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GENERAL INTRODUCTION







General Introduction

1. HEMATOPOIESIS

The process of blood cell formation is known as hematopoiesis. During this process ma-
ture blood cells are formed in the bone marrow, followed by their release in the periph-
eral blood. Once in the periphery, mature blood cells exert their functions; erythrocytes
play a crucial role in gas transport from the lungs to the peripheral organs and vice
versa, platelets are essential for blood clotting and leukocytes, comprising granulocytes,
monocytes/macrophages, lymphocytes and natural killer cells, are indispensable for the
defense against micro-organisms.

The mammalian blood system is self renewing and the number of blood cells is con-
trolled by a tight balance of production and degradation. Throughout the entire life, ma-
ture blood cells derive from a small population of pluripotent hematopoietic stem cells
(HSCs) within the bone marrow. HSCs have the exceptional ability to and self-renew and
differentiate into progenitors of all hematopoietic lineages’. In this way, HSCs provide
an unlimited source of blood cells. Hematopoietic progenitors on their turn develop
through a number of differentiation stages into mature blood cells (Figure 1). The lifes-
pan of mature blood cells is limited, consequently a constant production is necessary to
maintain adequate blood cell numbers?.

Hematopoiesis is largely controlled by external signals, e.g., hematopoietic growth
factors and cell-cell interactions, within the bone marrow niche* 3. These are essential for
the production of sufficient numbers of blood cells under physiological conditions and
provide opportunities to increase production if necessary, e.g., during blood loss or infec-
tions, a process known as “stress” or “emergency” hematopoiesis*>. Furthermore, extracel-
lular signals can direct differentiation of hematopoietic progenitors into specific lineages.
Growth factors that play a major role in this process are thrombopoeitin (TPO), essential
for platelet production, erythropoietin (EPO), regulating the production of erythrocytes,
and colony stimulating factors (CSFs), involved in myeloid cell development> 52,

The majority of leukocytes in the peripheral blood are neutrophilic granulocytes or
neutrophils, which are essential for the early, aspecificimmune response against micro-
organisms. The process of neutrophilic development is known as myelopoiesis. During
this process, HSCs develop through a number of differentiation stages, i.e., myeloblasts,
promyelocytes, neutrophilic myelocytes, neutrophilic metamyelocytes and neutrophilic
band cells into mature neutrophils (Figure 2).

2. ACUTE MYELOID LEUKEMIA

Hematopoiesis is tightly regulated to ensure the production of sufficient numbers of
blood cells. Equally important however, is the prevention of uncontrolled growth of he-
matopoietic progenitors. In acute myeloid leukemia (AML) this regulation is disturbed,
myeloid progenitors have an increased proliferation capacity and have lost their ability

1
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Figure 1. Hematopoiesis. Adapted from Reya et al' and Blank et al.** Within the hematopoietic stem cell
compartment 3 subtypes of hematopoietic progenitors can be distinguished, i.e., long term and short term
HSCs (LT-HSCs and ST-HSCs) and multipotent progenitors (MPPs). HSCs differentiate through a number
of immature stages, e.g.,, common lymphoid progenitors (CLPs), common myeloid progenitors (CMPs),
granulocyte/macrophage progenitors (GMPs) and megakaryocyte/erythrocyte progenitors (MEPs), into
functional blood cells of all different hematopoietic lineages, depicted on the far right. For visualization
purposes, not all immature differentiation stages are shown.

to differentiate. Clonal expansion and accumulation of leukemic blasts in the bone mar-
row and peripheral blood are the result.

2.1. Clinical aspects of AML

The incidence of AML is approximately 3.5 per 100.000 per year with a median age of 67
years at time of diagnosis®. AML patients usually present with a classical trias of symptoms,
i.e., fatigue, hemorrhage and infections. These symptoms are due to suppression of nor-
mal hematopoiesis caused by leukemic blasts within the bone marrow and a subsequent
lack of mature hematopoietic cells. Lack of functional blood cells leads to fatigue (lack of
erythrocytes), hemorrhage (lack of platelets) and infections (lack of functional leukocytes).
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Treatment of AML is divided into 2 phases, a remission-induction phase followed by
a consolidation phase'. Remission-induction therapy aims at eradication of leukemic
cells by treatment with intensive combinatorial chemotherapy. After complete remis-
sion is achieved, consolidation therapy aims to eliminate all remaining, undetectable
leukemic blasts in order to prevent relapse. This phase consists of either an allogeneic
or autologous stem cell transplantation or conventional chemotherapy. The type of con-
solidation therapy depends on the age of the patient and the presence of a suitable
stem cell donor. In addition, a risk score, calculated based on cytogenetic abnormalities,
mutations, white blood cell count and time to achieve complete remission, influences
the choice of consolidation therapy.

2.2. Molecular mechanisms involved in AML

In the past decade, a high level of heterogeneity in AML became overt with the rec-
ognition that many different combinations of genetic and epigenetic alterations can
play a role in its pathogenesis''>. These alterations influence pathways involved in
proliferation, differentiation, survival, self-renewal and DNA repair. Genetic alterations
comprise large cytogenetic defects (translocations, amplifications and deletions) and
small genetic aberrations (point mutations and small insertions and deletions). Genomic
translocations may disrupt essential pathways in hematopoiesis by engaging expression
of oncogenic fusion proteins or by transcriptional deregulation of critical genes that are
placed under the influence of an alternative promoter. Moreover, mutations and small
deletions and insertions involved in leukemogenesis may result in gain, loss or change
of function and/or in transcriptional deregulation of essential genes and the proteins
they encode. Examples of recurrent cytogenetic abnormalities and frequently mutated
genes in AML as well as their prognostic significance are listed in Table 1 and 2.

In addition to genetic aberrations, epigenetic alterations, comprising DNA methylation
and histone modification changes, may be involved in AML by altering expression levels
of vital genes. Based on the type of deregulation, these vital genes can be separated into 3
categories, i.e., tumor suppressor genes, haplo-insufficient genes and proto-oncogenes. Re-
duced expression levels of haplo-insufficient genes and complete loss of tumor suppressor
genes on one hand and over expression of proto-oncogenes on the other hand contribute
to malignant transformation. Of note, expression levels of many genes are tightly regulated
and both their over expression and down regulation may contribute to leukemogenesis.
Although many genetic and epigenetic alterations have been described in AML, underlying
aberrations remain unidentified in many patients.

2.3. Approaches to study leukemogenesis

Many different processes are deregulated in leukemic cells, conferring uncontrolled
growth and maintenance of leukemic blasts. Most of these aberrations are likely down-
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Figure 2. Myelopoiesis. HSCs develop through a number of differentiation stages into neutrophilic
granulocytes. In a subset of SCN patients a block in differentiation at the promyelocytic stage of
myelopoiesis is seen.

stream effects of a combination of few leukemia initiating events. To better understand
these events, it is essential to gain insights into the molecular mechanisms involved
in leukemogenesis as well as in the order and timing of events. This knowledge may
consequently lead to the detection of new therapeutic targets and parameters predict-
ing malignant transformation.

Leukemogenesis is an evolutionary process, characterized by gain of mutations
in hematopoietic stem- and progenitor cells and outgrowth of clones with selective
advantage. Consequently, we should distinguish mutations occurring early in disease
development, while others arise late(r). Collection and analysis of sequential samples
of patients with pre-leukemic conditions that eventually develop leukemia provide the
ideal opportunity to investigate leukemogenesis. These samples may comprise bone
marrow samples of patients with an increased risk to develop leukemia, like patients
with bone marrow failure syndromes or patients treated with chemotherapy's's. Ad-
ditionally, blood samples of Guthrie cards, used to collect and store blood of newborn
babies to test them for a number of hereditary diseases, may be a source of pre-leukemic
samples. Usually however, pre-leukemic samples cannot be obtained; in these cases
pre-leukemic subclones sorted from leukemia samples may be used.

Broadly, 2 approaches may be adopted to identify leukemia initiating events using
pre-leukemic samples. First of all, these samples may be analysed to map the complete
landscape of aberrations in subclones that either or not are sustained during leukemo-
genesis. This information is vital to understand why certain clones are maintained in this
process while others disappear. From the other point of the spectrum, one may identify
aberrations present in the leukemia followed by tracing these back in earlier samples.
This latter approach comes with the inability to identify aberrations in pre-leukemic
clones that are not sustained during leukemogenesis. It should be acknowledged that,
after identifying potential leukemia initiating events using pre-leukemic and leukemic
samples, in vivo models should be employed to study the effect of these aberrations in
further detail.
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Table 1. Recurrent cytogenetic abnormalities in adult AML.

Cytogenetic abnormality* Frequency  Genes involved and consequence of abnormality Prognostic
(%)* significance*
Complex karyotype (>3 10.7 Unknown Unfavorable
cytogenetic abnormalities)
+8 9.1 Unknown Intermediate
-7/79- 84 Unknown Unfavorable
(15;17)(922;q921) 76 Fusion of promyelocytic leukemia and retinoic acid Favorable
receptor, alpha (PML-RARA)
-5/5¢0- 7.2 Unknown Unfavorable
1(8;21)(q22;922) 55 Fusion of acute myeloid leukemia 1* and eight twenty- Favorable
one (AML1-ETO)
inv(16)(p13922) / t(16;16) 47 Fusion of core-binding factor, beta subunit and myosin, Favorable
(p13;922) heavy chain 11 (CBFB-MYH11)
-Y 4.1 Unknown Intermediate
t/inv(11g23) 33 Fusions of myeloid/lymphoid or mixed-lineage leukemia  Intermediate
(MLL) and different partners / Unfavorable
abn(12p) 2.5 Unknown Intermediate
+21 22 Unknown Intermediate
abn(17p) 2.2 Unknown Intermediate
/ Unfavorable
del(9q) 2.1 Unknown Intermediate
inv(3)(q21926) / t(3;3)(q21;926) 20 Overexpression of ecotropic viral integration site 1 (EV/7)  Unfavorable
del(11q) 0.9 Unknown Intermediate
1(9;22)(q34;911) 0.8 Fusion of breakpoint cluster region and c-abl oncogene Intermediate
1 (BCR-ABL) / Unfavorable
t(6;9)(p23;934) 0.7 Fusion of DEK oncogene and nucleoporin 214 (DEK- Unfavorable
NUP214)

*Cytogenetic abnormalities are ordered based on frequency, *based on Mrozek et al.*!, t = translocation, - =
loss, + = gain, inv = inversion, abn = abnormality, del = deletion, *a.k.a. runt-related transcription factor 1
(RUNX1).

