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PREFACE

Acquired genetic aberrations are the hallmark of neoplastic malignancies and
are believed to have a direct causative role in the development of these diseases.
The successful identification of the underlying genetic aberrations has, for
many neoplasms, resulted in better classification into prognostic subgroups,
improved treatment regimens and, for aberrations affecting tyrosine kinases,
even molecularly targeted treatment. Several recurrent genetic aberrations have
been identified in acute lymphoblastic leukemia (ALL). Of these, balanced
translocations in particular have proved important for risk stratification and
treatment guidance. However, several aspects regarding the contribution of
additional genetic changes in these subtypes remain to be determined.

The topic of this thesis is genetic aberrations in E7V6/RUNXI-positive
ALL, one of the most common subtypes of childhood ALL. The thesis
contains three sections. The first part provides a general overview of ALL, with
a special focus on the ETVG6/RUNXI-positive subtype. The second part
describes the studies that were performed during the work of this thesis. The
third and final section contains the original articles upon which this thesis is

based.

Lund, January 2011
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INTRODUCTION

Leukemia

The term 'leukemia" was coined in 1856 by the german pathologist Rudolph
Virchow to describe a disease characterized by unusual quantities of white cells
visible in the blood when studied under a microscope (Virchow 1856). The
name is derived from the Ancient Greek words Aevndg (leukos — 'white') and
O(?L‘}LO( (aima — 'blood"). However, leukemia is no longer regarded as a single
disease, but rather a collection of disorders with overlapping symptoms. The
first division is usually made between acute and chronic leukemias, where the
acute leukemias are associated with a rapid expansion of cells with an
immature phenotype and the chronic leukemias are associated with a gradual
buildup of more mature cells. Leukemias are also divided according to the
morphologic and immunophenotypic features of the leukemic cells, i.e. if they
resemble normal myeloid or lymphoid cells. The lymphoid leukemias can be
further divided into B-cell or T-cell leukemias depending on the
immunophenotype of the leukemic cells. Hence, acute lymphoblastic leukemia
(ALL), the focus of the present thesis, is associated with a rapid expansion of
immature lymphoid cells; these are termed 'lymphoblasts'.

Information regarding genetic alterations is increasingly used for classifying
leukemias. In fact, genetic information was included for the first time in the
third edition of the World Health Organization (WHO) classification of
Tumours of the Haematopoietic and Lymphoid Tissues, published in 2001.
The aim of this classification is to define clinically relevant tumor subgroups to
facilitate diagnosis and treatment decisions. In the latest (the fourth) edition of
the WHO classifications, several new entities defined by genetic features were
included (Vardiman et al. 2009). Among the new categories were seven
distinct entities of B-cell precursor acute lymphoblastic leukemia (BCP ALL),
further discussed below.

Leukemia is the most common type of childhood cancer and ALL is the
most common type of childhood leukemia. In Sweden, 85% of pediatric
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leukemias are ALLs, while acute myeloid leukemia (AML) accounts for 10%
and chronic myeloid leukemia (CML) together with other non-acute
leukemias comprise 5% of the childhood leukemias. For adults, AML and
CML are more common than ALL, but since more adults have leukemia
approximately half of the Swedish ALL patients are children and the other half
are adults. The annual incidence for childhood ALL in the Nordic countries is
3.9/100 000 children (Gustafsson et al. 2000); for Sweden this corresponds to
~60 new cases each year (www.socialstyrelsen.se).

Acute lymphoblastic leukemia

Acute lymphoblastic leukemia is, like all cancers, a genetic disease. It is the
result of an accumulation of mutations which leads to deregulation of
important cellular processes and ultimately, the leukemic phenotype. It should,
however, be stressed that it is a somatically acquired genetic disease, and only
in a small minority of cases is it possible to identify a genetic predisposing
factor (Pui et al. 2008). Hence, the mutations are only present in the leukemic
cells.

It has been found that ALL, especially BCP ALL, can be divided into non-
overlapping, prognostically meaningful, subtypes, according to specific
cytogenetic aberrations. The information regarding cytogenetic subtype is then
used for risk stratification of patients to different treatment regimens. While
adult and childhood ALLs are classified according to the same sets of genetic
aberrations, their frequency differs substantially among the different age
groups. The most common recurrent genetic abnormalities used within the
WHO classifications for BCP ALL and their respective frequencies in
childhood and adult ALL are listed in Table 1. These genetic aberrations are
thought to constitute primary mutations that are responsible for important
biological and clinical aspects of the leukemic phenotype. That the genetic
subgroups are biologically relevant has been illustrated by murine models for
several of the primary mutations (Kennedy and Barabé 2008) and by gene
expression profiling of ALLs, revealing that the genetic subtypes are associated
with characteristic expression signatures (Yeoh et al. 2002; Ross et al. 2003;
Andersson et al. 2005). For a number of primary genetic aberrations there is
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Table 1. The most common genetic aberrations used for WHO
classification of BCP ALL?

Genetic aberration Frequency in Frequency in adult
childhood ALL ALL
High hyperdiploidy 25% 7%

(51-67 chromosomes)

£(12;21)(p13;922) 22% 2%
11923/MLL-rearrangements 8% 10%
t(1;19)(q23:p13.3) 5% 3%
t(9;22)(q34;q11.2) 3% 25%
Hypodiploidy 1% 2%

(<45 chromosomes)

‘Adapted from Pui et al. (2004) and Vardiman et al. (2009).

evidence that the specific change can precede the leukemia by several years
(Greaves et al. 2003).

Fortunately, improvements in treatment strategies have lead to increased
success in treating childhood ALL, with a five year event-free survival rate close
to 80% (Gustafsson et al. 2000; Pui and Evans 2006). Adult ALL, however,
has a more dismal prognosis with a five year event-free survival rate of only
40% (Pui and Evans 2006). These differences can partly be explained by
differences in the underlying genetic aberrations present in adult and pediatric
ALLs. Both of the two largest cytogenetic subtypes of childhood ALL, high
hyperdiploidy and the 12;21 translocation, are associated with a good
prognosis; together they constitute almost 50% of childhood ALL. In adult
ALL, however, both high hyperdiploidy and t(12;21) are rare and comprise less
than 10% of the cases. The two most common cytogenetic subtypes in adult
ALL are instead the t(9;22) (25%), and 11q23/MLL-rearrangements (10%),
both associated with poor prognosis. These differences do not, however,
explain the entire difference in survival between adult and childhood ALL.
Interestingly, it has been found that young adults treated according to pediatric
protocols fared significantly better than those treated according to adult
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protocols (Boissel et al. 2003; de Bont et al. 2004). If these discrepancies
should be attributed to differences in treatment regimens, compliance with
protocol, or other factors is, however, currently not known (Pui and Evans
2000).

High hyperdiploid ALL is the most common type of childhood ALL and is
characterized by a non-random gain of chromosomes resulting in an abnormal
cytogenetic pattern with 51-67 chromosomes. The number of chromosomal
gains can vary, but most commonly involve the chromosomes X, 4, 6, 10, 14,
17, 18, and 21 (Paulsson and Johansson 2009). It is not known if the gained
chromosomes themselves contribute functional properties to the leukemia or if
they are byproducts of other oncogenetic events. High hyperdiploidy is
associated with a favorable prognosis. There is a marked incidence peak for
high hyperdiploid ALL at 2-4 years of age (Paulsson and Johansson 2009). In
fact, the general incidence peak for childhood ALL that occurs at 2-7 years of
age can almost exclusively be explained by incidence peaks for high
hyperdiploid ALL and E7V6/RUNXI-positive ALL (Forestier and
Schmiegelow 2006). In addition to the whole chromosome gains that defines
this subtype, the high hyperdiploid ALLs are also associated with dup(1lq),
gain of material from 17q, deletions of 6q, and microdeletions targeting
ETV6, CDKN2A, PAX5, and IKZF1 (Paulsson et al. 2010).

