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General introduction

Bone marrow is the soft tissue within the bones where hematopoietic stem cells reside.
Hematopoietic stem cells are immature blood cells within the bone marrow, which
continuously divide to form new cells. Some of the new cells remain unchanged as
stem cells and have a lifelong capacity for self-renewal. These pluripotent stem cells
give rise to progenitor stem cells (also called lineage-committed stem cells) that have a
limited capacity for self-renewal. Progenitor stem cells are committed to form only one
lineage of blood cells: oxygen-carrying red blood cells (erythrocytes), infection-fight-
ing white blood cells (leukocytes), or blood-clotting cells (platelets or thrombocytes).
The bone marrow is made up of blood cells at different stages of maturation. When cells
further differentiate, they are released from the bone marrow into the peripheral blood
circulation. The process of proliferation and differentiation is regulated by cellular in-
teraction, the micro-environment of the bone marrow, several regulatory glycoproteins
and hematopoietic growth factors. Normally, blood cells are produced in an orderly,
controlled way as the body needs them.

Leukemia, which literally means “white blood” in Greek, is a form of cancer that
begins in the progenitor cells of the bone marrow. It is characterized by the accumula-
tion of immature, abnormal white blood cells in blood and bone marrow that cannot
perform their usual function of fighting against infections. When the leukemic cells
begin to fill the marrow, production of normal platelets, red and white cells decrease.
The decrease of normal hematopoietic cells co-incides with the appearance of clini-
cal symptoms. Low red cell counts (anemia) cause fatigue and pale skin. Low platelet
counts (thrombocytopenia) may result in bleeding and bruising. If mature white cells
are reduced, the body has little or no defence against infectious threats by bacteria
and viruses. Some other symptoms are malaise, fever, bone aches, anorexia, abdominal
discomfort (due to hepatosplenomegaly), and headaches. According to the clinical pre-
sentation, leukemias are divided in acute and chronic leukemias. Leukemia can arise
in either of the two main types of white blood cells: lymphoid cells or myeloid cells.
When leukemia affects lymphoid cells, it is called lymphocytic or lymphoblastic leu-
kemia. When myeloid cells are affected, the disease is called myeloid or myelogenous
leukemia.

1.1 ACUTE LYMPHOBLASTIC LEUKEMIA

In children, leukemia accounts for one third of all cancer cases. About 80% is acute
lymphoblastic (ALL), 15-20% is acute myeloid leukemia (AML) and the remaining
cases are juvenile chronic myeloid leukemia and related leukemia types. The peak inci-
dence of childhood leukemia is between 2 and 6 years of age. In adults, haematological
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malignancies are greatly outnumbered by solid tumors and represent only about 2% of
all malignancies.

Molecular (cytogenetic) analysis of the common genetic abnormalities in leukemic
cells has contributed to our understanding of the pathogenesis and prognosis of ALL
in children'?. Although the frequency of genetic subtypes differs between children
and adults (Figure 1), the general mechanisms underlying the induction of ALL are

Children
E2A-PBX1 MYC
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259% ° TCR
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Figure 1. Estimated frequencies of specific genotypes of ALL in children and adults’.
The TCR rearrangements are found in T-lineage ALL. All other rearrangements account for B-lineage ALL.
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presumably similar. In both adults and children, translocations of genes are found that
cause aberrant expression of proto-oncogenes and create fusion genes that encode ac-
tive kinases and altered transcription factors. These genetic alterations contribute to the
leukemic transformation of hematopoietic stem cells or their committed progenitors by
changing cellular functions. They alter important regulatory processes by maintaining
or enhancing an unlimited capacity for self-renewal, abolishing the control of nor-
mal proliferation, blocking differentiation, and promoting resistance to death signals
(apoptosis).

1.2t(12;21) POSITIVE ALL

The most common chromosomal translocation observed in pediatric ALL is the
t(12;21)(p13;q22) translocation restricted to precursor B-cell leukemia. This transloca-
tion is found in approximately 25% of precursor B-ALL". The t(12;21) involves fusion
of the TEL (also named ETV6) gene at chromosome 12p13 with the AMLI (also named
CBFA2 or RUNX1) gene at chromosome 21q22 (Figure 2). This translocation fuses the
5" terminus of the TEL gene (residues 1-336) in frame with almost the entire coding
sequence (residues 21-480) of the AMLI gene. The breakpoints occur in intron 5 of
TEL and intron 1 of AMLI. Another frequent translocation variant results in fusion
between intron 5 of TEL and intron 2 of AMLI. The t(12;21) results in the chimeric
fusion gene TEL-AMLI on the der(21)t(12;21) and its reciprocal fusion gene AMLI-
TEL on the der(12)t(12;21). Approximately 70% of the t(12;21) positive patients also
show a deletion of the untranslocated TEL gene*®. Trisomy 21 and duplication of the
der(12)t(12;21) are also described in t(12;21) positive patients, and the latter appears
to be more common in relapse cases'*!">. However, the incidence and possible prognos-

#12: TEL (12p13)

3’ cen

~H{12;21)

tel 5

3’ cen

Figure 2. Overview of the breakpoints in the TEL and AMLT gene involved in t(12;21) positive ALL
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tic changes of such genetic variation was unknown and led to our study described in
chapter 2.

The t(12;21) is most frequent in children between 1 and 12 years of age, with a peak
incidence between 2 and 5 years and is absent in infants (children below 1 year of
age)'**. In adult ALL the incidence of t(12;21) is <3%'?, and the majority of adults
with the t(12;21) are under 20 years of age. This indicates that t(12;21) positive ALL is
mainly restricted to pediatric precursor B-ALL.

1.2.1 Etiology of t(12;21) positive ALL

Like several other subgroups of pediatric ALL, t(12;21) positive ALL is initiated in
utero®. Studies in mouse models showed however that the presence of TEL-AMLI by
itself is insufficient for leukemogenesis®, but the fusion gene may result in leukemia
when additional mutations are present®. In concordance with these observations, a
variable and protracted occurrence of t(12;21) positive ALL in twin studies indicated
that additional postnatal events are necessary for full malignant transformation®.
Since the second non-translocated TEL allele is often deleted in t(12;21) positive ALL
patients (up to 70%), this deletion is generally considered as the second hit in leuke-
mogenesis4—9,20,29,32—34.

DNA rearrangements of the immunoglobulin heavy chain (IgH) and T-cell receptor
(TCR) genes are markers for the differentiation stage of leukemic cells and are consid-
ered clonotypic markers in precursor B-ALL cells*. This process is closely connected
to the cell cycle®. Analysis of IgH and TCR molecular markers illuminates the order
of molecular pathogenetic events during leukemogenesis. Several studies have shown
that the t(12;21) occurs in an immature B-cell prior to rearrangements of the IgH and
TCR loci and a final transformation event (second hit) occurs after these rearrange-
ments®” . In B-cells, IgH is rearranged first, joining a D, to a J,, segment on both al-
leles, followed by a V, to D], rearrangement on one of the two alleles. TEL-AML1 may
affect this somatic recombination of IgH and TCR by proliferation retardation thereby
providing optimal conditions for V(D)] recombination®. This is shown by the fact that
TEL-AMLI positive ALL cells have a higher number of IgH/TCR rearrangements with
a more immature immunophenotype compared to TEL-AML1 negative ALL cells®.
Thus, continuing rearrangement processes lead to a variety of immune receptor rear-
rangements in individual cells of the TEL-AMLI positive pre-leukemic clone, resulting
in a heterogeneous population**"*2, A secondary event presumably terminates this in
utero initiated pre-leukemic phase and drives one of these cells to overt leukemia.

1.2.2 Prognosis of t(12;21) positive ALL

The success rate in the treatment of ALL has increased steadily since the 1960s. The 5-
years event free survival (EFS) is about 80% for children with ALL'. Conflicting data on
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the prognostic relevance of t(12;21) positive ALL have been reported ranging from 60%
to 100% survival**. Initially, studies reported favourable outcome of t(12;21) positive
ALL patients compared to t(12;21) negative ALL patients*’. Other studies could not
confirm this prognostic relevance including a study in Dutch DCOG-treated patients
with t(12;21) positive ALL***. The outcome of the treatment of ALL patients is depen-
dent on the pharmacokinetics, the cellular drug resistance and the outgrowth potential
of leukemic cells that survive therapy. Cellular drug resistance can be measured at the
patientlevel, i.e. the reduction in peripheral blood leukemic cells after systemic exposure
to a drug (which also includes a pharmacokinetic component) and at the cellular level,
i.e. after in vitro exposure to drugs using drug cytotoxicity assays (e.g. MTT-assay). In
vitro drug resistance profiles are independently associated with treatment outcome,
and treatment risk groups show specific resistance profiles®. The conflicting data in
t(12;21) positive ALL may be explained by differences in the amount of L-Asparaginase
that is being used in these treatment protocols as t(12;21) positive ALL is in vitro highly
sensitive to L-Asparaginase®®*' and L-Asparaginase sensitive patients have been shown
to have a more favourable outcome®”. Beside L-Asparaginase, t(12;21) positive ALL pa-
tients are also more sensitive in vitro to doxorubicin, etoposide and dexamethasone®**.
Therefore, the relative sensitivity to selected drugs may explain the favourable outcome
observed in t(12;21) positive patients treated with relative intensive treatment proto-
cols. In correspondence with this explanation are studies showing that the outcome of
t(12;21) positive ALL patients improved with more intensive therapy>~’.

1.3 GENES INVOLVED IN t(12;21) POSITIVE ALL

1.3.1 The TEL gene

The TEL gene (Figure 3) is located in the 12p13 chromosomal band and is a member of
the ETS-domain transcription family**’. ETS proteins control the expression of genes
that are critical for a number of biological processes, including cellular proliferation,
differentiation, development, transformation, and apoptosis®. Beside protein-DNA
interactions, the ETS domain is also involved in protein-protein interactions. TEL also
shares another conserved domain known as the pointed domain (PNT) with a large
subgroup of ETS family members. The pointed domain has been shown to function
in homo-oligomerization®®, heterodimerization®, transcriptional repression® and
nuclear export of TEL®. TEL belongs to the small class of ETS transcriptional repres-
sors whose activity is controlled by mitogenic and/or cell cycle-dependent signals®”.
These ETS proteins are targets of the MAPK signal pathway®. The large central domain
of TEL (encoded by exon 5) includes a repression domain®*’. An additional repression
domain was identified which encompasses the ETS domain and the 50 amino-acids im-
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mediately upstream of the ETS domain®. TEL-mediated repression is dependent upon
the recruitment of co-repressors and histone deacetylases™. TEL is required for the
homing of hematopoietic progenitor cells to the bone marrow’' and interferes with the
activity of the FLI-1 oncoprotein’? the matrix metalloproteinase 3 gene Stromelysin-17°
and interferes with the apoptotic pathway through the anti-apoptotic BCL-2 family
member Bcl-X ™.

Chromosomal rearrangements that disrupt TEL lead to a variety of myeloid and
lymphoid leukemias™ and solid tumors, and the proteins fused to TEL can be divided
into two broad categories: protein tyrosine kinases and transcription factors™. Trans-
locations of the TEL gene to protein tyrosine kinases occurs for example in t(5;12)
(TEL-PDGFRp) found in chronic myelomonocytic leukaemia””%, in t(9;12)(q34;p13)
(TEL-ABL) found in AML, atypical chronic myeloid leukaemia (CML) and ALL””,
and in t(9;12)(p24;p13) (TEL-JAK2) found in ALL and CML®*#. In these cases, aberrant
regulation of the kinase activity of the fusion proteins contributes to leukemogenesis.
Fusions of TEL with transcription factors can either retain or eliminate the DNA bind-

TEL PNT

la 2 3 4 5 6 7 8

T
AMLI1c RHD TA

T T
TEL-AMLI1 RHD TA
la2 3 4 5 2 3 4 5 6 8
TEL | AMLI
T
AMLI-TEL ETS-
1
1 26 7 8
AMLI | TEL

Figure 3. The TEL, AML1, TEL-AML1 and AML1-TEL fusion products with their functional domains.
PNT: pointed domain, dimerisation domain

ETS: protein-DNA or protein-protein interaction domain

RHD: runt homology domain, DNA-binding domain and dimerisation site for CBFf subunit

TA: transactivation domain, transcriptional activation
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ing activity of TEL. The t(12;22) (MN1-TEL) in myeloproliferative disorders retains
the ETS domain and converts TEL from a repressor to an activator®"®2. The t(12;21)
(TEL-AML1) in ALL" looses the ETS domain and functions as a constitutive inhibitor
of transcription of AMLI-dependent gene targets®. In the majority of t(12;21) positive
ALL, the second TEL gene is deleted****32%_ Loss of heterozygosity of the TEL gene
is also observed in other leukemias and some solid tumors®* ¥, suggesting that TEL is a
tumor suppressor gene.

TEL is an inhibitor of growth in a number of transformed cell types including Ras-
transformed NIH 3T3 cells. TEL expression increases the level of apoptosis (via Bcl-
X,), rather than affecting cell cycle progression. In case of translocation of the TEL
gene to a protein tyrosine kinase, loss of one copy of the TEL gene may facilitate the
tyrosine kinase-mediated activation of STAT signalling and contribute to activation of
Bcl-X, 7. In contrast to tyrosine kinase fusion proteins, TEL-AMLI itself is not capable
to induce transformation, and cells require additional genetic abnormalities to become
leukemogenic®. In this respect, loss of the second TEL gene is regarded as the second
hit in leukemogenesis, as mentioned above.

1.3.2 The AMLT gene

The AMLI gene is located in the 21q22 chromosomal band and encodes a transcrip-
tion factor that binds the enhancer core sequence, TGTGGT®*. AMLI and the core
binding factor beta (CBEp) together form the core binding factor (CBF)**'. The AML1
protein contains a highly evolutionary conserved domain of 128 amino acids called
runt homology domain (RHD), responsible for both heterodimerization with the
CBFp subunit and for DNA binding (Figure 3)°***. Transcriptional activation occurs
through the C-terminal transactivation (TA) domain. AMLI is normally expressed in
all hematopoietic lineages and regulates the transcription of myeloid and lymphoid
lineage-specific genes, including cell surface receptors such as subunits of the T-cell
antigen receptor and macrophage colony-stimulating factor receptor; myeloid-as-
sociated enzymes such as myeloperoxidase, neutrophil elastase and granzyme B and
also cytokines such as interleukin-3 and granulocyte macrophage colony-stimulating
factor® %!, Mice lacking AMLI or CBFp have no fetal liver hematopoiesis, showing
that the heterodimeric complex CBF is essential for definitive hematopoiesis of all lin-
eages'!'%, CBF is thought to target the expression of members of the important family
of HOX genes, %, The HOX transcription factors bind to DNA and regulate genes
involved in differentiation of both the embryonal and hematopoietic stem cells. In ad-
dition, HOX genes are also important for the self-renewal and proliferative capacity of
hematopoietic stem cells'*>!?".

AMLI is one of the most frequently deregulated genes in leukaemia, mainly through
translocations. Translocations of the AMLI gene occur in different leukaemia subtypes,
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leading to the formation of fusion genes encoding for chimerical proteins including
AMLI1-ETO in t(8;21) positive AML, TEL-AMLI in t(12;21) positive childhood ALL
and less often AMLI-MDSI in t(3;21) positive myelodysplastic syndrome and CML,
or other rare translocations?!%'%. AML1 is also targeted indirectly by inv(16), which
fuses CBFP to the smooth muscle myosin heavy chain gene!'’. More recently, other
mechanisms of inactivation of AMLI in haematological malignancies were reported
such as point mutations in AML and myelodysplastic syndrome!'!!*¢ and gene ampli-
fication in ALLY7122,

AMLLI has the unusual property that both the wild-type and the translocated genes
can affect cellular proliferation and pathways of cellular differentiation. Overexpres-
sion of the AML1 fusion protein encoded by inv(16) acts as a dominant repressor that
inhibits cell cycle progression'”, suggesting a role for AML1 in the G, phase of the cell
cycle. In addition, several studies indicated that AMLI expression regulates G, to S
phase transition of the cell cycle'>'*. Furthermore, AMLI levels are upregulated dur-
ing the cell cycle'”. The binding of AMLLI to the enhancer core sequence recruits other
transcription factors and co-activators to this region, and the resulting protein complex
regulates transcription. This complex includes histone acetylases, which add acetyl
groups to DNA-bound histones, thereby causing conformational changes in chromatin
that enhance the transcription of target genes. On the other hand, AMLI1 can also as-
sociate with mSin3 and groucho/TLE proteins, which recruit histone deacetylases that
induce the closure of chromatin and, hence, results into inhibition of transcription'®.
Since AML1 plays a pivotal role in transcription of target genes that are needed for
proliferation and differentiation of normal hematopoietic cells, abnormalities in this
gene may contribute to leukemogenesis in different ways.

It is suggested that the simple inactivation of one AMLI allele (haploinsufficiency) is
sufficient to induce predisposition to acute leukaemia in familial thrombocytopenia''®.
In acquired haematological malignancies, haploinsufficiency of AML1 may also have
a pathogenic role and mono-allelic alterations of the AMLI1 gene are indeed found''.
Furthermore, some of the mutations act in a dominant negative manner and prevent an
effect of the remaining wildtype AMLI in case of the mono-allelic alteration''"'*. The
dominant negative effect of the chimeric products of t(8;21) or t(3;21) is due to the fact
that the mutated protein did not bind DNA but had enhanced capacity to bind CBFp
and, by sequestering it, inhibited action of wildtype AML1"". The chimeric product of
t(12;21), TEL-AMLI, can compete with wildtype AMLI1 for DNA binding, thus acting
as a transcriptional repressor of AMLI target genes®. It has enhanced capacity to bind
CBFp and as a result also an enhanced DNA binding capacity. Altogether these data
suggest that loss of normal AML1 function has enormous consequences for the biologi-
cal behaviour of the cell.
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1.3.3 The TEL-AMLT fusion gene

The TEL-AMLI fusion product contains the pointed domain of TEL and the runt
homology domain and transactivation domain of AMLI (Figure 3). The biological
function of TEL-AMLLI in leukemia remains unclear. The fusion protein can form
homodimers and heterodimers with TEL and converts AML1 from functioning as a
transcriptional activator to a transcriptional repressor®!*2, The pointed domain and the
central region of TEL as well as the runt homology domain and amino acids 216-290
within AMLI, appear critical in mediating repression via binding of nuclear receptors
such as SMRT, mSin3A, N-CoR and HDAC-3%¢133135 (35 outlined before). Like AMLI,
the abnormal TEL-AMLLI fusion protein can bind to the enhancer core sequence. How-
ever, instead of activating transcription, it recruits histone deacetylases thereby induc-
ing closure of the chromatin structure and, hence, inhibition of transcription®#»1%,
These changes in the normal AML1-mediated transcriptional cascade alter both the
self-renewal capacity and the differentiation capacity of hematopoietic cells'”'*. Re-
cently, TEL-AML1 was also found to prevent TEL-induced transcriptional repression
by heterodimerisation with TEL indicating that TEL-AMLI1 exerts dominant-interfer-
ing effects on both AML1 and TEL".

1.3.4 The AMLT-TEL fusion gene

The AMLI-TEL fusion product contains exon 1 or exon 1 and 2 of AMLI lacking a
known functional domain and the last three exons of TEL containing the ETS domain.
The biological function of the AMLI-TEL fusion gene in leukemia also remains unclear.
It is hypothesized that ETS proteins with transcriptional repression activity (like TEL)
are primarily involved in the balance between cellular proliferation and differentiation
in response to extracellular signals”. The isolated ETS domain of TEL binds to artifi-
cial DNA containing conventional ETS binding sites and regulates the transcription of
targeted genes'*'*2. It can be hypothesized that AMLI1-TEL acts like an isolated ETS
domain and competes with normal TEL for binding to target genes or acts like TEL in
the absence of wild-type TEL.
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1.4 SCOPE OF THIS THESIS

The t(12;21) is the most common translocation in pediatric ALL. The group of ALL
patients with a t(12;21) is very heterogeneous since additional genetic abnormalities in
the TEL and AMLI gene involved in this particular translocation (for example a dele-
tion of the untranslocated TEL gene or an extra copy of the AMLI gene) are frequently
described. As a group, t(12;21) positive ALL patients are highly sensitive to L-Aspara-
ginase and often associated with a favourable prognosis. Still, several studies could not
associate t(12;21) positive ALL with a favourable prognosis and even described this
translocation to be present in 25% of relapse cases (same percentage as at initial diag-
nosis). So, to improve the treatment of these patients, we need more background on
the genetic and biological abnormalities in these t(12;21) positive ALL cells. Therefore,
the aim of the research described in this thesis was to identify genetic and biological
features responsible for outcome and response to drugs in t(12;21) positive ALL.

A. Clinical relevance of genetic abnormalities in t(12;21) positive ALL

Conflicting data on the prognostic relevance and proportion of t(12;21) positive cases at
relapse have been described. The favourable prognosis of t(12;21) positive ALL patients
seems to depend on the intensity of the treatment protocol. A possible contribution
for this can be the fact that t(12;21) positive ALL patients are in vitro highly sensitive
to L-Asparaginase. However, within this group of patients large interindividual differ-
ences in in vitro sensititivity to L-asparaginase and other drugs were found. So, both
the conflicting data on the prognostic relevance of the t(12;21) as well as the large
heterogeneity in in vitro sensitivity of the t(12;21) positive ALL group, indicates that
additional genetic changes might be responsible for the differences in outcome and
drug sensitivity. Therefore, in chapter 2 we studied the incidence of additional genetic
changes in the TEL and AMLI genes in t(12;21) positive pediatric ALL and their re-
lationship with in vitro drug sensitivity and clinical outcome. In addition in chapter
3, we analyzed whether the expression levels of TEL, AMLI and the fusion products
TEL-AML1 and AMLI-TEL are associated with in vitro drug sensitivity and long-term
clinical outcome in t(12;21) positive ALL.

B. Causes of sensitivity and resistance to L-Asparaginase in t(12;21) positive ALL

L-Asparaginase is an enzyme widely used in chemotherapeutic protocols for children
with ALL. In vitro resistance to L- Asparaginase is correlated with a relative poor prog-
nosis in vivo. The proposed mechanism of action of L-Asparaginase is the depletion of
asparagine and glutamine in the blood leading to cellular efflux and depletion of these
amino acids within cells. ALL cells are thought to be particularly sensitive to L-Aspara-

ginase treatment because of a relative low capacity to synthesize sufficient asparagine



General introduction

due to intrinsic lower asparagine synthetase levels. Resistance to L- Asparaginase is sug-
gested to be caused by an elevated cellular level of asparagine synthetase and/or by the
ability of resistant cells to rapidly induce the expression of the asparagine synthetase
gene upon L-Asparaginase exposure. In chapter 4 the relation between asparagine syn-
thetase and L-Asparaginase sensitivity in t(12;21) positive pediatric ALL was studied.
Asparagine synthetase expression (like AML1 mentioned above) is associated with cell
cycle regulation. In chapter 5 we comment on the hypothesis that t(12;21) positive cells
are unable to progress into the S phase of cell cycle under nutrition stress caused by
L-Asparaginase, despite the ability of asparagine synthetase upregulation. In chapter 6
we describe the relation between asparagine synthetase and L-Asparaginase resistance
in t(12;21) negative ALL, which differs from t(12;21) positive ALL. Furthermore, to
gain more insight into the heterogeneity in L-Asparaginase cytotoxicity in t(12;21)
positive ALL patients, we studied the expression profile (by micro-array analysis) of
genes differentially expressed in t(12;21) positive ALL patients sensitive and resistant
to L-Asparaginasein chapter 7.

C. Specificity of targeted drugs for t(12;21) positive ALL

The fusion protein TEL-AMLI1 converts AML1 from functioning as a transcriptional
activator to a transcriptional repressor. Like AMLI, the abnormal TEL-AMLI fusion
protein can bind to enhancer core sequences, but instead of activating transcription
through recruitment of co-activators and histone acetylases, it recruits co-repressors
and histone deacetylases (HDACs), which induce closure of the chromatin structure
and, hence, inhibition of transcription. These changes in the normal AML1-mediated
transcriptional cascade alter both the self-renewal capacity and the differentiation
capacity of hematopoietic cells. TEL-AMLI1 therefore, seems a promising target for
treatment with HDAC inhibitors to reverse its transcriptional repression. In chapter 8
we studied the effect of histone deacetylase (HDAC) inhibitors on B-cell differentiation
induction and on L-Asparaginase cytotoxicity in t(12;21) positive and negative ALL.