In the studies described in this thesis, 2 different models were used to identify new
molecular events in leukemia and leukemogenesis. These were the human pre-leukemic
severe congenital neutropenia model and the murine retroviral integration mutagenesis
model. Both models are further introduced in the following sections.

3. SEVERE CONGENITAL NEUTROPENIA

Severe congenital neutropenia (SCN) is a hereditary bone marrow failure syndrome,
characterized by a lack of mature neutrophils, severe recurrent infections and a high
tendency to develop leukemia. To closely monitor alterations predicting for leukemic
transformation bone marrow samples of SCN patients are regularly obtained. These are
of great value to study leukemogenesis.

15
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Table 2. Recurrent genetic abnormalities in adult AML.

Gene symbols  Gene names Frequency*  Prognostic significance?

ASXL1 Additional sex combs like 1 10.8 Unfavorable?

CEBPA CCAAT/enhancer binding protein alpha 4-14 Favorable

DNMT3A DNA (cytosine-5)-methyltransferase 3 alpha 22 Unfavorable

FIT3-ITD ZT;IrCe:taltoes tyrosine kinase 3, internal tandem 20-33 Unfavorable

FLT3-TKD Fms-related tyrosine kinase 3, tyrosine kinase domain 5-10 Controversial

IDH1 NADP-dependent isocitrate dehydrogenase 1 6.6-9.6 Unfavorable

IDH2 NADP-dependent isocitrate dehydrogenase 2 3.0-87 Unfavorable

JAK2 Janus kinase 2 15 -

KT V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene 28 Unfavorable in CBF AMLS
homolog

KRAS V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 5 -

MLL-PTD tMaﬁzlzri;i/cI‘);r;\:iac:c::::r mixed-lineage leukemia, partial 5-11 (CN-AML)  Unfavorable*

NPMIT Nucleophosmin 2535 ;i‘r';rlart;e in absence of

NRAS Neuroblastoma RAS viral (v-ras) oncogene homolog 10-15 -

PTPNT1 Protein tyrosine phosphatase, non-receptor type 11* 25-5.1 ::fMa\;or;aubtlaetiig:sbsence of

RUNX1 Runt-related transcription factor 1 5-13 Unfavorable*

SF3B1 Splicing factor 3b, subunit 1 26 -

TET2 Tet oncogene family member 2 23 (CN-AML)  Unfavorable*

TP53 Tumor protein p53 <10 Unfavorable

wr1 Wilms tumor 1 10 Unfavorable?

*Based on selected references'>'> 3, *also known as SH2 domain-containing protein tyrosine phosphatase
2 (SHP2), *prognostic significance still under further investigation. CN-AML = cytogenetically normal AML,
CBF AMLs = core binding factor AMLs, i.e., with inv(16)/t(16;16) or t(8;21).

3.1. Genetic alterations underlying SCN

SCN patients usually present with recurrent and sometimes even life threatening infec-
tions during early childhood. The increased susceptibility to infections in these patients is
the result of a developmental defect in myelopoiesis leading to a severe reduction in neu-
trophilic granulocytes. Mutations in the gene encoding for neutrophil elastase (ELANE),
observed in ~50% of these patients, are the most frequent mutations underlying SCN™
2, These mutations are thought to cause misfolding of neutrophilic elastase, a protein
initially expressed in the promyelocytic stage of neutrophil development (Figure 2). Its
misfolding is suggested to lead to an unfolded protein response (UPR), a stress response
within the endoplasmatic reticulum, followed by a differentiation arrest and apoptosis?'.
In some, but not all SCN patients, a characteristic promyelocytic arrest can be observed
within the bone marrow. A small minority of patients negative for ELANE mutations carry
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mutations in other genes, i.e., CSF3R, HAX1, GFI1, WAS and G6PC3; within a large number
of SCN patients however, the underlying mutation remains unidentified.

The molecular mechanisms underlying leukemogenesis in SCN are introduced in further
detail in chapter 2.

4. RETROVIRAL INTEGRATION MUTAGENESIS

Besides using human samples, mouse models can be employed to study leukemic trans-
formation. Many different models have been generated to study the role of specific genetic
aberrations as well as their combinatorial effects in leukemogenesis?>%. In addition, murine
models are successfully used to discover new genes involved in malignant transformation.
For this latter purpose, retroviral integration mutagenesis, in which oncogenic viruses induce
murine tumor formation, has been widely used* . The source of power of this approach is
the capacity of proviral DNA to integrate within the murine genome where it can strongly
deregulate transcription of flanking genes. Dependent on the affected genes, transcriptional
deregulation may initiate malignant transformation. Clonal expansion of cells harboring spe-
cific patterns of proviral integrations will eventually lead to tumor development. Mapping of
proviral integrations and their proximal deregulated genes within these malignancies allows
identification of new genes involved in malignant transformation®.

4.1. The Graffi 1.4 Murine Leukemia Virus model

To specifically identify genes involved in leukemogenesis, a retroviral integration
mutagenesis model can be employed in which newborn mice are injected with the
Graffi 1.4 Murine Leukemia Virus (Gr1.4 MuLV). This leads to infection of hematopoietic
progenitors and consequent integration of proviral DNA into the genome of these cells.
These integrations may alter expression of genes vital for hematopoiesis, a subsequent
selective advantage and leukemic transformation. Ultimately, within 4-6 months after
injection, all mice injected with the Gr1.4 MuLV develop leukemia?*?. Mapping of pro-
viral integrations and their flanking genes in these leukemias enabled identification of
new genes having a role in leukemogenesis®.

5. GENOME-WIDE APPROACHES TO STUDY HUMAN DISEASES

Genome-wide approaches are nowadays more and more commonly used to identify
new aberrations underlying human diseases. Explanations for this trend can be found
in the rapid expansion of possibilities and flexibility in experimental design, the quick
progress in devices, experimental tools and reagents to increase the yield of data, and
last but not least, the fast decline in experimental costs. In order to use these techniques
and to be able to choose the right experimental approach it is essential to be aware of
the advantages, disadvantages and caveats that these techniques withhold.
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5.1. Array based technologies

A first major breakthrough is represented by array based approaches, which enabled
the generation of genome-wide profiles of genetic variations (single nucleotide poly-
morphism arrays), gene expression levels (microarrays) and epigenetic changes (e.g.,
by chromatin immunoprecipitation (chlP)-on-chip)??°. These techniques depend on
thousands of unique probes spotted on a single chip/array that, based on their specific
sequence, represent a large number of RNA transcripts and/or DNA fragments. These
probes are used to measure the levels of a large number of RNA or DNA fragments
isolated from a single sample. Hybridization signals of the different probes are a read
out for the abundance of the specific RNA or DNA fragments in the analyzed sample.
However, one has to keep in mind that RNA and DNA fragments that are not covered by
the probes cannot be measured.

5.2. Next-generation sequencing

Owing the higher sensitivity and accuracy of datasets generated with next-generation
sequencing based methods, e.g., whole genome sequencing (WGS), whole exome se-
quencing (WES), sequencing subsequent to custom capture, mRNA sequencing (mRNA-
seq) and chlIP-seq, array based techniques are more and more replaced by this technol-
ogy®. These techniques yield millions of reads, containing RNA or DNA sequences of the
sample of interest. Alignment of these reads to the reference genome allows estimation
of the quantity of different fragments as well as the identification of genetic alterations.
The applicability of the technique does not rely on the availability of probes of interest
as is the case for array based technologies; this extends the flexibility and possibilities of
next-sequencing based technologies compared to array based approaches.

To analyze genetic aberrations WGS, WES, sequencing subsequent to custom capture
and mRNA-seq can be employed. The choice between these different methods depends
on the research question, the required coverage and the material available. Indepen-
dent of the experiment performed, all genetic alterations need to be confirmed with a
different method, e.g., by Sanger sequencing, because false positive results may occur
as a result of mistakes in sequencing or misalignment. WGS is the method of choice
for an unbiased analysis of the complete genetic landscape, without pre-selecting for
certain regions of interest. Pre-enrichment of specific genomic locations can be required
however to reach a higher coverage necessary to map genetic alterations in minor cell
fraction or to enable pooling of many samples in a single experiment. Pre-selection
can be achieved by exome capture (total coding region) or custom capture (region of
choice), before sequencing is conducted. In essence, mRNA-seq is also a pre-selection
method, selecting for expressed transcripts. An advantage of this method is the pos-
sibility to simultaneously analyse genetic variants and expression levels. However, only
genetic alterations in expressed transcripts can be detected, while unexpressed genetic
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alterations, either located in the coding or in the non-coding region of the genome,
remain unidentified.

5.3. Germ line variations, single nucleotide polymorphisms and mutations

Germ line variations are variations in the genetic code that determine differences be-
tween individuals. Nearly all germ line variations are single nucleotide polymorphisms
(SNPs) that are present in “healthy” individuals, while only a few are mutations that
underlie single gene disorders like SCN*'. Frequencies of different SNPs vary within the
population and although they are assumed not to cause single gene disorders, few are
thought to contribute to multifactorial, polygenic diseases like diabetes mellitus?'.

SNPs can be of use for genome-wide analysis of cancer genomes as heterozygous
variations can be useful to identify regions affected by loss-of-heterozygosity (LOH)*.
However, SNPs are usually encountered a major obstacle in identifying acquired muta-
tions. Especially when no germ line material could be obtained from the patient it is
very difficult to distinguish SNPs from acquired mutations. SNP databases® are useful to
make this discrimination, disadvantages arise however when using these databases. At
first, these databases are not saturated; yet, sequencing increasing numbers of “normal”
genomes results in identification of new SNPs each day. Secondly, these databases may
contain variations which are falsely identified as SNPs. Thirdly, at the position of a known
SNP an acquired mutation may have arisen, which may have contributed to disease
development.