The MLL gene, located at 11q23, can be perturbed in several ways,
including recurrent translocations such as t(4;11)(q21;q23), t(9;11)(p21;q23),
and t(11;19)(q23;p13.3), which produce the fusion genes MLL/AFFI,
MLL/MLLT3, and MLL/MLLTI. The most common of these is MLL/AFFI.
This subtype is particularly common in infant ALLs where MLL
rearrangements can be detected in 70-80% of the cases (Pui et al. 1995).
Rearrangements of the MLL gene are associated with a dismal prognosis,
especially in the age group below 1 year of age (Pui et al. 2003). It has been
suggested that a rearranged MLL gene may be sufficient for leukemia
development, based on the following arguments: 1) the strong association
between MLL rearrangements and infant leukemia, demonstrating that the
disease usually develops with short latency; 2) murine models with MLL
fusion genes develop leukemia with a high penetrance (Barabé et al. 2007); 3)
few secondary changes are identified in ALLs with MLL rearrangements,



Introduction 15

especially few secondary changes are observed in infant ALLs with the
MLL/AFFI fusion gene (Bardini et al. 2009).

The TCF3/PBXI fusion gene is generated by either a balanced t(1;19)
(q23;p13) or, more commonly, an unbalanced der(19)t(1;19). It was initially
associated with a poor prognosis, but with intensified treatment protocols the
outcome has improved considerably (Pui et al. 1993; Pui and Evans 1998).
Cases carrying the der(19)t(1;19) do not display uniparental disomy for the
two normal chromosomes 1. Hence, the translocation is most likely preceded
by trisomy 1, followed by a loss of the derivative chromosome 1 (Paulsson et
al. 2005). No high resolution studies focusing specifically on 7CF3/PBXI-
positive cases of ALL have been reported. To the extent it has been studied,
this subtype seems to be associated with few genetic aberrations. However,
some of the recurrent microdeletions present in other types of childhood ALL,
such as deletion of PAX5, have been observed (Mullighan et al. 2007).

The t(9;22)(q34;q11) results in the BCR/ABLI fusion gene. This fusion
gene is most commonly present in CML, but is also present in a subset of
childhood ALL. Several transcript variants of BCR/ABLI have been described
and the two most common are termed P190 and P210; of these, P190 is the
more common variant in ALL (Melo 1996). BCR/ABLI-positive ALL is
associated with poor prognosis. Unfortunately, the BCR/ABL-inhibitor
imatinib mesylate, which can be used to treat CML with great success, only
results in a transient response (Druker et al. 2001). The inclusion of imatinib
mesylate in multidrug regimens could, however, be a more promising
approach (Thomas et al. 2004; Towatari et al. 2004). Presently, the only
curative treatment is stem cell transplantation (Pui and Evans 20006). A very
strong association between the BCR/ABLI fusion gene and microdeletions
affecting /KZFI has been observed in both adult and childhood ALL
(Mullighan et al. 2008). Deletions of IKZFI were present in 84% of
BCR/ABL 1-positive ALLs and 2/3 of CMLs in lymphoid blast crisis, but never
in chronic phase CML, indicating that these deletions contribute to the
lymphoid phenotype of BCR/ABLI-positive ALL (Mullighan et al. 2008).
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ETV6/RUNXI-positive ALL

The ETV6/RUNXI fusion gene

Ironically, the most common translocation in childhood BCP ALL, the
t(12;21)(p13;q22), was not identified until 1994 (Romana et al. 1994), ten
years after the other common translocations in this disease such as t(1;19)
(q23;p13), t(9;22)(q34;q11), and t(4;11)(q21;q23) had all been described
(Third International Workshop on Chromosomes in Leukemia 1983; Carroll
et al. 1984). The reason for this late discovery was that the banding patterns of
the involved regions of chromosomes 12 and 21 are so similar that the
translocation can not be detected using conventional chromosome banding
techniques. Consequently, t(12;21) was not identified until fluorescence iz
situ hybridization (FISH) became available (Romana et al. 1994). The
translocation results in the E7V6/RUNXI fusion gene (often referred to as
TEL/AMLI), which was cloned less than a year after the translocation had
been described (Golub et al. 1995; Romana et al. 1995). The reciprocal
RUNXI/ETVE6 fusion gene is only expressed sporadically and is not thought to
be pathogenetically important. Both E7V6 and RUNXI are rearranged in
several other hematologic malignancies, for example resulting in the recurrent
fusion genes ETVG6/PDGFRB, ETVG6/JAK2, and RUNXI/RUNXITI
(AMLI/ETO) (Erickson et al. 1992; Golub et al. 1994; Lacronique et al. 1997;
Peeters et al. 1997). Considering the frequent involvement of these genes in
hematologic malignancies, it is not surprising that both E7V6 and RUNXI
have been shown to be important regulators of normal hematopoiesis (Wang
et al. 1996a, 1998).

RUNXI encodes the o subunit of the heterodimeric transcription factor
core-binding factor (CBF); the B subunit is encoded by CBFB. Alternative o
subunits of the CBF transcription factor are encoded by RUNX2 and RUNX3,
but RUNXI in particular has been found to be important for hematopoiesis.
For example, knockout models have shown that murine Runx1 is required for
definitive hematopoiesis and the transition of hematopoietic stem cells from
endothelial cells (Okuda et al. 1996; Wang et al. 1996a; Chen et al. 2009). In
fact, Runx1 knockout mice display a similar phenotype to Chfb knockout mice
(Sasaki et al. 1996; Wang et al. 1996b). The same phenotype is not observed
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Figure 1. Schematic representation of ETV6, RUNXI, and ETV6/RUNXI proteins. The
ETVG6/RUNXI fusion protein retains the pointed domain (PTD) and the repression domain (RD) but
not the Ets domain from native ETV6. Almost the entire RUNXI protein is also retained, including the
runt homology domain (RHD) and the transactivation domain (TA).

in murine Runx2 and Runx3 knockout models; instead, these genes seem to be
important for bone formation and neural development (Otto et al. 1997;
Komori et al. 1997; Inoue et al. 2002; Levanon et al. 2002). An indication
that RUNXI plays an important role in human hematopoiesis is that
constitutional haploinsufficiency for RUNXI leads to familial platelet disorder,
a disease characterized by platelet abnormalities and a propensity to develop
AML (Song et al. 1999). The most conserved region of the RUNX family of
proteins is the 'runt homology domain' (RHD), which is sufficient for both
DNA binding and interaction with CBFB (Meyers et al. 1993).

ETV6 is a transcriptional repressor that contains a helix-loop-helix
dimerization domain termed the 'pointed domain' (PD), a repression domain
(RD), and the DNA binding 'Ets' domain (Figure 1). Murine knockout
models have revealed that loss of Erv6 results in embryonic lethality (Wang et
al. 1997). Chimeric knockout mice suggest that, while £#6 is not required for
fetal liver hematopoiesis, it is required for later stage hematopoiesis in the bone
marrow (Wang et al. 1998).