Finally, the work presented in this thesis is summarized and discussed in chapter 9 and
10.
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ABSTRACT

t(12;21)(p13;q22), resulting in TEL-AMLI gene fusion, is detected in ~25% of child-
hood common/pre B-ALL. Clinical heterogeneity within t(12;21) positive ALL indicates
that additional genetic changes might be responsible for differences in drug sensitiv-
ity and clinical outcome. We studied the relation between additional genetic changes
in TEL(ETV6) and AMLI(RUNX1) (FISH), drug sensitivity (MTT assay) and clinical
outcome in 143 t(12;21) positive ALL patients. Additional genetic changes were pres-
ent in 83%, and consisted of (partial) deletion of the second TEL gene (70%), an extra
AMLI gene (23%) or an extra der(21)t(12;21) (10%). More than one additional change
was observed in 20%. Patients without additional genetic changes (4-yrs pDFS 53% +
17%) or with an extra der(21)t(12;21) (4-yrs pDES 60% * 22%) have an unfavourable
prognosis compared to patients with other additional genetic changes in TEL or AML]
(4-yrs pDES 79% * 6%; p=0.03) which was mainly due to the occurrence of early
relapses within 2.5 years after first diagnosis. Prednisolone resistance is related to an
extra der(21)t(12;21) (p=0.004) and an unfavourable prognosis (p =0.02). Multivariate
analysis including age, WBC and genetic abnormalities in TEL and/or AMLI showed
that only in vitro resistance to prednisolone is an independent prognostic factor in
t(12;21) positive ALL.
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INTRODUCTION

The t(12;21)(p13;q22) occurs in ~25% of childhood acute lymphoblastic leukemia
(ALL), and is restricted to precursor B-cell lineage leukemia. The t(12;21) involves fu-
sion of the TEL(ETV6) gene at chromosome 12p13 with the AMLI(RUNXI) gene at
chromosome 21q22. This translocation fuses the 5’ terminus of the TEL gene (residues
1-336) in frame with almost the entire coding sequence (residues 21-480) of the AML]
gene. The breakpoint most often occurs in intron 5 of TEL and intron 1 of AMLI. A
frequent translocation variant results in fusion between intron 5 of TEL and intron 2
of AMLI. Both TEL and AMLI are frequent targets of chromosomal translocations in
a variety of myeloid and lymphoid leukemias? TEL contains an N-terminal pointed
(PNT) dimerization domain which mediates homodimerization®**. The C-terminal
DNA-binding domain homologous to all Ets proteins recognizes a purine-rich GGAA/
T core motif within promoters and enhancers of various genes®. TEL has a role in both
angiogenesis and hematopoiesis®. AMLI encodes a transcription factor that binds the
enhancer core sequence TGT/cGGT through its N-terminal Runt homology domain
(RHD)’. The DNA-binding affinity of AML1 is increased by heterodimerization through
the RHD with the Core Binding Factor (CBF) { protein, forming the CBE Transcrip-
tional activation occurs through the C-terminal transactivation (TA) domain. CBF is
essential for definitive hematopoiesis of all lineages'. The translocation fusion product
TEL-AMLI contains the PNT domain of TEL and the RHD and TA domain of AMLI.
Several studies have investigated the prognostic value of t(12;21) positive ALL®. In
general, t(12;21) positive ALL is associated with a good prognosis. However, conflict-
ing data on the percentage of patients entering relapse and the proportion of t(12;21)
positive cases at relapse have been reported®. Overall, the reported prognostic relevance
of t(12;21) seems to depend on the intensity of the treatment protocol. A possible ex-
planation for this finding can be ascribed to the fact that t(12;21) positive ALL cells are
in vitro more sensitive to L-Asparaginase compared to t(12;21) negative ALL cells>*.
However, within the t(12;21) positive ALL group, large interindividual differences in
cellular in vitro sensitivity to L- Asparaginase were found. The clinical heterogeneity in
response to therapy as well as the large heterogeneity in in vitro sensitivity to L-Aspara-
ginase, suggests that additional genetic changes might be important for the differences
in drug sensitivity and clinical outcome. Approximately 70% of t(12;21) positive ALL
cases also show loss of the second TEL allele’'%. Trisomy 21 and duplication of the
der(21)t(12;21) are also found in t(12;21) positive patients, with the latter apparently
being more common in relapsed cases'*'. However, the number of patients screened in
these studies is limited. The prognostic significance of additional genetic abnormalities
in TEL and AMLI is therefore unknown. We retrospectively studied the incidence of
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additional genetic changes in the TEL and AMLI genes and their relationship with drug
sensitivity and clinical outcome in 143 t(12;21) positive children with ALL.

MATERIALS AND METHODS

Patient samples

Bone marrow and/or peripheral blood samples from 343 untreated children with
common/pre B-ALL at initial diagnosis were collected at the Erasmus MC - Sophia
Children’s hospital, the Dutch Childhood Oncology Group (DCOG) (ALL-7, 8 and 9
treatment protocol) and the German COALL study group (COALL-92 and 97 treat-
ment protocol). Within 24 hours after sampling, mononuclear cells were isolated and
contaminating non-leukemic cells were eliminated as described earlier". All resulting
samples contained >90% leukemic cells, as determined morphologically on May-
Griinwald-Giemsa (Merck, Darmstadt, Germany) stained cytospins.

FISH analysis

272 Erasmus MC - Sophia Children’s Hospital and DCOG common/pre B-ALL patients
were retrospectively analyzed for the presence of t(12;21) by FISH, whereas the t(12;21)
positivity of 71 COALL patients was already known by RT-PCR. The FISH protocol
was based on that described previously'®. The t(12;21) positivity was determined on
cryopreserved cytospins with dual colored FISH using a digoxigenin labeled cosmid
from intron 1 to exon 2 of TEL (50F4), together with a biotinylated cosmid for the first
5 exons of AMLI (C0664) (a kind gift of Dr. N. Sacchi, University of Milan, Italy')
(Figure 1.). Probe 50F4 was detected with Texas Red labelled a digoxigenin and probe
C0664 with avidin-FITC. In t(12;21) positive patients a yellow fusion spot will be seen
denoting the der(21)t(12;21), one green signal for the normal AMLI on chromosome
21 and one red signal for the normal TEL on chromosome 12. Two green spots next
to the yellow fusion spot indicate an extra copy of AMLI, whereas the absence of a
single red signal indicates a deletion of TEL. To determine the size of the deletion of the
second TEL allele in t(12;21) positive patients, additional dual-colored FISH experi-
ments were performed using TEL cosmid probes located at the 5’ (179A6-biotinylated)
and 3’ (54D5-digoxigenin labeled) part of the TEL gene (Figure 1). If the complete
non-translocated TEL gene is deleted, only one yellow fusion spot spanning exon la
to 5 of TEL on the der(21)t(12;21) and a red signal spanning exon 6 to 8 of TEL on
der(12)t(12;21) will be present. If the non-translocated TEL gene is only partially delet-
ed, two yellow fusion spots are visible, one derived from der(21)t(12;21) and the other
from the non-translocated TEL gene. In addition, a red signal from the der(12)t(12;21)
will be present. The partial deletion of TEL was indicated by a loss of the 50F4 signal
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Figure 1. Overview of FISH probes used to identify genetic abnormalities in TEL and AMLT genes in t(12;21) positive ALL
Vertical arrows indicate the breakpoint region for t(12;21) on chromosome 12 and 21. Horizontal arrows indicate the localisation of the 4
probes used to analyze additional genetic changes in TEL and/or AMLT in t(12;21) positive ALL.

whereas the 179A6 and 54D5 fusion signal remained visible. All TEL cosmids were a
kind gift of Prof. Dr. P. Marynen, Human Genetics, University of Leuven, Belgium®. In
all instances two independent observers each examined 100-300 interphase nuclei.

In vitro L-Asparaginase, prednisolone and vincristine cytotoxicity assay

In vitro L-Asparaginase, prednisolone and vincristine cytotoxicity was determined
using the MTT assay as described previously'. Briefly, 100 ul aliquots of cell suspen-
sion (1.6x10° cells; >90% leukemic cells) were exposed to six duplicate concentra-
tions of L-Asparaginase (Paronal, Christiaens, Breda, The Netherlands) ranging from
0.0032-10 IU/ml, prednisolone (prednisoloni natrii phosphas, Bufa BV, Uitgeest, The
Netherlands) ranging from 0.08 - 250 pg/ml and vincristine (vincristinesulphate, TEVA
Pharma BV, Mijdrecht, The Netherlands) ranging from 0.049 - 50 pg/ml. Control cells
were cultured without L-Asparaginase, prednisolone or vincristine. After incubating
the plates for four days at 37°C in humidified air containing 5% CO,, 10 ul of 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT, 5 mg/ml; Sigma Aldrich,
Zwijndrecht, The Netherlands) was added. During a 6-hour incubation, the yellow
MTT tetrazolium salt is reduced to purple-blue formazan crystals by viable cells only.
Samples with >70% leukemic cells in the control wells after 4 days of culture and an
optical density higher than 0.050 arbitrary units (adjusted for blank values) were used
to calculate the concentration of drug lethal to 50% of the cells (LC,).
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Statistics

In all patient samples one major aberrant clone representing more than 80% of all cells
was observed. The size of subclones, if present, was small, and accounted together with
normal cells only for less than 20% of the total population. In this study, we therefore
divided the samples in 3 groups according to the major clone present in patients, i.e. (1)
without additional genetic changes in TEL or AMLI, (2) with an extra der(21)t(12;21),
or (3) with other additional genetic changes such as a deletion of TEL and/or an extra
copy of AMLI. Probability of disease-free survival (pDFS) was calculated from the date
of diagnosis to the date of relapse (event) or last contact (censored). The pDFES curves
were calculated according the Kaplan-Meier method and analyzed by the log-rank
test. Multivariate analysis with stratification for study-group was performed with the
Cox proportional-hazard regression model. Differences in the distribution of variables
between 2 groups of patients were analyzed using the Mann-Whitney U or y? test. Dif-
ferences in the distribution of variables between more than 2 groups were analyzed us-
ing the Kruskal-Wallis test. Statistical tests were performed at a two-tailed significance
level of 0.05.

RESULTS

143 t(12;21) positive cases were analyzed for additional genetic changes in TEL and
AMLI by extensive FISH analysis. 83% (118/143) of the patients showed one or more
additional genetic changes (Figure 2). These additional genetic changes could be di-

extra der(21) +

extra AML1
extra der(21) 2%

der(21) + del TEL
4%

extra der(21) + AML1 + del
TEL

extra AML1 + del 1%

TEL no add
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partial del
TEL
8%

extra
AML1
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Figure 2. Incidence of additional genetic changes in TEL and AMLT genes in major clone of t(12;21) positive ALL.



Incidence of additional genetic changes in the TEL and AML1 genes in t(12;21) positive pediatric ALL | 39

A.
Prognosis of DCOG treated t(12;21) positive ALL
1001
[}
B D] Li.
80+ .
[}
Q 3, =—i— with additional changes in
J
< 60 S ——a TEL or AML1
i cfsssssEs extra der(21)t(12;21)
% 40+ = <1= - without additional changes
in TEL or AML1
204
=0.03
c L) L) L) L) p L]
0 2 4 6 8 10
time from diagnosis (years)
B.

Prognosis of COALL treated t(12;21) positive ALL

100g+===siglid
-‘”El..."‘—"'—"' —i— with additional changes in
80 Ydblcacdaaalkd TEL or AML1
- extra der(21)t(12;21)
X = <=« without additional changes in
~ 60+ TEL or AML1
[2)
a
3 404
20+
=0.5
c L) L) L) L) p L]
0 2 4 (5 8 10

time from diagnosis (years)

Figure 3. Disease-free survival analysis of additional genetic changes in TEL and AMLT genes in t(12;21) positive ALL

A. Probability of disease-free survival (pDFS) in DCOG-treated children with t(12;21) positive ALL according to presence or absence of
additional genetic changes in TEL or AMLT genes. Black solid line, patients with additional genetic changes, i.e. deletion of TEL or extra
copy of AMLT (4-yrs pDFS 79% =+ 6%; n=58, 10 events). Grey solid line, patients with an extra der(21)t(12;21) (4-yrs pDFS 60% + 22%;
n=5, 2 events). Dotted line, patients without additional genetic changes in TEL or AMLT (4-yrs pDFS 53% = 17%; n=9, 4 events; p =0.03).
B. pDFS in COALL-treated children with t(12;21) positive ALL. Black solid line, patients with additional genetic changes in TEL or AMLT
(4-yrs pDFS 95% + 6%; n=45, 2 events). Grey solid line, patients with an extra der(21)t(12;21) (4-yrs pDFS 89% =+ 17%; n=10, 1 event).
Dotted line, patients without additional genetic changes in TEL or AMLT (4-yrs pDFS 82% + 17%; n=16, 2 events; p=0.5).

vided into a complete deletion of the second TEL allele (62%; 88/143), a partial deletion
of the second TEL allele (8%; 12/143), an extra copy of AMLI (23%; 33/143) and an
extra der(21)t(12;21) indicating an extra fusion product (10%; 15/143). Twenty percent
(28/143) of all t(12;21) positive ALL patients had more than one additional genetic
abnormality in TEL and AMLI.
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The 143 t(12;21) positive patients consisted of 72 Dutch DCOG patients and 71 Ger-
man COALL patients. Patient characteristics did not differ between the two treatment
groups except for the median follow-up time of patients at risk and number of re-
lapses: DCOG median follow-up time was 6.0 years (range 1.57-12.76) with 16 relapses
compared to the COALL median follow-up time of 2.9 years (range 0.28-7.14) with 5
relapses (p <0.0001). Kaplan-Meier curves of patients without additional changes in
TEL or AMLI, of patients with an extra der(21)t(12;21), or patients with additional
changes in TEL or AMLI other than an extra der(21)t(12;21) are shown in Figure 3.
Absence of additional genetic changes in TEL or AMLI and an extra der(21)t(12;21)
showed to be of significant prognostic value only in the DCOG group (Figure 3A). The
absence of additional genetic changes in TEL or AMLI (4-yrs pDES of 53% * 17%)
or the presence of an extra der(21)t(12;21) (4-yrs pDEFS of 60% + 22%) are linked to
a poorer prognosis compared with t(12;21) positive patients with additional genetic
changes in TEL or AMLI (4-yrs pDFES of 79% + 6%) in the DCOG group (Figure 3A;
p=0.03). Moreover, in the patients without additional genetic changes or with an extra
der(21)t(12;21) all six events (i.e. non-response or relapse) occurred early, i.e. within
2.5 yrs after first diagnosis, compared to the patients with additional genetic changes
(4 out of 11 events <2.5 yrs; x*=6.49, p=0.04). In the COALL group, none of the addi-
tional genetic changes was statistically significantly associated with prognosis although
the same relative trend in the curves is seen in COALL compared to DCOG patients
(Figure 3B); 4-yrs pDFS 82% + 17% for patients without additional genetic changes in
TEL or AMLI, 4-yrs pDFS 89% + 17% for patients with an extra der(21)t(12;21) and
4-yrs pDFS 95% * 6% for patients with additional genetic changes in TEL or AMLI.
Univariate analysis using a study group-stratified Cox proportional hazards model,
which took into account the origin of our patients (DCOG and COALL), indicated that
the absence of additional genetic changes in TEL or AMLI (Hazard rate 3.3, 95% CI
1.2-9.0) and an extra der(21)t(12;21) (Hazard rate 3.3, 95% CI 0.9-11.7) are associated
with an unfavourable outcome compared to the reference group of patients with ad-
ditional genetic changes in TEL and AMLI (p =0.009).

Within t(12;21) positive patients, in vitro resistance to L-Asparaginase and vincris-
tine was not associated with an unfavourable outcome (data not shown). In addition, in
vitro cytotoxicity of these drugs did not significantly differ in t(12;21) positive patients
with or without additional genetic abnormalities in TEL or AMLI (Figure 4A). However,
we found t(12;21) positive ALL patients with an extra der(21)t(12;21) to be 123-fold
more resistant to prednisolone compared to patients without an extra der(21)t(12;21)
(p=0.004; Figure 4A). In vitro prednisolone resistance was significantly related to a un-
favourable prognosis within t(12;21) positive DCOG patients (p=0.02; Figure 4B) and
the same trend (but non-significant) was found among COALL patients (Figure 4C).
Univariate analysis of the total group (taking into account the study group) revealed
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Figure 4. Drug resistance in t(12;21) positive ALL

A. Relationship between cellular resistance for prednisolone (Pred), vincristine (VCR) and L-Asparaginase (L-Asp) and absence of additional
genetic changes in TEL and AMLT, presence of an extra der(21)t(12;21) or additional changes in TEL or AMLT in t(12;21) positive ALL.
Prednisolone and vincristine, LC,, values in pg/ml, left Y-axis; L-Asparaginase LC,, values in IU/ml, right Y-axis. Square = median LC value,
upper and lower diamond represent the 75" and 25" percentile of the LC,, value, respectively. *p=0.004, 123-fold.

B. Probability of disease-free survival (pDFS) in t(12;21) positive DCOG ALL patients sensitive, intermediate sensitive or resistant to
prednisolone. Black solid line, patients sensitive to prednisolone (4-yrs pDFS 80% = 14%, n=18, 3 events). Dotted line, patients
intermediate sensitive to prednisolone (4-yrs pDFS 59% + 24%, n=15, 4 events). Grey solid line, patients resistant to prednisolone (4-yrs
DFS 33% £19%, n=6, 4 events), p=0.02. The division in the indicated prednisolone subgroups is based on previously reported cut-off
points?'2,

C. pDFSin t(12;21) positive COALL ALL patients sensitive, intermediate sensitive or resistant to prednisolone. Black solid line, patients
sensitive to prednisolone (4-yrs pDFS 95% = 7%, n=23, 1 event). Dotted line, patients intermediate sensitive to prednisolone (4-yrs pDFS
88% = 12%, =38, 2 events). Grey solid line, patients resistant to prednisolone (4-yrs DFS 75% = 22%, n=6, 1 event), p=0.5.
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that prednisolone resistance was a poor prognostic variable (p=0.008; study-group
stratified). Multivariate analysis including age, WBC and additional genetic changes
revealed that only prednisolone resistance (p =0.02) is a significantly independent poor
prognostic factor in t(12;21) positive ALL (Table 1; study group stratified).

DISCUSSION

In our present study, the incidence of additional genetic changes in the TEL and AMLI
genes at initial diagnosis in 143 t(12;21) positive ALL is 83%. A (partial) deletion of the
non-translocated TEL allele (70%) occurred most frequently followed by the presence
of an extra copy of AMLI (23%) and an extra der(21)t(12;21) (10%). Moreover, 20%
of the t(12;21) positive patients had more than one additional genetic change. This
incidence is in concordance with reports of additional genetic abnormalities in lower
numbers of patients' ¢,

In t(12;21) positive ALL, an extra der(21)t(12;21) has been reported to be more fre-
quently present in relapsed cases'*'°. In the present study, we show that even in a small
number of patients, the presence of this additional abnormality at diagnosis is linked to
an unfavourable long-term clinical outcome. Furthermore, we observed that absence
of additional genetic changes in TEL or AMLI is related to a poor prognosis in t(12;21)
positive ALL. These observations were significant in DCOG treated patients, whereas a
similar trend was seen for COALL treated cases (Figure 3) albeit not significant due to
the relatively short follow-up and, hence, a smaller number of events that had been oc-
curred. In correspondence with these data is the observation that deletions of the short
arm of chromosome 12 (including the TEL gene) are a favourable feature in childhood
ALL*. These data are in contrast to the study by Attarbaschi et al., in which a deletion
of TEL in t(12;21) positive ALL was linked with an unfavourable prognosis®. A possible
explanation may be the differences in definition of an event (event is defined a relapse
in our study whereas it is defined as a failure to achieve remission, relapse at any site,
death during continuous remission or the development of a secondary malignancy in
the study of Attarbaschi et al.) and in the treatment protocol that was used (DCOG
ALL-7/8/9 and COALL-92/97 in this study and ALL-BFM-A 1990/1995 in the Attar-
baschi study). Our data further indicated that an extra der(21)t(12;21) was linked to
prednisolone resistance. Multivariate analysis indicated that an extra der(21)t(12;21) as
well as absence of additional changes in TEL and AML]I had no independent predictive
value in contrast to prednisolone resistance which was independently associated with
an unfavourable outcome in t(12;21) positive ALL.

Conflicting data® on the prognostic value of t(12;21) might be due to differences
in use of L-Asparaginase in the treatment protocols as t(12;21) positive ALL is highly
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Table 1. Multivariate analysis in t(12;21) positive ALL patients stratified by study group*

Variable Unfavourable N Hazard ratio  95%Cl P-value
feature

Age at diagnosis (yrs) >10 15 1.8 0.37-8.68 047
WBC at diagnosis (*10°cells/L) >25 32 14 0.43-4.38 0.59
Additional genetic changes** absent 21 32 0.88-11.39 0.08
(deletion of TEL or extra copy of AMLT)

Extra der(21)t(12;21)** present 13 17 0.34-8.56 0.51
Pred resistance (LC, in ug/ml) > 150 13 42 1.31-13.50 0.02

*In 110 out of 143 t(12;21) positive patients, all variables of the model were determined. Multivariate analysis was performed taking into
account the study group of each patient (=study group stratified multivariate analysis). No significant interactions (p>0.2) were found between
study group and presence or absence of additional genetic changes in TEL or AML1, presence or absence of an extra der(21)t(12;21) and
prednisolone (Pred) resistance, validating the simultaneous use of both study cohorts in one stratified multivariate analysis.

**Hazard ratio with 95% Cl and p-value of patients with an extra der(21)t(12;21) or without additional genetic changes in TEL or AMLT (both
unfavourable features) compared with patients with additional genetic changes in TEL or AMLT (favourable feature).

sensitive to L-Asparaginase®'® and L-Asparaginase sensitive patients have a more fa-
vourable outcome®. Both DCOG and COALL study groups use similar E-coli L-As-
paraginase preparations, although the cumulative dosage of L-Asparaginase used in
the COALL treatment protocol is higher. It is possible that a general intensification of
therapy, not only by L-Asparaginase but also by other drugs, might contribute to the
fact that in some recent protocols patients with t(12;21) positive ALL have a favourable
outcome®. This might also explain the difference in survival of t(12;21) positive ALL
patients between the DCOG and COALL group (5-yrs event-free survival of 73% and
80%, respectively)®*, since COALL patients are treated with a more intensive protocol
compared to the DCOG patients. The presence of t(12;21) in COALL97 treated ALL
patients has no prognostic value in the low risk arm of the protocol. However, t(12;21)
positive patients have a favourable prognosis in the high risk arm of this protocol com-
pared with t(12;21) negative ALL (Prof. Dr. G.E. Janka-Schaub; personal communica-
tion).

A relapse in t(12;21) positive ALL is thought to occur after completion of therapy,
i.e. >2.5 years after first diagnosis®. As shown in Figure 3, the majority of relapses in our
series of t(12;21) positive ALL occured after 2.5 years of diagnosis. However, absence
of additional genetic changes in TEL or AMLI, or presence of an extra der(21)t(12;21)
in t(12;21) positive patients identified patients at higher risk for early events (Figure
3); all events in these small subgroups were within 2.5 years after first diagnosis. Early
relapses may occur as a result of regrowth of leukemic cells despite chemotherapy or in-
sufficient clearance from the bone marrow during the first months of therapy?®. Several
studies strongly suggest that the initiating event of the t(12;21) rearrangement occurs
in utero and subsequent events occur in early childhood facilitating the development of
leukemia®*®. Continuing differentiation processes lead to a variety of immune receptor
rearrangements in individual cells of the t(12;21) positive pre-leukemic clone, resulting
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Figure 5. Model for the role of additional abnormalities in TEL and AMLT for binding to targeted genes by AMLT and/or TEL-AML1.

A. Competition for the DNA-binding site on promoters of AML1 target genes between wild-type AMLT (transcriptional activation) and
the fusion-product TEL-AML1 (transcriptional repression). B. When the non-translocated TEL allele is not deleted, a heterodimer between
TEL-AMLT and wild-type TEL can be formed. This heterodimer increases the DNA-binding capacity of TEL-AMLT and the competition with
wild-type AML1, which leads to more repression of AML1 target genes. C. TEL-AML1 can also form a homodimer that increases its DNA-
binding capacity leading to more repression of AMLT responsive genes.

RHD, Runt homology domain (DNA-binding domain) of AML1; TA, transactivation domain of AML1; PNT, dimerization domain of TEL; ETS,
DNA-binding domain of TEL; TGTGGT, core binding sequence on promoter region of AML1 target genes.
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in a heterogenous population of t(12;21) positive cells at the time of clinical presen-
tation of the disease. Rapid and sustained disappearance of the dominant leukemia
clones and a slow response of the smaller clones upon first chemotherapy has been
observed in t(12;21) positive ALL patients***'. However, no correlation between the
immunogenotype pattern or clonal change in t(12;21) positive ALL and the duration
of first remission has been observed®. It is even suggested that the commonly used
combination therapy fails to eradicate the underlying pre-leukemic clone allowing a
second independent transformation event after treatment, giving rise to a new leukemia
masquerading as relapse®. So, the early as well as the late relapses in t(12;21) positive
ALL may result from the slow-responding subclones, as well as genetic alteration of a
pre-leukemic cell to a new, overt leukemia. It may be speculated that patients without
any additional genetic abnormalities in TEL or AMLI, or with an extra der(21)t(12;21)
are more sensitive to new hits in other genes (unrelated to TEL or AMLI genes), giving
rise to an early relapse.