5.4. Data interpretation

An inevitable consequence of applying genome-wide approaches is that data-analysis
is becoming more and more complex and specialized expertise, novel software and new
algorithms are crucial to interpret the data. Of note, the possibilities of analyzing large
datasets and the ability to answer specific research questions first of all relies on the
quality of the dataset, which is on its turn dependent on the quality of the samples,
the experimental setup and performance. So far, AML profiles generated using new
genome-wide techniques are an invaluable source of information to better understand
its complex biology and have led to the understanding that the heterogeneity of genetic
and epigenetic alterations in AML is even bigger than initially thought3+3°.

6. SCOPE AND OUTLINE OF THE THESIS

Leukemogenesis is a complex process driven by many different genetic and epigenetic
aberrations. Understanding its underlying molecular mechanisms provides an essential
basis for identifying new diagnostic tools, prognostic markers and therapeutic targets.
The work presented in the thesis focuses on the identification of new alterations in AML
by studying 2 different leukemogenesis models; SCN and its derived AMLs in humans

19
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and leukemias in mice induced by retroviral integration mutagenesis. Genetic and
epigenetic alterations in these leukemias were mapped by genome-wide approaches.
Simultaneously the functional role and prognostic value of some of these aberrations
were further investigated.

In chapter 2, an outline is given on the molecular mechanisms involved in leuke-
mogenesis in SCN. More specifically, a detailed overview is given on the clinical use of
granulocyte-colony stimulating factor (G-CSF), alterations in the G-CSF receptor (colony
stimulating factor 3 receptor, CSF3R) and their role in SCN and its progression towards
AML. In chapter 3, whole exome sequencing was employed to identify (new) genetic
alterations in a SCN derived AML, further referred to as the SCN index patient. Addition-
ally, bone marrow samples of the same patient obtained 9 and 15 years before the AML
became overt were investigated for the presence of genetic alterations occurring “early”
during leukemogenesis. These samples provided the unique opportunity to identify
new “early” genetic aberrations and alterations occurring “late” during malignant trans-
formation. Interestingly, in the SCN index patient a new extracellular CSF3R mutation
was identified as a “late” genetic alteration. In chapter 4, we further studied the preva-
lence and functional characteristics of this newly identified mutation. Furthermore, the
prevalence of all “early” and “late” genetic alterations identified in the SCN index patient
as well as their close paralogues and interaction partners was investigated in a larger
number of SCN and SCN derived leukemia samples using a custom capture approach
followed by deep-sequencing. The results of this work are presented in chapter 5.

In chapter 6, we aimed to identify haplo-insufficient genes contributing to leuke-
mogenesis using murine leukemias obtained from a retroviral integration mutagenesis
screen. In this chapter, a promoter array based approach designed to map DNA methyl-
ated viral integration sites is described and genes flanking these DNA methylated viral
integration sites in leukemias were determined. Next, the transcriptional down regula-
tion of these genes was investigated in these leukemias to identify haplo-insufficient
genes. Finally, the prognostic value of 1 identified potential haplo-insufficient gene, i.e.,
PTP4A3, was investigated in a large panel of human AML samples. In chapter 7, a com-
putational algorithm is presented that was specifically developed to localize retroviral
integrations using an array based approach.

Finally, the results presented in this thesis are summarized and discussed in chapter 8.
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ABSTRACT

Granulocyte colony-stimulating factor (G-CSF) is now used in the clinic for more than
two decades to treat congenital and acquired neutropenias and to reduce febrile
neutropenia before or during courses of intensive cytoreductive therapy. In addition,
healthy stem cell donors receive short term treatment with G-CSF for mobilization of
hematopoietic stem cells. G-CSF has also been applied in priming strategies designed
to enhance the sensitivity of leukemia stem cells to cytotoxic agents, in protocols aimed
to induce their differentiation and accompanying growth arrest and cell death, and in
severe aplastic anemia and myelodysplastic syndrome to alleviate anemia. The potential
adverse effects of G-CSF administration, particularly the risk of malignant transforma-
tion, have fueled ongoing debates, some of which can only be settled in follow-up
studies extending over several decades. This specifically applies to children with severe
congenital neutropenia who receive life-long treatment with G-CSF and in which the
high susceptibility to develop MDS and AML has now become a major clinical concern.
Here, we will highlight some of the controversies and challenges regarding the clinical
application of G-CSF and discuss a possible role of G-CSF in malignant transformation,
particularly in neutropenia patients harboring mutations in the gene encoding the G-
CSF receptor.

G-CSF AND ITS RECEPTOR

The growth factor G-CSF, now referred to as colony-stimulating factor 3 (CSF3), is the
major regulator of neutrophil production under basal conditions of hematopoiesis, as
is evident from the fact that CSF3 or CSF3 receptor-deficient mice are severely neutro-
penic’ 2 CSF3 is also essential for “emergency” granulopoiesis in response to bacterial
infections and enhances multiple neutrophil functions®. CSF3 exerts its role by inducing
proliferation and survival of myeloid progenitor cells, followed by a cell cycle arrest and
neutrophilic differentiation®. The receptor for CSF3 (CSF3R) belongs to the cytokine
receptor type | superfamily, which engage the canonical Janus kinase (Jak)/signal trans-
ducer and activator of transcription (STAT), Ras/Raf/MAPkinase and PKB/Akt pathways.
When CSF3R mutants were expressed in differentiation competent factor dependent
myeloid cell lines, the distal cytoplasmic region of the CSF3R of approximately 100 ami-
no acids was crucial for CSF3-induced neutrophilic differentiation of these cells®. While
originally being considered as “differentiation domain’, later studies demonstrated that
this C-terminal region exerts a negative role in STAT5 activation and proliferation signal-
ing in vivo®’. Negative regulators of CSF3 signaling linked to the distal C-terminus of
CSF3R include the protein tyrosine phosphatases SHP-1 and the suppressor of cytokine
signaling (SOCS) protein SOCS3. The SOCS protein family is characterized by a so-called
SOCS-box, a domain involved in the recruitment of ubiquitin (E3) ligase activity. The
negative action of SOCS3 and more specifically of its SOCS-box on CSF3 signaling has
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been demonstrated in conditional knockout models®°. A mechanism for receptor down-
regulation has been proposed in which SOCS3 drives ubiquitination of a conserved
juxtamembrane lysine residue that is important for lysosomal routing of the CSF3R*™, A
current view is that balanced activation and subsequent attenuation of CSF3R signaling
pathways, strongly depending on the kinetics of ligand-induced internalization and
intracellular routing of the receptor, is important for neutrophil production, particularly
during episodes of emergency granulopoiesis* ™°.

CSF3 IN THE TREATMENT OF AML
CSF3 as a differentiation inducing agent

Soon after Bradley and Metcalf' and Pluznik and Sachs'? discovered in the mid nineteen-
sixties that bone marrow progenitor cells form colonies of differentiated myeloid cells
under the influence of external growth factors, it became clear that these crude growth
factor preparations also stimulated the proliferation and in part differentiation of leuke-
mic progenitors in acute myeloid leukemia (AML) 3. Once this was realized, ideas about
the potential therapeutic significance of these findings rapidly evolved, which became
testable in the mid nineteen-eighties when recombinant technology allowed the large
scale production and purification of hematopoietic growth factors, including CSF3'™ 1>,
The availability of clinical grade CSF3 and GM-CSF yielded expectations for patients with
severe forms of chronic neutropenia, which have proved to be realistic from the outset.
Concerning the application of CSF3 in the treatment of myeloid leukemia, one line of
thinking was that AML blasts would differentiate upon CSF3 exposure and thereby
undergo growth arrest and cell death' 7. These studies provided important insights in
the biology of myeloid leukemia and e.g., revealed the hierarchical nature of leukemic
cell populations, consisting of leukemic stem cells, progenitors with colony forming
potential in vitro (AML-CFU) and partly differentiated nonproliferative end cells's. Since
then, CSF3 has occasionally been administered to selected AML patients with the objec-
tive to induce differentiation of the leukemic cells with variable results and whether the
observed therapeutic effects could be ascribed to differentiation induction remained
uncertain'®. Currently the interest in further clinical development of this concept ap-
pears to have diminished, arguably because differentiation of the leukemia “bulk”
without affecting the leukemic stem cells (LSCs) may not lead to durable therapeutic
benefits. Nonetheless, the successful implementation of all-trans retinoic acid therapy
in the treatment of acute promyelocytic leukemia, serving as the key paradigm that
differentiation-inducing agents combined with chemotherapeutic regimens can result
in long-lasting remissions’®, leaves the concept of differentiation induction by combina-
tions of agents (including CSF3) open for future application in AML.
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CSF3 as a chemo-sensitizer

The use of myeloid growth factors (CSF3, GM-CSF) to activate chemo-resistant dormant
LSCs into chemo-sensitive cycling cells has been tested in multiple prospective random-
ized trials with variable outcome, possibly because of differences in patients groups and
study design?. For instance, in one study beneficial effects on overall and disease free
survival of standard risk AML patients was demonstrated when CSF3 was administered
during induction therapy?', whereas others did not observe favorable responses in a
similar study involving elderly AML patients?. More recently, the theme of chemo-sen-
sitization of LSCs by growth factor priming has been revisited from another viewpoint,
i.e., based on the ability of CSF3 and the CXCR4 antagonist AMD3100 (plerixafor) to push
LSCs out of their bone marrow niches that promote self renewal and may be protective
against damage by genotoxic compounds. Again, results may be variable and depen-
dent on the subtype of AML as is illustrated by two recent studies in mouse models,
one representing acute promyelocytic leukemia (APL), the other AML with high MN1
expression. In the APL model, it was shown that AMD3100 induces the mobilization of
leukemic cells from their bone marrow niches into the circulation, thereby increasing
their sensitivity to Ara-C or daunorubicin?. In contrast, no chemo-sensitizing effects
were seen in the AML/MN1 model?*. Despite the similarities in mobilizing activities of
CSF3 and AMD3100, recent studies have shown that CSF3 and AMD3100 synergize in
the mobilization of normal stem cells, suggesting that their activities are not entirely
overlapping?®. These observations suggest that combinations of CSF3 and AMD3100 or
other agents affecting cell migration and adhesion might be of therapeutic benefit?.

