andBCL11Bloci.
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A del(1)(p36.31) Minimal deleted region T-ALL #2757
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Supplementary Figure 3. The recurrent deletions, d€l)(p36.31) and del(13)(q14.3), iMTLX3
rearranged pediatric T-ALL. (2) Representative chromosome 1 ideogram and oligg-&&H plot

for the deletion, del(1)(p36.31), as detected sesa®2738, 2112 and 585 (left panel). Case 275t (rig
panel) shows multiple deletions on the short arnclmfomosome 1. The middle panel shows a
detailed overview of the minimal deleted region fgp36 deletions in T-ALL.(b) Schematic
overview of the genes situated in the chromosoegibn 1p36.31.

(c) Chromosome 13 ideograms and oligo array-CGH plmtshfe deletions, del(13)(q14.2914.3) and
del(13)(g14.3), as detected in cases 2112 (lefelpamd 2723 (middle panel). The right panel shows
a detailed overview of the minimal deleted region 13g14 deletions in T-ALL(d) Schematic
overview of the genes and microRNAs situated inctmosomal region 13g14.3.
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Supplementary Figure 4. The recurrent deletions, d€16)(q22.1) and del(19)(p13.2), imTLX3
rearranged pediatric T-ALL. (@) Chromosome 16 ideograms and oligo array-CGH plotsthe
deletions, del(16)(gq22.1), as detected in case8,Z2112 and 9012 (left panel). The right panel show
a detailed overview of the minimal deleted region 16g22.1 deletions in T-ALL.(b) Schematic
overview of the genes situated in the chromosomgibon 16922.1(c) Representative chromosome
19 ideogram and oligo array-CGH plot for the deletidel(19)(p13.2), as detected in cases 222 and
378 (left panel). The right panel shows a detaileerview of the minimal deleted region for 19p13.2
deletions in T-ALL. (d) Schematic overview of the genes and microRNAsagd in the
chromosomal region 19p13.2.
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WT1 expression in T-ALL
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Supplementary Figure 5.WT1 expression analysis in T-ALL.WT1mRNA expression data relative
to GAPDH, based upon gene expression array data, which awaiéable for a selection of patient
samplesWT1expression levels are shown for 14 of TheX3 rearranged T-ALL cases and for 20 non
TLX3rearranged T-ALL cases includiffgAL1, TLX1, LMOZ2earranged patients and unknown cases.
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CHAPTER 5

Heterodimerization domain

HN1 1563 AEHVPERLAAGTLVVVVLMPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL 1654

2113 P (ref 1,2,3,4,5)
9858 P (ref 1,2,3,4,5)
2737 -===- e i (ref 4,5)

9696 E - - - (ref 4,5)

2775 -LMPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL (ref 1,3,4,5,6)
2774 -LMPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL (ref 1,3,4,5,6)
2772 -LMPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL (ref 1,3,4,5,6)
9757 —--MPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL (new)

10110 —--VLMPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASL (new)

2322 —---PPEQLMSSFHFLRELSRVLHTNVVFKRDAHGQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL (ref 5)

1949 —---PRYELPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQV (ref 4)

2749 EQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL- (ref 4)

720 EQLRNSSFHFLRELSRVLHTNVVFKRDAHGQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL- (ref 4)

1446 GPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASL (new)

9919 LPREQLRNSSFHFLRELSRVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKA (new)

2130 @ mmmmmmmmmmmmmmmm—me PEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASL (new)

2229 P (ref 1,2,3,4,5,6)
2720 P (ref 1,2,3,4,5,6)
2650 P ——— ——— (ref 1,2,3,4,5,6)
2748 ----= ----P - it (ref 1,2,3,4,5,6)
2793 P (ref 1,2,3,4,5,6)
1953 ----- ———-Q----——————— S (ref 4)

2750 s (ref 1,2,3,4,5)
9247 S (ref 1,2,3,4,5)
2640  mmmmmmmmmmmmmmmm oo P e e e e e (ref 1,2,3,4,5,6)
2847 P (ref 1,2,3,4,5,6)
2854 P (ref 1,2,3,4,5,6)
222 mmmmmmmmmmmmm—m—e— D (ref 1,2,3,4,5,6 / new)
2100 P -— (ref 1,2,3,4,5)
2509 ————- - ---QKVLHTNVVFKRDAHGQQOMIFPYYGREEELRKHPTKRAAEGWAAPDALLGQVKASL (new)

1701 --P -—- -—- -—- (ref 1,2,3,4,5)
2780 P (ref 1,2,3,4,5)
2116 P (ref 1,2,3,4,5)
2788 —--—- o P Bt (ref 1,2,3,4,5)

HN1 1563 AEHVPERLAAGTLVVVVLMPPEQLRNSSFHFLRELSRVLHTNVVFKRDAHGQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL 1654

2105 P (ref 1,2,3,4,5)
378 P-——-- - - (ref 1,2,3,4,5)
9938 P----- - - (ref 1,2,3,4,5)
8577 _— _— Prmmmmm e S, (ref 1,2,3,4,5)
8639 -= (ref 2)

2738 QTNVVFKRDAHGQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASL (ref 4)

2773 E - -- (ref 4)

419 - - -G-—-—-- - B et ----- (ref 4)

2117 RSERDAHGQQOMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASL (ref 4)

1632 e ----PSYLRPGGSDTRPADDLPLLRPRGGAAQAPHQACRRGLGRT* (new)

9421 RDAHGQQMIFPYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL (new)

2786 STYYGREEELRKHPIKRAAEGWAAPDALLGQVKASLL (ref 4)

2844  —mmmm oo Vemmmmmm e (ref 4)

Heterodimerization domain

HN1 1655 PGGSEGGRRRRELDPMDVRGSIVYLEIDNRQCVQASSQCFQSATDVAAFLGALASLGSLNIPYKIEAVQSETVEPPPPAQL1734

9577 BB B (ref 1,7)

1944 -— MF------- -—- Smmmmmmmmmmmmmmmmeeees (ref 4)

8628 D (ref 1,2,5)
258 P (vef 1,2,3,4,5)
2702 —_— p-———- e e LT (ref 1,2,3,4,5)
2723 pP-- (ref 1,2,3,4,5)
2651 = —mmmmmmmmmeen Q- (ref 3,4,5)
2691 (ref 3,4,5)

491 N (ref 1,3)

1113 -D i i (new)

1955 -— e L L L L Tommmmmmmmmmm (ref 4)

Juxtamembrane domain

HN1 1724 SETVEPPPPAQLHFMYVAAAAFVLLFFVGCGVLLSRKRRRQHGQLWFPEGFKVSEASKKKRREPLGEDSVGLK 1796
1570 2 —mmmmmmmeeeee- RTVEPPPPAQLHFMYVAAAAFVLLFFVGCGVLLSRKRRRQHGQLWFPEGFKVSEASKKK (ref 8)

704 PPPPAQLHFMYVAAAAFVLLFFVGCGVLLSRKRRRQHGQLWFPEGFKVSEASKKKRR (ref 8)
1946 GEPPPPAQLHFMYVAAAAFVLLFFVGCGVLLSRKRRRQHGQLWFPEGFKVSEASKK (ref 8)
1950 AVEPPPPAQLHFMYVAAAAFVLLFFVGCGVLLSRKRRRQHGQLWFPEGFKVSEASK (ref 8)
1815 - EARQLHFMYVAAAAFVLLFFVGCGVLLSRKRRRQHGQLWFPEGFKVSEASKKKRR (ref 8)

PEST domain

HN1 2299 VGGSTSLNGQCEWLSRLQSGMVPNQYNPLRGSVAPGPLSTQAPSLQHGMVGPLHSSLAASALSQMMSYQGLPSTRLATQPHLVQTQQVQPQON 2390
9194 LPAAWHGHG* (new)
9989 LPAAWHGHG* (new)
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HN1 2391 LOMQQONLQPANIQQQQSLQPPPPPPQPHLGVSSAASGHLGRSFLSGEPSQADVQPLGPSSLAVHTILPQESPALPTSLPSSLVPPVTAAQF 2482

491 -* (ref 3,5)

10030 —-—=* (ref 1,5)

2854 mm e PMVE* (ref 4)
2757 s PCSHWAPAARCTLECPRRAPPCPRRCHPRWSHP* (ref 2,4)
167 e LLSHWAPAAWRCWLFCPSRAPPCPRRCHPRWSHP* (new)
2789 RRAPPCPRRCHPRWSHP* (ref 4)
1113 (ref 1,2,7)
2735 TSRCHPRWSHP* (ref 4)
572 ESGRCHPRWSHP* (ref 4)
1524 SRCHPRWSHP* (new)
9696 RGRCHPRWSHP* (new)
2130 @ mmmm e DVLCHPRWSHP* (new)

585  mmmmm e IEVSIYRGLL (new)
2722 mmmm e m e MYP* (ref 4)

HN1 2483 LTPPSQHSYSSPVDNTPSHQLQVPEHPFLTPSPESPDQWSSSSPHSNVSDWSEGVSSPPTSMQSQIARIPEAFK* 2556

9323 PHFRQPSS* (new)

2738 B e el (ref 4)

704

2751

750

1944

2750 (ref 4)

2651 (ref 1,4,5,7)

2669 (ref 1,4,5,7)

344 (ref 1,4,5,7)

321 (ref 1,4,5,7)

2911 FPAFQRLRLVRGRLQPSHQHAVPDRPHSGGLQVNGAPHETPASFPKPSGVCVRS

(new)

T GAQRLRLVRGRLQPSHQHAVPDRPHSGGLQVNGAPHETPASFPKPSGVCVR
SVDARADQRSLFKTHVFIQNKNEDFNFF* (ref 4)

1446 2 ————-mmmmmmm e I e e L e L e L (new)

Figure S1.NOTCH1 mutations in pediatric T-ALL patients. Amino acid changes in the HD, JM
and PEST domains of NOTCHL1, as a resulN&fTCH1mutations, are listed for each patient. New
mutations and the reference of each known mutatienndicated.