In concordance with a current model proposing an order of molecular events
needed for leukemogenesis***, the expression of TEL-AMLI alone is not sufficient for
the induction of hematomalignancies in transgenic mice®**. As the second TEL allele
is most frequently deleted in t(12;21) positive ALL, it is speculated that wild-type TEL
acts as a tumor suppressor gene and its deletion in t(12;21) positive ALL is the second
hit required for leukemogenesis. However, 30% of the t(12;21) positive ALL patients
do not show a deletion of TEL indicating that another genetic abnormality is necessary
for leukemogenesis. TEL itself is known to cooperate with other transcriptional factors
in transcriptional regulation of many genes®. The chimeric fusion protein TEL-AMLL1
retains the N-terminal pointed (PNT) domain of TEL and the Runt homology domain
(RHD) and transactivation (TA) domain of AMLI. The TEL-AMLI protein structure
seems an essential element in leukemogenesis, because of the high affinity of these do-
mains for transcription-corepressors such as N-CoR, mSin3 and HDAC3 and the abil-
ity of this complex to influence the transcriptional activity of other genes®*. The fusion
product TEL-AMLI may compete with AMLI1 for binding to enhancer core sequences
TGTcGGT via the RHD (Figure 5A); the balance between both proteins determines
whether AML1-responsive genes are transcribed. The following hypothesis might
explain why t(12;21) positive ALL without additional genetic changes in TEL or AML]
or with an extra der(21)t(12;21) may be linked to a poor prognosis. When the non-
translocated TEL gene is intact, a heterodimer between TEL-AMLI1 and wild-type TEL
can be formed. This heterodimer increases the DNA-binding capacity of TEL-AMLI1
and shifts the balance into more repression of AMLI target genes (Figure 5B). An extra
copy of der(21)t(12;21) may result into more TEL-AML1 homodimers that may com-
pete more effectively with normal AML1-targeted genes than TEL-AMLI monomers
(Figure 5C). Both situations (absence of additional genetic changes in TEL or AMLI
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and presence of an extra der(21)t(12;21)) may lead to repression of AMLI target genes.
Since patients with an extra der(21)t(12;21) are also more resistant to prednisolone,
it may be suggested that TEL-AMLI1 also competes with the glucocorticoid-receptor
complex for transcriptional activation of glucocorticoid-responsive genes. Hence our
present study postulates that TEL-AMLI itself is associated with an adverse effect on
the transcription of targeted genes, whereas the additional genetic changes in TEL or
AMLI (deletion or extra copy, respectively) may affect the function of TEL-AMLI re-
sulting in a more favourable phenotype. The high frequency of early relapses in patients
with an extra der(21)t(12;21) and patients without additional genetic changes in TEL or
AML]1 is in line with this new model.

In conclusion, 83% of patients with t(12;21) positive ALL have additional genetic
changes in the TEL and AMLI genes. An extra der(21)t(12;21) and the absence of ad-
ditional genetic abnormalities in these genes are associated with a poorer outcome in
t(12;21) positive ALL, which was mainly explained by the fact that these patients suffer
from early relapses within 2.5 years after first diagnosis. An extra copy of der(21)t(12;21)
was linked to >100-fold prednisolone resistance compared to the remaining group.
Multivariate analysis including known risk factors and genetic abnormalities in TEL
and/or AMLI showed that only in vitro resistance to prednisolone is an independent
prognostic factor in t(12;21) positive ALL.
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ABSTRACT

PURPOSE: t(12;21)(p13;q22), present in ~25% of pediatric precursor B-ALL, is highly
sensitivity to L-Asparaginase and the prognosis depends on the intensity of the treat-
ment protocol. This study analyzes the relationship between the mRNA expression of
the genes and fusion products involved in t(12;21), in vitro sensitivity to prednisolone,
vincristine and L-Asparaginase, and long-term clinical outcome in t(12;21) positive
ALL patients.

EXPERIMENTAL DESIGN: Long-term clinical outcome in 45 t(12;21) positive ALL
patients was related to mRNA expression of TEL, AMLI, TEL-AMLI and AMLI-TEL,
determined by real-time quantitative PCR, and the in vitro sensitivity to prednisolone,
vincristine and L-Asparaginase, using MTT assays.

RESULTS: A significant ~3.5-fold lower TEL expression in t(12;21) positive compared
to t(12;21) negative ALL samples (p =0.006) and normal controls (p = 0.004) was found.
Expression of AML1 did not differ between t(12;21) positive and t(12;21) negative ALL.
However, AMLI expression in the leukemic cells was 2-fold higher compared to nor-
mal controls (p=0.02). The TEL-AMLI fusion product was expressed in all t(12;21)
positive cases, whereas the reciprocal fusion product AMLI-TEL was expressed in only
76%. High expression levels of TEL-AMLI (hazard ratio (HR) 1.3, 95% confidence
interval (CI): 1.10-1.57, p=0.003), AMLI-TEL (HR 4.9, 95% CI: 1.99-12.40, p=0.001)
and AMLI (HR 1.1, 95% CI: 1.03-1.22, p=0.006) were associated with a poor long-
term clinical outcome within t(12;21) positive ALL. Cellular drug resistance towards
prednisolone, vincristine and L-Asparaginase could not explain this predictive value.
Multivariate analysis including age and WBC showed that only high AMLI-TEL ex-
pression is an independent poor prognostic factor in t(12;21) positive childhood ALL.
CONCLUSION: High AMLI-TEL expression is an independent poor prognostic factor
in t(12;21) positive childhood ALL.
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INTRODUCTION

The t(12;21)(p13;q22) occurs in ~25% of childhood acute lymphoblastic leukemia
(ALL), and is restricted to precursor B-cell leukemia. The t(12;21) involves fusion of
the TEL (ETV6) gene at 12p13 with the AMLI (CBFA2/RUNXI) gene at 21q22. The
breakpoint most often occurs in intron 5 of TEL and intron 1 of AMLI. A frequent
translocation variant results in fusion between intron 5 of TEL and intron 2 of AMLI.
The TEL gene is a member of the ETS family of transcription factors and functions as a
transcriptional repressor'. AMLI encodes a transcription factor that acts as a transcrip-
tion activator as well as a transcriptional repressor® Both genes are frequent targets of
chromosomal translocations in a variety of myeloid and lymphoid leukemias®*.

Since the discovery of t(12;21), several studies addressed the prognostic value of this
particular translocation (reviewed by Loh and Lubnitz’). In general, t(12;21) positive
ALL is associated with a favourable prognosis although conflicting results have been
reported’. In the Dutch DCOG ALL-7 and ALL-8 treatment protocols, no prognostic
value was found for t(12;21) positive ALLS. In addition, the t(12;21) positive ALL group
does not seem to be a homogenous group, since + 20% of the Dutch t(12;21) positive
ALL patients relapsed’. Furthermore, additional genetic changes in TEL and AMLI
e.g. deletion of the non-translocated TEL gene, an additional copy of AMLI, an extra
der(21)t(12;21) or combinations of these genetic abnormalities in t(12;21) positive ALL
are present in >80% of patients’. We recently showed that the absence of additional
genetic changes in TEL and AMLI as well as the presence of an extra der(21)t(12;21)
are associated with an un favourable prognosis within t(12;21) positive ALL, which is
not independent from prednisolone resistance’.

In the present study we analyzed whether the expression levels of TEL, AMLI and
the fusion products TEL-AMLI and AMLI-TEL are associated with drug sensitivity
and long-term clinical outcome in t(12;21) positive ALL.

MATERIALS AND METHODS

Patient samples

Bone marrow and peripheral blood samples from untreated children with common/pre
B-ALL at initial diagnosis were collected from the Erasmus MC - Sophia Children’s
Hospital, the Dutch Childhood Oncology Group (DCOG) and the German COALL
study group. Bone marrow and/or peripheral blood samples from the Erasmus MC
- Sophia children’s hospital from children, who turned out to be non-leukemic, were
included as controls. Within 24 hours after sampling, mononuclear cells were isolated
by density gradient centrifugation using Lymphoprep (density 1.077 g/ml; Nycomed
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Pharma, Oslo, Norway). Contaminating non-leukemic cells in the ALL samples were
removed by immunomagnetic beads as described earlier®. All resulting samples con-
tained = 90% leukemic cells, as determined morphologically on May-Griinwald-Giemsa
(Merck, Darmstadt, Germany) stained cytospins. For RNA extraction, a minimum of
5x10° leukemic cells were lysed in Trizol reagent (Life Technologies, Gaithersburg,
USA) and stored at -80°C. 25 x 10° leukemic cells were used for cytospin preparations
and stored at -20°C.

FISH analysis

The presence of the t(12;21) was determined on cytospin preparations with dual colored
FISH® using a digoxigenin labeled cosmid from intron 1 to exon 2 of TEL (50F4), to-
gether with a biotinylated cosmid for the first 5 exons of AML1 (CO664). FISH probes
were kind gifts of Dr. N. Sacchi, University of Milan, Italy'® (CO664) and Prof. Dr. P.
Marynen, Human Genetics, University of Leuven, Belgium'' (50F4). Probe 50F4 was
visualized with Texas Red and probe CO664 with FITC. In t(12;21) positive patients a
yellow fusion spot will be visible denoting the der(21)t(12;21), one green signal for the
normal AMLI on chromosome 21 and one red signal for the normal TEL on chromo-
some 12 if not deleted. In all instances two independent observers examined 100-300
interphase nuclei each.

In vitro L-Asparaginase, prednisolone and vincristine cytotoxicity assay

In vitro L-Asparaginase, prednisolone and vincristine cytotoxicity was determined
using the MTT assay as described previously' Briefly, 100 ul aliquots of cell suspen-
sion (1.6 x 10° cells) were cultured in round-bottomed 96 well microtitre plates in the
presence of six concentrations of L-Asparaginase (Paronal, Christiaens B.V., Breda,
The Netherlands) ranging from 0.0032-10 IU/ml, prednisolone (prednisoloni natrii
phosphas, Bufa BV, Uitgeest, The Netherlands) ranging from 0.08 - 250 pg/ml and vin-
cristine (vincristine sulfate, TEVA Pharma BV, Mijdrecht, The Netherlands) ranging
from 0.049-50 pg/ml in duplicate. Control cells were cultured without L-Asparagi-
nase, prednisolone or vincristine. After incubating the plates for four days at 37°C in
humidified air containing 5% CO,, 10 pl of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphen-
yltetrazoliumbromide (MTT, 5 mg/ml; Sigma Aldrich, Zwijndrecht, The Netherlands)
was added. During a 6-hour incubation, the yellow MTT tetrazolium salt is reduced
to purple-blue formazan crystals by viable cells. Samples with >70% leukemic cells in
the control wells and an optical density higher than 0.050 arbitrary units (adjusted for
blank values) were used to calculate the concentration of drug lethal to 50% of the cells
(LC,,).
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Real-time quantitative PCR

The t(12;21) positive ALL patients with sufficient material available were selected to
perform real-time quantitative PCR, but patients were selected without pre-existing
knowledge about the clinical outcome of these patients. Total cellular RNA was ex-
tracted from a minimum of 5x10° (290% leukemic) cells using Trizol reagent (Life
Technologies) according to the manufacturer’s protocol, with minor modifications that
improved the quality of RNA. cDNA was synthesized using random hexamers and oligo
dT as published previously'®. The mRNA expression levels of TEL, AMLI, TEL-AMLI
and AMLI-TEL and as a reference the endogenous housekeeping gene encoding for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were quantified using real-time
PCR analysis (Tagman chemistry) on a ABI Prism 7700 sequence detection system (PE
Applied Biosystems, Foster City, USA). Amplification of specific PCR products was de-
tected using dual-fluorescent non-extendable probes labeled with 6-carboxyfluorescein
(FAM) at the 5’-end and 6-carboxytetramethylrhodamine (TAMRA) at the 3’-end. The
primers and probe combinations were designed using the OLIGO 6.22 software (Mo-
lecular Biology Insights, Cascade, CO, USA) and purchased from Eurogentec (Seraing,
Belgium). The forward and reverse primer and probe combinations were respectively:
5’-ACC CTC TGA TCC TGA ACC-3, 5°-CCG TTG GGA TCC ACT ATC-3’ and 5’-
TCA TCG GGA AGA CCT GGC TT-3’ for TEL; 5-GAC AGC CCC AAC TTC C-3;,
5’-CCA CTT CGA CCG ACA A-3’and 5’-CCT GCC CAT CGC TTT CA-3’ for AMLI;
5-ACC CTC TGA TCC TGA ACC-3’,5-CAT CCG TGG ACG TCT CT-3’ and 5’-TCA
TCG GGA AGA CCT GGC TT-3’ for TEL-AMLI; 5-GAG TCC CAG AGG TAT CCA
G-3}, 5-AAT CCC AAA GCA GTC TAC A-3’ and 5-TGA CCT GTC TTG GTT TTC
GC- 3’ for AMLI-TEL; 5-GTC GGA GTC AAC GGA TT-3’, 5-AAG CTT CCC GTT
CTC AG-3’ and 5-TCA ACT ACA TGG TTT ACA TGT TCC AA-3’ for GAPDH. All
primers had a melting temperature (T ; nearest neighbor method) of 65-66.5°C at salt
concentration of 303 mM of Na*-equivalent and 300 nM of primer concentration. Both
internal probes had a T_ of 75 + 1°C. All PCRs performed at comparable efficiencies
of 295%. The real-time quantitative PCR was performed under the same conditions
as described before'. The comparative cycle time (C) value is the target PCR C, value
normalized by subtracting the GAPDH C, value from the target PCR C, value. From
this AC, value, the relative expression level to GAPDH in arbitrary units (AU) for each
target PCR can be calculated using the following equation: relative mRNA expression
=2 100.

Statistics

Probability of disease-free survival (pDFS) was calculated from the date of diagnosis to
the date of non-response, relapse or last contact. The failure to achieve complete remis-
sion (CR) at day 56 (non-response) was considered an event at day 56. pDFS curves
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were calculated according the Kaplan-Meier method and compared by the Cox pro-
portional-hazard regression model. Multivariate analysis was performed with the Cox
proportional-hazard regression model. Statistical tests were performed at a two-tailed
significance level of 0.05. Differences in the distribution of variables between groups
of patients were analyzed using the Mann-Whitney U test. Bivariate correlations were
calculated using the Spearman’s rank correlation test.

RESULTS

The mRNA expression levels of TEL, AMLI, TEL-AML1 and AMLI1-TEL were mea-
sured in 45 t(12;21) positive pediatric ALL samples, that were validated by FISH
analysis. A control group of 26 t(12;21) negative ALL samples was selected by matching
for the following criteria: age 1-10 years, immunophenotype, no hyperdiploidy (>50
chromosomes), no MLL rearrangements and no t(9;22). Furthermore, a non-leukemic
control group containing both bone marrow and peripheral blood samples (n=14) was
selected in order to compare TEL and AMLI expression in normal and leukemic cells.

TEL-AML1, AML1-TEL, AML1 and TEL mRNA expression and drug resistance

Expression of the fusion product TEL-AML1 was present in all 45 t(12;21) positive ALL
patients tested, whereas the AMLI-TEL expression was present in only 76% of these
cases. We compared the data on the presence of an extra der(21)t(12;21) to the mRNA
expression of TEL-AMLI and AMLI-TEL (Figure 1). The expression of these fusion
genes did not differ between patients with and without an extra der(21)t(12;21) (p=0.5
and p =0.3 respectively). No significant correlation was found between the expression
of these fusion genes and sensitivity to L-Asparaginase, prednisolone or vincristine
(-0.233>R <0.102, p>0.05).

Expression of AMLI did not significantly differ between 45 t(12;21) positive and 26
t(12;21) negative ALL (p=0.9; Figure 2A). However, the mRNA expression of AMLI
in these 71 ALL samples (median 5.15 AU) is 2-fold higher compared to 14 normal
control bone marrow or peripheral blood samples (median 2.30 AU; p=0.02). Patients
with an extra copy of AMLI in t(12;21) positive ALL do not have a higher expression
of AMLI (median 1.3-fold difference, p=0.4), as shown in Figure 2B. No correlations
were found between AMLI mRNA expression and sensitivity to L-Asparaginase, pred-
nisolone and vincristine within neither t(12;21) positive (0.154 >R <0.256, p>0.05) or
t(12;21) negative ALL samples (-0.055>R <0.172, p>0.05).

A significant 3.5-fold lower expression of TEL mRNA was observed in 33 t(12;21)
positive ALL (median 0.10 AU) compared to 23 t(12;21) negative ALL (median 0.33 AU;
p=0.006) and 13 normal bone marrow or peripheral blood samples (median 0.39 AU;
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Figure 1. Relationship between an extra copy of der(21)t(12;21) and expression of fusion products of t(12;21) positive ALL.

A. TEL-AML1.

mRNA expression of TEL-AMLT in t(12;21) positive ALL patients with (n=7; median 0.85) and without (n=28; median 0.69) an extra
der(21)t(12;21), p=0.5. Arbitrary units (AU, see methods)

B. AML1-TEL.

mRNA expression of AMLT-TEL relative to GAPDH in t(12;21) positive ALL patients with (n=7; median 0.29) and without (n=28; median
0.116) an extra der(21)t(12;21), p=0.3. Arbitrary units (AU)
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Figure 2.

A.AML1 expression in ALL.

mRNA expression of AMLT in 45 t(12;21) positive and 26 negative ALL patients as well as 14 normal controls. Lines indicate the median
value; open circles represent bone marrow (BM) and closed circles represent peripheral blood (PB). t(12;21) positive versus negative
patients (median 5.19 and 4.75 respectively, p=0.9); all ALL patients versus normal controls (median 5.15 and 2.30 respectively, p=0.02).
Arbitrary units (AU)

B. Extra copy of AML1 versus AMLT expression.

mRNA expression of AMLT in t(12;21) positive ALL patients with (n=9; median 5.19) and without an extra copy of AML1(n=26; median
6.58, p=0.4). Arbitrary units (AU)
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p=0.004) (Figure 3A). No significant difference in TEL mRNA expression was observed
between 23 t(12;21) negative ALL and 13 normal bone marrow or peripheral blood
samples (p=0.3). FISH analysis of t(12;21) positive ALL samples indicated that in 70%
of the cases a deletion of the non-translocated TEL allele had occurred. Interestingly,
patients with a deletion of the non-translocated TEL allele still demonstrated detect-
able TEL mRNA expression levels (Figure 3B). Further examination revealed that this
mRNA is derived from contaminating normal cells in the t(12;21) positive ALL samples

TEL deletion and
mRNA expression in t(12;21)

TEL expression in ALL positive ALL
10 2
p=0.004 p=0.1
S © p=0.006 oo = o
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Figure 3.
A. TEL expression in ALL

mRNA expression of TEL in 33 t(12;21) positive and 23 negative ALL patients as well as in 13 normal controls. Lines indicate the median
value; open circles represent bone marrow (BM) and closed circles represent peripheral blood (PB). t(12;21) positive versus negative
patients (median 0.10 and 0.33 respectively, p=0.006); t(12;21) positive versus normal controls (median 0.10 and 0.39 respectively,
p=0.004); t(12;21) negative patients versus normal controls (median 0.33 and 0.39 respectively, p=0.3). Arbitrary units (AU)

B. Deletion of TEL versus TEL expression

mRNA expression of TEL in t(12;21) positive ALL patients with (n=15; median 0.10) or without (n=9; median 0.32) a deletion of the non-
translocated TEL allele, p=0.1. Arbitrary units (AU)

C. Effect of normal cells on TEL mRNA detection

A dilution series of 0% TEL expression (Reh cell line: 100% t(12;21) positive blasts with a deletion of the non-translocated 7EL allele) to 100%
TEL expression in normal peripheral blood (PB). Already low amounts (10%) of normal PB cells result into detectable TEL expression levels,
comparable to the median expression observed in the t(12;21) positive ALL group with a deletion of TEL (Figure 3B). Arbitrary units (AU)
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(Figure 3C). Despite the fact that our samples were purified towards >90% leukemic
cells, the presence of <10% contaminating normal cells contributed to detectable TEL
mRNA levels. Furthermore, FISH analysis demonstrated that a deletion of the second
TEL allele is not present in 100% of the leukemic cells. Besides the dominant t(12;21)
positive clone, smaller t(12;21) positive clones were observed that had retained the
non-translocated TEL allele. Therefore expression of TEL in t(12;21) positive patients
with a deletion of the non-translocated TEL allele in the dominant t(12;21) positive
clone is probably the result of TEL expression in contaminating non-leukemic cells
and small t(12;21) positive subclones which retained the TEL allele. No correlations
were found between TEL expression and sensitivity to L-Asparaginase, prednisolone
and vincristine within both t(12;21) positive (-0.105>R <0.379, p>0.05) and t(12;21)
negative ALL (-0.041 >R <0.362, p>0.05).

TEL-AML1, AML1-TEL and AMLT mRNA expression and clinical outcome

Patients with a high expression of TEL-AMLI (mRNA expression above 75" percentile
of total group) had a poorer outcome (3-yrs pDFS 30% + 25%) than those with low ex-
pression levels of TEL-AMLI (mRNA expression below 75" percentile of total group; 3-
yrs pDFS 93% =+ 5%; p=0.004) (Figure 4A). Also, high expression of AMLI-TEL (3-yrs
pDFS 51% + 25%; p=0.008) (Figure 4B) and AMLI (3-yrs pDFS 25% =+ 22%; p=0.004)
(Figure 4C) were related to a poor outcome. Cox regression analysis using the mRNA
expression levels of TEL-AMLI, AMLI-TEL and AMLI as continuous variables also
indicated that an increase in expression is associated with an increase in relapse risk
in t(12;21) positive ALL, whereas an increase in AMLI expression in t(12;21) negative
ALL does not relate with an increased relapse risk (Table 1). In addition, a multivariate
analysis including also the known prognostic factors age and WBC at diagnosis was
performed (Table 2). In this analysis, only increased expression of AMLI-TEL was as-
sociated with a poor prognosis in t(12;21) positive ALL (hazard ratio 7.02, 95% CIL:
2.01-24.52, p=0.002). High expression of TEL-AMLI mRNA was correlated with high
expression of AMLI (R =0.524; p<0.001). This can explain the fact that both TEL-

Table 1. Predictive value of fusion-gene and AMLT expression in t(12;21) positive and negative ALL.

Variable N Hazard ratio* 95% Cl P-value

t(12;21) positive ALL patients:

TEL-AMLT expression 45 1.32 1.10-1.57 0.003
AMLI-TEL expression 45 497 1.99-12.40 0.001
AMLT expression 45 1.12 1.03-1.22 0.006

t(12;21) negative ALL patients:
AMLT expression 26 0.87 0.74-1.03 0.1

* Univariate cox proportional-hazard analysis using mRNA expression levels as continuous variable.
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Table 2. Multivariate analysis of risk factors in t(12;21) positive ALL.

Variable Unfavourable feature Hazard ratio® 95% Cl P-
value
Age at diagnosis (yrs) >10 9.05 0.47-173.31 0.14
WBC at diagnosis (*10°cells/L) >25 470 0.53-41.90 0.17
TEL-AMLT expression 1.23 0.79-1.93 0.36
AMLI1-TEL expression 7.02 2.01-24.52 0.002
AMLT expression 1.10 0.84-1.43 049

* Cox proportional-hazard analysis using mRNA expression levels as continuous variable.
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Figure 4. Disease free survival analysis in t(12;21) positive ALL.

Patients were divided into two groups by the 75™ percentile for the expression of TEL-AMLT (R), AML1-TEL (B) and AMLT (C). High
expression (P>75) dashed line; low expression (P < 75) solid line. Differences in pDFS were analyzed by the Cox proportional-hazard
regression model (p ).
A. High expression is associated with an unfavourable prognosis (3-yrs pDFS 30% + 25%) compared to low expression (3-yrs pDFS 93% =+
5%; P =0.004; P i v =0-003, see Table 2). B. High expression is associated with an unfavourable prognosis (3-yrs pDFS 51% +
25%) compared to low expression (3-yrs pDFS 93% = 6%; p,, =0.008; P, . nous varisse=0-001, see Table 2). C. High expression is associated
with an unfavourable prognosis (3-yrs pDFS 25% =+ 22%) compared to low expression (3-yrs pDFS 93% + 5%; p_=0.004p .

=0.006, see Table 2).
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AMLI and AMLI are no independent prognostic factors in the multivariate analysis.
The expression of AMLI-TEL was not related to either TEL-AMLI or AML]I expression
(R,=0.126; p=0.4 and R =0.097; p =0.5 respectively).

DISCUSSION

In the present study we examined the relation between TEL, AMLI, TEL-AMLI and
AMLI-TEL mRNA expression, the additional genetic changes in TEL and AMLI genes,
the in vitro sensitivity to L-Asparaginase, prednisolone and vincristine and clinical
outcome in children with t(12;21) positive ALL at initial diagnosis.