Both ETV6 and RUNXI are, hence, transcription factors with important
roles in normal hematopoiesis. The fusion between these proteins brings the
repression domain of ETVG6 together with the DNA binding domain of
RUNX1 (Figure 1), which results in repression of genes normally activated by
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RUNXI1 (Hiebert et al. 1996; Fears et al. 1997; Fenrick et al. 1999; Uchida et
al. 1999). It is, however, likely that the fusion protein also performs other
important functions, as illustrated by the fact that loss of Rumxl and
expression of ETV6/RUNXI affect the number of long term repopulating
hematopoietic stem cells in opposite directions (Schindler et al. 2009). The
ETV6 pointed domain and corepressor domain together with the RUNX1
runt domain have been shown to be necessary for the function of the fusion
protein (Morrow et al. 2007). In fact, as for the runt domain, both the DNA
binding and CBFB interacting regions of this domain are required for
ETVG6/RUNXI1 function (Morrow et al. 2007; Roudaia et al. 2009). The
pointed domain of ETVG, retained in the ETV6/RUNXI fusion protein, is
necessary for normal ETVG6 dimerization. This domain is functional in the
fusion protein and allows it to dimerize both with ETV6/RUNXI1 and normal
ETV6 (McLean et al. 1996).

Additional genetic changes in ETV6/RUNXI-positive ALL
There are several lines of evidence suggesting that the E7V6/RUNXI fusion

gene by itself is not sufficient to cause leukemia. Two of the most compelling
ones are provided by retrospective studies identifying small E7V6/RUNXI
positive cell populations in blood samples collected at birth from children that
later developed ETV6/RUNX1-positive ALL (Wiemels et al. 1999b; Maia et al.
2001; Hjalgrim et al. 2002; McHale et al. 2003), and studies of
monochorionic twins with concordant E7V6/RUNXI-positive ALLs showing
that these have identical genomic breakpoints for £7V6/RUNXI (Ford et al.
1998; Wiemels et al. 1999a, 1999b; Maia et al. 2001; Teuffel et al. 2004;
Bateman et al. 2010). In a recent study, an ETV6/RUNXI-positive
'preleukemic’ clone was even detected in the healthy twin of a patient with
ETV6/RUNXI-positive ALLs; also with identical genomic breakpoints to that
of the fusion gene in the other twin (Hong et al. 2008). These examples show
that the 'initial hit' of the leukemia can occur years before overt leukemia is
detected, suggesting that additional events are necessary for leukemia
development. In this context, it is interesting to note that in a recent study
using single nucleotide polymorphism (SNP) arrays to characterize genetic
changes in five pairs of ETV6/RUNXI-positive twin ALLs, none of the 32
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secondary alterations characterized as 'driver' mutations overlapped between
the twin ALLs (Bateman et al. 2010). Hence, the acquisition of these
mutations is likely to constitute independent 'additional events' required for
leukemogenesis.

The fact that the E7V6/RUNXI fusion gene can be detected in the blood of
newborns at a much higher frequency than that of children developing
ETV6/RUNXI-positive ALL (Mori et al. 2002) is usually also used as evidence
for the importance of secondary events in the development of leukemia. It has
been estimated that approximately ~1% of newborns are positive for
ETV6/RUNXI (Mori et al. 2002); this is 100 times higher than the incidence
of ETV6/RUNXI-positive ALL. The fraction of positive cells was estimated to
be between 102-10“ in these cases. These data have, however, recently been
challenged by data from a larger study (Lausten-Thomsen et al. 2011). In this
study, none of the individual samples positive by real-time quantitative RT-
PCR could be confirmed positive upon retesting, indicating sporadic positivity
either due to contamination or because the frequency of positive cells was very
low (Lausten-Thomsen et al. 2011). In response to this study, a third group
reported ~2% positivity for ETV6/RUNXI in a screening of 253 cord blood
samples (Zuna et al. 2011). Clearly this issue is not yet settled and further
studies are needed before the frequency with which the £7V6/RUNXI fusion
gene is generated during normal fetal development can be known with
certainty.

Regardless of the normal frequency, it is evident that the E7V6/RUNXI
fusion gene, when associated with ALL, often arises iz wutero and that the
fusion gene triggers the development of a small preleukemic population that
requires additional genetic events and/or other events during childhood to
develop into leukemia. Hence, the additional genetic changes found in
ETV6/RUNXI-positive leukemias can give important clues to the
developmental history of each leukemia. With the increased resolution in
techniques for studying genetic changes, a growing number of genetic changes
recurrently associated with the E7V6/RUNXI-fusion gene has been found.
Even with older techniques such as G-banding and FISH it was recognized
that E7V6/RUNXI-positive leukemias contain additional somatic genetic
changes in the majority of cases (Stams et al. 2006; Forestier et al. 2007). In
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fact, three of the most common genetic changes associated with
ETVG6/RUNXI-positive ALL are readily discovered using the same FISH
probes required for detecting the translocation; deletion of £7V6 on 12p, +21,
and +der(21)t(12;21) (Stams et al. 2006). Other common changes observed
using G-banding include deletions on 6q, 8p, 9p, 11q, and 13q as well as
whole chromosome loss of X and gains of 10 and 16 (Forestier et al. 2007).
Recent studies using molecular techniques for detecting unbalanced genetic
changes, i.e. array comparative genomic hybridization (array CGH) and SNP
arrays, have largely confirmed the previous findings of G-banding and FISH
(Kuiper et al. 2007; Mullighan et al. 2007; Tsuzuki et al. 2007; Kawamata et
al. 2008; Parker et al. 2008; Article I; Article II), with the curious exception of
the X chromosome loss that has not been detected to a high extent using these
techniques. However, in addition to confirming previous findings, several
previously undetected recurrent genetic changes have been found using these
techniques. For example, a large region of Xq is gained in ~-20% of
ETV6/RUNXI-positive ALLs (Article I; Article II). Although this gain was
common and involved a relatively large chromosomal region it had previously
not been identified using standard G-banding, most likely due to the poor
banding quality often associated with childhood ALL. Several genes within the
gained region displayed an overexpression in E7V6/RUNXI-positive cases
compared with other ALLs; the most overexpressed genes were SPANXB,
HMGB3, FAM50A, HTATSFI, and RAP2C. Of these, SPANXB was
considered the most likely target of the Xq gain. The recent identification of a
fusion gene involving HMGB3 (Petit et al. 2010), however, indicates that this
gene might also be an attractive target within the gained Xq region.

Focal deletions affecting only one or a small number of genes have been
found to be common in all subtypes of childhood ALL (Kuiper et al. 2007;
Mullighan et al. 2007). Different types of genes are targeted by these focal
deletions, but genes involved in B-cell development, such as PAX5, EBFI,
IKZF1, IKZF3, LEFI, and TCF4, are particularly often perturbed (Kuiper et
al. 2007; Mullighan et al. 2007). Of these, only PAX5, EBFI, and TCF4 are
recurrently deleted in E7V6/RUNXI-positive cases (Article II). Loss of any of
these genes in murine models is associated with impaired B-cell development

(Lin and Grosschedl 1995; Zhuang et al. 1996; Nutt et al. 1999); hence, these
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Table 2. The most common CNAs in ETV6/RUNXI-positive ALL*

Copy number aberration Frequency
ETV6 deletion 59%
Deletion of CDKN2A and CDKN2B 22%
PAX5 deletion 20%
Deletion of 6q 20%
Gain of Xq 16%
Deletion of CD200 and BTLA 13%
TBLIXRI deletion 12%
+21 12%
+der(21)t(12;21) 12%

‘Adapted from Article II.

deletions are likely to contribute to the immature B-cell phenotype
characterizing BCP ALL. Interestingly, several of the focal deletions specific for
ETVG6/RUNXI-positive ALL, such as those affecting 7BLIXRI, NR3CI, or
NR3C2, are involved in nuclear hormone receptor response (Article II);
however, the mechanism by which these deletions contribute to leukemia
remains to be determined. A summary of the most common secondary
changes in ETVG6/RUNXI-positive ALL as determined by SNP array is
presented in Table 2.