CSF3 AND MALIGNANT TRANSFORMATION
Leukemia risk in individuals without hematological disorders

The concern that administration of hematopoietic growth factors might accelerate or even
cause leukemia has recently received major attention in the context of CSF3 treatment of
healthy individuals to mobilize hematopoietic stem cells (HSCs) into the periphery. The
adverse effects of CSF3 administration to peripheral stem cell donors have been evalu-
ated in two independent studies involving more than 5000 cases with a follow up of 4-5
years? %8, Both studies reported no statistically significant differences in the incidence of
malignancy relative to individuals not exposed to growth factor treatment. On the other
hand, in a study from the Research on Adverse Drug Events and Reports (RADAR) project®
AML was reported in 2 out of 200 HLA-identical siblings donors for AML patients, which
significantly exceeds the incidence reported in the other studies. However, irrespective
of exposure to CSF3, siblings of AML patients have a 2 to 5-fold increase in the annual
incidence of leukemia, which most likely explains this discrepancy®.

Another context in which a possible leukemogenic effect of CSF3 has been exten-
sively investigated is in adjuvant breast cancer therapy. A retrospective study addressed
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the occurrence of AML/MDS in six adjuvant breast cancer trials and showed increased
rate of AML/MDS in patients treated with intensified doses of cyclophosphamide requir-
ing CSF3 support®’. A different study reported a doubling in the risk of AML/MDS in a
population of women aged 65 years or older treated with adjuvant chemotherapy and
growth factor support for stage I-lll breast cancer®2. Although the absolute risk of sec-
ondary leukemia was low in both studies, it was stated that the application of myeloid
growth factors and possible leukemia risk should be factored into clinical decisions.
However, the benefits of adjuvant chemotherapy in these patients outweighs the risk
of secondary MDS or AML and given all of the unknown factors, it remains uncertain
whether the weak associations found have a causal relationship to growth factor treat-
ment®. Interestingly, a recent study in an as yet small series of patients suggests that the
mutational status of BRCAT and BRCA2 genes may contribute to leukemia risk in breast
cancer patients, raising the possibility that a relation between CSF3 administration and
secondary MDS/AML may specifically apply to these genetically defined subgroups*.
Although a follow-up of 2000 stem cell donors for at least 10 years might be needed
to detect a statistically significant increase in malignant transformation?, the leukemia
incidence associated with CSF3 administration is thus far negligible in stem cell donors
and low but not yet conclusively determined in different genetic subtypes in breast
cancer patients.

CSF3 treatment and malignant transformation in conditions with increased
leukemia risk

CSF3, as a single growth factor or in combination with erythropoietin (EPO), has been
used in MDS and severe aplastic anemia (SAA) and MDS but is not generally applied
in the treatment of these conditions. In MDS, CSF3 was administered to investigate
whether CSF3 would synergize with EPO to alleviate anemia and to reduce transfusion
need*®. A collaborative study that included patients from all risk categories suggested
that leukemia risk in MDS patients treated with a combination of CSF3 and EPO was
not different from patients not receiving growth factor treatment®*. However, a com-
plicating factor in this retrospective study is that the EPO+CSF3 treated groups were
compared with untreated historical controls from a distinct cohort®. In a retrospective
survey among 840 SAA patients registered by the EBMT who received immunosuppres-
sive therapy (IST) with or without CSF3, a small but significant increase in hazard (1.9)
of AML/MDS was reported in the CSF3-treated group®. In contrast, in a meta-analysis
of 6 randomized control trials involving a total of 414 patients no statistically different
risk of progression to MDS/AML between growth factor treated and control groups was
noted®. A similar conclusion was reached in an earlier study based in 144 patients®.
Strikingly, in a Japanese study, CSF3 treatment appeared to be more strongly associated
with increased leukemia risk, particularly in cases refractory to IST*. Why the leukemia
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incidence in this study differed from the European studies®”*° is unclear but may relate
to a more frequent occurrence of chromosome 7 abnormalities (monosomy 7, 7g-) in
the Japanese patient group®. Supporting this idea, Sloand and colleagues showed
that CSF3 preferentially stimulates the clonal expansion of MDS and SAA clones with
monosomy 7, which was linked to an increased expression of a CSF3R isoform that lacks
a major part of the C-terminal cytoplasmic domain as a result of alternative splicing*'.
On the other hand, IST unresponsive SAA patients not receiving CSF3 therapy may also
develop monosomy 744 In summary, although the increase of leukemia risk upon CSF3
treatment of MDS and SAA patients appears to be low, a causal relationship cannot be
entirely excluded. Given the limited use of CSF3 in these settings, data from prospective
trials further addressing this issue will unlikely become available in the near future.

Severe congenital neutropenia (SCN)

CSF3 therapy alleviates severe neutropenia and related clinical symptoms in more than
90 % of SCN patients and is the preferred choice of treatment of SCN*. In the pre-growth
factor era, with early mortality due to opportunistic infections being the dominant
complication, progression of SCN to acute leukemia was sporadically reported*-, Ever
since the introduction of CSF3 therapy, the possibility that CSF3 treatment would in-
crease the risk of MDS/AML development in SCN patients has been an ongoing concern.
CSF3 has now been routinely administered to patients with different types of chronic
neutropenia for more than two decades. These patients provide an invaluable source for
studying the long-term side effects of CSF3 treatment. Since 1994, the Severe Chronic
Neutropenia International Registry (SCNIR) has monitored patients with different forms
of neutropenia, including SCN, cyclic neutropenia and idiopathic neutropenia®’. In 2000,
the first comprehensive evaluation of the incidence of MDS/AML in SCN patients from
the SCNIR was reported*. Among 352 SCN patients monitored for an average of 6 yrs
(range 0.1-11 yrs) on CSF3 treatment, 31 developed MDS/AML with a cumulative risk of
13% after 8 years of CSF3 treatment. There was no apparent relationship to duration or
dose of CSF3 treatment and progression to MDS/AML. A follow-up study published in
2006 involving 374 SCN patients showed that the hazard of MDS/AML increased over
time, from 2.9% per year after 6 years to 8.0% per year after 12 years on CSF3%. After
10 years, the cumulative incidence for MDS/AML was 21%. This study also specifically
addressed the incidence of leukemia in SCN patients relative to CSF3 responsiveness.
Patients requiring more than the median dosage of CSF3 (8ug/kg/d) and nonetheless
did not reach median absolute neutrophil counts after 6-18 months had a significantly
increased MDS/AML incidence (40%) after 12 years compared to patients responding
to lower CSF3 doses (11%)*. A possible explanation for these associations is that the
HSC compartment in SCN patients who respond poorly to CSF3 is more damaged and
therefore less susceptible to growth factors. This supports the notion that secondary
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leukemia in SCN arises because chronic genotoxic stress in the hematopoietic stem cell
compartment leads to the acquisition of oncogenic mutations, with CSF3 possibly play-
ing arolein the clonal expansion of (pre-)leukemic cells. However, whether CSF3 therapy
had contributed to MDS/AML development could not be determined in this study*. Of
note, patients with cyclic or idiopathic neutropenia and neutropenia patients with an
underlying metabolic disorder receiving CSF3 treatment regimens comparable to SCN
patients treatment do not show an increased propensity to develop MDS or AML*"“8,
Leukemic progression of neutropenia is thus mainly confined to patients diagnosed
with SCN.

CSF3R mutations and malignant transformation in SCN

Direct evidence for a possible role of CSF3 in propagating leukemic expansion comes
from SCN/AML cases in which remission of leukemia occurred after termination of CSF3
treatment®. However, such patients are exceptional and generally abrogation of CSF3
treatment generally has little or no effect on the leukemic burden in SCN/AML patients.
The discovery that patients may harbor nonsense mutations in the CSF3R gene, resulting
in the expression of truncated CSF3R proteins lacking ~100 amino acids from their C-ter-
minal cytoplasmic domains provided a molecular indication for abnormal CSF3 signal-
ing in SCN>*3, Functional studies revealed that these truncated CSF3R were hampered
in their ability to transduce signals required for neutrophil differentiation in murine cell
line models, a characteristic associated with a possible role of CSF3R dysfunction in leu-
kemic progression of the disease>'*>. Importantly, a later study showed that the CSF3R
mutations are usually not constitutive but acquired in hematopoietic stem or progenitor
cells during the course of CSF3 treatment®®. Another major finding of this study was that
the time between the first detection of CSF3R mutations and the diagnosis of MDS/AML
varied greatly. For instance, in one patient a clone with an acquired CSF3R mutation
appeared just three months before AML became overt, whereas in other patients CSF3R
mutant clones were already detected four years before the acquisition of monosomy 7
and disease conversion to MDS/AML?. In addition, it became clear that patients may
harbor multiple distinct acquired CSF3R mutations, suggestive of expansion of multiple
affected clones®>°657.

The two major genetically defined subgroups of SCN prone to develop MDS/AML
are patients with mutations in ELA2 and patients with mutations in the HAXT gene®®.
More recently, two patients with X-linked neutropenia with mutations in the WAS gene
were reported in which the disease evolved to MDS/AML®. In these three subtypes of
SCN, leukemic progression is associated with the acquisition of CSF3R mutations and
until now no differences in latencies or molecular and cytological features of the arising
leukemias have been reported. In an analysis involving 145 SCN cases®, CSF3R muta-
tions were found in approximately one-third of the patients in the neutropenic phase
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of the disease. Of 23 patients showing signs of malignant transformation, 18 (78%)
harbored CSF3R mutations®” ¢, confirming that these mutations are strongly linked
to leukemic predisposition > %°. Notably, these mutations have also been detected in
lymphoid cells and thus may be acquired in multipotent progenitors ¢'. In contrast to
SCN, acquisition of CSF3R mutations has not been observed in patients with cyclic or
idiopathic neutropenia receiving CSF3 therapy“. These findings show that long-term
CSF3 treatment in neutropenia patients other than SCN is not leukemogenic and further
accentuate the correlation between leukemic progression of SCN and the acquisition of
CSF3R mutations. However, despite all these suggestive correlations the issue whether
these mutations are truly “drivers” or just “passengers”in the leukemic process cannot be
settled with certainty®. For instance, one critical piece of information that is still missing
is whether CSF3R mutations, once detected in the neutropenic phase, are invariably
presentin the MDS/AML cells and not “lost” during leukemic progression, as was recently
demonstrated for JAKV617F mutations in myeloproliferative disorders®. So far, patients
harboring clones with CSF3R mutations that progress to MDS/SCN without mutations
have not been reported, but a systematic analysis is warranted to address this issue.