A significantly lower expression of TEL was found in t(12;21) positive ALL patients
compared to t(12;21) negative ALL patients and normal controls. This can be explained
by the fact that the non-translocated TEL allele is frequently (+ 70%) deleted in t(12;21)
positive ALL"*'¢. So far, only one earlier study analyzed the mRNA expression of wild-
type TEL in childhood acute leukemia’. In contrast to our results, Patel et al. found
no difference in TEL expression between t(12;21) positive ALL and a control group,
but these authors did not specify the percentage of blasts in their t(12;21) positive ALL
samples. In the present study we observed that low expression levels of TEL may origi-
nate from contaminating non-leukemic cells present in t(12;21) positive ALL samples
with a deletion of the second TEL allele, and from small t(12;21) positive subclones
retaining the TEL allele.

No difference in AMLI expression was found between t(12;21) positive ALL patients
(with or without an additional copy of AMLI) and t(12;21) negative ALL patients, al-
though only in t(12;21) positive ALL patients high AMLI expression is related to a
poor outcome. Our data show that AMLI expression is significantly elevated in both
ALL subgroups compared to the normal control group. This might be due to the fact
that expression of AMLI is required for proliferation since AMLI regulates G, to S cell
cycle transition'®". Although the AMLI1 expression in t(12;21) positive and negative
ALL is comparable, differences in cell cycle are present in these two groups of ALL. The
percentage of cells in S phase is lower in t(12;21) positive ALL compared to t(12;21)
negative ALL*. This might be explained by the fact that in t(12;21) positive patients
TEL-AMLI1 competes with wild-type AMLI to bind the DNA and acts as a transcrip-
tional repressor of AMLI target genes?'.

Conflicting data on the prognostic relevance of t(12;21) positive ALL have been re-
ported ranging from 60%-100% survival (reviewed by Loh et al.)>***, Initially, studies
reported favourable outcome of t(12;21) positive ALL patients compared to t(12;21)
negative ALL patients. Later on, several studies could not confirm this prognostic rele-
vance, among which DCOG-treated t(12;21) positive ALL®’. The intensity of treatment
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given to t(12;21) positive ALL patients seems to contribute to a favourable outcome®®%.
Our data show that a high expression of TEL-AML1, AMLI-TEL and AMLI are related
to a poor prognosis in pediatric t(12;21) positive ALL. However, only the expression
of AMLI-TEL is an independent prognostic factor in t(12;21) positive pediatric ALL.
Current research focuses on determining the function of the TEL-AMLLI fusion protein
in leukemogenesis, since the TEL-AMLI fusion product is expressed in all t(12;21)
positive ALL cases whereas the reciprocal fusion product AMLI-TEL is not. In mouse
models, TEL-AMLI alone is insufficient for leukemogenesis, but may result in leukemia
when additional mutations are present®*. The presence of AML1-TEL expression did
not make a difference in inducing hematologic disease in transgenic mice®. The TEL-
AMLI fusion product was detected in neonatal blood spots and cord blood samples at a
hundred times higher frequency than expected from the corresponding leukemia inci-
dence’*2. This finding together with the mouse model studies suggests that secondary
additional genetic changes are required for leukemogenesis. As the second TEL allele
is most frequently deleted in t(12;21) positive ALL, it is speculated that wild-type TEL
acts as a tumor suppressor gene and its deletion in t(12;21) positive ALL is the second
hit required for leukemogenesis. However, 30% of the t(12;21) positive ALL patients
do not show a deletion of TEL indicating that another genetic abnormality is necessary
for leukemogenesis. In a previous study, we showed the absence of additional genetic
changes in TEL and AMLI genes as well as an extra der(21)t(12;21) are associated with
an unfavourable prognosis in pediatric t(12;21) positive ALL’. As shown in the present
study, expression levels of TEL-AMLI1 and AMLI were not increased in patients with an
extra der(21)t(12;21) or an additional copy of AMLI respectively. However, this might
be due to the fact that the discrimination level of the RTQ-PCR is minimal 2-fold.

As shown in the present study, AMLI-TEL expression levels are associated with out-
come. Resistance to prednisolone, vincristine or L-Asparaginase cannot explain this
predictive value. Therefore, AMLI-TEL may be involved in cell regrowth rather than in
toxic response pathways. The AMLI-TEL fusion product contains exon 1 or exon 1 and
2 of AMLI, in which no functional domain is present and the last three exons of TEL,
which contains the ETS domain. In the TEL gene, a repression domain was identified
which encompasses the ETS domain and the 50 amino-acids immediately upstream
of the ETS domain'. It is hypothesized that ETS proteins with transcriptional repres-
sion activity (like TEL) are primarily involved in ensuring the balance between cellular
proliferation and differentiation in different cell types and developmental stages, in
response to extracellular signals®. The isolated ETS domain of TEL binds conventional
ETS binding sites (EBS) in vitro and regulates EBS driven transcription®¢. It can be
hypothesized that AMLI-TEL acts comparable to an isolated ETS domain and com-
petes for binding with the endogenous TEL or acts like TEL in the absence of wild-type
TEL. Therefore, it seems unlikely that AMLI1-TEL will not have a function in t(12;21)
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positive ALL. This is the first study showing that AMLI-TEL expression is associated
with prognosis in t(12;21) positive ALL. Further characterization and validation of
AMLI-TEL expression is required to determine the therapeutic implications of the
AMLI-TEL expression levels in t(12;21) positive ALL.
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ABSTRACT

The (12;21) translocation resulting in TEL-AMLI gene fusion is present in ~25% of
childhood precursor B-lineage acute lymphoblastic leukemia (ALL) and is associated
with a good prognosis and a high cellular sensitivity to L-Asparaginase. ALL cells are
thought to be sensitive to L-Asparaginase due to lower asparagine synthetase (AS)
levels. Resistance to L-Asparaginase may be caused by an elevated cellular level of AS
and/or by the ability of resistant cells to rapidly induce the expression of the AS gene
upon L-Asparaginase exposure. AS may be a target regulated by t(12;21). We studied
the relationship between t(12;21) and the mRNA level of AS in order to investigate a
possible mechanism underlying L-Asparaginase sensitivity. Real-time quantitative RT-
PCR analysis surprisingly revealed that 30 t(12;21) positive patients expressed 5-fold
more AS mRNA compared to 17 t(12;21) negative patients (p=0.008) and 11 samples
of healthy controls (p=0.016). The mRNA levels of AS between t(12;21) negative ALL
and healthy controls did not differ. No difference was found between t(12;21) positive
and negative ALL patients in the capacity to upregulate AS after in vitro L- Asparaginase
exposure, excluding a defective capacity for t(12;21) cells in upregulating AS upon L-
Asparaginase exposure. Moreover, no correlation was observed between AS mRNA ex-
pression and sensitivity to L-Asparaginase. We conclude that the sensitivity of t(12;21)
positive childhood ALL to L-Asparaginase is not associated with the expression level
of the AS gene. Furthermore, we contradict the general thought that leukemic cells
specifically lack AS compared to normal bone marrow and blood cells.
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INTRODUCTION

The t(12;21) occurs in ~25% of childhood acute lymphoblastic leukemia (ALL), and
is restricted to precursor B-cell lineage leukemia. The t(12;21) involves fusion of the
TEL(ETV6) gene at 12p13 with the AMLI(RUNXI) gene at 21q22. The TEL gene is
a member of the Ets family of transcription factors and functions as a sequence-spe-
cific DNA-binding transcription regulator’. AMLI encodes a transcription factor that
binds the enhancer core sequence, TGTGGT? The DNA-binding affinity of AMLI is
increased through heterodimerization with the Core Binding Factor (CBF) P protein,
forming the CBF. This complex regulates the transcription of numerous genes involved
in hematopoiesis.

t(12;21) positive ALL has a relatively favourable outcome®® which might be related
to the finding that this type of ALL is significantly more sensitive in vitro to L-Aspara-
ginase'’. L-Asparaginase is an enzyme-derived drug widely used in chemotherapeutic
protocols for treatment of children with ALL. In vitro resistance to L-Asparaginase is
correlated with a relative poor prognosis in vivo'>'2. The proposed mechanism of action
of L-Asparaginase is the depletion of asparagine and glutamine in the blood leading to
cellular efflux and depletion of these amino acids within cells’. ALL cells are thought to
be particularly sensitive to L- Asparaginase treatment because of a relative low capacity
to synthesize sufficient asparagine due to intrinsic lower asparagine synthetase (AS)
levels'*™®. Resistance to L-Asparaginase is suggested to be caused by an elevated cellular
level of AS and/or by the ability of resistant cells to rapidly induce the expression of the
AS gene upon L-Asparaginase exposure's.

The enhancer core sequence of AMLI is required for the transcription of several
hematopoietic-specific genes, including the T-cell receptor beta (TCRp) enhancer. Al-
though TEL-AMLI1 can bind to the enhancer core motif, and interacts with the AML1-
binding protein, CBFp, it fails to activate transcription but rather inhibits the basal
activity of this enhancer". Since the AS gene contains an enhancer core sequence in
the promotor region, this gene may become transcriptionally repressed by TEL-AML1
through a similar mechanism. The resulting inhibition of the basal activity of AS
would explain the sensitivity to L-Asparaginase for t(12;21) positive ALL compared to
t(12;21) negative ALL. In the present study we investigated whether this hypothesis is
valid in pediatric ALL. We determined basal AS mRNA expression levels and possible
upregulation of AS levels in cultured blood/bone marrow samples of t(12;21) positive
and t(12;21) negative children with ALL and a healthy pediatric control group. In the
ALL cases these AS expression levels were related to L- Asparaginase sensitivity.
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MATERIALS AND METHODS

Patient samples

Bone marrow and/or peripheral blood samples from untreated children with common/
pre B-ALL at initial diagnosis were collected from the Erasmus MC / Sophia children’s
hospital, the Dutch Childhood Leukemia Study Group (DCLSG) and the German
COALL study group. After informed consent bone marrow and/or peripheral blood
samples from healthy children were included as controls from the Erasmus MC / Sophia
children’s hospital. Within 24 hours after sampling, mononuclear cells were isolated
by density gradient centrifugation using Lymphoprep (density 1.077 g/ml; Nycomed
Pharma, Oslo, Norway), centrifuged at 480 g for 15 min at room temperature. The
collected mononuclear cells were washed twice and kept in culture medium consisting
of RPMI 1640 medium (Dutch modification without L-glutamine; Life Technologies,
Gaithersburg, USA), 20% fetal calf serum (Integro, Zaandam, the Netherlands), 2mM
L-glutamine (Life Technologies) 5 ug/ml insulin, 5 ug/ml transferrin, 5 ng/ml sodium
selenite (ITS media supplement; Sigma, St. Louis MO, USA), 100 IU/ml pencillin, 100
pg/ml streptomycin, 0.125 pg/ml fungizone (Gibco BRL, Life Technologies) and 0.2
mg/ml gentamycin (Life Technologies). Contaminating non-leukemic cells in the ALL
samples were removed by immunomagnetic beads as described earlier's. All resulting
samples contained > 90% leukemic cells, as determined morphologically on May-Griin-
wald-Giemsa (Merck, Darmstadt, Germany) stained cytospins. For RNA extraction,
a minimum of 5x 10° leukemic cells were lysed in Trizol reagent (Life Technologies)
and stored at -80°C. 0.025 x 10°¢ leukemic cells were used for cytospin preparations for
Fluorescence in situ Hybridization (FISH) analysis and stored at -20°C.

FISH analysis

The presence of the t(12;21) was determined with dual colored FISH using a digoxigen-
in labeled cosmid from intron 1 to exon 2 of TEL (50F4), together with a biotinylated
cosmid for the first 5 exons of AML1 (CO664). Probe 50F4 was detected with Texas Red
and probe CO664 with avidin-FITC. In t(12;21) positive patients a yellow fusion spot
will be seen denoting the der(21), one green signal for the normal AMLI on chromo-
some 21 and one red signal for the normal TEL on chromosome 12. The FISH protocol
was based on that described previously”. In all instances two independent observers
examined 100-300 interphase nuclei.

In vitro L-Asparaginase cytotoxicity assay

In vitro L-Asparaginase cytotoxicity was determined using the MTT assay as described
previously®. Briefly, 100 pl aliquots of cell suspension (1.6 x 10° cells) were cultured in
round-bottomed 96 well microtitre plates in the presence of six different concentra-
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tions of L-Asparaginase (Paronal, Christiaens B.V., Breda, The Netherlands) ranging
from 0.0032-10 IU/ml in duplicate. Control cells were cultured without L-Asparagi-
nase. After incubating the plates for four days at 37°C in humidified air containing 5%
CO,, 10 ul of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT, 5
mg/ml; Sigma Aldrich, Zwijndrecht, The Netherlands) was added and the plates were
incubated for an additional six hours under the same conditions. During this final 6-
hour incubation, the yellow MTT tetrazolium salt is reduced to purple-blue formazan
crystals by viable cells only. The formazan crystals were dissolved by adding 100 ul
acidified isopropanol (0.04 N HCl-isopropyl alcohol) and the optical density (OD),
which is linearly related to the number of viable cells?, was measured spectrophoto-
metrically at 562 nm. After subtraction of blank values, the leukemic cell survival (LCS)
was calculated by the equation:

LCS= (ODDay , treated well / mean ODMy , control wells) x 100%

Drug sensitivity was assessed by the LC_, the drug concentration lethal to 50% of the

50
cells. Evaluable assay results were obtained when a minimum of 70% leukemic cells
was present in the control wells after 4 days of incubation and when the control OD

was =0.050%,

RNA extraction and cDNA synthesis

Total cellular RNA was extracted from a minimum of 5x 10° (=90% leukemic) cells
using Trizol reagent (Life Technologies) according to the manufacturer’s protocol, with
minor modifications. An additional phenol-chloroform extraction was performed and
the isopropanol precipitation at -20°C was facilitated by adding 1 pl (20 pg/ml) gly-
cogen (Roche, Almere, The Netherlands). After precipitation with isopropanol, RNA
pellets were dissolved in 20 pl RNAse-free TE-buffer (10mM Tris-HCI, 1 mM EDTA,
pH =8.0). The concentration of RNA was quantitated spectrophotometrically. Follow-
ing a denaturation step of 5 min at 70°C, 1 pg of RNA was reversely transcribed into
single stranded cDNA. The RT reaction was performed in a total volume of 25 pl con-
taining 0.2 mM of random hexamers and 0.2 mM oligo dT primers (Amersham Phar-
macia Biotech, Piscataway NJ, USA), 200 U Moloney murine leukemia virus reverse
transcriptase (Promega, Madison Wisconsin, USA) and 25 U RNAsin (Promega) and
was incubated at 37°C for 30 min, 42°C for 15 min and 94°C for 5 min. The obtained
c¢DNA was diluted to a final concentration of 8 ng/pl and stored at -80°C.

Real-time quantitative PCR

The mRNA expression levels of AS and an endogenous housekeeping gene encoding
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference, were quanti-
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Table 1. Primer and probe combinations used for the real-time quantitative PCR

AS Forward 5'-GCC CAT GGT CTT GAACT-3'

Reverse 5-TTT GGT CGC CAG AGA AT-3'

Probe 5'-(FAM)-CTT GTC TCT GCC ACC AGA AAT GA-(TAMRA)-3'
GAPDH Forward 5"-GTC GGA GTC AAC GGATT-3'

Reverse 5-AAG CTT CCCGTT CTCAG-3'

Probe 5'-(FAM)-TCA ACT ACATGG TTT ACATGT TCC AA-(TAMRA)-3'

fied using real-time PCR analysis (Tagman chemistry) on a ABI Prism 7700 sequence
detection system (PE Applied Biosystems, Foster City, USA). Amplification of specific
PCR products was detected using dual-fluorescent non-extendable probes (hybridizing
in between primer pairs) labeled with 6-carboxyfluorescein (FAM) at the 5’-end and
6-carboxytetramethylrhodamine (TAMRA) at the 3’-end. The primers and probe com-
binations (table 1) were designed using the OLIGO 6.22 software (Molecular Biology
Insights, Cascade, CO, USA) and purchased from Eurogentec (Belgium). All primers
had a melting temperature (T ; nearest neighbor method) of 65 + 1°C. Both inter-
nal probes had a T_of 75 £ 1°C. All PCRs performed with comparable efficiencies of
>95%. The real-time quantitative PCR was performed in a total reaction volume of
50 ul containing 1xTagman buffer A (Applied Biosystems), 4 mM MgCl, 200 uM
of each ANTP, 300 nM forward and reverse primer, 50 nM dual-labeled fluorogenic
internal probe, 1.25 U AmpliTaq Gold DNA polymerase and 40 ng of cDNA template,
in a MicroAmp optical 96-well plate covered with optical adhesive covers (Applied
Biosystems). Samples were heated for 10 min at 95°C and amplified for 40 cycles of 15
sec at 95°C and 60 sec at 60°C. A serial dilution of cDNA derived from a cell line RNA
pool (CEM, K562, and two EBV transformed lymphoblastoid B-cell lines) in dH,O was
amplified in parallel to verify the amplification efficiency within each experiment. Since
all PCRs were performed with equal efficiencies, relative mRNA expression levels of AS
for each patient can directly be normalized for input RNA using GAPDH expression of
the patient. The relative mRNA expression level of the target gene in each patient was
calculated using comparative cycle time (C ) method*. Briefly, the target PCR C, values,
i.e. the cycle number at which emitted fluorescence exceeds the 10 x standard deviation
of base-line emissions as measured from cycles 3 to 12, is normalized by subtracting
the GAPDH C, value from the target PCR C, value, which gives the AC value. From this
AC, value, the relative expression level to GAPDH for each target PCR can be calculated
using the following equation:

Relative mRNA expression =24%x 100%.
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Upregulation of AS expression levels after in vitro L-Asparaginase exposure

Leukemic samples with a purity of at least 90% leukemic cells were exposed to 0 ITU/ml
(control), 0.4 IU/ml and 10 IU/ml L-Asparaginase (Paronal, Christiaens B.V.) for 0, 18
and 42 hours. A total of 10 x 10° cells suspended in a concentration of 2.0 x 10° cells/ml
in culture medium for each concentration and time point were placed into culture
flasks. After 18 and 42 hours incubation, the samples still contained >90% leukemic
cells. For RNA extraction, cells were lysed in Trizol reagent (Life Technologies) and
stored at -80°C.

Statistics

Differences in mRNA expression between two groups were analyzed using the Mann-
Whitney U test. The correlation between mRNA expression of AS and L-Asparaginase
sensitivity were calculated using the Spearman’s rank correlation test. Statistical tests
were performed at a two-tailed significance level of 0.05.

RESULTS

Leukemic cells from a group of 82 children with the t(12;21) were compared to leuke-
mic samples of 40 t(12;21) negative pediatric common or pre B-ALL for L-Asparagi-
nase sensitivity. In this group we were able to confirm that t(12;21) positive patients
are significantly more sensitive to L-Asparaginase than t(12;21) negative ALL, as
described earlier®. Using real-time quantitative PCR the mRNA expression level of AS
was measured in 30 t(12;21) positive pediatric ALL samples. For this t(12;21) positive
group a control group of 17 t(12;21) negative ALL samples was selected by matching
for the following criteria: age 1-10 yrs, immunophenotype, no hyperdiploidy (>50), no
MLL rearrangements, no t(9;22). A significant 5-fold higher expression of AS mRNA
was observed in t(12;21) positive ALL compared to t(12;21) negative ALL (p=0.008)
(Figure 1).

Expression of AS mRNA in the t(12;21) positive ALL was also significant greater than
in 11 normal healthy controls (p=0.019) (Figure 1). No difference in mRNA expression
of AS between t(12;21) negative ALL and healthy pediatric controls was found (Figure
1). Bone marrow and peripheral blood cells in the leukemic samples as well as in the
normal controls did not differ in AS mRNA expression and therefor pooled together
with the bone marrow samples.

The t(12;21) positive ALL group could be divided in 3 subgroups based on sensitivity
to L-Asparaginase using previously reported cut-off points'"*. From 14 sensitive, 10
intermediate sensitive and 6 resistant patients the mRNA expression of AS did not dif-
fer (Figure 2). Neither the total ALL group, including both t(12;21) positive and nega-
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AS expression and t(12;21) status
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Figure 1. AS expression and t(12;21) status.

mRNA expression of AS relative to GAPDH in t(12;21) negative and positive ALL and in normal controls. Lines indicate the median value,
open circles represent bone marrow of individual patients and closed circles represent peripheral blood of individual patients. P=0.008
relates to the comparison between the t(12;21) negative and positive patient groups; P=0.019 relates to the comparison between the
t(12;21) positive patient group and normal controls.

AS expression in t(12;21) positive ALL
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Figure 2. AS expression in t(12;21) ALL.

mRNA expression of AS relative to GAPDH in t(12;21) positive ALL patients who are in vitro sensitive, intermediate sensitive and resistant to
L-Asparaginase. Lines indicate the median values, circles represent individual patients. The P-value indicates the difference between patient
groups (N.S. = not significant).

tive samples, nor both groups separately, showed a correlation between L-Asparaginase
sensitivity and the AS mRNA expression (Figure 3).

Hypothetically, t(12;21) positive ALL cells may be sensitive to L-Asparaginase due to
a defective capacity to upregulate AS after L- Asparaginase exposure. Therefore, samples
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AS expression versus L-Asparaginase
sensitivity in ALL
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Figure 3. AS expression versus L-Asparaginase sensitivity in ALL.

Correlation between the mRNA expression of AS and the L-Asparaginase cytotoxicity. Open circles indicate individual t(12;21) negative

patients, closed circles indicate individual t(12;21) positive patients.
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Figure 4. AS upregulation after L-Asparaginase exposure.

42

mRNA expression of AS relative to GAPDH in t(12;21) positive versus t(12;21) negative ALL after L-Asparaginase exposure. The open
triangles or circles indicate t(12;21) negative patients, the closed triangles or circles indicate t(12;21) positive patients. Each connecting line

represents a patient exposed to 0.4 IU/ml or 10 1U/ml (as indicated).

from 3 t(12;21) positive and 4 t(12;21) negative ALL patients were exposed in vitro to
0.4 IU/ml and 10 IU/ml L-Asparaginase. Within each group one patient did not show
increased AS levels upon L-Asparaginase exposure. All other samples showed upregu-

lation of AS which was independent from t(12;21) status and/or cellular sensitivity to
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L-Asparaginase (Figure 4). Consequently, during in vitro exposure to L-Asparaginase
no relation was observed between the mRNA expression of AS and the presence of
t(12;21) or L-Asparaginase sensitivity.

DISCUSSION

Based largely on in vitro observations in (non-) human leukemia cell lines, it has been
hypothesized that elevated AS activity is a cause of resistance to L-Asparaginase in
human leukemia cells'®**?. In the present study we analyzed a potential mechanism of
L-Asparaginase sensitivity in t(12;21) positive childhood ALL, speculating that TEL-
AMLI represses the transcription of the AS gene. So far, only one study directly corre-
lated AS expression and L-Asparaginase resistance in primary human leukemia cells. In
1969, Haskell and Canellos reported higher AS enzymatic activity in five L-Asparagi-
nase resistant leukemia patients compared with four drug-sensitive patients during or
after treatment®. However, besides the highly limited number of patients, the criteria
used to determine whether the patient was resistant or sensitive to L- Asparaginase were
not described in the paper. In addition this study was performed in a heterogeneous
group including adult patients with either acute or chronic leukemia. In 2000 Diibbers
et al.* reported a lower AS activity in pediatric B-lineage ALL and acute myelogenous
leukemia (AML)-M5 compared to T-lineage ALL and other AML subgroups. However,
the B-lineage ALL group showed a large heterogeneity in enzyme activity.

In the study presented here, the t(12;21) positive ALL group was matched with a
t(12;21) negative, age 1-10 yrs, non-hyperdiploid (>50), t(9;22) negative, non MLL
rearranged, common / pre B-ALL group. We found that t(12;21) positive ALL cells
express 5-fold more AS mRNA compared to the matched t(12;21) negative ALL. This
stands in contrast to our hypothesis that TEL-AML1 might repress the AS gene and it
also refutes the hypothesis that an elevated AS level is the most important determinant
of L-Asparaginase resistance'’, since the present study and an earlier study'® show that
t(12;21) positive patients are significantly more sensitive to L-Asparaginase in vitro.
Moreover, we found no correlation between in vitro sensitivity to L-Asparaginase and
the mRNA expression of AS suggesting that the basal mRNA level of AS at initial diag-
nosis is not associated with L-Asparaginase sensitivity in pediatric ALL.

It could be argued that the mRNA expression level of AS does not relate to the pro-
tein level and enzyme activity. However, Hutson et al.?® showed on human leukemia
cell lines that complete amino acid deprivation resulted in a concerted increase in AS
mRNA, protein, and enzymatic activity, suggesting that mRNA levels correspond to AS
protein levels.
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L-Asparaginase is an effective drug for newly diagnosed ALL. The effectiveness
of this drug results from a rapid and complete depletion of cellular asparagine®. It
was postulated years ago that leukemic cells depend on the external availability of the
amino acid asparagine because of absence of endogenous AS'*'*. Asparagine deficiency
impairs protein synthesis and leads to a cessation of RNA and/or DNA synthesis, re-
sulting in cell death. In our study however, we found no difference in AS mRNA expres-
sion between ALL and normal bone marrow or peripheral blood cells. This contradicts
the general thought that leukemic cells specifically lack AS compared to normal bone
marrow and peripheral blood cells.