While focal deletions and other mutations likely are important for
leukemogenesis, not many studies have addressed how the presence of these
affect treatment outcome in E7VG6/RUNXI-positive ALL. However, a large
study of CpG methylation differences in childhood ALL identified that CpG
methylation information can be used to divide the E7TV6/RUNXI-positive
subtype into two groups with significantly different probabilities for relapse
(Milani et al. 2010).

With the recent introduction of highly parallel sequencing, a technique that
enables whole exome- and even whole genome-sequencing of individual
tumors, the list of recurrently altered genes in E7V6/RUNXI-positive ALL will
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presumably grow significantly. Very recently, exome sequencing of two
ETVG6/RUNXI-positive ALLs revealed seven somatic gene mutations in each
case, which is similar to the number of somatic copy number changes
detectable using SNP array (Article III). Several of the identified mutations
affected genes known to be perturbed in other types of tumors, such as
RUNXITI and GKNI, or genes involved in tumor suppressor pathways or
otherwise related to tumor development such as 7P53/NP1, CSMD2, and
MCAM, indicating that these single nucleotide mutations are important for

the development of E7V6/RUNXI-positive ALL.

Animal models

Several animal models have been generated for studying the effect of
ETV6/RUNXI-expression on hematopoietic cells. The different models have
sometimes exhibited contradictory phenotypes, possibly due to different
experimental setups. The majority of the animal models have been murine
(Andreasson et al. 2001; Bernardin et al. 2002; Morrow et al. 2004; Tsuzuki et
al. 2004; Fischer et al. 2005; Schindler et al. 2009), but also zebrafish and
human cord blood cells, the latter injected into immunodeficient mice, have
been used (Sabaawy et al. 2006; Hong et al. 2008). The most common
approach for transgene delivery has been retroviral transduction of the
ETV6/RUNXI fusion gene into either murine adult bone marrow cells or fetal
liver cells (Bernardin et al. 2002; Morrow et al. 2004; Tsuzuki et al. 2004;
Fischer et al. 2005). Two of the studies using this approach reported that
expression of E7TV6/RUNXI results in impaired (but not completely blocked)
B-cell differentiation in vivo (Tsuzuki et al. 2004; Fischer et al. 2005). In
addition to this impairment, Fischer et al. (2005) described the presence of an
expanded LyGa*/Kithi population, resembling multipotential progenitors, in
both blood and bone marrow of the transplanted mice. Morrow et al. (2004)
described an overrepresentation of E7V6/RUNXI-positive B-cells following
transplantation. While this might seem contradictory to the impaired B-cell
differentiation described by other groups, the surface antigen used to identify
B-cells in this study would include also immature B-cells; hence, this result is
compatible with impaired B-cell differentiation.

A non-mammal model has been developed using transgenic zebrafish. After
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long latency, 3% of the transgenic fish developed oligoclonal B-cell acute
lymphoblastic leukemia. Impaired B-cell differentiation and an expansion of
progenitor cells was also observed (Sabaawy et al. 20006).

Hong et al. (2008) used lentiviral delivery of E7V6/RUNXI into human
cord blood cells that were allowed to reconstitute the bone marrow of
immunodeficient NOD/SCID mice. Interestingly, this gave rise to a
population of CD34'/CD38/CD19" cells. Such cells are not present in
normal human bone marrow and this subpopulation is believed to house a
pool of leukemic or preleukemic stem cells in E7V6/RUNXI-positive ALLs
(Castor et al. 2005; Hong et al. 2008). The CD34'/CD38/CD19*
subpopulation could be transplanted into secondary mice and reconstituted
both the CD34'/CD38/CD19* population and mature B-cells.

In a recent study by Schindler et al. (2009), Erw6/RUNXI was expressed
from the endogenous murine E#v6 locus by replacing exon six of this gene with
human RUNX1 cDNA. A loxP flanked STOP-signal prevented the expression
of the fusion transcript unless the STOP-signal was excised using Cre. This
model, arguably mimicking several aspects of the native fusion gene, revealed
that Erw6/RUNXI blocks the emergence of early B-cells when expressed in
hematopoietic stem cells. An increase in hematopoietic stem cells was also
observed. Importantly, combining Erv6/RUNXI expression with a mutagenic
DNA alkylating agent resulted in aggressive lymphoblastic leukemia when
Etw6/RUNXI was expressed in hematopoietic stem cells, but not when
expressed in early B-cell progenitors.

A common theme in all the described models is that E7TV6/RUNXI
expression by itself is insufficient for leukemia development (Andreasson et al.
2001; Morrow et al. 2004; Tsuzuki et al. 2004; Fischer et al. 2005; Hong et al.
2008; Schindler et al. 2009). The two models where leukemia apparently
developed spontaneously following E7VG6/RUNXI expression were both
associated with long latencies and low frequencies of spontaneous leukemia,
further illustrating the need for cooperating mutations (Bernardin et al. 2002;
Sabaawy et al. 2006). Another common theme is the impaired B cell
differentiation observed by several groups (Tsuzuki et al. 2004; Fischer et al.
2005; Schindler et al. 2009). The exact nature of this impairment was however
different between these models. Tsuzuki et al. (2004) and Fischer et al. (2005)
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observed that the transition from pro- to pre-B-cell was perturbed, which
corresponds well to the maturation block observed in E7V6/RUNXI-positive
BCP ALL. Because of this, they speculated that this impairment contributes to
leukemia development. Schindler et al. (2009), however, observed a block in
maturation that occurred earlier than the pro- to pre-B-cell transition.
Moreover, as this block was only evident in adult bone marrow hematopoiesis
and not in fetal liver hematopoiesis, they speculated that this block is more
likely to explain the association between E7V6/RUNXI and childhood ALL. It
was argued that the early block in B-cell development observed in adult bone
marrow would prohibit the emergence of a B-lineage committed
ETVG6/RUNXI-positive preleukemia in adult bone marrow and, hence, that
this preleukemic clone can only develop in uzero.

In conclusion, the animal models all support the idea that E7V6/RUNXI
perturbs hematopoietic stem cells and gives rise to a preleukemic clone that
can persist in the blood and bone marrow for several years and that the
acquisition of specific mutations within this preleukemic clone results in ALL.
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THE PrRESENT STUDY

Specific aims of the study

The general aim of this thesis has been to characterize acquired genetic changes
that occur in E7V6/RUNXI-positive ALLs. More specifically the aims were:

> To determine the presence of acquired copy number aberrations in
ETV6/RUNXI-positive ALLs and to study the impact of these changes
on the expression of genes within the altered regions. (Article I)

» To identify recurrent copy number changes in a large series of
ETV6/RUNXI-positive ALLs and investigate how these are correlated.
(Article II)

» To identify all somatic mutations in the exomes of two E7V6/RUNXI-
positive ALLs. (Article III)

Materials and Methods

This section contains a brief overview of the material and methods used in the
study. For a more detailed description the reader is referred to the Materials
and Methods section and the corresponding supplement of each article.

Patient material

All the patients included in this study were treated at either Lund or
Linkdping University Hospitals. The presence of E7V6/RUNXI, TCF3/PBX1,
BCR/ABL1 and MLL fusion genes in the bone marrow or blood was
determined at the Department of Clinical Genetics, Lund, using reverse
transcriptase polymerase chain reaction (RT-PCR), Southern blot, and FISH,
as a part of routine diagnostic analysis. DNA and RNA were extracted using
standard methods at diagnosis and stored at the Department of Clinical
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Genetics, Lund. This study was approved by the ethical committees of Lund
and Linkoping Universities.