Molecular mechanisms responsible for leukemic progression of SCN

The critical genetic pathway(s) underlying the leukemic progression of SCN are still
largely unknown. Cytogenetic abnormalities that are most frequently found in SCN/AML
are chromosome 7 abnormalities (monosomy 7, 7g-) and trisomy 21, Mutations in Ras
have also been detected in SCN/AML, but their frequency is still controversial®* %. By
performing mutational profiling of 14 genes previously implicated in leukemogenesis,
Link and colleagues found that mutations of tyrosine kinase genes, FLT3, KIT, and JAK2,
were not detected in SCN/AML and neither were other abnormalities, e.g., mutations in
NPM1, CEBPA, TP53 that are common in de novo AML. As expected, mutations of CSF3R
were the only regular abnormalities found in SCN/AML, again supporting the hypothesis
that the mutant CSF3R may provide an “activated tyrosine kinase signal” important for
leukemogenesis®. Aberrant signaling from the truncated CSF3R is to a major extent
driven by defective ligand-induced receptor internalization owing to the loss of a
dileucine-based internalization motif®> and disturbed lysosomal routing due to the loss
of the critical docking site for SOCS3* 1. Prolonged CSF3-induced STATS5 activation and
increased reactive oxygen species (ROS) production are two of the major consequences
of CSF3R truncations, as demonstrated in vitro and in knock-in mouse models (Csf3r-
D715) with patient equivalent mutations®” %, Both of these mechanisms have been
firmly implicated in cancer and may act synergistically in leukemic transformation. For
instance, constitutive STAT5 activation by the mutant tyrosine kinase receptor FLT3-ITD
has been suggested to drive leukemic cell growth via mechanisms involving direct
transcriptional activation and chromatin remodeling®. In this respect it is of note that
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STAT5 was indeed shown to be crucial for the selective clonal expansion of hematopoi-
etic stem and progenitor cells harboring Csf3r mutations®. The elevated CSF3-induced
ROS levels in bone marrow cells expressing truncated CSF3R may contribute to leukemic
transformation by several mechanisms: by causing DNA damage and an increasing mu-
tation rate in the HSC compartment’ or by inactivation of critical phosphatases such as
the lipid phosphatase PTEN and protein tyrosine phosphatases that negatively control
growth factor signaling”"-72.

Despite the proposed leukemogenic role of CSF3R mutations, Csf3r-D715 mice do not
spontaneously develop leukemia®”3. This might be explained by the fact that these mice
had not been systematically exposed to CSF3 treatment or that their relatively short
lifespan would be prohibitive to unveil the leukemogenic nature of CSF3R mutations.
Alternatively, a likely hypothesis is that the transforming abilities of CSF3R mutations
become overt only in the presence of the genetic defects underlying SCN, e.g., muta-
tions in ELA2, HAXT or WAS. Because strains harboring SCN-derived mutations in Ela2
and mice deficient in Hax 1 expression are available’ ”® this could be addressed by cross-
ing the Csf3r-D715 allele into these mice. However, a complication is that the Ela2 and
Hax1 mouse models do not copy the neutropenic phenotype found in SCN patients,
suggesting that in mice the consequences of these abnormalities for granulopoiesis are
less severe or even lacking.

Are CSF3R mutations useful predictors for leukemic progression of SCN?

Because most SCN patients who progress to MDS/AML have a dismal therapy outcome,
it is crucial to detect signs of malignant transformation at the earliest possible stage
to create the opportunity to timely consider alternative treatments, such as alloge-
neic stem cell transplantation (allo-SCT)®® 76, Regular monitoring of CSF3R mutations has
been considered to be helpful to screen for the risk of leukemic transformation®®, but
when CSF3R mutations are present in minor clones, they can easily be missed in direct
sequencing protocols. Possibly, next generation sequencing technologies allowing
mutation detection in smaller subsets of cells will resolve this problem. Still, the unpre-
dictable time intervals between the first detection of CSF3R mutations and the eventual
leukemic transformation remains a major dilemma that makes a decision to opt for an
allo-SCT in SCN patients who respond favorably to CSF3 treatment difficult. For that
reason, the decision to transplant these patients without other additional evidence of
leukemic progression (such as acquisition of monosomy 7) remains controversial and

|II

“watchful” waiting is being considered the most acceptable option, even though the
success rate of treatment at a more advanced stage of malignant transformation will
significantly decline”. Nonetheless, it must be taken into account that all patients with
CSF3R mutations will eventually progress to AML”’, with time intervals varying between

months, years, or even decades after the initial detection of mutant clones. A striking
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example of such a long latency comes from the child in whom a CSF3R mutation was
first identified®3. CSF3 treatment of this patient started in 1990 and the CSF3R mutation
was first detected in a majority of bone marrow cells in 1992%. Chronological sampling
revealed that the mutant clone persisted and gave rise to RAEBT in 2007, rapidly fol-
lowed by AML harboring trisomy 21 and a mutation in RUNXT.

Irrespective of the possible leukemogenic effects of CSF3 and CSF3R mutations in
SCN patients, the case reported above stipulates that reliable predictors of leukemic
transformation allowing a timely consideration of alternative treatment are urgently
needed. Systematic sequential analysis may reveal which (epi-)genetic changes that
occur early-on during the neutropenic phase of SCN may be linked to malignant trans-
formation. For instance, SNP-comparative genomic hybridization (CGH) analysis in the
above-mentioned SCN patient suggests that copy number neutral loss of heterozygosity
(LOH), indicative of acquired uniparental disomy (UPD) in certain chromosomal regions,
had already occurred in 1992, i.e., 15 years before malignant transformation (Beekman
and Touw, unpublished results). Because UPD is one of the hallmarks of AML, these
and other genetic modifications may give new insights in the mechanisms of leukemic
progression of SCN and provide valuable indicators of leukemia risk in SCN patients,
additional to reduced CSF3 responsiveness and CSF3R mutations.

Note added in proof: In a prospective study, Ehlers et al showed a significant correlation
between the expression of the CF3R isoform IV and relapse incidence in childhood AML
patients receiving CSF3 treatment’®.
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ABSTRACT

Severe congenital neutropenia (SCN) is a bone marrow failure syndrome with a high risk
to progress towards acute myeloid leukemia (AML). The underlying genetic changes in-
volved in SCN evolution to AML are largely unknown. We obtained serial hematopoietic
samples of an SCN patient who developed AML 17 years after initiation of granulocyte-
colony stimulating factor (G-CSF) treatment. Next-generation sequencing was done to
identify mutations during disease progression. In the AML phase, we found 12 acquired
non-synonymous mutations. Three of these, in CSF3R, LLGL2 and ZC3H18, co-occurred
in a subpopulation of progenitor cells already in the early SCN phase. This population
expanded in time, whereas clones solely harboring CSF3R mutations disappeared from
the bone marrow. The other 9 mutations were only apparent in the AML and affected
known AML-associated genes (RUNX7 and ASXLT) and chromatin remodelers (SUZ72 and
EP300). In addition, a novel CSF3R mutation was found conferring autonomous prolifera-
tion to myeloid progenitors. We conclude that progression from SCN towards AML is a
multistep process with distinct mutations arising early during the SCN phase and others
later in AML development. Sequential gain of two CSF3R mutations implicates abnormal
G-CSF signaling as a driver of leukemic transformation in this case of SCN.

INTRODUCTION

Severe congenital neutropenia (SCN) is a bone marrow failure syndrome character-
ized by strongly reduced neutrophil counts and recurrent, potentially life threatening,
opportunistic bacterial infections. Treatment with granulocyte-colony stimulating
factor (G-CSF) elevates peripheral neutrophil counts and reduces the risk of infections’.
Leukemic progression of SCN is a major concern, with an estimated overall cumulative
incidence of approximately 20% after 15 years of G-CSF treatment?

Constitutional mutations in the gene encoding neutrophil elastase (ELANE) are com-
mon defects in SCN3. In addition, the acquisition of nonsense mutations in the gene
encoding the granulocyte-colony stimulating factor receptor (CSF3R) is a unique feature
in SCN patients*’. These mutations lead to expression of truncated CSF3R proteins, also
known as delta forms. In cell line models, truncated CSF3R are hampered in transducing
signals required for proper neutrophil differentiation. Additionally, they confer increased
proliferative responses to G-CSF treatment but do not cause leukemia in mice*® &',
CSF3R delta mutations can be detected in approximately 30% of SCN patients. In some
cases, distinct clones with different CSF3R delta mutations are present for many years” '2,
After evolution of SCN towards AML, CSF3R delta mutations are found in approximately
80% of the cases' Until now, all reported SCN/AML cases harboring a CSF3R delta muta-
tion in the SCN phase also carry this mutation in the leukemic phase. These observations
suggest that leukemic progression in SCN follows a unique pattern, with CSF3R delta
mutations as an early event, followed by additional genetic and epigenetic events that
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are essential for full leukemic transformation. Chromosomal aberrations, such as loss of
chromosome 7 and gain of chromosome 21, are apparent in AML arising from SCN and
other bone marrow failure syndromes like Fanconi anemia and Shwachman-Diamond
syndrome'3. However, mutations that are quite commonly seen in de novo AML have not
been reported in AML arising from SCN'. Thus, the additional molecular events involved
in leukemic progression of SCN remain largely unknown.