In a small sample of patients we showed that leukemic cells from patients with or
without the t(12;21) and resistant or sensitive to L-Asparaginase do not differ in their
capacity to upregulate AS on in vitro exposure to L-Asparaginase suggesting that re-
sistance to L-Asparaginase is not caused by rapid induction of AS expression upon
L-Asparaginase exposure'’. However these findings need to be confirmed in a larger
series of patients. The only difference we did find is a higher basal expression of AS
in t(12;21) positive ALL compared with t(12;21) negative ALL and normal cells. We
speculated that TEL-AMLI1 functions as a repressor for the transcription of AS compa-
rable to the TCRf enhancer. However, our data suggest the opposite. Therefore, based
on these data, it might be hypothesized that AS is normally repressed by AMLI1 and that
TEL-AMLI cancels the repression of AS.

The clinical role of L-Asparaginase in t(12;21) positive ALL is subject of discussion.
Although most studies associate t(12;21) with a good prognosis, conflicting results are
described**#*31-33, These conflicting data might be due to differences in use of L-As-
paraginase in the treatment protocols as t(12;21) positive ALL is highly sensitive to
L-Asparaginase'® and L-Asparaginase sensitive patients have a more favourable out-
come®. The Dana-Farber Cancer Institute (DFCI) group showed a highly favourable
outcome of t(12;21) positive ALL®. In the DFCI protocol a high-dose L-Asparaginase
is used compared to other treatment protocols. However, it is possible that a general
intensification of therapy, not only by L-Asparaginase but also by other drugs, might
contribute to the fact that in some recent protocols t(12;21) has a favourable outcome.
This has for instance been shown by a Japanese study, which reported no prognostic
value for the presence of t(12;21) in an early study, however with intensified therapy in
a newer protocol the t(12;21) positive patients did exceedingly well*.

Summarizing, t(12;21) positive ALL, which in vitro is significantly more sensitive
to L-Asparaginase, has a significantly higher AS mRNA expression level compared to
t(12;21) negative ALL and normal lymphoid cells. So, the AS mRNA expression level
does not explain the high sensitivity to L-Asparaginase of t(12;21) positive ALL. The
mechanism that makes t(12;21) positive ALL patients more sensitive to L-Asparaginase
remains unclear. An alternative explanation might be that t(12;21) positive ALL cells
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are not able to provide sufficient amounts of the AS substrates, aspartate and gluta-
mine. In 2001 Aslanian and Kilberg® illustrated that several adaptive processes occur
to provide aspartate and glutamine to support the activity of AS. These substrates could
come from an intracellular pool or may be acquired from the extracellular milieu by
active transport across the plasma membrane via several amino acid transporters like

Systems X, X, ., A, ASC and L. Another study in human leukemia cell lines showed

AG
that glutamine deprivation-dependent cell shrinkage induced activation of the CD95-
mediated pathway®*. This was also observed when L-Asparaginase was added to the
medium. In 2001 Krishna Narla observed a higher expression level of the pro-apoptotic
protein CD95 and lower levels of the anti-apoptotic protein Bcl-2 in t(12;21) positive
ALL cells compared to t(12;21) negative ALL cells in children”. This suggests that L-
Asparaginase sensitivity in t(12;21) positive ALL cells might be related to CD95 and/or
Bcl-2 expression levels.

In conclusion, the mechanism of L- Asparaginase sensitivity in t(12;21) positive ALL
is not related to AS expression and remains still unclear. Moreover, the present data
clearly contradict an almost 35 year old theory that the therapeutic benefit of L-As-
paraginase in leukemia is based upon the fact that leukemic cells lack sufficient AS
compared to normal cells.
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The (12;21)(p13;q22) translocation resulting in TEL-AMLI gene fusion is generally
associated with a good prognosis and a high cellular sensitivity to L-Asparaginase’?.
L-Asparaginase hydrolyses asparagine and glutamine resulting into cellular depletion
of these amino acids.

Krejci and coworkers studied changes in cell proliferation of t(12;21) positive and
t(12;21) negative ALL cells after exposure to L-Asparaginase’. In correspondence with
our data’ their data indicate that leukemic cells are able to upregulate asparagine
synthetase (AS) gene expression upon nutrient stress induced by L-Asparaginase. In
addition, our work and Krejci’s work show that AS was unexpectedly higher expressed
in t(12;21) positive ALL cells compared to t(12;21) negative patients. These important
findings contradict the general hypothesis that resistance to L-Asparaginase is caused
by an elevated basic cellular level of AS and/or by the selective ability of only resistant
cells to rapidly induce the expression of the AS gene upon L-Asparaginase exposure?,
since t(12;21) positive ALL cells are more sensitive to L-Asparaginase compared to
t(12;21) negative ALL patients"* Besides induction of expression of AS, Krejci and co-
workers observed that L-Asparaginase selectively prevents S-phase entry of a t(12;21)
positive cell line, but not a t(12;21) negative cell line. Since AML1 is involved in the
regulation of the G, to S cell cycle transition>® and TEL-AMLI converts AML1 from
functioning as a transcriptional activator to a transcriptional repressor’, we investigated
whether t(12;21) positive patients already show this cell cycle arrest at initial diagnosis
independent from L-Asparaginase treatment.

To this aim, the cell cycle of 75 t(12;21) positive and 116 t(12;21) negative ALL pa-
tients at initial diagnosis obtained from the DCOG was analyzed by propium-iodide

Cell cycle in pre B-ALL with
and without t(12;21)

- 100
p=0.017 p=0.251 n 1(12;,21)+

) [ [ t(12;21)-

% S or G,/M phase
aseyd ‘909 9,

S phase Gy/M phase Gy/G, phase

Figure 1: Cell cycle phases in 75 t(12;21) positive and 116 t(12;21) negative ALL patients matched for age (1-10 yrs), immunophenotype,
absence of hyperdiploidy (>50 chromosomes), absence of MLL rearrangements and absence of t(9;22). Squares indicate medians,
diamonds indicate 25" and 75" percentile. Cell cycle phase was measured in propidium-iodide stained nuclei using flow cytometry.
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Figure 2: Probability of disease-free survival analysis (pDFS) in t(12;21) positive ALL with low (n=21, 5-yrs pDFS 67% = 22%) and
high (n=20, 5-yrs pDFS 56% = 21%) expression of AS. The median value (1.2) was used as a cut off for the separation into high and low
expression of AS (A). AS expression in t(12;21) positive ALL patients at diagnosis with (n=10) subsequent relapse compared to t(12;21)
positive ALL patients in continuous complete remission (CCR) (n=31) (MWU: p>0.05) (B). AS mRNA was determined by real-time
quantitative PCR using the same conditions as described previously>.

staining of nuclei, as measured by flow cytometry (Figure 1). The percentage of cells in
S phase is lower in t(12;21) positive ALL (median: 6.8%) compared to t(12;21) negative
ALL (median: 8.5%; p=0.017). This finding might also contribute to our and Krejci’s
observations that AS expression is higher in t(12;21) positive ALL compared to t(12;21)
negative ALL at diagnosis, as AS was described to be compensationally increased when
cells could not proceed through the cell cycle®.

Krejci et al showed that high AS expression is associated with a favourable outcome
within t(12;21) positive ALL. In our cohort of 41 t(12;21) positive ALL, which is com-
parable to Krejci’s cohort, however, we could not confirm this: high AS expression did
not correlate with a higher disease-free survival (Figure 2A) and AS expression did
not differ between t(12;21) positive ALL patients with and without subsequent relapse
(Figure 2B).

We hypothesize that t(12;21) positive ALL cells already at diagnosis have impaired
potential to proceed from G, into S phase due to the fact that TEL-AMLI represses
the target (i.e. cell cycle-associated) genes of AMLI. This matches perfectly with the
higher AS expression in these cells at diagnosis compared to t(12;21) negative ALL
cells, since AS transcription is increased in cells that are hampered to proceed through
the cell cycle. Nutrition stress caused by L-Asparaginase even enhances this increase
in AS expression®’. We could not confirm the findings of Krejci in relation to low AS

expression in t(12;21) positive ALL and an unfavourable prognosis.
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ABSTRACT

Resistance to L-Asparaginase in leukemic cells may be caused by an elevated cellular ex-
pression of asparagine synthetase (AS). Previously, we reported that high AS expression
did not correlate to L-Asparaginase resistance in TEL-AMLI positive B-lineage ALL. In
the present study, we confirmed this finding in TEL-AML1 positive patients (n =28) us-
ing microarrays. In contrast, 35 L- Asparaginase resistant TEL-AMLI negative B-lineage
ALL patients had a significant 3.5-fold higher AS expression than 43 sensitive patients
(p=0.0004). Using RTQ-PCR, this finding was confirmed in an independent group of
39 TEL-AMLI negative B-lineage ALL patients (p=0.03). High expression of AS was
associated with poor prognosis (4-yrs pDES 58% + 11%) compared to low expression
(4-yrs pDFS 83% + 7%; p=0.009). We conclude that resistance to L-Asparaginase and
relapse-risk are associated with high expression of AS in TEL-AML1 negative but not
in TEL-AMLI positive B-lineage ALL.
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INTRODUCTION

L-Asparaginase is an enzyme widely used in chemotherapeutic protocols for treatment
of children with acute lymphoblastic leukemia (ALL). In vitro and in vivo resistance
to L-Asparaginase correlates with a relative poor prognosis in ALL' L-Asparaginase
depletes asparagine and glutamine in blood cells’. Impaired capacity to synthesize
sufficient amounts of asparagine due to reduced asparagine synthetase (AS) levels is
thought to explain the L-Asparaginase sensitivity of ALL cells to L- Asparaginase treat-
ment*’. L-Asparaginase resistance is suggested to be caused by an elevated cellular level
of AS®.

TEL-AMLI positive ALL patients are more sensitive to L-Asparaginase compared
to TEL-AMLI1 negative patients”®. However, we found a 5-fold higher expression of
AS in the TEL-AML1 positive ALL patients compared to TEL-AMLI1 negative ALL
patients’, recently confirmed by Krejci et al.’. Therefore, within TEL-AMLI positive
ALL resistance to L-Asparaginase is not associated with AS expression levels. Due to
limited sample size in our previous study, it was unclear if this conclusion could be
generalized for all other B-lineage ALL patients. Therefore, we investigated the rela-
tionship between AS expression and L-Asparaginase resistance in two independent and
larger groups of TEL-AMLI negative ALL patients.

MATERIALS AND METHODS

Patient samples

Bone marrow and/or peripheral blood samples from 117 untreated children with TEL-
AMLLI negative and 28 untreated children with TEL-AMLI positive B-lineage ALL at
initial diagnosis were collected at the Erasmus MC - Sophia Children’s hospital, the
Dutch Childhood Oncology Group and the German COALL study group. In addition,
samples from 17 TEL-AMLI negative ALL patients used in our previous study were
included’. Within 24 hours after sampling, mononuclear cells were isolated and total
cellular RNA was extracted from a minimum of 5x10° (=90% leukemic cells) using

Trizol reagent, as described before’.

Microarray analysis

RNA processing and hybridization to the U133A GeneChip’ oligonucleotide microar-
ray (Affymetrix) was performed according to manufacturer’s protocol. Data analysis
was performed as described before'. For this study, we limited the analysis to AS data
in in vitro L- Asparaginase sensitive and resistant TEL-AMLI1 positive (23 and 5 patients
respectively) and TEL-AMLI negative patients (43 and 35 patients respectively).
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Real-time quantitative PCR (RTQ-PCR)

The mRNA expression level of AS and an endogenous housekeeping gene encoding for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference, were quantified
using real-time PCR analysis (Tagman chemistry) with efficiencies =95, as described
before’. The relative expression level of AS to GAPDH is calculated using the compara-
tive cycle time method’.

In vitro L-Asparaginase cytotoxicity assay

In vitro L-Asparaginase (Paronal, Christiaens B.V., Breda, The Netherlands) cytotoxic-
ity was determined using the MTT assay as described previously’. Cut-off criteria for
sensitive (LC, < 0.033 IU/ml), intermediate sensitive and resistant (LC, >0.912 IU/ml)
towards L-Asparaginase were as described previously''. These 3 groups were associated
with prognosis of ALL patients''.

Statistics

Differences in mRNA expression between groups of patients were analyzed using the
Mann-Whitney U test. The correlation between AS expression and L-Asparaginase
resistance was calculated using the Spearman’s rank correlation test. Probability of
disease-free survival (pDFS) was calculated from the date of diagnosis to the date of
non-response, relapse or last contact using the Kaplan-Meier method and compared by
log-rank test. Multivariate analysis was performed with the Cox proportional-hazard
regression model.

RESULTS AND DISCUSSION

AS expression was analyzed with micro-array technology in 78 TEL-AMLI negative
and 28 TEL-AMLI positive ALL patients. No difference in AS expression between L-
Asparaginase resistant (n=>5, median=_828 AU, P25-P75: 164-1871) and L-Asparagi-
nase sensitive (n=23, median =516 AU, P25-P75: 141-689; p =0.3) patients was found
within TEL-AMLI positive ALL patients, which is in concordance with earlier findings
from our lab and others®. However, in TEL-AMLI negative ALL patients a signifi-
cant 3.5 fold difference in AS expression was shown between L-Asparaginase resistant
(n=35; median =946 AU, P25-P75: 293 - 1617) and sensitive (n = 43; median =244 AU,
P25-P75: 92 -787) patients (p=0.0004) (Figure 1).

The original TEL-AML1 negative ALL patient group (n=17) from our previous
study’ was enlarged to a total of 39 patients (different patients than used for micro-
array analysis) and AS expression was analyzed by RTQ-PCR. A significant positive
correlation was found between AS expression and L-Asparaginase resistance (R =0.39;
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Asparagine synthetase (micro-array) versus L-Asparaginase
cytotoxicity in TEL-AML1 negative B-lineage ALL
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Figure 1. AS expression in TEL-AML1 negative ALL determined by micro-array

AS expression in TEL-AML1 negative ALL patients sensitive (n=43) and resistant to L-Asparaginase (n=35; p=0.0004) as determined
by micro-array analysis. Circles represent individual patients; bars represent the median values. AU=Arbitrary units defined as scaled
fluorescence measured on micro-array.

p=0.017). Patients were divided in 3 subgroups based on in vitro cellular cytotoxicity to
L-Asparaginase, i.e.: 10 sensitive, 15 intermediate sensitive and 14 resistant patients to
L-Asparaginase. A significant 3.5-fold higher AS expression was shown in L-Asparagi-
nase resistant compared to L-Asparaginase sensitive TEL-AMLI negative ALL patients
(p=0.03; Figure 2), which is in concordance with our micro-array data (Figure 1).

The mRNA expression level of AS does not necessarily correlate with protein level
and enzyme activity of AS. However, Hutson et al.'? showed in human leukemia cell
lines that complete amino acid deprivation resulted in a simultaneous increase in AS
mRNA, protein, and enzymatic activity, suggesting that mRNA corresponds to protein
and activity levels.

Based largely on in vitro observations in (non-) human leukemia cell lines, it has
been hypothesized that elevated AS activity is a cause of L-Asparaginase resistance in
human leukemia cells lines®'*'”. Only a few studies have reported this relation between
AS expression and L-Asparaginase sensitivity in patient materials'®". We and others
showed previously that AS expression is not related to L-Asparaginase sensitivity in
TEL-AMLI positive ALL”’. We now confirmed this with a second method (i.e. micro-
array analysis). In contrast, we show in two independent groups of patients studied by
two different techniques (micro-array and RTQ-PCR) that elevated AS expression is
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Asparagine synthetase (RTQ-PCR) versus L-Asparaginase
cytotoxicity in TEL-AML1 negative B-lineage ALL
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Figure 2. AS expression in TEL-AML1 negative ALL determined by RTQ-PCR

AS expression in TEL-AML1 negative ALL patients sensitive (n=10) and resistant to L-Asparaginase (n=14; p=0.03) as determined by RTQ-
PCR. AS mRNA expression is indicated in arbitrary units (AU), and defined as the mRNA expression of AS relative to GAPDH * 100. Circles
represent individual patients; bars represent the median values.

related to L-Asparaginase resistance in TEL-AMLI negative ALL patients. This is in
line with the in vitro observations in (non-) human leukemia cell lines®!?7,

The 78 TEL-AMLI negative patients analyzed by micro-array had a median fol-
low-up of patients at risk of 4.4 (range: 0.6-9.1) years. The clinical characteristics of
L-Asparaginase resistant and sensitive patients were respectively: WBC of median 25.6
*10°/L (P25-P75: 7.7-52.0) and 26.8%10°/L (P25-P75: 8.8-73.2) p=0.8, age of median
8.0 (P25-P75: 4.5-11.5) and 4.0 years (P25-P75: 2.0-7.3) p<0.0001. High AS expression
(median value) was associated with a poor prognosis (4-yrs pDFS 58%+11%) compared
to low AS expression (4-yrs pDFS 83%+7%; p =0.009). Furthermore, the AS expression
in patients who relapsed (946 AU, P25-P75: 305-2153) was 2.5 fold higher compared to
patients who did not relapse so far (379 AU, P25-P75: 101-932; p=0.01). Multivariate
analysis including WBC and age revealed that high AS expression is independently
related to a poor prognosis (Hazard ratio: 3.0, 95% CI: 1.1-7.9, p=0.03). In contrast,
we recently showed that the expression of AS in TEL-AMLI positive ALL is not related
to outcome®. Krejci et al.’ even found the opposite: a relation between high AS expres-
sion and a good prognosis in TEL-AMLI positive ALL patients. These data suggest
that the role of AS for L-Asparaginase resistance and therapy is different between both
genetic subtypes. Since the TEL-AMLI1 genotype is associated with an increased L-As-
paraginase sensitivity”®, the mechanism of action (and hence cause of resistance) may
be different. A possibility might be the higher expression levels of the pro-apoptotic
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protein CD95 in TEL-AMLI positive ALL cells compared to TEL-AMLI1 negative ALL
cells?, since the CD95-mediated pathway is activated by cell shrinkage which can be
mediated by L-Asparaginase”. An alternative explanation might be that TEL-AMLI
positive ALL cells are not able to provide sufficient amounts of the AS substrates, as-
partate and glutamine, due to different amino acid metabolism and/or transmembrane
amino acid transporters that contribute to the function of AS*. Further detailed studies
are required to understand the observed difference between TEL-AMLI negative and

positive subtypes.
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ABSTRACT

TEL-AMLI positive acute lymphoblastic leukemia (ALL) is in general characterized by
sensitivity towards L-Asparaginase. However, in individual patients resistance to this
drug is observed which is associated with an un favourable prognosis. This study aimed
at gaining more insight into genes related to L-Asparaginase resistance and the risk of
relapse within TEL-AMLI positive ALL. Gene-expression profiling revealed 70 probe
sets representing 52 unique genes (and 3 expressed sequence taqs) that discriminated
between L-Asparaginase sensitive and resistant TEL-AMLLI positive patients (p <0.001)
with a false-discovery rate of less than 10%. Ten-fold cross validation revealed predic-
tion accuracy of 100% (p=0.004) of resistant patients by means of a support vector
machine. Resistance to L-Asparaginase in TEL-AMLI positive ALL was linked to an
overrepresentation of genes involved in cell death and lipid metabolism. None of these
genes has been previously linked to L-Asparaginase. Moreover, none of these genes has
been linked to L-Asparaginase resistance in a previous study in TEL-AMLI1 negative
ALL, indicating that the mechanism of L-Asparaginase differs between ALL genotypes.
Genes predictive of relapse (p<0.001) in TEL-AMLI1 positive ALL were only found
with a high false discovery rate of 63%, but numbers of patients were low. This study
reveals novel putative causes of L-Asparaginase resistance in TEL-AMLI positive ALL
that may point to new ways to improve treatment results in this major subtype of child-
hood ALL.
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INTRODUCTION

The most common chromosomal translocation observed in pediatric ALL is the
t(12;21)(p13;q22) translocation restricted to precursor B-cell leukemia. This genetic
subtype of ALL is found in approximately 25% of precursor B-lineage ALL"2. It involves
fusion of the TEL (also named ETV6) gene at chromosome 12p13 with the AMLI (also
named CBFA2 or RUNXI) gene at chromosome 21q22. The TEL gene is a member of
the ETS-domain transcription family*®. ETS proteins control the expression of genes
that are critical for several biological processes, including cellular proliferation, dif-
ferentiation, and apoptosis®. The AMLI gene is a transcription factor that forms one of
the two subunits of the core binding factor’”. AMLI1 is normally expressed in all he-
matopoietic lineages and regulates the transcription of myeloid and lymphoid lineage-
specific genes'®. The core binding factor is essential for definitive hematopoiesis of all
lineages'' .

Conflicting data on the clinical outcome of t(12;21) positive ALL have been reported
ranging from 60% to 100% 5-year event-free survival'*'®. The incidence of TEL-AMLI
rearrangements found at relapse varies from 6% to 24%'*. Additional genetic changes
in the TEL and/or AMLI genes occur in approximately 80% of all TEL-AMLI posi-
tive ALL patients'. Together, these data suggest that TEL-AMLI positive leukemia is
a heterogeneous disease and the outcome may depend on the intensity and schedule
of the treatment protocol. The t(12;21) positive ALL patients as a group are in vitro
more sensitive to L-Asparaginase compared to t(12;21) negative ALL patients*?, al-
though large interindividual differences in L-Asparaginase cytotoxicity are described.
So, a number of TEL-AMLI positive ALL patients do suffer from a relapse and/or are
resistant to L-Asparaginase.

The proposed mechanism of action of L-Asparaginase is the depletion of asparagine
and glutamine in the blood leading to the intracellular depletion of these amino acids*.
Lack or decreased expression of endogenous asparagine synthetase will result into an im-
paired capacity to re-synthesize sufficient amounts of asparagine upon L-Asparaginase
exposure*?. Resistance to L-Asparaginase may be caused by an elevated endogenous
expression of asparagine synthetase®. Recently, we reported that increased expression
of asparagine synthetase is linked with L-Asparaginase resistance in TEL-AML1 nega-
tive ALL*. However, this relationship was absent in children with TEL-AML1 positive
ALL?"*. Gene expression profiling in childhood precursor B-lineage ALL in general re-
vealed that resistance to L- Asparaginase is associated with increased expression of genes
encoding ribosomal proteins and translation factors?. It is yet unknown whether similar
genes are also involved in L-Asparaginase resistance of TEL-AMLI positive cases. The
present study used an extensive genome-wide approach to get insight into putative
causes of L-Asparaginase resistance and therapy failure in TEL-AMLI positive cases.
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MATERIALS AND METHODS

Patient samples

Bone marrow and/or peripheral blood samples from 69 untreated children with B-
lineage ALL (50 TEL-AMLI positive (33 eligible for L-Asparaginase resistance study
and 27 included for relapse-prediction study, n =10 in both studies) and 19 TEL-AML1
negative cases) at initial diagnosis were collected after informed consent at the Eras-
mus MC - Sophia Children’s Hospital (n=38), the Dutch Childhood Oncology Group
(DCOG) (n=32), the German COALL study group (n=26) and the Pediatric Oncology
Institute of Cancer Research Sutton, Surrey, United Kingdom (n=3). Dutch patients
were treated according to the DCOG ALL-7/8 and 9 protocol and German patients
according to the COALL-97 protocol. TEL-AMLI presence was determined by FISH
analysis as described before*. Within 24 hours after sampling, mononuclear cells were
isolated by density gradient centrifugation using Lymphoprep (density 1.077 g/ml; Ny-
comed Pharma, Oslo, Norway) and kept in culture medium consisting of RPMI 1640
medium (Dutch modification without L-glutamine; Life Technologies, Gaithersburg,
USA), 20% fetal calf serum (Integro, Zaandam, The Netherlands), 2mM L-glutamine
(Life Technologies) 5 ug/ml insulin, 5 pug/ml transferrin, 5 ng/ml sodium selenite
(ITS media supplement; Sigma, St. Louis MO, USA), 100 IU/ml pencillin, 100 pg/ml
streptomycin, 0.125 pg/ml fungizone (Gibco BRL, Life Technologies) and 0.2 mg/ml
gentamycin (Life Technologies). If necessary, ALL samples were enriched to achieve
more than 90 percent blasts by removing non-malignant cells via immunomagnetic
beads (DynaBeads), as described before?.

In vitro L-Asparaginase cytotoxicity assay

In vitro L-Asparaginasecytotoxicity was determined using the MTT assay as described
previously?'. Briefly, cell suspensions were cultured in the presence of six concentra-
tions of L-Asparaginase (Paronal, Christiaens B.V., Breda, The Netherlands) ranging
from 0.0032-10 IU/ml. Control cells were cultured without L-Asparaginase. After
four days of incubation, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide
(MTT, 5 mg/ml; Sigma Aldrich, Zwijndrecht, The Netherlands) was added. During a 6-
hour incubation, the yellow MTT tetrazolium salt is reduced to purple-blue formazan
crystals by viable cells only. Criteria for sensitive (LC_ <0.033 IU/ml) and resistant
(LC,,>0.912 IU/ml) towards L-Asparaginase were as described previously. These crite-
ria were of predictive value in ALL patients®.