Array CGH

Array CGH was performed using a bacterial artificial chromosome array
platform with 32 433 features covering 98% of the genome at 100 kb
resolution (Article I). The arrays were produced at the SCIBLU DNA
microarray resource center at Lund University. In brief, the arrays were used as
follows: patient DNA and reference DNA were labeled with Cy3 and Cy5
respectively; the patient and reference DNAs were competitively hybridized to
the arrays, which were then washed and scanned. Intensity information was
retrieved from the scanned images using GenePix Pro 4.0 software (Axon
Instruments, Foster City, USA). The intensity information was uploaded into
the web based software environment BASE (Saal et al. 2002). Low intensity
features were removed from the data, after which the data were normalized
using Lowess curve fitting (Yang et al. 2002). Gains and losses were identified
after plotting the data using a BASE implementation of the MATLAB toolbox
CGH-plotter. (Autio et al. 2003).

SNP arrays

Three types of SNP arrays were used in the current study: The mapping 500K
array set (Affymetrix, Santa Clara, USA) in Article II and cytogenetics whole-
genome 2.7M arrays (Affymetix) and HumanCNV370-quad arrays (Illumina,
San Diego, USA) in Article III. All arrays were used according to the respective
manufacturer’s protocol. The data from the mapping 500K array set were
prepared and visualized using dChip (Lin et al. 2004). The data were
segmented using DNAcopy (Venkatraman and Olshen 2007) from the
Bioconductor software package (Gentleman et al. 2004) and copy number
changes were detected from these segments. The cytogenetics whole-genome
2.7M arrays were analyzed using Chromosome analysis suite (Affymetrix) to
detect copy number changes and genotype information was extracted from the
HumanCNV370-quad arrays using Genome Studio (Illumina).
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External data

Previously published SNP array data from external research groups were used
in Article II. This allowed a thorough correlation analysis of secondary copy
number changes in E7V6/RUNXI-positive ALLs. Two external data sets were
used, one comprising 47 ETV6/RUNXI-positive cases from the data set
described by Mullighan et al. (2007), and one consisting of 93 ETV6/RUNXI-
positive cases from a data set published by Kawamata et al. (2008). Scanned
intensities were downloaded as CEL-files; these were converted into log2 copy
numbers using dChip for both external data sets. The data were segmented
using DNAcopy (Venkatraman and Olshen 2007).

Exome enrichment and highly parallel sequencing

Exome enrichment was performed using 2.1M sequence capture human
exome arrays (Roche, Madison, USA) and highly parallel sequencing of the
enriched material was performed on the Genome Analyzer II (Illumina). These
steps were performed in collaboration with Ambry Genetics, Aliso Viejo, USA.
The samples were prepared using Illumina's protocol for paired end
sequencing, modified only with a hybridization step to perform the exome
enrichment. The libraries were subjected to 2x55 cycles of paired end
sequencing. However, due to a machine error, only 42 cycles of data were
available for one of the paired reads from one flow cell. Base calling was
performed using RTA (Illumina) and quality filtering of the sequence data was
performed using Illumina pipeline software (Illumina). The software 'bwa' (Li
and Durbin 2009) was used to align the filtered reads to the hgl8 build of the
human genome. Filtering of PCR duplicates was performed using an in-house
modified version of 'Picard" (http://picard.sourceforge.net/). Genotyping was
performed using the maq consensus model implemented in samtools (Li et al.
2009). Genotype comparisons with SNP array data, filtering against dbSNP
and comparison with reference genotype data were performed using custom
perl scripts.
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Results and discussion

Article I

In order to identify copy number aberrations (CNAs) and to study their
impact on gene expression, 17 ETV6/RUNX-positive ALLs were analyzed with
array CGH and gene expression profiling. Most of the CNAs previously
identified using G-banding and FISH could be confirmed. Furthermore, 31
additional CNAs were identified. Of these, 12 CNAs were from cases where
the G-banding analysis had failed and six CNAs where too small for detection
using G-banding. The remaining 13 imbalances where, however, most likely
missed due to poor chromosome morphology or similar banding patterns of
the involved chromosome arms. The CNAs were found to be associated with
general changes in gene expression for genes located in the affected regions; as
expected, deletions were associated with decreased gene expression and gains
were associated with increased expression.

The most common copy number change was a previously undescribed gain
of Xq material of varying size, but with a common 35 Mb minimally
duplicated region. Curiously, the six cases that were positive for this aberration
were all in ALLs from boys, indicating this aberration is quite specific for boys
with ETV6/RUNXI-positive ALL. In the three cases where material was
available for FISH, the gained Xq material was found to be part of an
unbalanced translocation with either chromosome 6 or 11. Since the
breakpoints on Xq were variable and since different partner chromosomes were
involved, it was considered unlikely that the unbalanced translocations would
results in a fusion gene. That the functional outcome of Xq duplications
would be increased expression of a gene within the minimally gained region
important for leukemia development was considered a more likely scenario.
The 35 Mb minimally gained region on Xq was found to harbor several genes
with a specifically high expression in ETV6/RUNXI-positive ALLs, identifying
them as candidate targets of the duplication. Three genes in particular were
highly expressed in this subtype as determined by both gene expression analysis
and real time quantitative PCR: SPANXB, HMGB3, and FAM50A. The
exceptionally specific overexpression of SPANXB in ETV6/RUNXI-positive
ALL was interpreted as an indication that this gene is the main target of the
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duplication. However, since HMGB3 has recently been described to be fused
with NUP98 in a therapy related AML (Petit et al. 2010), this gene should
also be regarded as a potential target of the Xq duplication.

The finding that gain of Xq material is common in male £7V6/RUNXI-
positive cases was unexpected and intriguing. Only sporadic cases of
ETVG6/RUNXI-positive ALLs with partial gain of Xq had previously been
described. In total, only eight such cases were known prior to this study (Ma et
al. 2001; Lu et al. 2002; Nordgren et al. 2002; JaroSovd et al. 2003;
Kuchinskaya et al. 2005; Martineau et al. 2005). Additional cases were,
however, evident from studying an independent gene expression data set (Ross
et al. 2003); gain of Xq could be inferred from the characteristic
overexpression of genes in the minimally gained region in eight cases from this
data set. An in depth analysis of the data set of Mullighan et al. (2007),
published when the present data were being prepared for submission,
confirmed the presence of Xq gains in around 20% of ETV6/RUNXI-positive
cases, although this intriguing finding was not discussed in that study
(Mullighan et al. 2007). Just like our cases, a large majority (at least 15/18) of
the external cases were male, indicating a very specific association between this
aberration and this gender. A possible explanation for this specific association
could be that females already carry two copies of the entire X chromosome and
have the potential to reactivate important genes on Xq without the need for
Xq duplication. The fact that both SPANXB and HMGB3 were overexpressed
also in girls could argue in favor of this.

In summary, we identified gain of Xq material in a high proportion of
ETV6/RUNXI-positive ALL in boys. The gain was associated with an
increased expression of several genes in the minimally gained region, of which
overexpression of SPANXB was considered to be particularly important due to
the high and very specific expression of this gene in E7V6/RUNXI-positive
ALLs.

Article IT

In this study, 23 primary E7TV6/RUNXI-positive ALLs and one
ETV6/RUNXI-positive cell line were analyzed locally using 500K SNP arrays.
In addition, previously published data on 140 external E7V6/RUNXI-positive
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cases were reanalyzed together with the local data in order to produce reliable
frequency estimates for the different CNAs and to study their
interdependencies. The 24 local cases included also the 17 cases studied in
Article I. All CNAs identified using array CGH in Article I were confirmed
using the higher resolution SNP arrays in this study. In addition to the
previously identified changes, a number of deletions below the detection limit
of array CGH (around 300 kb) were identified. In total, 29 recurrent CNAs
were identified in the 24 cases and 16 of these were recurrent deletions below
300 kb in size (referred to as focal deletions).