To identify the sequential genetic events in leukemic progression of SCN towards AML,
we collected serial hematopoietic samples of an SCN patient who developed AML after
17 years of G-CSF therapy. Using whole exome sequencing, we found 12 somatic non-
synonymous mutations in the leukemic blasts of this patient. Three of these mutations,
the known CSF3R mutation and mutations in LLGL2 and ZC3H18, were already present
at low frequencies in the early SCN phase, 15 years before AML was diagnosed. Myeloid
colony analysis showed that these 3 “early” mutations co-existed in the same hemato-
poietic progenitors in a small subpopulation of bone marrow cells. Six years later, in
the “intermediate” SCN phase, still 9 years before the AML became overt, we observed
an expansion of the clone harboring all 3 mutations. The other 9 mutations were only
apparent in the AML. The latter “late” appearing mutations comprise a second, novel,
CSF3R mutation in addition to a series of new and known AML-associated mutations. The
novel CSF3R mutation is located on the already mutated CSF3R-d715 allele and causes
growth factor independence of myeloid progenitors.

MATERIALS AND METHODS
Case report

A 27-year old male SCN patient was diagnosed with AML 17 years after the start of G-CSF
treatment (10pg/kg/day), on which he reached normal neutrophil counts. The patient had
a constitutional heterozygous ELANE mutation, G174R. At the age of 12, 2 years after G-CSF
treatmentwasinitiated, a CSF3R delta mutation (CSF3R-d715) was discovered in the bone mar-
row?®. At the time of AML diagnosis, the peripheral blood contained 24% blasts and dysplasia
was observed in the bone marrow. G-CSF treatment was stopped at this point. Six weeks
later, a bone marrow analysis revealed 17% blasts. Immunophenotypically, these blasts were
of myeloid origin, i.e., positive for CD34, CD117, CD13, CD133, CD33, MPO and CD90. Be-
cause no HLA-identical donor was available, the patient received a matched unrelated donor
(MUD) allogeneic bone marrow transplantation. Induction therapy was given according to
the induction therapy scheme HOVON42A of the Hemato-Oncology Foundation for Adults
in the Netherlands™. At initiation of induction therapy, the bone marrow contained 15.7%
blasts, with 10-50% dysplasia in all lineages. Routine cytogenetic and molecular diagnostics
revealed a trisomy 21 (47, XY, +21 [14] /46, XY [4]), with no additional abnormalities (AML-
ETO, CBFB/MYHT11, FLT3ITD, FLT3TKD, mutations in NPM1, NRAS, KRAS, c-KIT, JAK2 and CEBFA).
After the second induction cycle trisomy 21, was undetectable in a marrow cytogenetic
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Diagnosis Start G-CSF CSF.?R-S:‘?fs AML
SCN treatment mutation
1 slao 1 9IB1 1 BIB'O 1 EIISE 1 9:33 2007
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Figure 1. Chronological overview of the clinical course of the SCN/AML patient. Distinct events in the
disease course are indicated above the timeline, i.e., the diagnosis of SCN, the initiation of G-CSF therapy,
the discovery of the CSF3R-d715 mutation and the diagnosis of AML.

analysis. The MUD transplantation was administered after myeloablative conditioning with
chemotherapy and total body irradiation. Two months after the transplantation 28% blast
were detected in the bone marrow, indicating a recurrence of the AML and the patient died
3.5 months after the transplant. Figure 1 gives a schematic overview of the disease history.

Patient cell samples

Ficoll-gradient separated bone marrow cells from the SCN phases and CD34+ leukemic
blasts from the peripheral blood in the leukemic phase were used. Control DNA was
isolated from bone marrow-derived fibroblasts. All cell samples were obtained and
frozen according to established procedures for viable cell cryopreservation as previously
described's. The study was performed under the permission of the Institutional Review
Board of the Erasmus MC, registration number MEC-2008-387 for biobanking and MEC-
2012-030 for the genetic analysis of leukemic progression in SCN patients.

Nucleotide sequencing

Whole Exome sequencing (WES). Sequencing libraries were prepared according to the
SureSelect Target Enrichment system for lllumina, protocol version 2.2.1, Nov. 2010. In
short, 3 pug genomic DNA was sheared to fragments of approximately 170 base pairs
using the Covaris S-series Single Tube Sample Preparation System, Model S2 (Covaris,
Woburn, MA, USA). Fragment sizes were checked on the Bioanalyzer (Agilent, Santa
Clara, CA). Adapter ligated libraries were prepared according to the manufacturer’s
protocol using the Paired-End Genomic DNA Sample Prep Kit PE-102-1001 (Illumina,
San Diego, CA); 5 cycles of amplification were used. Five hundred ng of prepped library
was taken for hybridization with the SureSelect Human All Exon Kit (G3362A, Agilent).
A sample concentration of 5.5 picomolar was loaded for sequencing on the Hiseq2000
(Ilumina) using 101-bp paired-end reads.

Sequencing reads were processed with the Casava pipeline (version 1.7, lllumina).
For alignment the Hg18/NCBI36 assembly (March 2006) was used. Detection of single
nucleotide variants, deletions and insertions was performed with otherwise default set-
tings, while snpCovCutoff and indelsCovCutoff were switched off. Variations detected in
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the AML sample in 2 independent sequence runs were further analyzed after removal
of germ-line variations (present in the fibroblasts) and single nucleotide polymorphisms
(SNPs, dbSNP)'”. Next, non-synonymous variants were determined. Integrative Genome
Browser was used for sequence read visualization.

Sanger sequencing. WES results were validated by Sanger sequencing, performed ac-
cording to the manufacturer’s protocol (Applied Biosystems, Foster City, CA, USA) using
primers indicated in Table S1. Before amplicon generation, genomic DNA or cDNA was first
amplified using a Whole Genome Amplification kit (WGA2, Sigma-Aldrich, Zwijndrecht,
The Netherlands). DNA was purified with a PCR purification kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol and diluted to 50 ng/pl. Hundred nanograms of
amplified DNA was used for amplicon generation; cycling conditions were 30" at 95°C, 30”
at the indicated annealing temperature (Table S1) and 45” at 72°C for 35 cycles. In some
instances, the unamplified material was used directly for Sanger sequencing (Table S1).

Amplicon-based deep sequencing. Amplicons were generated and purified according
to the Amplicon Library Preparation Method Manual (version May 2010, Roche, Basel,
Switzerland). Primers and annealing temperatures are indicated in Table S2; 35 cycles
were used for amplification. DNA enriched beads, carrying the amplification products,
were generated according to the emPCR Amplification Method Manual - Lib-A (version
May 2010, Roche); a beads to amplicon ratio of 1:2 was used. Amplicons were analyzed
with the GS junior (Roche). Sequence reads were analyzed using the GS Amplicon Vari-
ant Analyzer (Roche). For the SCN samples, coverage of at least 1600 was achieved to
identify mutations present in minor clones within the bone marrow. For the AML sample
coverage of 80 was considered sufficient to validate mutations.

Human myeloid colony assay

Bone marrow was thawed at 37°C, washed twice with IMDM (Gibco Invitrogen, San Diego,
CA) with 10% FCS (PAA laboratories, Pasching, Austria). Per 4 ml of culture medium, 2.9 ml
MethoCult (H4230, Stem Cell Technologies, Vancouver, Canada), 980 pl IMDM and human
GM-CSF (Immunex, Seattle, WA), human G-CSF (Neupogen, Amgen, Thousand Oaks, CA)
and human IL-3 (R&D Systems, Minneapolis, USA) in final concentrations of respectively
2 ng/ml, 200 ng/ml and 25 ng/ml were used. Cells were plated at a density of 0.8 x 1075
/ml. After 2 weeks genomic DNA of single colonies was isolated, followed by amplifica-
tion using the Whole Genome Amplification kit and Sanger sequencing of CSF3R-d715,
LLGL2 and ZC3H18, as described above. Results were validated in an independent round of
whole genome amplification for i) colonies harboring a mutation, ii) colonies with unclear
sequences and iii) a number of randomly chosen non-mutated colonies to rule out am-
plification artifacts. All colonies harboring mutations in CSF3R, LLGL2 or ZC3H18 were also
analyzed for the presence of the remaining 9 mutations found in the AML sample.
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Murine colony assays

Four different CSF3R expression constructs (WT, d715, T5951, d715/T5951) were generated
and retrovirally transduced into bone marrow cells of Csf3r deficient FVB/N mice'. Colony
assays of these transduced progenitors were performed as previously described?.

Further details of these procedures are given in the Supplementary Materials and Methods.

RESULTS
Whole exome sequencing reveals acquired mutations in SCN/AML

Whole exome sequencing was done on genomic DNA from the CD34+ leukemic blast
fraction and the fibroblast control sample. Acquired non-synonymous mutations were
detected by identification of single nucleotide variants and small insertions and dele-
tions, followed by subtraction of variants present in the control fibroblasts and known
single nucleotide polymorphisms'. Twelve non-synonymous acquired mutations were
identified and validated by Sanger sequencing (Table 1, Figure S1). Except for the muta-
tion in FBXO18, all mutations occurred in evolutionary conserved amino acids (Figure
S2). With the exception of LAMB1, all mutant transcripts were detectably expressed in
the leukemic blasts (Figure S3). Mutations in ASXLT and RUNXT are known in myeloid
malignancies?' 22, Deletions in EP300, distinct from the 7-bp deletion found in this pa-
tient, have been reported in lymphomas? 24 The ATT insertion in SUZ12 duplicates an
isoleucine at amino acid position 597, located in the conserved VEFS-box. Mutations
in this region, which is involved in the interaction between SUZ12 and the histone
methyltransferase EZH2 in the polycomb repressor complex 2 (PRC2), have recently also
been identified in myelodysplastic/myeloproliferative neoplasms (MDS/MPN) with 17q
abnormalities®. As expected, the previously identified CSF3R delta mutation (CSF3R-
d715) was present in the leukemic blasts, but remarkably a new CSF3R mutation, T595/,
was now also present. Furthermore, the CSF3R-T595/ mutation was located on the same
allele as the delta mutation, as determined by Sanger sequencing of single amplicons
generated from cDNA. Using exome sequencing data from 199 AML cases reported by
The Cancer Genome Atlas (TCGA), a similar single CSF3R-T595/ mutation was detected.
Additionally, mutations in ASXL1 (n=5), CCDC155 (n=1), LLGL2 (n=1), MGA (n=1), RUNXT
(n=17), SUZ12 (n=2) and ZC3H18 (n=2) were found in the TCGA data set (Table S3; R.G.V.
and The Cancer Genome Atlas disease working group, unpublished data, January 2012).