Known NOTCH1 mutations as previous identified in the study oényet al (2004}, Breit et al
(2006¥, Zhuet al (2006¥, Van Grotelet al (2008}, Asnafiet al (2009F, Parket al (2009, Larson
Gedmaret al (2009Y and Suzukét al (2009¥.
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Figure S3. ICN levels in wild-type, weak NOTCH1-activated ngie HD, single PEST, single
FBXW7 mutation) and strong NOTCH1-activated (HD+AESID+FBXW7, JM mutation) T-ALL
patients analyzed with reverse-phase protein micaga
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WD40-repeats

362 DTNWRRGELKSPKVLKGHDDHVITCLQFCGNRIVSGSDDNTLKVWSAVTGKCLRTLVGHTDGVWSSQMRDNIIISGSTD 440

3028 ---
2691 ---

—————————————— L= ————————————  (DnEW)
—————————————————————————————————————————————————————————— V----------------- (ref 39,50
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1179 -
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______________________ Cmmm o ————— (ref 1,2,3,4,5,6,7)
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r ey
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2854 --%

(new)

Figure S2. FBXW7 mutations in pediatric T-ALL patients. Amino acid changes in the WD40-

repeats,

as a result BBXW7mutations, are listed for each patient. New matetiand the reference

of each known mutation are indicatéchown FBXW7 mutations as previous identified in gtedies
of Thompson et al (2007)[1], O'Neil et al (2007)[BJalyukova et al (2007)[3], Park et al (2009)[4],
Asnafi et al (2009)[5], Larson et al (2009)[6] addnsour et al (2009)[7].
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Figure S5. The prognostic effect oNOTCHLFBXW7 mutations. Weak NOTCH1-activating
mutations were considered IO TCH1HD, PEST or FBXW7 mutations, whereas strong NOTCH1
activating mutations were considered MOTCH1 JM mutations or NOTCH1 HD mutations in
combination with PEST oFBXW7 mutations.A. For DCOG T-ALL patients, strong NOTCH1-
activating mutations are significantly associatethvpoor outcome, wittp-values ofp=0.012 and
p=0.048, compared to patients withé® TCHIFBXW7mutations (wild-type) or patients with weak
NOTCH1-activating mutations, respectivel. No significant association with poor outcome was

observed for weak or strong-activated NOTCH1 T-Atdtients treated according to the COALL-97
protocol.
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CHAPTER 6

Supplementary Table 1. Primer sequences used for RRCR

Gene Forward primer Reverse primer

equilibrative 5-ACA GGG CAG CCT CTT C-3 5-TAG CGG GCAAACTTC A-3
nucleoside transporter

2 (ENT2/SLC29A2)

cytosolic 5’ 5-TAT GCC TGC TAACAT GGAT-3 | 5-ACC AAG GGACTC ATACTCTG-3
nucleotidase 2

(NT5C2/NT5B/PNT5)

PNP (NP) 5-TCC CCG AAG TAC AGT GC-3 5-GGG TTC TGA CCACTG AAAC-3

deoxyguanine kinase 5-AGG CTC TGATGAACATTC C-3 | 5-AAC AAT GGC AAA GTC TAA CAA-3
(dGK/dGUOK)

concentrative 5-TGG ATG CTG ACA GAA ACA-3 5-CTC CAG CTG CTC CTG AT-3
nucleoside transporter
1 (CNT1/SLC28A1)

concentrative 5-AGC TGG GTT GAG GAG AAC-3 5-AAG CTG GCG TGT GTT TT-3
nucleoside transporter
2 (CNT2/SLC28A2)

concentrative 5-CCC AGG TCC CTG TAA CA-3 5-TGT GTG CTC CCT GCTT-3
nucleoside transporter
3 (CNT3/SLC28A3)

cytosolic 5° 5-GGA GGA AGC CAAGAT TTT-3 5-CTG AAG GGTTCG TTC TCA-3
nucleotidase 1A
(NT5C1A/CN1A)
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Supplementary Figure 1. dGuo degradation for diffeent concentrations of forodesine DGuo
concentrations in culture supernatants at diffetene points (x-axis) following dGuo (M) or
forodesine (0, 1, 3 or M) + dGuo (1QM) administration for 4 T-ALL and 2 BCP-ALL primary

diagnostic patient samples.
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Supplementary Figure 2. Combination studiesMedian survival values for drug only (solid black
line), the calculated full additive effect of theug and the LC10 or LC30 of forodesine/dGuo (dotted
black line) and the measured effect (solid greg)lian survival of the combination is depicted for
daunorubicin and the LC10 of forodesine/dGuo in Ol-Assamples (A) and BCP-ALL samples (B)
and for 6MP for T-ALL samples and LC10 (C) or LC@D) values of forodesine/dGuo. Vertical grey

lines represent interquartile ranges.
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