RNA purification, labeling and hybridization to Affymetrix GeneChips

Total cellular RNA was extracted from a minimum of 5x10° leukemia cells using
Trizol reagent (GIBCO BRL). RNA was additionally purified with phenol-chloroform-
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isoamylalcohol (25:24:1), and RNA integrity was assessed using RNA 6000 Nano As-
say LabChips (Agilent Technologies) as previously described®. RNA processing and
hybridization to the U133A GeneChip oligonucleotide microarray (Affymetrix, Santa
Clara, CA, USA) were performed as described earlier®.

Analysis of gene expression data

Gene-expression values were calculated using Affymetrix Microarray Suite version
5.0. Arrays were excluded if the ratio of 3’ to 5" probe sets for B-actin or glyceralde-
hyde-3-phosphate dehydrogenase was greater than 3. Unscaled expression signals were
normalized using the vsn package in the statistical program R version 2.0.1°'. All 22,283
probe sets were used for subsequent analysis.

Genes discriminative for resistance to L-Asparaginase or occurrence of a relapse
were identified using the Wilcoxon rank-sums test. P-values were corrected for multiple
testing using the false discovery rate (FDR) step-up procedure suggested by Benjamini
& Hochberg®. This method compares the obtained list of p-values for all genes with
what would be expected if no genes were differentially expressed between sensitive and
resistant patients. This correction was run using the “multtest” package for R 2.0.1 (see
www.r-project.org).

The identification of genes discriminative for L-Asparaginase resistance indepen-
dently of TEL-AMLI status was performed by a gene specific regression model: gene
expression =a +  x [(TEL-AML1) + y x I(L-Asparaginase resistance), where I(TEL-
AML1) and I(L-Asparaginase resistance) represent variables indicating whether or not
the patient is TEL-AMLLI positive and L-Asparaginase resistant, respectively; and y is
the parameter representing the effect of L-Asparaginase resistance after controlling for
TEL-AMLI status. Using this model, we also investigated the interaction between TEL-
AMLL1 positivity and L-Asparaginase resistance®***. The expression of genes selected by
this model in L- Asparaginase resistant and sensitive ALL patients was compared within
each ALL genotype using the Mann-Whitney U test.

The predictive accuracy using all probe sets and the top 70 discriminating probe
sets for L-Asparaginase sensitivity compared to L-Asparaginase resistance (Wilcox
p <0.001) was assessed by randomly dividing the patients into two groups of L-Aspara-
ginase sensitive and resistant, as if resistance status was unknown. Then 9/10 of the
patients were used to build the model and 1/10 to assess the accuracy of the model (10-
fold cross-validation) using a support vector machine. This classification tool is similar
to logistic regression but is designed to exploit the nonlinear relationship among data
points?”**. The overall significance of the estimated predictive accuracy was computed
as the probability of observing equal or lower predictive accuracies on the basis of 1000
random permutations of the patients between the sensitive and resistant groups.
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The degree of overrepresentation or underrepresentation of discriminating genes for
L-Asparaginase resistance in TEL-AMLI1 positive ALL compared with the genes on the
U133A GeneChip was determined using the Gene Ontology Mining Tool (https://www.
affymetrix.com). The p-values were calculated using the chi-square test.

Probability of disease-free survival (pDFS) was calculated from the date of diag-
nosis to the occurrence of an event (non-response or relapse) or date of last contact
(censored). The pDES curves were calculated according the Kaplan-Meier method and
analyzed by the log-rank test.

RESULTS

Prediction of L-Asparaginase resistance in TEL-AML1 positive patients

The Wilcoxon rank-sums test was used as a supervised method to identify genes that
differed in expression between L-Asparaginase sensitive (n=23) and resistant (n=10)
TEL-AMLI positive ALL patients. With a false discovery rate <10%, 70 probe sets were
identified that were differentially expressed between L-Asparaginase sensitive and re-

sistant patients (P <0.001). These 70 probe sets correspond to 52 unique genes and

wilcoxon
3 expressed sequence taqs and are listed in Figure 1. 19 probe sets were underexpressed
in L-Asparaginase resistant cases whereas 51 probe sets were relatively overexpressed

in resistant TEL-AMLI positive ALL cases.

Supervised clustering and principal component analysis

These 70 probe sets discriminative for L-Asparaginase resistance in TEL-AMLI1 posi-
tive ALL patients were used for a hierarchical clustering. Hierarchical clustering as-
signed all resistant patients into one cluster and 22 of 23 sensitive patients in the second
cluster (Figure 1). Similarly, principal component analysis, a technique for visualizing
high-dimensional data sets, correctly separated all sensitive from resistant patients. Us-
ing 10-fold cross-validation, the accuracy to discriminate resistant from sensitive cases
(using the top 70 of probe sets) was 100% (p =0.004).

Gene ontology functional classification of discriminating genes

From the discriminative 70 probe sets for L-Asparaginase resistance in TEL-AMLI1
positive ALL, 42 probe sets were annotated in the Gene Ontology (GO) database.
Genes involved in lipid metabolism (16%; FDPS, HSD17B4, LDLR, UGCG, DPAGT]I,
PPAP2B, SPHK2) and cell death (17%; HDACI, TIAI, HTATIP2, BCL2L13, SPHK2)
were overrepresented in these 70 probe sets in comparison with the probe sets that
are present on the U133A GeneChip (each 5%; p <0.001) (Figure 2). Since BCL2L13
was recently described to be related to both L-Asparaginaseresistance and outcome in
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I I- Probe Set ID__| Gene Symbol R/S
[ | 220694 _at 0.89
201206_s at | RRBP1 0.76
222252 x at | - 0.89
212226 s at | PPAP2B 0.80
202068 s at | LDLR 0.76
210369_at SWAP70 0.74
217965_s at | HCNGP 0.89
213404_s_at | RHEB 0.88
214766 s at | ELYS 0.85
216563 _at 0.81
212644 s at | Cldorf32 0.88
212808 _at FLJ14639 0.90
204881 s at | UGCG 0.89
209136_s at | USP10 0.89
211503_s at | RABI4 091
216361 s at | MYST3 0.71
211000_s_at | IL6ST 0.79
213638_at PHACTR1 0.94
215623 x_at | SMC4L1 0.85
219570_at C200rf23 1.25
219405_at RNF137 1.08
204125_at NDUFAF1 1.15
208304_at CCR3 1.55
203227 s at | SAS 121
219383 _at FLJ14213 1.20
218685_s at | SMUGI 1.37
217647_at DHODH 1.78
218361 _at GPP34R 1.38
218832_x_at | ARRBI 1.52
219907_at FRS3 1.09
40273 _at SPHK2 115
207180_s_at | HTATIP2 113
45297 at EHD2 1.28
204718_at EPHB6 118
218893 _at FLJ23469 1.08
210347_s at | BCLI1A 115
205012_s_at | HAGH 118
219806_s_at | FN5 1.22
212429 s at | GTF3C2 1.08
209448 _at HTATIP2 1.22
209586_s at | HTCD37 L12
201931 _at ETFA 1.14
211595_s at | MRPSI1 1.20
208670_s_at | CRII 115
221744_at HANI1 1.16
209268 _at VPS45A 112
217955 _at BCL2LI13 1.20
201310_s_at | CSorfl3 111
202297_s at | RERI 1.10
218491 s at | THY28 118
204683 _at ICAM2 1.16
212175_s at | AK2 1.14
218572_at Cldorf123 1.16
209509 s at | DPAGTI 115
220068_at VPREB3 112
204839_at POPS 111
202857_at TMEM4 113
203259 s at | Céorf74 118
211609 x_at | PSMD4 112
218270_at MRPL24 1.24
201209_at HDACI 111
201448 _at TIAL 1.25
218452_at SMARCALI 1.78
201275_at FDPS 1.09
204288 s at | ARGBP2 1.81
219497 s at | BCLI1A 118
201450_s_at | TIAI 117
209781 s at | KHDRBS3 1.10
218983 _at CIRL 1.26
201413 _at HSD17B4 118

Figure 1. Supervised hierarchical clustering using probe sets discriminative for L-Asparaginase resistance in TEL-AML1 positive ALL.

The 70 probe sets (representing 52 unique genes and 3 expressed sequence taqs) differentially expressed between L-Asparaginase

resistant and sensitive TEL-AML1 positive ALL cases used to perform a hierarchical clustering (Pearson-based). Each column represents a
TEL-AML1 positive ALL sample, labelled black if resistant to L-Asparaginase. Each row represents a probe set. Probe sets that are relatively
overexpressed compared to the mean expression are depicted in white or light grey and those that are relatively underexpressed are
depicted in black or dark grey. In the right panel, the probe set ID, gene symbol and the ratio between the median expression of the gene
probe in L-Asparaginase resistant compared to L-Asparaginase sensitive TEL-AML1 positive patients is given (R/S ratio). All probe sets have a

Wilcoxon p<0.001 and FDR<0.01.
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associated with L-Asparaginase resistance, 42 probe sets were annotated in the GO database. Functional categories that are proportionally
overrepresented in the probe sets discriminative for L-Asparaginase, compared to the entire U133A GeneChip, are indicated by an asterisk
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Figure 3. Disease-free survival analysis of BCL2L13 expression in TEL-AML1 positive ALL

Probability of disease-free survival (pDFS) in TEL-AML1 positive ALL according to high (above median expression value, P>50) and low
(below median expression value, P<50) expression of BCL2L13. Black solid line, P<50, 5-yrs pDFS 93% =+ 9%; n=14, 1 event). Dotted line,
P>50, 5-yrs pDFS 54% =+ 14%; n=13, 7 events; p =0.03).
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pediatric B-lineage ALL*, we performed a survival analysis for this particular gene. A
high expression (above median value) of BCL2L13 was significantly related to a poor
outcome (5-yrs pDFS 54% + 14%) compared to low expression of BCL2L13 (5-yrs
pDEFS 93% * 9%; p=0.03) (Figure 3) in this independent group of TEL-AMLLI positive
ALL patients.

Interaction between TEL-AML1 status and L-Asparaginase resistance

In a separate analysis including both TEL-AMLI1 positive and negative samples, we
used a regression model to address which genes were discriminative for L- Asparaginase
resistance in these patients and if these genes were dependent of TEL-AMLLI status.
We found 16 genes with differential expression between L-Asparaginase sensitive and
resistant patients (FDR <10%), in different directions depending on TEL-AMLI status.
Of these, 2 genes were discriminative for L-Asparaginase resistance in TEL-AML1
negative but not in TEL-AMLI positive ALL patients, and the other 14 genes were
discriminative for L-Asparaginase resistance within both groups, but with opposite
expression levels (Table 1).

Relapse prediction in TEL-AML1 positive ALL

The Wilcoxon rank-sums test was used to identify genes that are linked to the occur-
rence of a relapse. This analysis was performed on gene expression profiles generated
at initial diagnosis of only 27 TEL-AML1 positive ALL patients with a minimum fol-
low-up of 4 years (median follow-up of patients at risk of 5 years, range 4.0-12.8). Nine
of these 27 patients suffered a relapse (median time to relapse 3.1 years, range 0.5-6.4).
With a FDR of 63%, only 4 discriminative probe sets were identified (P <0.001;
Table 2). These 4 probe sets showed no overlap with the 70 probe sets discriminative for

wilcoxon

L-Asparaginase resistance. Disease-free survival analysis for each probe set individually
showed that relative overexpression (above median expression) of KIAA1026 (probe set
213403_at) and MGCI11332 (probe set 213478 _at) is associated with an unfavourable
outcome (5 yrs DFS of 46% + 14% and 50% + 13%, respectively) compared to patients
with a relative underexpression (5 yrs DFS of 100%, p <0.001 for both probe sets). Rela-
tive underexpression (below median expression) of KLK5 (probe set 222242 _s_at) and
MGC3196 (probe set 203326_x_at) is associated with an unfavourable outcome (5 yrs
DES of 50% + 13% for both probe sets) compared to patients with a relative overexpres-
sion (5 yrs DFS of 100%, p <0.001 for both probe sets). Multivariate analysis including
each individual probe set and other prognostic factors (age, WBC) indicated that none
of these probe sets was of independent prognostic value in this group of TEL-AMLI1
positive ALL patients.
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Table 2. Identification of probe sets of which expression level at initial diagnosis is predictive for clinical outcome in TEL-AMLT positive ALL.

probeset ID gene symbol Ptsin CCR¥ Pts who suffer from relapse* Ratio p-value**
213403_at KIAA1026 2.17(1.74-2.39) 2.84(2.74-3.10) 0.76 p<0.001
222242 s at KLKS 3.53(3.46-3.70) 2.90(2.72-3.30) 1.22 p<0.001
203326_x_at MGC3196 2.22(1.97-2.53) 1.79(1.71-1.90) 1.24 p<0.001
213478 _at MGC11332 2.53(1.99-2.90) 3.37 (2.96-3.60) 0.75 p<0.001

*median normalized expression (P25-P75) in arbitrary units; CCR: complete continuous remission
**Wilcoxon p-value

DISCUSSION

The present study used an extensive genome-wide approach to get insight into puta-
tive causes of L-Asparaginase resistance and therapy failure in TEL-AMLI1 positive
cases. We have identified genes that are differentially expressed between L-Asparagi-
nase sensitive and resistant cases with TEL-AML1 positive ALL. The mechanism(s)
of L-Asparaginase resistance in ALL cells is unclear. L-Asparaginase causes depletion
of asparagine and glutamine and high expression of asparagine synthetase may there-
fore rescue leukemic cells from asparagine deficiency, a phenomenon seen in several
cell?*¥42 lines. A gene expression profiling study by Fine et al. showed that genes
predictive for L-Asparaginase resistance in leukemic cell lines were not predictive for
L-Asparaginase resistance in a mixed group of ALL patients*. Asparagine synthetase
was the best predictor of L-Asparaginase resistance and asparagine synthetase was
more highly expressed in L-Asparaginase resistant cell lines, but not in ALL patients®.
These data may be explained by the fact that the causes of L-Asparaginase resistance
may differ between genetic subtypes. We recently showed that expression of asparagine
synthetase is linked to L- Asparaginase resistance in leukemic cells of TEL-AMLI nega-
tive ALL patients, but not in TEL-AMLI1 positive ALL patients*"*. This indicates that
the mechanism of L-Asparaginase resistance differs between ALL genotypes.

Recently, we found that especially genes involved in protein synthesis were over-
represented in L- Asparaginase resistant mainly TEL-AML1 negative precursor B-lineage
ALL patients”. Also a discordant resistance between vincristine and L-Asparaginase
was described, which indicated that ALL cells that are L-Asparaginase sensitive and
vincristine resistant are likely to be TEL-AMLI positive*. The genes discriminating
for L-Asparaginase resistance in pediatric B-lineage ALL encoded merely cytoplasmic
ribosomal proteins. In contrast, in the TEL-AMLI1 positive patients studied here the
number of protein synthesis-associated probe sets were limited (n=10) and linked
to mitochondrial instead of cytoplasmatic ribosomes. In TEL-AMLI1 positive ALL,
functional analysis by gene ontology indicated that resistance to L- Asparaginase is pre-
sumably more linked to defects in the apoptosis machinery (HDACI, TIA1, HTATIP2,
BCL2L13, SPHK2) and lipid metabolism (FDPS, HSD17B4, LDLR, UGCG, DPAGT1,
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PPAP2B, SPHK2). Taken together our and previous studies, the absence of an overlap
in L-Asparaginase resistance associated genes suggests different causes of resistance to
this drug between genotypes. In correspondence with this, we found L-Asparaginase
resistance associated genes whose expression levels were oppositely associated with L-
Asparaginase resistance in TEL-AMLI1 positive and negative ALL.

In the present study, we addressed which genes may be important for L-Asparagi-
nase resistance in TEL-AMLI positive ALL subtype. We identified 5 genes involved in
chromatin remodelling by histone (de)acetylation (i.e. HDACI, SMC4L1, HTATIP2,
MYST3 and SMARCALTI) that were associated with L-Asparaginase resistance in TEL-
AML1 positive ALL (Figure 1). Chromatin remodelling by histone acetylation and
deacetylation is crucial in the regulation of gene expression. The TEL-AMLI fusion
protein represses transcription of AMLI1 target genes through recruitment of histone
deacetylases (HDACs) which induces closure of the chromatin"*****. HDAC inhibitors,
therefore, might enhance the efficacy of cytotoxic agents like L-Asparaginase. Recently,
we observed that both TEL-AMLI positive and negative cases became more sensitive
to L-Asparaginase upon exposure to the HDAC inhibitor FK228 (depsipeptide)®. This
sensitizing effect was not due to synergism between FK228 and L-Asparaginase, but
was caused by the additive toxicity of FK288 itself. This suggests that FK228 may not be
the first choice to reverse L- Asparaginase resistance in pediatric ALL. More insight into
the biological function of the yet identified genes may elucidate whether chromatin
remodelling plays a role in L-Asparaginase resistance in TEL-AMLI1 positive ALL.

Genes involved in lipid metabolism (FDPS, HSD17B4, LDLR, UGCG, DPAGT1I,
PPAP2B, SPHK2) were related to L-Asparaginase resistance in TEL-AMLI positive ALL
patients. FDPS and LDLR are involved in cholesterol synthesis. Cholesterol synthesis
has been related to sensitivity of several drugs in AML cells, but not in ALL cells*'. Fur-
thermore, genes involved in the ceramide metabolism pathway (UGCG and SPHK2)
seem important, since 2 out of 7 genes on the total GeneChip involved in the ceramide
pathway were discriminative for L-Asparaginase cytotoxicity. Ceramide expression on
its turn can induce apoptosis®~.

Differential expression of apoptosis genes in childhood ALL is associated with lin-
eage, genetic subtype, in vitro drug resistance and clinical outcome®. L-Asparaginase
resistance is associated with decreased induction of apoptosis in childhood ALL, but
with unknown causes™. We found HDACI, TIA1, HTATIP2, BCL2L13 and SPHK2 to
be linked to L-Asparaginase resistance in TEL-AMLI positive ALL. BCL2L13 (Bcl-
rambo) is a recently discovered member of the pro-apoptotic Bcl-2 family***, and is
associated with in vitro L- Asparaginase resistance and an un favourable long-term out-
come in children with B-lineage ALL*. In the present and independent study, we also
found that high expression of BCL2L13 was associated with L-Asparaginase resistance
in TEL-AMLI positive ALL. Furthermore, high expression of BCL2L13 was related to a
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poor prognosis in TEL-AMLI patients (Figure 3). Therefore, BCL2L13 may represent a
new risk factor in childhood ALL independent of genetic subtype.

In the present study we found 4 genes to be linked with the occurrence of a relapse
in TEL-AML1 positive ALL, although with a very high false discovery rate of 63%.
This indicates that either no genes exist that can predict relapse or that the differences
in expression of these genes is small and more patients should be analyzed to gain
statistical power. Another possibility is that the clonal evolution of an underlying pre-
leukemic subclone gives rise to a novel leukemia, which is falsely regarded as a relapse
of the original major clone®. Despite the high false discovery rate, one of these 4 genes,
Kallikrein 5 (KLK5), a serine protease, has been shown before to be associated with
an unfavourable prognosis in several forms of cancer” . Remarkably, however, in
the present study a low expression is associated with a poor prognosis in TEL-AMLI1
positive ALL. This suggests a different functional role for the serine protease KLK5 in
primary leukemic cells of children compared to carcinoma cells.

In conclusion, we found 70 probe sets representing 52 unique genes and 3 expressed
sequence taqs, which discriminated between L-Asparaginase sensitive and resistant
TEL-AMLI positive ALL patients. These genes are different from the genes found in
TEL-AMLI negative ALL, strengthening the hypothesis that the mechanism of L-As-
paraginase action and/or resistance differs between both genetic subgroups. Studying
the biological function of these genes may reveal that new insights in putative targets
can be used to improve the treatment of TEL-AMLI positive leukemia.
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ABSTRACT

PURPOSE: The most common translocation in childhood pediatric acute lymphoblas-
tic leukemia involves fusion of TEL and AMLI genes. The fusion protein TEL-AMLI1
recruits co-repressors and histone deacetylases (HDACs), which transrepress AML1
target genes. FK228 (FR901228 or depsipeptide) is a promising HDAC inhibitor that
inhibits cell proliferation and induces differentiation and apoptosis of cancer cells. We
investigated the specificity of FK228 as putative new drug in the treatment of TEL-
AMLI positive ALL.

EXPERIMENTAL DESIGN: The cytotoxicity of FK228 in TEL-AMLI positive and
negative ALL patient cells and normal bone marrow cells was determined using MTT
assays. The induction of B-cell differentiation by FK228 exposure in TEL-AMLI1 posi-
tive and negative patient cells was determined by analyzing the expression of nine B-
cell markers by flow cytometry.

RESULTS: Normal bone marrow cells were in vitro median 2-fold more resistant to
FK228 induced cell kill compared to primary TEL-AMLI1 positive and negative ALL
patient cells (p=0.03). FK228 induced dose-dependent B-cell differentiation in both
TEL-AMLI positive and negative ALL cells. FK228 had an additive effect on the in vitro
cytotoxicity of L-asparaginase in both genetic ALL subtypes.

CONCLUSION: FK228 induces differentiation in children with B-lineage ALL, but its
effect is not selective for TEL-AMLI rearranged B-lineage ALL only.



Histone deacetylase inhibitor FK228 (FR901228, depsipeptide) induces B-cell differentiation

INTRODUCTION

The t(12;21)(p13;q22) (TEL-AMLI) is the most common (~25%) translocation in child-
hood acute lymphoblastic leukemia (ALL), and is restricted to precursor B-cell lineage
leukemia. The prognosis of ALL patients with the TEL-AMLI translocation is under
discussion and seems to depend on the intensity of the treatment protocol'. In addition,
TEL-AMLI positive ALL patients are more sensitive to L-Asparaginase compared to
TEL-AMLI negative ALL patients®’.

TEL (ETV6) contains an N-terminal pointed (PNT) dimerization domain which
mediates homodimerization**. The C-terminal DNA-binding domain (homologous
domain in all Ets-family transcription factors) recognizes a purine-rich GGAA/T core
motif within promoters and enhancers of various genes’. TEL contributes to angio-
genesis and homing of hematopoietic progenitor cells to the bone marrow”®. AMLI
(RUNX1) encodes a transcription factor that binds the enhancer core sequence TGT/
c¢GGT through its N-terminal Runt homology domain (RHD)®’. The DNA-binding af-
finity of AMLLI is increased by heterodimerization between the RHD and the core bind-
ing factor P protein, forming the core binding factor. Transcription of AML1-targeted
genes is mediated by the C-terminal transactivation (TA) domain of AMLI. The core
binding factor is essential for definitive hematopoiesis of all lineages'®!'.

The TEL-AMLI fusion product contains the PNT domain of TEL and the RHD and
TA domain of AML1. The PNT domain and the central region of TEL as well as the
RHD and amino acids 216-290 within AMLI, appear critical in inhibition of transcrip-
tion via binding of co-repressors such as SMRT, mSin3A, N-CoR and HDAC-3'**¢, Like
AMLI, the abnormal TEL-AMLI fusion protein can bind to core enhancer sequences,
but instead of activating transcription through recruitment of co-activators and histone
acetylases, it recruits co-repressors and histone deacetylases (HDACs). This induces
closure of the chromatin resulting into inhibition of transcription'’-*. These changes in
the normal AMLI-mediated transcriptional cascade alter both the self-renewal capac-
ity and the differentiation capacity of hematopoietic cells'?'. TEL-AMLI positive ALL
might benefit from treatment with HDAC inhibitors since the TEL-AMLI-induced
transcriptional repression was shown to be reversed by HDAC inhibitors'">. Besides
TEL-AMLI positive ALL cells, also in t(8;21)/[AMLI-ETO], t(15;17)/[PML-RAR«] and
t(11;17)/[PLZF-RAR«] positive acute myeloid leukemia differentiation was induced by
HDAC inhibitors??*.

HDAC inhibitors are a new class of antineoplastic agents currently being evaluated
in clinical trials. The class includes butyrates, which have traditionally been studied
as differentiating agents, and a more recently developed bicyclic depsipeptide FK228
(FR901228)*. FK228 and butyrates have been shown to induce cell differentiation in
myeloid leukemias?***?>%*, to inhibit cell proliferation” and to enhance apoptosis in
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several types of cancer cells”*. Recently, phase I clinical trials demonstrated that both
FK228 and sodium butyrate are well tolerated, but FK228 is the only HDAC inhibitor so
far that has shown clinical efficacy in specific tumor types***¢. Currently, a multi-insti-
tutional phase II trial of FK228 for patients with T-cell lymphomas is being coordinated
by the American National Cancer Institute?. The present study was undertaken to gain
more insight into the potential use of HDAC inhibitors in the treatment of TEL-AML1
positive ALL. To this aim, we studied the cytotoxic effect of HDAC inhibition alone and
in combination with L-asparaginase in TEL-AMLI1 negative and positive leukemic cells
of children with ALL at initial diagnosis. In addition, the effect of HDAC inhibition on
B-cell differentiation of these leukemic cells was studied.