Amplicon-based sequencing reveals an early pre-leukemic clone that expands
over time

Amplicon-based deep sequencing was applied to analyze the presence of all 12 somatic
mutations in the bone marrow samples obtained at 15 and 9 years before AML was diag-
nosed (Figure 1). Not only the known CSF3R-d715 mutation, but also mutations in LLGL2
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Table 1. Somatic non-synonymous mutations in SCN/AML.
RefSeq

Gene Reference Genomic DNA Change CDNA Change Mutation Amino Acid Protein
Symbol Transcript (NCBI36/hg18) Type Change Change
Indel F hi
ASXLT NM_0153385  gchr20:30485948dupA  c.1772duph B LT pY591*
frameshift ~ premature stop
CCDC155 NM_144688.4 9.chr19:54601976C>T c.820C>T Missense Arg>Trp pR274W
CSF3R-T5951  NM_000760.3 9.chr1:36706021G>A ¢.1853C>T Missense Thr>lle Sp.T595!
CSF3R-d715 NM_000760.3 g.chr1:36704841G>A €2215C>T Nonsense Gln>* p.Q716*
9.chr22:39902447_3990 ¢.5030_5036de Indel Frameshift and
L .V1677Dfs*
EP300 NM_00T4293 = 153delTGGAGAC ITGGAGAC el manpass e
FBX018 NM_032807.3 .chr10:6003435C>G €23720>G Missense Ala>Gly p.A791G
Indel F hift and
LAMB1 NM_0022912  gchi7:107387385delG C2445delC ncel - TMESIand ) oo s otses
frameshift ~ premature stop
LLGL2 NM_004524.2 g.chr17:71070826G>C €.665G>C Missense Arg>Pro p.R222P
MGA NM_001164273.1  g.chr15:39787311C>T 2282057 Missense Pro>Leu p.P761L
RUNX1 NM_001754.4 9.chr21:35153662C>T ¢592G>A Missense Asp>Asn p.D198N
g.chr17:27346889_2734 .
suz12 NM_015355.2 6891dupATT ¢.1789_1791dupATT Indel Insertion Ile p.597dupl
Indel F hift and
2C3H18 NM_1446043  g.chrl6:87192175delC C777delC nee rameshiitand - b)sgptst1s

frameshift ~ premature stop

All 12 somatic non-synonymous mutations identified in the AML phase are listed. For each mutation,
Refseq reference transcripts, the position of the mutation on genomic DNA, cDNA and protein level, the
mutation type and the effect on the protein are indicated. See also Figure S1-S3. *Stopcodon, SAmino acid
numbers based on earlier publications*®.

and ZC3H18 were already present in these earlier disease phases (Figure 2A, Table S4). We
investigated the clonal hierarchy of these mutations in single myeloid colonies cultured
from the earliest bone marrow sample (15 years before AML diagnosis). In the individual
colonies (n=88), the mutation status of CSF3R-d715, LLGL2 and ZC3H18 was determined. Fif-
teen colonies (17%) harbored both the CSF3R-d715 and the LLGL2 mutation, whereas none
of the colonies exhibited exclusively either the LLGL2 or the CSF3R-d715 mutation (Figure
2B, Table S5). Two of the CSF3R-d715 and LLGL2 mutated colonies also carried the ZC3H18
mutation (Figure 2B, Table S5), indicating that this mutation had emerged later in time. None
of the other 9 mutations found in the AML cells was apparent in these colonies (Table S5).

A previous report has shown that multiple CSF3R delta mutations can be present in
distinct progenitors in the bone marrow of an individual SCN patient’. In line with this, we
found myeloid colonies with CSF3R-d717 (n=2) and CSF3R-d725 (n=1) (Figure 2B, Table S5).
Each of these mutations and yet an additional delta mutation (CSF3R-d730) were detected
in the SCN phase at low frequencies by amplicon-based deep sequencing (Figure 2C, Table
S6). None of these variant CSF3R mutant clones harbored LLGL2 or ZC3H18 mutations, nor
were they seen as dominant clones in the AML (Figure 2, Table S5-56). No viably frozen cells
were available from the bone marrow sample obtained 9 years before AML development



Sequential gain of mutations in leukemogenesis in SCN | 47

A 60
Early SCN
(15 years before AML)
% == |ntermediate SCN
g (9 years before AML)
3 =3 AML
3 z e = o < = ™ @
BB EEE § 3¢ % & 3
<= 8§ g g ¥ @ = g @ Q
o I w
a o
Myeloid colonies
8 v I c = Early SCN
/ l \\ (15 years before AML)
Intermediate SCN
50 = (9 years before AML)
@ @ CSF3R 245 == AML
drs dar7 d725 wt ® 40 l
OJOL NS %
mutant wi wt wt 5
/N 1 o S |
g 2~ 2 2 8 3
@@ @ zcama E 5§ 55 5 5 &
wt  mutant wt wt wt CSF3R mutations

Figure 2. Acquisition of mutations in the evolution of SCN towards AML. (A) The 12 somatic non-
synonymous mutations identified in the leukemic blasts were analysed in the SCN phase using amplicon-
based deep sequencing. Per mutation, the percentage of mutated amplicons is shown. Based on their
frequencies in the AML population, all mutations are considered to be heterozygous, implying that
the number of cells carrying the mutations is estimated to be twice the number of mutated amplicons.
(B) Single myeloid colonies grown from the bone marrow sample obtained 15 years before leukemia
development were analysed for the presence of mutations in CSF3R, LLGL2 and ZC3H18. See also Table
S5. (C) The presence of different CSF3R mutations in the bone marrow obtained 15 and 9 years before
leukemia development and in the leukemic phase was investigated by amplicon-based deep sequencing.
Per mutation, the percentage of mutated amplicons is shown. T595/: CSF3R mutation T595I, d715-d730:
CSF3R delta mutations at amino acid position 715 to 730.

and colony analysis could not be performed at this stage. However, by amplicon-based
deep sequencing we observed a parallel increase of the CSF3R-d715, LLGL2 and ZC3H18
mutations from 15 to 9 years before AML development (Figure 2A). Together with the find-
ing that these mutations are present in the same myeloid progenitor cells (Figure 2B), this
observation is consistent with a selective outgrowth of clones carrying these 3 mutations.

Sequential gain of a second CSF3R mutation results in G-CSF independence

A new CSF3R mutation, which acquired at the CSF3R-d715 mutant allele, was found ex-
clusively in the AML blasts and changed a polar threonine residue at amino acid position
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595 into a nonpolar isoleucine. This residue is located in a highly conserved threonine-rich
region in the extracellular domain of the G-CSF receptor (Figure S2). Introduction of hu-
man CSF3R mutant receptors, carrying this new T595/ mutation (Figure 3A), into Csf3r de-
ficient primary mouse bone marrow progenitors resulted in the autonomous outgrowth
of myeloid colony-forming cells (Figure 3, Table S7). Thus, in the AML phase of disease
evolution two different co-existing mutations, i.e., the T595/ single amino acid substitution
and the CSF3R-d715 mutation had accumulated in the gene encoding the G-CSF receptor.
Because expression of the new CSF3R mutant without the delta mutation conferred G-CSF
independence as did the mutant receptor carrying both the delta and the extracellular
mutation, this gain of function can entirely be attributed to the 7595/ mutation. However,

A
wt d715 T5951 T5951/dT15
lg 0
CRH |: ~|
FNIIl
FNIIl
FNlI ~T5951 ~T5951
™
Cyto =-Qr716X H-ariex
B
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Figure 3. Functional analysis of CSF3R mutants in myeloid progenitor cell assays. In vitro colony
growth of Csf3r deficient murine hematopoietic progenitor cells expressing different CSF3R mutants.
(A) Graphical representation of the different CSF3R constructs. Wild type (wt), T595| (containing the
extracellular mutation at amino acid position 595), d715 (containing the intracellular mutation, Q716X,
causing the introduction of a stop codon at amino acid position 716) and T5951/d715, containing both
mutations as found in the SCN/AML patient. Ig: Immunoglobulin like domain; CRH: cytokine receptor
homology domain; FNIII: fibronectin type Il repeats; TM: transmembrane domain; cyto: cytoplasmic
domain. Nomenclature has been adopted from Layton et al.*? (B) Colonies were grown in the presence
of puromycin, either without growth factor (no GF) or with 100ng/ml human G-CSF. The induced colony
growth is dependent on the transduction efficiency and the type of CSF3R construct. The transduction
efficiency can be deduced from the number of GM-CSF-induced colonies under puromycin selection as the
CSF3R constructs confer puromycin resistance, but do not affect GM-CSF-induced colony growth. Hence,
by dividing the number of colonies by the number of GM-CSF induced colonies the transduction efficiency
was corrected for.
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the T5951/d715 colonies were bigger than the T595/ colonies (Figure S4), which is sugges-
tive of a higher proliferation capacity by the addition of the CSF3R-d715 mutant.