SNP array data describing E7V6/RUNXI-positive cases from two external
data sets (Mullighan et al. 2007; Kawamata et al. 2008) were combined with
the local data. This permitted detailed analysis of CNAs in 164
ETVG6/RUNXI-positive cases. Since the two external data sets were produced
using different platforms, not all recurrent CNAs could be studied in the
entire combined data set. In total, 55 recurrent CNAs were identified, of
which 45 could be studied in all 164 cases. This large data set permitted the
study of interdependencies among the CNAs; this was accomplished using
hierarchical clustering analysis, connected pair analysis and oncogenetic tree
analysis.

A hierarchical clustering analysis based on the presence of recurrent CNAs
in the 164 cases revealed ten clusters, mainly defined by ten different CNA:s.
Forty two cases (26%) displayed a profile of recurrent CNAs identical to
another case in the data set. These cases were, however, in minority as 74% of
all cases had a unique combination of recurrent CNAs. This indicates that the
acquisition of CNAs is a stochastic process, a proposition further highlighted
by the fact that the cases with identical CNAs all had a small number of
recurrent CNAs (i.e. three, two, one, or zero recurrent CNAs).

Despite the stochastic nature of CNA accumulation, there might exist
interdependencies between CNAs, for example due to functional
redundancies, i.e. similar leukemogenic contribution from different CNA:s.
Such correlations were highlighted using connected pair analysis (CPA). Two
significant (q < 0.05) negative associations were found, deletion of E7V6 was
negatively correlated with +der(21)t(12;21) and deletion of E7V6 was also
negatively correlated with gain of Xq material. Functional redundancy can
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explain the former association as existing data suggest that heterodimerization
between ETV6 and the ETV6/RUNXI fusion protein impairs the function of
the fusion protein (McLean et al. 1996). In this case, an increased
ETV6/RUNXI to ETVG6 ratio would lead to a more functional fusion gene;
deletion of E7V6 or duplication of the fusion gene are two different ways to
increase this ratio. The negative connection between gain of Xq and deletion
of ETVG6 is, however, more elusive. Possibly this association indicates that the
target gene on Xq is related to ETV6 function.

A number of positive correlations between CNAs were also identified. The
most prominent of these was the association between the gains of
chromosomes 10 and 16. This association was most likely present due to a
general tendency to acquire whole chromosome gains in a small number of
cases since those with gain of these chromosomes exhibited significantly more
gains of other chromosomes. There was also a significant association between
gain of Xq and deletion of a large region on 11q which is most likely explained
by the fact that the Xq gain can be part of an unbalanced X;11 translocation,
resulting in simultaneous gain of Xq and deletion of 11q (Article I). Several
additional positive correlations were also identified although the exact nature
behind their connections could not be explained.

The data were also analyzed using two types of oncogenetic tree models;
branching oncogenetic trees and distance based oncogenetic trees (Desper et
al. 1999, 2000). These have been developed for inferring and visualizing the
sequential acquisition of mutations and to subgroup mutations based on their
co-occurrence. The two oncogenetic trees were in good agreement as three
quite similar groups of CNAs were separated in both models.

The strong association between gain of chromosomes 10 and 16 revealed by
CPA was also apparent from the oncogenetic trees as these were connected in
the branching tree and present in the same cluster in the distance based tree.
Another observation was that among the three groups of CNAs identified by
the oncogenetic tree models there were two consisting mainly of focal
deletions while the third consisted mainly of gains and deletions of large
chromosomal regions and whole chromosome gains. Hence, large and small
genetic changes commonly occur together with CNAs of similar size, which
indicates that predisposing mutations could precede these CNAs. As for the
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whole chromosome gains, these were present in cases with a tendency to
acquire whole chromosome gains in general (as described above). As for focal
deletions, these have, in single cases, been shown to be the result of aberrant
RAG activity (Novara et al. 2009); an enzyme involved in the normal somatic
rearrangement of immunoglobulin and T-cell receptor loci. Hence, it is
plausible that mutations affecting RAG activity in a subset of cases could be
responsible for the clusters of focal deletions. Oncogenetic trees also inferred a
sequential order of appearance for the aberrations and according to the two
models the early events in the leukemogenic process are del(6q), +16, and

deletions of E7V6, CDKN2A/B, and PAX5.

Article ITIT

Newly developed methods for large scale sequencing have made it possible to
sequence the whole genome of individual leukemias and tumor cell lines
(Mardis 2010). However, whole genome sequencing is still relatively expensive.
Another application also enabled by the new sequencing techniques is whole
exome sequencing, where sequencing is preceded by an enrichment step in
order to maximize the amount of sequenced material originating from coding
regions. The latter application has enabled the identification of disease causing
mutations in several rare Mendelian disorders (Choi et al. 2009; Ng et al.
2010). In this study, mutations affecting the coding regions of two
ETV6/RUNXI-positive ALLs were characterized using SNP arrays and exome
capture followed by highly parallel sequencing. In total, 80 and 85% of the
coding regions were successfully genotyped by exome sequencing in the two
ALLs. Comparing the genotypes with dbSNP (Sherry et al. 2001) and
genotypes from a matched normal sample, followed by confirmation using
traditional capillary sequencing, revealed seven single nucleotide mutations in
the coding regions of each ALL. One of the mutations was in codon 835 of
FLT3, which is well known to be mutated in both lymphoid and myeloid
leukemias (Stirewalt and Radich 2003). This mutation was only present in 3 of
30 reads from the highly parallel sequencing and could at first not be
confirmed using capillary sequencing. However, when a restriction enzyme
assay was used in combination with capillary sequencing, the FL73 mutation
was confirmed to be present in ~15% of the FL73 alleles, providing an
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explanation for both the low number of reads in the highly parallel sequencing
and the failure to detect the mutation using capillary sequencing. This example
demonstrates the power of highly parallel sequencing over traditional capillary
sequencing, especially at high read depths.

In addition to the single nucleotide mutations, the two ALLs contained
eight and 14 CNA:s, respectively. Of these, five CNAs in each ALL were from
the subset of CNAs found to be recurrent in £7V6/RUNXI-positive ALL in
Article II and, hence, most likely constitute mutations that contribute to the
disease.

The single nucleotide mutations affected different types of genes. The
FLT3 mutation described above is well known to be associated with leukemia.
The remaining 13 mutations, however, were in genes with no previously
known involvement in leukemia. Therefore, the presence of all 14 mutations
was analyzed in an extended series of 27 primary E7V6/RUNXI-positive ALLs
and two ETVG6/RUNXI-positive cell lines. These did, however, not contain
additional mutations. The mutated genes were then compared with mutated
genes in other types of cancer through the Catalogue of Somatic Mutations in
Cancer (COSMIC) (Forbes et al. 2008). The effect of the mutations on the
resulting protein was also modeled using PolyPhen-2 (Adzhubei et al. 2010)
and SIFT (Ng and Henikoff 2003). These analyses revealed that five genes, in
addition to FL73, had previously been found to be mutated in a tumor. Two
of the genes with mutations in other cancer types, GKNI and RUNXIT1, had
protein altering mutations. Of these two, the amino acid change in GKNI was
predicted to be tolerated by both PolyPhen-2 and SIFT. The mutation in
RUNXITI, however, affected a splice donor site and is very likely to affect the
splicing and thereby change the final protein dramatically. Interestingly,
RUNXITI is commonly rearranged in acute myeloid leukemia as part of the
fusion gene RUNXI/RUNXITI (also known as AMLI/ETO), further
demonstrating that alterations affecting this gene can be oncogenic. In
addition to the mutations affecting FL73, GKNI, and RUNXITI, the
mutations in the genes 7P53INPI, CSMD2, and MCAM were also considered
candidate driver mutations. The 7P53/NPI1 mutation was included because
this gene encodes a protein that is suggested to function as a tumor suppressor
and acts downstream of TP53. Also, the amino acid change caused by this
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mutation was predicted by both models to disrupt the protein. The mutation
in CSMD2 was considered possibly oncogenic due to 1) that the highly related
CSMDI and CSMD3 are commonly altered and suggested to be tumor
suppressor genes (Ma et al. 2009; Gylfe et al. 2010); and 2) that only the
mutated version of CSMD2 could be detected by RTI-PCR followed by
sequencing in the mutated ALL in this study. The mutation in MCAM,
predicted by PolyPhen-2 to be 'probably damaging', was also considered likely
to be oncogenic due to the involvement of MCAM in melanoma progression
and prostate and breast tumors (Ouhtit et al. 2009). Hence, although none of