MATERIALS AND METHODS

Patient samples

Bone marrow and/or peripheral blood samples from 29 untreated children with
common/pre B-ALL at initial diagnosis were collected at the Erasmus MC - Sophia
Children’s Hospital, the Dutch Childhood Oncology Group (DCOG) and the German
COALL study group. Bone marrow samples from 4 healthy children were included as
controls. Samples were collected after informed consent was obtained from patients,
their parents or guardians, according to the Helsinki declaration. The informed consent
has been approved by the Medical Ethics Committee Erasmus MC (i.e. Institutional
Review Board of the Erasmus University Medical Center Rotterdam, The Netherlands).
Within 24 hours after sampling, mononuclear cells were isolated by density gradient
centrifugation using Lymphoprep (density 1.077 g/ml; Nycomed Pharma, Oslo, Nor-
way), centrifuged at 480 g for 15 min at room temperature. The collected mononuclear
cells were washed twice and kept in culture medium consisting of RPMI 1640 medium
(Dutch modification without L-glutamine; Life Technologies, Gaithersburg, USA),
20% fetal calf serum (Integro, Zaandam, the Netherlands), 2 mM L-glutamine (Life
Technologies) 5 pg/ml insulin, 5 pg/ml transferrin, 5 ng/ml sodium selenite (ITS media
supplement; Sigma, St. Louis MO, USA), 100 IU/ml pencillin, 100 pg/ml streptomycin,
0.125 pg/ml fungizone (Gibco BRL, Life Technologies) and 0.2 mg/ml gentamycin (Life
Technologies). Contaminating non-leukemic cells in the ALL samples were removed by
immunomagnetic beads as described earlier”. All resulting samples contained >90%
leukemic cells, as determined morphologically on May-Griinwald-Giemsa (Merck,
Darmstadt, Germany) stained cytospins.
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Invitro cytotoxicity assay

In vitro cytotoxicity of the HDAC inhibitors FK228 and sodium butyrate as well as
L-Asparaginase was determined using the MTT assay*. Briefly, 100 pl aliquots of cell
suspension (1.6 x 10° cells) were cultured in round-bottomed 96 well microtitre plates
in the presence of six concentrations of L-Asparaginase (Paronal, Christiaens B.V.,
Breda, The Netherlands) ranging from 0.00013 - 10 IU/ml, sodium butyrate (Sigma-
Aldrich, St. Louis, MO, USA) ranging from 0.01 -1000 pug/ml or FK228 (FR901228,
Fujisawa Pharmaceutical Co., Osaka, Japan) ranging from 0.04 - 10 ng/ml in duplicate.
To study the sensitizing effect of FK288, cells were pre-exposed to FK228 (0.1, 0.4 and
1.1 ng/ml) for 30 minutes before co-incubation with different concentrations of L-As-
paraginase in a 96-wells plate. Control cells were cultured without drugs. After 4 days
of (co)incubation at 37°C, 10 pl of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoli-
umbromide (MTT, 5 mg/ml; Sigma Aldrich, Zwijndrecht, The Netherlands) was added
to each well. During a 6-hour incubation, the yellow MTT tetrazolium salt is reduced
to purple-blue formazan crystals by viable cells. Samples with >70% leukemic cells in
the control wells and an optical density higher than 0.050 arbitrary units (adjusted for
blank values) were used to calculate the concentration of drug lethal to 50% of the cells
(LC,).

B-cell differentiation markers

After 4 days of exposure to FK228 or control medium, the expression of B-cell differen-
tiation markers was measured by flow cytometry. Three selected quadruple immunos-
tainings (1. TdT-FITC/CD19-PE/CD20-PerCP/CD10-APC; 2. CD34-FITC/CD19-PE/
CD45-PerCP/CD22-APC; 3. SmIgM-PE/Cylgu-FITC/CD19-PerCPCy5.5/CD34-APC;
BD Biosciences, San Jose, CA, USA) were used to analyze FK228-induced changes in
the differentiation stage of precursor B-cells*. As described before®, 25 ul aliquots
of FK228 exposed leukemic cells (20 x 10° cells/ml) were incubated for 10 minutes at
room temperature with combinations of optimally titrated monoclonal antibodies (see
reference 42 for details on the antibodies used). Analysis of marker expression was
performed on gated living cells based on forward and sideward scatter characteris-
tics. Quadruple labeling for membrane-bound antigens were directly analyzed on a
FACSCalibur (BD Biosciences, San Jose, CA, USA) using Cell Quest Pro software. For
staining of cytoplasmic pu chain (Cylgu) and intranuclear staining of terminal deoxynu-
cleotidyl transferase (TdT), we first analyzed the membrane-bound antigens followed
by permeabilisation of the plasma and nuclear membranes using IntraPrep Permea-
bilisation Reagent (Immunotech, Marseille, France) and FACSBrand lysing solution
(BD Biosciences; San Diego, CA, USA), respectively. The fluorescence index (FI) was
calculated by dividing the mean fluorescence intensity of the specific antibody by the
value of its isotypic control antibody. The fold-change value for each differentiation
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marker represents the ratio between the FI of FK228 exposed cells compared to the FI
of culture medium (control)-treated cells.

Statistics

The cytotoxicity of HDAC inhibitors between two groups was compared using the
Mann-Whitney U test. The effect of FK228 exposure on L-Asparaginase cytotoxicity
was analyzed by paired t-test of the area under the curve. Statistical tests were per-
formed at a two-tailed significance level of 0.05.

RESULTS

FK228 and sodium butyrate cytotoxicity

Cytotoxicity of FK228 was measured in 14 TEL-AMLI positive ALL, 15 TEL-AMLL1
negative ALL and 4 normal bone marrow samples (Figure 1A). The cytotoxicity of
FK228 did not differ between TEL-AMLI positive (median LC_ value 1.0 ng/ml, P25-
P75:0.8-1.3) and TEL-AMLI negative ALL cells (median LC,; value 0.8 ng/ml, P25-
P75:0.6-1.2; p=0.3). Normal bone marrow samples were median 2-fold more resistant
compared to ALL cases (median LC, value 2.0 ng/ml, P25-P75: 1.1-2.6 and median
LC,, value 1.0 ng/ml, P25-P75: 0.7-1.2 respectively; p=0.03).

In correspondence with FK228, the cytotoxicity of sodium butyrate did not differ
between TEL-AMLI positive and negative cases (median LC_ value 0.05 pg/ml, P25-

Cytotoxicity of FK228 in Cytotoxicity of sodium butyrate
childhood ALL in childhood ALL
100 _ 1
p=0.03 IE p=0.1
e}
= ES
E 104 °
2 T 014 0o . o
ﬁ g0 ot o = [ ? anogo.o _QO'D_O —og—
w o OO H °
§ T 0.014
3 o4 3 oo
8
o
-
OO
0.01 0.001
TEL-AML1+ TEL-AML1- normal BM TEL-AML1+ TEL-AML1- normal BM
A ALL ALL B ALL ALL

Figure 1. Cytotoxicity of HDAC inhibitors inchildhood ALL

A. FK228. Cytotoxicity of FK228 was measured in 14 TEL-AML1 positive (median LCS0 value 1.0 ng/ml), 15 TEL-AMLT negative (median LCSo
value 0.8 ng/ml) and 4 normal bone marrow (BM) samples (median LC,; value 2.0 ng/ml). TEL-AML1 positive versus negative ALL cells:
p=0.3; TEL-AML1 positive and negative ALL cells versus normal BM samples: p=0.03.

B. Sodium butyrate. Cytotoxicity of sodium butyrate was measured in 14 TEL-AMLT positive (median LC,  value 0.05 ug/ml), 9 TEL-AML1
negative (median LC; value 0.05 pg/ml) and 4 normal bone marrow (BM) samples (median LC value 0.06 pg/ml). TEL-AML1 positive
versus negative ALL cells: p=0.6; TEL-AML1 positive and negative ALL cells versus normal BM samples: p=0.1.
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P75 0.009-0.06 pg/ml and median LC,  value 0.05 pg/ml, P25-P75 0.04-0.06 pg/ml,
respectively; Figure 1B). Normal bone marrow cells were ~1.2-fold more resistant to
this drug compared to ALL cells (median LC_ value 0.06 ug/ml, P25-P75: 0.05-0.9
ug/ml and median LC, value 0.05 pg/ml, P25-P75: 0.01-0.06 respectively; p=0.1).

Effect of FK228 on L-Asparaginase cytotoxicity

The effect of FK228 exposure on L-Asparaginase sensitivity in leukemic cells was ana-
lyzed in 5 TEL-AMLI positive and 4 TEL-AMLI negative ALL samples. Co-incubation
of 1.1 ng/ml FK228 and L-Asparaginase resulted into a strong decrease in cell survival
compared to incubation with L-Asparaginase as single drug (Figure 2; p=0.03). As
shown in Figure 2, the effect of co-incubation did not differ between TEL-AMLLI posi-
tive and negative cases. The effect of FK228 on L-Asparaginase sensitivity was additive
only, since no difference in toxicity of L- Asparaginase was observed after correction for
cell kill induced by FK288 itself in both genetic subgroups.

A TEL-AML1 positive ALL
100
—=— L-ASP only
--a-- L-ASP + 0.1 ng/ml FK228
Q —=— L-ASP + 0.4 ng/ml FK228
8 --+-- L-ASP + 1.1 ng/ml FK228
2 50
>
X 254
c T T T T 1
104 10° 102  10®  10°  10°
L-Asparaginase (IU/ml)
B TEL-AML1 negative ALL
100
—=— L-ASP only
3 --a-- L-ASP + 0.1 ng/ml FK228
Q " —=— L-ASP + 0.4 ng/ml FK228
8 --+-- L-ASP + 1.1 ng/ml FK228
2 50
>
X 254
c T T T T 1
104 10° 102  10®  10°  10°

L-Asparaginase (IU/ml)

Figure 2. Sensitizing effect of FK228 on L-Asparaginase cytotoxicity in leukemic cells

The effect of 0.1, 0.4 and 1.1 ng/ml FK228 on L-Asparaginase cytotoxicity was studied in (A) 5 TEL-AMLT positive and (B) 4 TEL-AMLT
negative ALL samples. Curves summarize the mean and standard error of the mean in percentage of surviving cells after incubation with
L-asparaginase as single agent (solid line) and after co-incubation with FK288 (dashed lines).
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Figure 3. Effect of FK228 on B-cell differentiation expression in TEL-AML1 positive and negative ALL cells

Effect of exposure to 0.1and 1.1 ng/ml FK228 in TEL-AML1 positive and negative ALL cells on the expression of B-cell differentiation
markers TdT (2.6-fold decrease, p < 0.001), (D10 (1.4-fold decrease, p=0.007), (D19 (1.6-fold decrease, p < 0.001) and (D45 (1.1-fold
increase, p=0.09) compared to controls cultured for the same time without FK228 exposure. There is no difference in effect of FK228
between TEL-AML1 positive and negative samples.

B-cell differentiation

Samples of five TEL-AMLI1 positive and five TEL-AML1 negative ALL patients
(matched for age 1-10 yrs, common/preB immunophenotype, no hyperdiploidy (> 50
chromosomes), absence of MLL rearrangement and t(9;22)/[BCR-ABL]) were exposed
to FK228 to study the effect on B-cell differentiation. The expression of none of the 9
tested differentiation markers changed after incubation with 0.1 and 0.4 ng/ml FK228
compared to control cells. However, exposure with 1.1 ng/ml FK228 resulted in a clear
and significant effect on the expression of CD10, CD19, and TdT (Figure 3, Table 1).
This effect of 1.1 ng/ml FK228 was comparable between TEL-AMLI1 positive and nega-
tive ALL cells (Figure 3). The expression after FK228 exposure was 1.4-fold decreased
for CD10 (p=0.007), 1.6-fold decreased for CD19 (p<0.001) and 2.6-fold for TdT
(p<0.001;Table 1) compared to controls cultured for the same time without FK228
exposure. A slight increase of CD20 (1.8-fold), CD22 (1.1-fold) and CD45 (1.1-fold)
was observed whereas the expression of CD34, Cylgu and surface IgM (SmIgM) did
not differ after exposure to FK228 (Table 1). The decrease in CD19, TdT, and CD10
as well as the slight increase in CD20, CD22 and CD45 expression corresponds to the

induction of differentiation towards a more mature B-cell stadium?¥.



Histone deacetylase inhibitor FK228 (FR901228, depsipeptide) induces B-cell differentiation

Table 1. FK228-induced B-cell differentiation in childhood ALL

Marker Fluorescence Index* Fluorescence Index* fold paired
unexposed exposed to 1.1 ng/ml FK228 change t-test
median (P25-P75) median (P25-P75) p-value

D10 751.1 (558.3-964.4) 5503 (305.2-834.1) -14 0.007

cD19 208.8 (136.7-358.1) 131.8 (76.1-242.2) -1.6 <0.001

CD20 10.1 (3.8-24.2) 18.6 (54-24.2) 1.8 0.150

D22 112.6 (100.3-316.1) 1224 (83.3-273.2) 1.1 0.820

CD34 322 (8.6-85.1) 31.0 (13.3-70.5) 1.0 0.100

CD45 933 (42.7-111.2) 104.6 (64.9-130.9) 1.1 0.090

TdT 50.8 (26.1-67.4) 19.4 (12.2-31.2) -2.6 <0.001

Cylgu 248 (14.7-56.7) 263 (15.4-36.7) 1.1 0.150

SmigM 10.6 (8.0-13.1) 9.0 (7.7-11.1) 1.2 0.160

*The fluorescence index (FI) is the mean fluorescence intensity of the specific antibody by its isotypic control antibody. Significant p-values are
underlined.

DISCUSSION

The AMLI gene is disrupted by the t(12;21) translocation in pediatric ALL. Normally,
AMLI functions as the DNA-binding component of the core binding factor that acti-
vates the expression of genes required for proliferation and differentiation**>. Numer-
ous AMLI translocations also occur in acute myeloid leukemia (AML)*. The common
element of these fusion proteins is that they all fuse the enhancer core sequence binding
RHD (runt homology domain) of AML1 with a second protein that inhibits AML1-
dependent transcriptional activation*. Furthermore, most of these fusion products
interact with the N-CoR complex, resulting into recruitment of Sin3 and HDACs to
AML1-dependent promoters'*!¢?*%, Since inhibitors of HDACs have been shown to
abolish AML1-ETO-mediated transcriptional repression and to induce differentiation
in t(8;21)/[AMLI-ETO] positive AML?, we studied if HDAC inhibitors also have an
effect in ALL patients with a rearranged AMLI gene, i.e. TEL-AMLI1 positive ALL.
Despite the presence of more binding sites for HDAC inhibitors on the TEL-AML]
fusion gene compared to wild type TEL or AMLI genes, we observed no difference
between TEL-AMLI1 positive and negative cases in the cytotoxic effect of both HDAC
inhibitors FK228 and sodium butyrate. Moreover, in both TEL-AMLI1 positive and
negative cases, FK228 induced the differentiation into a more mature B-cell phenotype.
This suggests that the effect of HDAC inhibitors is independent of the genetic subtype.
Studies in acute myeloid leukemia also found that HDAC inhibition restores the differ-
entiation process independent from genetic subtype®. It is conceivable to hypothesize
that different genetic alterations may result in common patterns of deregulated gene
expression, leading to blockage of differentiation and favoring leukemogenesis. For
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both acute lymphoblastic and acute myeloid leukemia there are indications that the
normal pattern of expression of HOX genes is disrupted (e.g. by rearrangement of
AMLI, MLL, E2A or PBX1 genes), causing a change in the self-renewal and growth of
hematopoietic stem cells and committed progenitors'. It is of interest to study whether
leukemogenesis is triggered when HDACs disrupt the HOX regulatory pathway of
normal hematopoiesis.

TEL-AMLI positive ALL patients are known to be more sensitive to L-Asparagi-
nase compared to TEL-AMLI1 negative ALL patients*>. We recently showed that the
expression level of asparagine synthetase (necessary for intracellular re-synthesis of
asparagine) correlated to resistance for L-Asparaginase in TEL-AMLI negative cases
but not in TEL-AMLI positive ALL patients**. This indicates that the mechanism of L-
Asparaginase action (and hence cause of sensitivity or resistance) is different between
both genetic subgroups of B-lineage ALL. Since both FK228 and L-Asparaginase induce
apoptosis, it was of interest to determine the potentiating effect of FK228 on the cyto-
toxicity of L-Asparaginase. We observed that both TEL-AMLI positive and negative
cases became more sensitive to L-Asparaginase upon FK228 exposure. However, this
sensitizing effect was not caused by a synergism between FK228 and L-Asparaginase,
but could be explained by an additive effect caused by the cytotoxicity of FK288 itself.
Other HDAC inhibitors such as sodium butyrate have also been reported to induce
an additive rather than a synergistic effect on drugs used in the treatment of ALL (e.g.
vincristine, dexamethsone and daunorubicin) in several cancer types*-°.

In the present study, we analyzed the cytotoxic and differentiating effect of the
HDAC inhibitor FK228 in TEL-AMLLI positive and negative ALL to gain more insights
in the possibility to use this drug in the treatment of these patients. Clinical phase
I/II trials suggest that FK228 is a promising HDAC inhibitor since it is well tolerated
and already showed clinical efficacy in a few patients, such as a t(8;21) positive AML
patient, one patient with renal cell carcinoma and several patients with a T-cell lym-
phoma?®. Although our results showed that FK228 induced lymphoid differentiation,
the effect of this HDAC inhibitor was not selective for TEL-AML positive ALL patients.
However, the 2-fold difference in toxicity of FK228 between ALL and normal bone
marrow samples may be indicative for a therapeutic advantage to use FK228 in the
treatment of ALL. In addition, the non-TEL-AMLLI restricted additive effect of FK228
on L-Asparaginase cytotoxicity as well as the induction of B-cell differentiation encour-
ages further studies on the efficacy of HDAC inhibitors in the treatment of precursor
B-ALL irrespective of TEL-AMLI status.
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Summary

The t(12;21)(p13;q22) translocation resulting in a TEL-AMLI fusion is the most com-
mon translocation in pediatric ALL. In general, TEL-AMLI1 positive ALL is associ-
ated with a good prognosis. However, conflicting data on the percentage of patients
entering relapse and the proportion of TEL-AMLI positive cases at relapse have been
reported. Overall, the reported prognostic relevance of TEL-AMLI1 seems to depend
on the intensity of the treatment protocol. A possible explanation for this finding can
be ascribed to the fact that TEL-AMLI positive ALL cells are in vitro more sensitive
to L-Asparaginase compared to TEL-AMLI negative ALL cells. However, within the
t(12;21) positive ALL group, large interindividual differences in cellular in vitro sensi-
tivity to L-Asparaginase were found. The clinical heterogeneity in response to therapy
as well as the large heterogeneity in in vitro sensitivity to L-Asparaginase, suggests that
additional genetic changes might be important for the differences in drug sensitivity
and clinical outcome. Therefore in chapter 2, we studied the incidence of additional
genetic changes in the TEL and AMLI genes in t(12;21) positive ALL and their relation
with drug sensitivity and clinical outcome. 83% of the patients showed one or more
additional genetic changes in these two genes. The additional genetic changes could
be divided into a complete deletion of the second TEL allele (62%), a partial deletion
of the second TEL allele (8%), an extra AMLI gene (23%) and an extra der(21)t(12;21)
indicative for an extra copy of the TEL-AMLI fusion gene (10%). 20% of all t(12;21)
positive ALL patients had more than one additional genetic abnormality in TEL and
AMLI. Patients with an extra der(21)t(12;21) were more resistant to prednisolone, but
no difference was found for L-Asparaginase and multivariate analysis including other
risk factors showed that only prednisolone resistance was an independent prognostic
factor in TEL-AMLI positive ALL patients.

In chapter 3 we showed that the level of mRNA expression of TEL, AMLI and the
fusion products TEL-AMLI and AMLI-TEL was not associated with drug sensitivity.
High AMLI-TEL expression level was predictive for an unfavourable outcome irrespec-
tive of the presence of other risk factors including cellular resistance to prednisolone,
vincristine and L- Asparaginase.

We previously showed that TEL-AMLI positive ALL patients are in vitro more sensi-
tive to L-Asparaginase compared to TEL-AMLI negative patients. L-Asparaginase is
an enzyme used in chemotherapeutic protocols for children with ALL. L-Asparagi-
nase depletes asparagine and glutamine in blood plasma and cells. Impaired capacity
to synthesize asparagine due to reduced asparagine synthetase levels may explain the
L-Asparaginase sensitivity of ALL cells. Cell line studies indicated that L-Asparaginase
resistance may be caused by an increased expression of asparagine synthetase. Since
the asparagine synthetase gene contains a binding site for AMLI in its promoter re-
gion, this gene may become transcriptionally repressed by TEL-AMLI1. Therefore, a
decreased expression of asparagine synthetase may explain the sensitivity to L-Aspara-
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ginase in TEL-AMLI1 positive ALL compared to TEL-AMLI negative ALL. However,
as shown in chapter 4 we found that asparagine synthetase expression is not related
to L-Asparaginase sensitivity in TEL-AMLI positive ALL. We even observed a 5-fold
higher expression of asparagine synthetase in TEL-AMLI positive compared to TEL-
AMLLI negative patients. As described in chapter 5 the high expression of asparagine
synthetase is probably due to the impaired potential of TEL-AMLI positive ALL cells
to proceed from G, into S phase, as TEL-AMLI represses the target genes of AMLI
(i.e. cell cycle-associated). Interestingly, whereas increased expression of asparagine
synthetase is not linked with L- Asparaginase resistance in TEL-AMLI positive ALL, we
showed in chapter 6 that increased expression of asparagine synthetase is related to L-
Asparaginase resistance in TEL-AMLI1 negative pre-B ALL. These data suggest that the
role of asparagine synthetase for L-Asparaginase resistance and consequently in treat-
ment response is different between both genetic subtypes. The mechanism of increased
L-Asparaginase sensitivity is still unclear for TEL-AMLI positive ALL. Allthough the
group of TEL-AML1 positive ALL cases is sensitive to L-Asparaginase, there is con-
siderable heterogeneity within this group with very sensitive and very resistant cases.
To elucidate putative causes of L-Asparaginase resistance, a gene expression profiling
study was conducted as described in chapter 7. Fifty-two unique genes were identified
that discriminated between L-Asparaginase resistant and sensitive TEL-AMLI1 positive
ALL patients. These genes were not comparable to genes previously described to be
associated with L-Asparaginase resistance in mainly TEL-AMLI1 negative cases or in a
diversity of ALL cell lines. Genes involved in lipid metabolism and cell death were over-
represented in L-Asparaginase resistant cases compared to all genes represented on the
U133A GeneChip. Furthermore, four genes were selected to be involved in prediction
of relapse within TEL-AMLI positive ALL. However, the statistics on this analysis are
not very strong indicating that the group has to be enlarged for convincing results.

TEL-AMLI acts as a transcriptional repressor of AMLI target genes by recruiting
co-repressors and histone deacetylases (HDACs), which induce closure of the chro-
matin structure and, hence, inhibition of transcription. TEL-AMLI therefore, seems a
promising target for treatment with HDAC inhibitors to reverse its transcriptional re-
pression. In chapter 8 the effect of HDAC inhibitors FK228 and sodium butyrate were
studied. HDAC inhibitors were more toxic to both TEL-AMLL1 positive and negative
ALL cells compared to normal bone marrow cells. FK228 induced B-cell differentiation
and apoptosis in both TEL-AMLI positive and negative ALL cells. So in contrast to
our hypothesis, there was no specific effect of HDAC inhibitors on TEL-AMLI1 positive
ALL.

In conclusion, the work described in this thesis has improved our insights in the
genetic and biological features of TEL-AMLI positive ALL cells. Still some issues (like
the working mechanism of L-Asparaginase) remain unclear. Ongoing studies in TEL-



Summary | 139

AMLI positive ALL address the functional role of L- Asparaginase resistance associated
genes in more detail. This knowledge is required to develop more effective treatment
regimes that improve outcome end reduce side-eftects of therapy in TEL-AMLI1 posi-
tive ALL patients.
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General discussion

The success rate of treatment of ALL has improved considerably since the 1960s to
a 5-years event-free-survival of nearly 80%. However, the last decade the prognosis
has hardly been further improved. To cure the remaining 20% of patients, a more
individual treatment is necessary based on patient characteristics. To do so, a better
understanding in the pathogenesis and the cause of resistance to chemotherapy in ALL
is needed. Pediatric ALL is a heterogeneous disease that differs markedly in the cellular
and molecular characteristics of individual patients as well as their response to che-
motherapy'>. In this thesis we studied ALL patients with a t(12;21) resulting in a TEL-
AMLI fusion, which is the most common translocation in pediatric ALL. Conflicting
data on the prognostic value of this translocation have been reported. This discrepancy
may be explained by the fact that that an intensification of treatment induces a favour-
able outcome of TEL-AMLI positive ALL patients compared to TEL-AMLI negative
ALL patients*®.

Since the discovery of TEL-AMLI positive ALL, a high frequency of additional genetic
changes in the TEL and/or AMLI genes have been described. We have found that these
additional genetic changes are not related to the prognosis of TEL-AMLI positive ALL
patients (chapter 2), which was recently also reported by Attarbaschi et al. in an inde-
pendent study’. However, patients with an extra der(21)t(12;21), which results into an
extra TEL-AMLI fusion product, were more resistant to prednisolone. Prednisolone
resistance is related to an unfavourable outcome in TEL-AMLI positive (chapter 2) as
well as TEL-AMLI1 negative ALL¥!". It can be hypothesized that TEL-AMLI interferes
with genes or cellular processes involved in the mechanism of action by prednisolone
e.g. by interaction with transcription factors. The exact molecular mechanisms of re-
sistance to prednisolone in ALL cells is still unknown. Gene expression profile studies
discriminated genes involved in Prednisolone resistance or sensitivity'>"*. High expres-
sion of the glucocorticoid receptor is associated with sensitivity to prednisolone, but is
probably not the main mechanism of action'*. Future studies on the cellular function of
these genes (i.e. by siRNA assays) may lead to an explanation for the relation with the
TEL-AMLI fusion product.

TEL-AMLI mRNA is formed in all t(12;21) positive ALL cases, whereas the recipro-
cal fusion product AMLI-TEL is formed in approximately 75% of all t(12;21) positive
ALL cases. The TEL-AMLI fusion product contains the pointed (PNT) domain of TEL
required for dimerization and transcriptional repression, the runt homology domain
(RHD) of AMLLI required for dimerization and DNA-binding and the transactivation
(TA) domain of AMLI. The AMLI-TEL only contains the ETS domain of TEL required
for dimerization and DNA-binding and exon 1 of AML1, which has an unknown func-
tion (Figure 3 of the introduction). As shown in chapter 3, high level expression of
AMLI-TEL mRNA is associated with a poor outcome. In this thesis, we postulate that
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AMLI1-TEL may compete for binding with endogenous TEL or may act like TEL in the
absence of wild-type TEL. ETS proteins are targets of the mitogen-activated protein
kinase (MAPK) signal transduction pathway and are regulated by mitotic signals'>"’.
Microtubule-interfering agents (like vincristine) stimulate MAPKs and impair mito-
sis'®2. So, ETS proteins and the vincristine working mechanism might be related to
each other via the MAPK signal transduction pathway.

Recently in a large cohort, a discordant resistance between vincristine and L-Aspara-
ginase was associated with TEL-AMLI positive ALL . A similar inversed correlation
between L-Asparaginase and vincristine resistance was found in the TEL-AMLI posi-
tive ALL patients described in chapter 2. TEL-AMLL1 positive ALL patients are sensitive
to L-Asparaginase but resistant to vincristine. Interestingly, we found also a trend for
an inversed correlation between AMLI-TEL expression and vincristine sensitivity in
the limited number of patient samples described in chapter 3, which may contribute
to the association of high AMLI-TEL expression and a poor outcome. It would be
interesting to study the relation between AMLI-TEL, vincristine and L-Asparaginase
cytotoxicity at initial diagnosis and long-term outcome in a large cohort of TEL-AML1
positive ALL patients. Insights in the importance of MAPKSs in vincristine cytotoxicity
in AML1-TEL expressing cells may point to ways to modulate vincristine resistance in
these cells.

Drug resistance profiles that combine the in vitro cytotoxicity of prednisolone,
vincristine, and L-Asparaginase (PVA profile) have prognostic value in childhood
ALL*"2, The resistant PVA profile can discriminate patients at higher risk of early
events (ie, non-response and relapse within 2.5 years after diagnosis) but is less suitable
for the prediction of late relapses. Patients with a resistant PVA profile may benefit from
an intensification of therapy. In the COALL-97 treatment protocol therapy of children
with newly diagnosed ALL is based upon the individual drug resistance profile. Pa-
tients are first stratified using the conventional risk criteria of age, immunophenotype,
and white blood cell count. A second stratification is based on the PVA profile. It is
of interest to determine in future whether TEL-AMLI1 positive ALL patients without
additional genetic changes in TEL and/or AMLI or with an extra der(21)t(12;21) might
benefit from an intensified treatment protocol like for patients with a resistant PVA
profile, since these parameters were associated with the occurrence of early relapses
(chapter 2).

TEL-AMLI positive ALL patients, as a group, are significantly more sensitive to
L-Asparaginase compared to TEL-AMLI negative ALL patients. However, within the
TEL-AMLI positive ALL patients large interindividual differences in in vitro sensi-
tivity to L-Asparaginase were found (chapter 4)*. In vitro and in vivo resistance to
L-Asparaginase is correlated with a relative poor prognosis®*. L-Asparaginase induces
asparagine and glutamine depletion in the blood leading to cellular efflux and deple-
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tion of these amino acids within cells®. Since 1969, resistance to L-Asparaginase was
thought to be caused by high asparagine synthetase levels in leukemic cells, since as-
paragine synthetase synthesizes asparagine from aspartic acid in cells***. In contrast to
this general hypothesis, we surprisingly found a 5-fold higher expression of asparagine
synthetase in TEL-AMLI positive ALL patients, which are in vitro more sensitive to
L-Asparaginase, compared to TEL-AMLI negative ALL patients (chapter 4). Recently,
Krejci et al. confirmed in an independent study that TEL-AMLI positive ALL patients
express higher asparagine synthetase levels compared to other ALL patients®. Aspara-
gine synthetase overexpression may be related to the fact that the cell cycle is repressed
by TEL-AML1 (chapter 5). Asparagine synthetase transcription increases in cells that
are hampered to proceed through the cell cycle.

In contrast to TEL-AMLI positive ALL, we found that high asparagine synthetase
expression is related to L-Asparaginase resistance in TEL-AML1 negative ALL (chapter
6), which has also been found in leukemia cell lines**** and patient samples**?’. Re-
cently, Fine et al. reported a gene expression study on genes related to L-Asparaginase
cytotoxicity in cell lines and patient samples®. Asparagine synthetase was found to be
highly predictive for L-Asparaginase cytotoxicity in the cell lines. However, this could
not be confirmed in the patient samples, which represented both TEL-AMLI positive
and negative ALL patients. Furthermore, no gene profile was found that was predic-
tive of L-Asparaginase cytotoxicity in the patient samples. In this study by Fine et al.
the TEL-AMLI status of the ALL patients was not taken into account®®. Our findings
combined with the study of Fine et al.*® indicate that the mechanism of L-Asparaginase
resistance differs between TEL-AMLI positive and negative ALL subtypes.

To gain more insight in the possible mechanism of L-Asparaginase resistance in
TEL-AMLI positive ALL, a genome-wide expression study was performed (chapter 7).
We identified 70 probe sets associated with L-Asparaginase resistance with an over-
representation of genes involved in cell death and lipid metabolism compared to genes
represented on the total microarray chip. This is in contrast to a recent study by Hol-
leman et al., who identified ribosomal protein genes to be related to L-Asparaginase
resistance in a broader group of pediatric B-lineage ALL patients'?. These differences in
the identified genes again points to different mechanisms of L-Asparaginase resistance
between TEL-AMLI positive and negative ALL patients, since the majority of patients
in the study of Holleman et al. was TEL-AMLI negative. In our microarray study, we
also identified genes, which may be predictive for relapse in TEL-AMLI positive ALL.
One of the 4 genes selected, Kallikrein 5 (KLK5) a serine protease, seems a promising
prognostic factor, since the expression of kallikrein 5 has been shown to be associated
with an unfavourable prognosis in several forms of cancer***!. Future independent
studies have to confirm if KLK5 really is predictive for an unfavourable prognosis and
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if KLKS5 is a prognostic factor in only TEL-AMLI1 positive ALL or also in other ALL
subtypes.

The overrepresented genes associated with L-Asparaginase resistance in TEL-AMLI1
positive ALL patients were involved in cell death and lipid metabolism. L-Asparaginase
resistance is associated with decreased induction of apoptosis in childhood ALL, but
the causes of this are unknown*%. Apoptosis is a common mode of eukaryotic cell death,
triggered by an inducible cascade of biochemical events leading to activation of endo-
nucleases that disintegrate the DNA. TEL-AMLLI positive ALL cells express high levels
of the pro-apoptotic protein CD95 (member of the TNF receptor family)*. TNF and
CD40, another TNF receptor family member, are also highly expressed in TEL-AMLI1
positive ALL patients compared to TEL-AMLI negative patients***. Therefore, it could
be hypothesized that members of the TNF receptor family are more pronounced in
TEL-AMLI positive cells making these cells more sensitive to apoptosis induced by
L-Asparaginase.

Besides indications that TEL-AMLI1 positive ALL patients might benefit from intensi-
fication of drugs used in the induction treatment, there are also indications that TEL-
AMLI positive ALL patients might also benefit from drugs like methotrexate (MTX)
which is a major component in the maintenance treatment protocols for childhood
ALL. The ability of cells to form and accumulate MTX polyglutamates is well recog-
nized as a determinant of MTX cytotoxicity***’. MTX polyglutamates accumulation has
been shown to be lower in TEL-AMLI positive ALL compared to TEL-AMLI1 negative
ALL®. Genes encoding for proteins involved in cellular folate / anti-folate homeostasis
have distinct expression patterns across ALL subtypes®. FPGS, a gene involved MTX
polyglutamylation, is lower expressed in TEL-AMLL1 positive ALL cells compared to
other ALL subtypes*. Moreover, ABCG2, which encodes for ABC subfamily G member
2 (i.e. BCRP), was overexpressed in TEL-AMLI positive ALL cells*. ABCG2 is involved
in MTX eftlux from cells by exporting short-chain MTX polyglutamates®. In addition,
recently TEL-AMLI positive ALL patients were found to have lower de novo purine
synthesis®', which is a target for antimetabolites like MTX. Purine nucleotides partici-
pate in a variety of cellular functions, including synthesis of DNA and RNA, regulation
of enzymatic activity, protein synthesis and function, and mediation of energy transfer
in cells. TEL-AMLI positive patients might benefit from an intensified treatment pro-
tocol including intensification of MTX, since it was shown before in T-ALL and AML
patients that inefficient polyglutamylation of MTX can be overcome by continuous and
high dose exposure™*.

An intensification of drugs used in the treatment of TEL-AMLI1 positive ALL leads
to a favourable prognosis, but of course also leads to more side-effects of the drugs.
Therefore, it would be useful if other drugs enhance the cytotoxicity (synergistically
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or additive) of the currently used drugs specifically in TEL-AMLI1 positive ALL. A
promising class of drugs seems HDAC inhibitors, which are currently being evalu-
ated in clinical phase I/II trials. Inhibitors of HDACs have been shown to relieve the
AMLI1-ETO-mediated repression of AMLI target genes in t(8;21) positive AML thereby
inducing differentiation®’. Therefore, ALL patients with a rearranged AMLI gene like
TEL-AMLI positive ALL patients may theoretically benefit from treatment with HDAC
inhibitors. FK228 is a promising HDAC inhibitor since it is well tolerated in phase I
clinical trials and already showed clinical efficacy in one t(8;21) positive AML patient,
one patient with renal cell carcinoma and several patients with a T-cell lymphoma®. In
this thesis, we found that FK228 induced lymphoid cell differentiation and was more
toxic to both TEL-AML1 positive and negative leukemic cells compared to normal
bone marrow cells (chapter 8). Moreover, an additive effect of FK228 was shown on
L-Asparaginase cytotoxicity in both ALL subtypes. Therefore, HDAC inhibitors like
FK228 may not specifically target TEL-AMLI positive ALL cells but also other ALL
cells. The difference of both ALL types compared to normal bone marrow cells may
point to a favourable therapeutic index for this drug. It needs to be explored whether
this holds true for FK228 in clinical studies in both TEL-AMLI positive and negative
ALL.

In conclusion, since the discovery of t(12;21) in 1995, most studies have addressed the
relationship between this translocation and leukemogenesis, cellular drug resistance
and prognosis. Studies showed that TEL-AMLI1 positive ALL patients benefit from
an intensified treatment protocol, leading to a favourable outcome of these patients
compared to TEL-AMLI negative ALL patients. We here report on the incidence of ad-
ditional genetic changes in TEL-AMLI positive ALL and its fusion products in relation
to prognosis and drug sensitivity. The general dogma that L-Asparaginase sensitivity is
due to lack of asparagine synthetase expression was rejected in this thesis and shown
to be different among TEL-AMLI positive and negative ALL patients. New genes were
identified to be associated with L-Asparaginase resistance in TEL-AMLI1 positive ALL.
Finally, HDAC inhibitors were shown to have a specific effect on TEL-AMLI positive
ALL compared to normal cells but not compared to other ALL subtypes. In this thesis,
we have identified new genetic and molecular features in TEL-AMLI positive ALL pa-
tients which point to new insight into prognosis and drug sensitivity of these patients.
Ongoing functional studies need to address how these genetic and molecular features
affect the efficacy and toxicity of antileukemic therapy, so new more effective or even
individual treatment protocols can be developed that improve outcome and decrease
side-effects of therapy in TEL-AMLI positive ALL patients.
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Acute lymfatische leukemie (ALL) is een kwaadaardige aandoening waarbij witte
bloedcellen in het beenmerg ontregeld groeien en niet goed uitrijpen tot normale
bloedcellen. Door de woekering van deze onrijpe leukemie cellen wordt de aanmaak
van normale bloedcellen verstoord en verdrongen. Dit leidt tot bloedarmoede, ver-
hoogde bloedingsneiging en stoornissen in de afweer tegen infecties. De leukemiecellen
verspreiden zich naar het bloed en worden ook in andere organen, zoals lymfeklieren,
milt, lever, het zenuwstelsel en eierstokken of testikels gevonden. Zonder behandeling
is dit een dodelijke aandoening.

ALL is de meest voorkomende vorm van kanker op de kinderleeftijd. Op volwas-
sen leeftijd is het relatief zeldzaam. Leukemiecellen vertonen bijna altijd genetische
afwijkingen, in het aantal chromosomen alsook in de chromosomale structuur. Als
afwijking in de chromosomale structuur worden meestal translocaties gevonden. Bij
een translocatie is er sprake van een uitwisseling van genetisch materiaal tussen 2 chro-
mosomen. De meest voorkomende translocatie bij kinderen met ALL (bijna 25%) is
een translocatie tussen chromosoom 12 en 21, ook wel aangeduid als t(12;21) positieve
ALL. De term TEL-AMLI positieve ALL wordt ook gebruikt aangezien het breukpunt
van de translocatie ligt in het TEL gen op chromosoom 12 en het AMLI gen op chro-
mosoom 21. Dit houdt in dat er een stuk van het TEL gen aan het AMLI gen wordt
gefuseerd, resulterend in het TEL-AMLI fusiegen, en vice versa.

Sinds de ontdekking van de t(12;21) in 1995 is er veel gediscussieerd over de
overlevingskans van kinderen met deze translocatie. Op dit moment lijkt de gunstige
overlevingskans van kinderen met deze translocatie athankelijk te zijn van de intensi-
teit van de behandeling. Oftewel hoe intensiever de behandeling, des te gunstiger de
overlevingskans. Dit zou samen kunnen hangen met het feit dat TEL-AMLI positieve
leukemiecellen gevoeliger zijn voor een aantal cytostatica (met name voor L-Aspara-
ginase). Er zijn echter in de groep van patienten met TEL-AMLI positieve leukemie
ook grote individuele verschillen in de gevoeligheid voor L-Asparaginase. Dit zou
mogelijk een verband kunnen hebben met het feit dat er naast de translocatie ook vaak
bijkomende genetische afwijkingen in het TEL en/of AMLI gen gevonden worden in
de leukemiecellen.

Het doel van de huidige studie was om genetische en biologische kenmerken te iden-
tificeren bij kinderen met TEL-AMLL1 positieve ALL die mogelijk een relatie kunnen
hebben met de overlevingskans alsmede de gevoeligheid voor cytostatica.

In deel A werden de additionele genetische afwijkingen bestudeerd in relatie tot de
overlevingskans en cytostatica gevoeligheid. In hoofdstuk 2 werd in beenmerg mate-
riaal van 143 TEL-AMLI positieve ALL patiénten geinventariseerd welke additionele
genetische afwijkingen in het TEL en/of AMLI gen voorkomen en hoe frequent. Bo-
vendien werd bestudeerd of er een relatie van deze additionele afwijkingen was met de
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overlevingskans en cytostatica gevoeligheid van deze patiénten. In 83% van de patiénten
bleek er sprake te zijn van een of meerdere additionele genetische afwijkingen. Deze ad-
ditionele afwijkingen bestonden uit een deletie (verwijderd stuk genetische materiaal)
van het niet getransloceerde TEL gen (62%), een partiele deletie van het TEL gen (8%),
een extra AMLI gen (23%) en een extra kopie van het fusiegen TEL-AMLI (10%). In
20% bleek er sprake te zijn van een combinatie van meerdere van deze afwijkingen. De
patiénten met een extra fusiegen van TEL-AMLI waren ongevoeliger voor prednisolon,
maar niet voor L-Asparaginase. Bij uitgebreidere statistische analyse bleek dat alleen
de ongevoeligheid voor prednisolon van belang is voor de overlevingskans van deze
kinderen en niet zozeer de additionele genetische afwijking.

Chromosomen bevatten de bouwstenen van het genetisch materiaal, DNA. Het DNA
bevindt zich in de kern van de cel. De eigenlijke aanmaak van eiwitten, de functionele
producten van het DNA, vindt plaats in het cytoplasma van de cel, buiten de kern. Er
moet dus overdracht van de informatie op het DNA plaatsvinden. Dit gebeurt door
de functionele coderende stukken DNA om te zetten in RNA. RNA kan naar het cyto-
plasma vervoerd worden en met de vertaling van de RNA-informatie vindt de vorming
van eiwitten plaats. In hoofdstuk 3 werd op RNA niveau de expressie van de TEL en
AML]I alsmede de fusiegenen TEL-AMLI en AMLI-TEL bestudeerd ten aanzien van
de overlevingskans en cytostatica gevoeligheid. Er werd geen relatie gevonden tussen
de expressie van deze genen en de gevoeligheid voor cytostatica. Wel bleek dat hoge
expressie van het fusiegen AMLI-TEL gerelateerd is aan een slechte overlevingskans in
TEL-AML1 positieve ALL.

In deel B werden mogelijke oorzaken voor de verschillen in gevoeligheid voor L-As-
paraginase in zowel TEL-AMLI1 positieve als negatieve ALL patiénten bestudeerd. L-
Asparaginase zorgt ervoor dat een aantal aminozuren (de bouwstenen van eiwitten)
zoals asparagine en glutamine gedepleteerd worden. Een lage activiteit van het enzym
asparagine synthetase, dat weer asparagine kan vormen, zou een verklaring kunnen zijn
waarom leukemie cellen gevoelig zijn voor L-Asparaginase. Bovendien zou asparagine
synthetase mogelijk aangestuurd kunnen worden door AMLI en daarom dus tegen-
gewerkt kunnen worden door TEL-AMLI. In hoofdstuk 4 werd dan ook bestudeerd
of de mate van asparagine synthetase expressie gerelateerd was aan L-Asparaginase
gevoeligheid in TEL-AMLI1 positieve ALL cellen. Dit bleek niet het geval te zijn. Er
werd zelfs een zeer hoge expressie van asparagine synthetase gevonden ten opzichte
van TEL-AMLI negatieve ALL patiénten. Dit kon dus niet verklaren waarom TEL-
AMLI1 positieve ALL cellen zoveel gevoeliger zijn voor L-Asparaginase in tegenstelling
tot wat altijd gedacht werd.

Het TEL-AMLI fusieproduct werkt de normale functie van AMLI1 tegen. AMLI is
een van de vele factoren die de celdeling regelen. De celdeling is opgedeeld in 4 stadia.
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TEL-AMLI positieve ALL cellen blijven in een bepaald stadium in de celdeling steken,
waarschijnlijk doordat de normale functie van AML1 wordt tegengewerkt. Aangezien
de leukemiecellen in dit stadium blijven steken, probeert de cel via een andere weg
de celdeling alsnog voort te zetten. Een van de factoren die daarbij gestimuleerd kan
worden is de aanmaak van asparagine synthetase. Zoals beschreven in hoofdstuk 5 is
de lagere neiging tot celdeling van TEL-AML1 positieve leukemiecellen gerelateerd aan
een hogere expressie van asparagine synthetase ten opzichte van TEL-AMLI negatieve
ALL cellen.

Uit onze studies naar mogelijke oorzaken van ongevoeligheid voor L-asparaginase
bleek dat er grote verschillen waren tussen patienten met en zonder deze TEL-AML1
fusie. In tegenstelling tot TEL-AMLI1 positieve ALL cellen, blijkt uit ons onderzoek
dat een hoge asparagine synthetase expressie in TEL-AMLI negatieve ALL cellen wel
gerelateerd is aan ongevoeligheid voor L-Asparaginase (hoofdstuk 6). Om mogelijke
oorzaken van L-Asparaginase ongevoeligheid in TEL-AMLI1 positieve ALL patiénten
te vinden, werd een gen expressie onderzoek verricht zoals beschreven in hoofdstuk
7. Zon gen expressie onderzoek vindt plaats met behulp van micro-arrays. Dit zijn
microchips waarmee men kan meten welke genen wel en welke genen niet tot expressie
komen voor iedere afzonderlijke patiént. Door nu groepen van patiénten te vergelijken
die gevoelig en ongevoelig voor L-Asparaginase zijn, werden 52 genen geidentificeerd
die goed onderscheid maakten tussen L-Asparaginase gevoelige en -ongevoelige TEL-
AMLI positieve ALL patiénten. Deze genen waren met name betrokken bij de vet stof-
wisseling en het celdood mechanisme. Een relatie van deze genen met L-Asparaginase
gevoeligheid is niet eerder beschreven in de literatuur. Sommige resistentie genen wer-
den zowel in TEL-AMLI positieve als negatieve leukemie patienten gevonden. Echter,
ongevoeligheid voor L-asparaginase bij TEL-AMLI positieve leukemie ging samen met
een hogere expressie van deze genen terwijl dit bij TEL-AMLI negatieve leukemie juist
andersom was (en vice versa). Deze resultaten benadrukken nog een keer dat beide
typen leukemie verschillende oorzaken van L-asparaginase ongevoeligheid hebben.
Verder functioneel onderzoek zal uit moeten wijzen of deze genen inderdaad betrok-
ken zijn bij het mechanisme van L-Asparaginase (on)gevoeligheid.

In deel C werd het effect bestudeerd van een mogelijk nieuw middel dat gericht tegen
het TEL-AML1 fusiegen gebruikt zou kunnen worden in de behandeling van TEL-
AMLLI positieve ALL. Zoals eerder aangegeven werkt TEL-AMLI de normale functie
van AMLI1 tegen. Dit gebeurt doordat het fusieproduct TEL-AML1 bepaalde stoffen
aantrekt, histon deacetylases (HDACs) genoemd. Deze HDACs zorgen ervoor dat de
chromosomen zeer compact in elkaar gaan zitten zodat het bijna niet mogelijk is om de
DNA code af te lezen. Een remmer van deze HDACs, FK228 genaamd, zou dit effect te-
gen kunnen gaan. In hoofdstuk 8 wordt ons onderzoek beschreven naar het effect van
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blootstelling van leukemiecellen aan FK228. Het blijkt dat ALL cellen veel gevoeliger
zijn voor FK228 dan normale beenmerg cellen. Bovendien zorgt FK228 ervoor dat de
uitrijping van de leukemie cellen gestimuleerd wordt en dat de leukemie cellen dood
gaan. Dit effect was echter niet selectief voor de TEL-AMLI positieve ALL cellen, maar
werd ook gezien bij de TEL-AMLI negatieve ALL cellen. Bovendien zorgde FK228 in
combinatie met L-Asparaginase ervoor dat de ALL cellen al bij een lage dosering van
L-asparaginase doodgingen Mogelijk brengt aanvullend onderzoek ons zover dat in de
toekomst bijwerkingen kunnen worden tegengegaan door lagere doseringen cytostatica
toe te dienen tesamen met HDAC remmers zonder dat het uiteindelijke effect van de
behandeling vermindert.

Samenvattend worden in dit proefschrift nieuwe genetische en biologische kenmer-
ken van TEL-AMLI positieve ALL patiénten beschreven. Dit nieuwe inzicht in deze
kenmerken biedt belangrijke aanknopingspunten voor vervolgonderzoek naar de
efficiéntie en toxiciteit van de chemotherapie bij deze patienten. Aanpassingen in de
therapie van TEL-AMLLI positieve ALL zijn nodig om de overlevingskans te verbeteren
van die kinderen die momenteel nog niet voldoende reageren op therapie alsmede om
de bijwerkingen van therapie te kunnen verminderen.
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doen die zoiets heeft meegemaakt. Ik wens jullie en de rest van het gezin een zeer
gezonde en gelukkige toekomst toe.
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