the 14 single nucleotide mutations identified by exome sequencing was
recurrent in 29 ETVG6/RUNXI-positive ALLs, several of them are likely to be
important for leukemogenesis.

Conclusions

Article I

» Array CGH is a robust method for detecting CNAs in E7V6/RUNXI-
positive ALL.

» Copy number changes have a great impact on gene expression in the
affected regions.

> Gain of Xq is present in ~35% of E7TV6/RUNXI-positive ALLs; this

copy number change is specific for male cases.

» Several candidate target genes are located within the minimally gained
Xq region, of which the gene SPANXB is the most likely target of the
duplication.

Article IT

» ETV6/RUNXI-positive ALLs display a high number of recurrent
CNA:s.

» The majority (74%) of ETV6/RUNXI-positive ALLs have acquired a
unique set of recurrent CNAs, suggesting that the process of acquiring
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CNA:s is unique for each case.

Genes involved in nuclear hormone response are frequently targeted by

focal deletions in E7V6/RUNXI-positive ALLs.

Oncogenetic tree models identify deletions of E7V6, CDKNZ2A/B,
PAX5, and 6q and +16 as possible early events in the leukemogenesis
of ETV6/RUNXI-positive ALLs.

Article IIT

>

Using exome sequencing it was possible to produce high quality
genotype information for 80 — 85% of the coding regions.

Although highly parallel sequencing is associated with low error rates,
the large amount of data result in high rates of false positives; hence, it
is crucial to confirm the mutations in a separate experiment.

ETV6/RUNXI-positive ALLs carry approximately equal numbers of

single nucleotide mutations and CNA:s.

Six of the 14 single nucleotide mutations affected genes that were
either present in tumor suppressor pathways, closely related to known
tumor suppressors, or known to be perturbed in other tumors, strongly
indicating that these mutations are important for leukemia
development.
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Although treatment of childhood ALL has become a tremendous success story,
with cure rates improving from zero to ~80% in the last 60 years (Kersey
1997), many aspects of this disease remain elusive. It is known, especially from
studies of E7VG6/RUNXI-positive ALL, that the initial events preceding the
leukemia can occur several years before the disease has its onset, often even in
utero. The period from the initiating event to the debut of overt ALL is,
however, shrouded in mystery. If the cellular path towards leukemia was
known, and more importantly, could be interrupted, many children could be
spared the intensive treatment and side effects associated with current ALL
management protocols. One elusive aspect is the normal frequency for the
occurrence of leukemia associated genetic changes. It has, for example, been
reported that the ETV6/RUNXI fusion gene occurs in the cord blood of
around 1% of newborns (Mori et al. 2002), a frequency approximately 100
times higher than expected if all newborns carrying the fusion gene would
develop ETV6/RUNXI-positive leukemia. These data have, however, recently
been challenged by a study indicating that a majority of the positive samples
represent either contaminations or, possibly, samples with very small numbers
of positive cells, below the actual detection limit of the assay (Lausten-
Thomsen et al. 2011). If the data from the latter study prove correct it might
be possible to devise an assay that identifies the preleukemic clones that will
evolve into full blown leukemias, which could possibly allow earlier, less toxic,
therapeutic interventions.

The cytogenetic subtype of childhood ALL has a strong influence on
prognosis and this information is also considered when determining the
intensity of treatment. During the present study it has become clear that
although there is considerable overlap in secondary genetic changes between
the cytogenetic subtypes, several of the secondary changes are subtype specific,
such as the E7V6/RUNXI-specific gain of Xq described in Article I and the
alterations affecting nuclear hormone response described in Article II. The fact

that this study has focused exclusively on the E7V6/RUNXI-positive subtype
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of ALL has enabled the discovery of these subtype-specific properties and has
enabled us to appreciate their contribution to this specific subtype better. The
gain of Xq, for example, is present in less than 5% of the ALLs in the data set
of Mullighan et al. (2007) and could easily be discarded as rare and
uninteresting if the connection to male £7V6/RUNXI-positive cases was not
considered. However, since the publication of Article I, the high incidence of
Xq gains in ETVG6/RUNXI-positive ALLs has been confirmed further.
Practically all high-resolution studies of copy number changes in
ETV6/RUNXI-positive ALLs reported since the publication of Article I have
described Xq gains, although the frequency of positive cases has varied between
16 and 26% (Parker et al. 2008; Horsley et al. 2008; Bateman et al. 2010;
Article II). Interestingly, recent studies have also highlighted one of our
original candidates, in addition to SPANXB, as a possible target for the Xq
duplication. The fusion gene NUPIS8/HMGB3 has been identified in a
therapy-related AML, illustrating that HMGB3 can be involved in
leukemogenesis (Petit et al. 2010), consistent with its role in regulation of
hematopoiesis (Nemeth et al. 2006). Hence, the individual contribution of
each of the different overexpressed genes on Xq has not been settled.
Functional studies where the most likely candidates are silenced and/or
overexpressed in relevant model systems are probably required to settle this
issue.

The overall aim of the current study has been to define the full complement
of genetic changes present in E7V6/RUNXI-positive ALL. This has been
accomplished using state of the art microarray and sequencing techniques. The
results of the exome sequencing of Article III, however, illustrate that the
picture is not yet complete. As whole exome and whole genome sequencing are
becoming available, studies of larger series of E7V6/RUNXI-positive ALLs will
undoubtedly identify additional recurrent genetic changes. So, what are the
potential benefits of this increased knowledge? A number of important
applications might emerge with the new information. First of all, as the
ETV6/RUNXI fusion gene is not sufficient for inducing leukemia on its own
in most of the models produced thus far, (Andreasson et al. 2001; Morrow et
al. 2004; Tsuzuki et al. 2004; Fischer et al. 2005; Hong et al. 2008; Schindler
et al. 2009) the addition of known secondary changes could enable the
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establishment of more relevant models of this ALL subtype. Also, detailed
knowledge of the secondary changes in individual E7V6/RUNXI-positive
ALLs would permit studies addressing the sequential acquisition of mutations,
if material was available from time points prior to leukemia, as demonstrated
by Horsley et al. (2008). The information regarding which genes are perturbed
during neoplastic hematopoiesis could also give important insights into the
function of these genes during normal hematopoiesis. Importantly, the
secondary genetic changes may constitute independent risk factors to consider
for the overall prognosis. And lastly, the secondary genetic changes could,
hopefully, represent possible drug targets for improved therapies.
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SVENSK SAMMANFATTNING

Leukemi ar ett samlingsbegrepp for sjukdomar dir sjuka vita blodkroppar
ansamlas i benmirgen. Leukemier indelas vanligen i akuta eller kroniska
varianter beroende pa de sjuka cellernas mognadsgrad och hastigheten pd
sjukdomsforloppet. Dessutom benimns leukemier efter vilken typ av celler
som ansamlas — lymfatiska eller myeloiska. De lymfatiska leukemierna kan
ytterligare delas in beroende pad om de lymfatiska cellerna ar B- eller T-celler.
B-cells akut lymfatisk leukemi #r siledes en snabb ansamling av omogna
lymfatiska B-celler. For att framhdva att det just 4r omogna B-celler som
ansamlas kallas denna leukemi dven B-cells prekursor akut lymfatisk leukemi
(BCP ALL). Denna leukemi dr den vanligaste formen av cancer hos barn.
Liksom andra typer av cancer orsakas BCP ALL av forvirvade genetiska
forindringar i de sjuka cellerna. Nirvaron av vissa genetiska forindringar har
visat sig ha stor betydelse for prognosen vid BCP ALL. En translokation
(utbyte av kromosomalt material) mellan kromosomerna 12 och 21 som ger
upphov till fusionsgenen E7V6/RUNXI finns i cirka 25% av BCP ALL hos
barn. BCP ALL:er med denna fusionsgen uppvisar vanligen en god prognos.
Det finns goda beligg for att uppkomsten av denna fusionsgen ir en tidig
forindring som kriver ytterligare genetiska forindringar innan en leukemi
uppstar. Atc kartligga vilka genetiska forindringar som férekommer
tillsammans med E7V6/RUNXI kan alltsi ge viktiga ledtridar om hur denna
leukemi uppstar. Mojligen kan det ocksd ge svar pd varfor behandlingen av
BCP ALL misslyckas i vissa fall. De genetiska férindringarna kan 4ven, i bista
fall, anvindas som maéltavlor f6r framtida likemedel mot BCP ALL. Milet
med studierna i avhandlingen har varit att med nyutvecklade tekniker
kartligga genetiska forindringar som férekommer tillsammans med
ETV6/RUNXI i BCP ALL hos barn.

I den forsta studien undersoktes kopietalsforandringar i 17 ETV6/RUNXI-
positiva BCP ALL:er frin barn med hjilp av array CGH. Denna teknik kan
pavisa kopietalsforindringar (forlust eller tillskott av genetiskt material) ned till
en storlek av ca 300 000 baspar. Totalt identifierades 45 kopietalsférindringar.
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Framforallt identifierades ett tidigare ej beskrivet tillskott av material frin den
langa armen pd kromosom X (benimnd Xq). Denna férindring fanns i sex
(35%) av fallen, uteslutande pojkar. Hos pojkar férekom Xq-duplikationen i
55% av fallen. Jimforelser med genuttrycksdata visade att bade tillkomst och
forlust av genetiskt material ledde till allminna okningar och minskningar i
genuttryck for gener med forindrat kopietal. I den duplicerade Xq-regionen
fanns flera gener vars uttryck var signifikant forhéjt i £7V6/RUNXI-positiva
BCP ALL:er, och dirmed starka kandidater till att vara maélgener for
duplikationen. Den gen som hade det hogsta och mest specifika uttrycket i
ETV6/RUNXI-positiva BCP ALL:er var SPANXB som normalt endast uttrycks
i testikelvivnad. Senare studier har visat att genen HMGB3, som idven den
hade ett hogt och specifikt uttryck i E7V6/RUNXI-positiva BCP ALL:er, ingér
i en fusionsgen i akut myeloisk leukemi. Dirfoér bér dven denna gen betraktas
som en intressant kandidat i det duplicerade Xq-omradet.

I den andra studien undersdktes 164 ETV6/RUNXI-positiva BCP ALL:er
med SNP-array, en teknik som kan detektera kopietalsforandringar ned till ca
10 000 baspars storlek. Bland de 164 BCP ALL:er som undersoktes fanns 24
BCP ALL:er for vilka hela SNP-array analysen gjordes av oss; resterande
material utgjordes av tidigare publicerade fall frin tvéd stora studier gjorda av
andra forskargrupper. Totalt kunde 55 forvirvade kopietalsférindringar som
forekom i mer dn ett fall, det vill siga var dterkommande, identifieras.
Eftersom en andel av fallen i studien endast studerats med en SNP-
arrayplatform med ligre upplosning kunde dock endast 45 férindringar
studeras i hela materialet. En majoritet av fallen (74%) hade en helt unik
sammansittning av de aterkommande kopietalsférindringarna vilket tyder pa
att processen som foregir leukemin ser olika ut for varje enskilt fall. Den
vanligaste typen av forindring som identifierades var forluster av material
mindre dn 300 000 baspar i storlek. Dessa forluster resulterade oftast i att en
eller tva gener avligsnades. Tva grupper av gener som ofta drabbades av sidana
genforluster var gener som styr B-cellsutvecklingen och gener som styr svaret
pa hormoner i cellkirnan. En modell f6r det tidsmissiga forloppet for
tillkomsten av kopietalsférindringarna kunde goras med hjilp av en
matematisk/statistisk metod benimnd onkogenetiska trid”. Enligt denna

modell var forlusterna av E7V6, CDKN2A/B, PAX5, och 6q samt tillkomsten
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av en extra kopia av kromosom 16 sannolikt tidiga forindringar.

I den tredje studien undersoktes tvd stycken E7V6/RUNXI-positiva BCP
ALL:er med exomsekvensering, det vill siga storskalig sekvensering som
mojliggor bestimning av varje enskild nukleotid i den del av arvsmassan som
uttrycks till protein. Detta motsvarar ca 25 miljoner nukleotider, knappt en
procent av DNA:t i en minsklig cell. I denna studie beskrivs for forsta gingen
hur exomsekvenseringstekniken kan anvindas for att finna mutationer i
tumorprov. Efter sekvenseringen jimfordes varje nukleotid med den minskliga
referenssekvensen, kinda normalvarianter i en databas (dbSNP) och medfédda
varianter hos patienten, for att identifiera forvirvade mutationer unika f6r de
leukemiska cellerna. Mutationskandidaterna  bekriftades slutligen med
traditionell kapillirsekvensering. Sju nukleotidférindringar kunde identifieras i
vardera BCP ALL, vilket innebir att nukleotidférindringar ir ungefir lika
vanliga som kopietalsférindringar i E7V6/RUNXI-positiv BCP ALL. I de tvd
undersokta fallen fanns atta respektive 14 kopietalstérindringar. Av
nukleotidférindringarna visade sig 11 paverka aminosyrasammansittningen i
genens proteinprodukt, vilket betyder att funktionen hos proteinet kan
forandras eller forstoras. Nirvaron av de 14 nukleotidforindringarna
undersoktes i 29 ETV6/RUNXI-positiva BCP ALL:er, men ingen av dem
aterfanns i det materialet. En jimf6relse med mutationer beskrivna i databasen
COSMIC ("Catalogue of Somatic Mutations in Cancer”) visade att sex av de
gener som péverkats av nukleotidforindringar tidigare visats vara forindrade i
andra tumortyper. Detta tillsammans med den normala funktionen av de
drabbade generna och mutationernas forvintade paverkan pd det uttryckta
proteinet visade att nukleotidférindringarna sannolikt 4r viktiga for
leukemiuppkomsten i de undersokta fallen.

Sammanfattningsvis har studierna som ingir i denna avhandling gett ny
information om det komplexa ménster av genetiska forindringar som bidrar
till utvecklingen av en av de vanligaste formerna av barnleukemi,
ETV6/RUNXI-positiv BCP ALL. Férhoppningsvis kan denna kunskap leda till
forbattrad framtida diagnostik och behandling av dessa sjukdomar.
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