DISCUSSION

The results of the present study identified non-synonymous mutations acquired in
an SCN patient who progressed to AML.The availability of sequential hematopoietic
samples from the childhood SCN phase to overt AML, spanning a period of 17 years,
provided the unique opportunity to identify the early and late genetic defects associ-
ated with leukemic progression (Figure 4). The CSF3R-d715 mutation and a mutation in
LLGL2, encoding the human homologue of the Drosophila lethal giant larvae (Lgl) gene,
were the first 2 acquired mutations in the early SCN phase. Loss of Lgl in Drosophila leads
to inadequate distribution of the cell polarity protein Numb, resulting in inappropriate
cell fate determinations and tumor formation in epithelial tissues and the brain?¢%, In
man, the NUMB protein has been implicated in controlling the balance between sym-
metric versus asymmetric hematopoietic stem cell divisions. Interestingly, deregulation
of NUMB expression has been associated with blast transformation of chronic myeloid
leukemia?® . How the LLGL2 mutation found in this study affects hematopoietic stem
cell divisions is still unknown; however, the fact that CSF3R-d715 and LLGL2 mutations
were uniformly present in the same myeloid cells could suggest that they cooperate.
Hierarchically, the next genetic abnormality occurring in the early SCN phase in the
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X ¥ \ ¥ a L | \
. . I e——— | ———— ¢ )
Gain of_ first Yt ZC3H1E - { I ASKL1 -
mutations " csFar.a715 cCDC155 ) )
LLGL2 CSF3R-T5851 N
_ EP300
Germ line FBXO18
mutation . LAMB1
a _— MGA
f 3 CSF3IR-dT17 RUNX1
L - suz12
oy \\ . Trisomy 21
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Figure 4. Schematic representation of the clonal evolution of SCN towards AML. The sequential genetic
events, starting with the presence of a germ line mutation in the gene encoding neutrophilic elastase
(ELANE) are indicated. A sequential gain of CSF3R delta mutations and an LLGL2 mutation is observed in the
early SCN phase. Only the clone harboring the CSF3R-d715 and the LLGL2 mutation gained an additional
mutation in ZC3H18, followed by its expansion in the intermediate SCN phase. Gain of 9 additional
mutations and trisomy 21 in the mutated population preceded complete transformation towards AML.
CSF3R-d715-d730: CSF3R delta mutations at amino acid position 715 to 730.
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CSF3R-d715- and LLGL2-mutated clone was a mutation in ZC3H18. ZC3H18 is a putative
MRNA binding protein with a still unknown function, but has been shown to be essential
for differentiation in trypanosomes?'.

Additionally, we found small subpopulations harboring distinct CSF3R delta muta-
tions in the bone marrow at the early SCN stage. All these clones disappeared during the
disease course, except the CSF3R-d715 clone which evolved towards AML. The different
CSF3R delta mutations cause expression of distinct truncated G-CSF receptors that all
have similar consequences for signaling; they result in a sustained activation of signal
transducer and activator of transcription 5 (STAT5)8. STAT5 is a transcription factor, impli-
cated in abnormal signaling responses of leukemic cells with mutated forms of the FLT3
receptor (FLT3-ITD) in AML and the BCR-ABL fusion protein in CML3* 33, Furthermore,
why one of these CSF3R delta mutant clones survived in vivo and progressed towards a
fully transformed AML clone while the other CSF3R delta variants extinguished during
disease development currently remains unexplained. However, it is conceivable that the
additional mutations in LLGL2 and ZC3H18, exclusively present in the CSF3R-d715 clone,
conferred a competitive growth advantage of this particular subclone representative of
essential early steps in leukemic progression that cooperate with the aberrant signaling
from the truncated G-CSF receptor.

Besides early genetic events, we found 9 mutations that occurred later in the process
of leukemic transformation. Of particular interest is the novel CSF3R mutation (T595]),
which appeared exclusively in the AML stage and imposed growth factor independence
on an already functionally defective G-CSF receptor. A different mutation in the CSF3R
transmembrane domain, CSF3R-T617N, with a similar downstream effect was previously
found as a constitutive mutation in a family with hereditary chronic neutrophilia and
as an acquired mutation in 2 AML patients. This mutation is suggested to cause ligand
independent homodimerization and induces growth factor independent proliferation
and differentiation**, The major difference between the T677N and the T595/ mutation
in our patient is that the latter one is located on the already affected CSF3R-d715 allele,
which has been shown to cause increased proliferation and impaired differentiation in
cell line and animal models® 33 and which could explain the increase in colony size
between the T595/ mutant and the T595//d715 mutant. The acquisition of autonomous
growth abilities by myeloid progenitor cells that already express a hyper-responsive
G-CSF receptor mutant strongly suggests that perturbed G-CSF signaling was of vital
importance for malignant transformation in this case of SCN. To our knowledge, this is
the first example of a gain of 2 different mutations in the same receptor in the process
of malignant transformation. An important but still open question is whether the ad-
ministration of G-CSF to this patient had contributed to the acquisition of this additional
mutation. Possibly, the continuous proliferative pressure imposed by G-CSF on clones
carrying mutations in CSF3R-d715 and LLGL2 and later also in ZC3H18 may have provided
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the context for the selection of a clone harboring this self-activating CSF3R mutation,
pushing it to become an autonomously proliferating and dominant leukemic clone.

Abnormalities appearing in the AML phase included mutations in ASXL1, SUZ12,
and EP300, genes encoding proteins involved in chromatin modification. Mutations
in ASXL1 have been reported previously in AML and are associated with an unfavor-
able prognosis3. SUZ12 is a member of the PRC2 complex that also contains EZH2, the
histone methyl transferase responsible for the di- and tri-methylation of lysine 27 in the
tail of histone 3 (H3K27), imposing a chromatin mark that represses gene expression.
Mutations affecting EZH2 and less frequently SUZ12 have been detected in MDS/MPN
patients® 3240, In contrast, mutations in EP300 and the highly related CREBBP, encoding
histone acetyl transferases that act as transcriptional co-activators, have not yet been
reported in myeloid malignancies but are the most frequent structural abnormalities
in follicular lymphoma and diffuse large B cell lymphoma? *. Mutations in CCDC155,
encoding coiled-coil domain containing protein 155 with unknown function; FBXO18,
encoding a DNA helicase involved in DNA repair and genomic integrity; LAMB1, encod-
ing an extracellular matrix protein; and MGA, encoding a Max gene associated antagonist
of Myc oncoproteins, all represent novel mutations with currently unknown functional
significance.

Recurrence is an important criterion to discriminate driver from passenger mutations
in the process of malignant transformation. Interestingly, mutations in CCDC155, LLGL?2,
MGA and ZC3H18 were recently also reported by the TCGA consortium in a panel of AML
patients (n=199), albeit at low frequencies. Because frequencies of specific mutations
have been shown to vary with the natural history of AML, e.g., de novo versus second-
ary to MDS/MPN or different bone marrow failure syndromes' 4, it will be of interest
to establish how often the newly identified genes are affected in distinct subtypes of
secondary AML. Specifically, it will be important to determine whether LLGL2, ZC3H18
or functionally related genes are more generally affected in bone marrow failure syn-
dromes prone to progress to AML and to establish how these mutations contribute to
malignant transformation in conjunction with cooperative gene defects.
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SUPPLEMENTARY MATERIALS AND METHODS
Sorting CD34+ leukemic blasts

Peripheral blood from the leukemic phase was thawed at 37°C and washed once with
PBS (Gibco Invitrogen, San Diego, CA) with 2% FCS (PAA laboratories, Pasching, Austria),
followed by isolation of CD34+ leukemic blasts.

FACS sorting: Peripheral blood cells were diluted to 5x10/6 cells per 50 pl (=100x1079
cells/liter) and incubated for 1 hour at 4°C with CD34-Pe-Cy7 (BD, Franklin Lakes, NJ) in
a final dilution of 1/50. Cells were washed, spun down (5, 1600 rpm = 550g) and resus-
pended in PBS (Gibco Invitrogen) with 2% FCS (PAA laboratories) and 7-AAD (Invitrogen,
San Diego, CA) in a final dilution of 1/1000. Cells were filtered, followed by FACS sorting
on the BD FACSAria Cell Sorter (BD); 7-AAD-/CD34+ cells were collected. Next, genomic
DNA was isolated.

MACS: CD34+ cells for RNA isolation were isolated using the CD34 MicroBead Kit (Milt-
enyi, Bergisch Gladbach, Germany) according to the manufacturer’s protocol. After this
procedure, CD34+ purity was 97% of total 7-AAD- cells as determined using FACS. Next
cDNA was isolated.

cDNA preparation

cDNA preparation was performed as previously described'.

Genomic DNA isolation

Cells were resuspended in 300 ul SE buffer (31.25 mM EDTA, 93.75 mM NaCl). Next, 2.5 pl
proteinase K (20pg/pL, Roche, Basel, Switzerland) and 15 pl 20% SDS (Biorad, Hercules,
CA) were added followed by incubation o/n at 37°C. One-hundred pl saturated NaCl
(Merck, Whitehouse Station, NJ) was added, samples were vortexed for 15" followed
by 15’ centrifugation at 10.000 rpm (9600g). This step was repeated until transparency
of the supernatant was reached. DNA was precipitated in 800 pl 100% EtOH (Sigma-
Aldrich, Zwijndrecht, The Netherlands), centrifuged at 10.000 rpm (9600g) for 15’ and
washed in 70% EtOH (Sigma-Aldrich). Pellets were air dried for 15’ at RT, resuspended in
TE-4 buffer (0.01 M Tris, 1mM EDTA) and incubated for 1 hour at 60°C.

Because of high RNA contamination in the fibroblasts DNA, this sample was purified
with the ZR genomic DNA Il kit (Zymo research, Orange, CA, USA) before whole exome
sequencing according to the manufacturer’s protocol. To increase the concentration,
DNA was precipitated with 0.TM NaAc and 65% EtOH at -80°C for 30’ followed by centrif-
ugation (15} 4°C, 10.000 rpm = 9600 g). Pellets were washed with 70% EtOH, centrifuged
(15} 4°C, 10.000 rpm = 9600 g), air dried for 15" at RT and resuspended in TE-4 buffer
followed by incubation for 1 hour at 60°C.
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Fibroblast culture

Bone marrow cells of the SCN phase, obtained 15 years before the leukemia, were
thawed at 37°C, washed twice with and cultured in DMEM (Gibco Invitrogen) containing
10% FCS (PAA laboratories) and 10pg/ml penicillin/streptomycin (Gibco Invitrogen).
Fibroblasts grew out after two weeks.

ELANE mutation analysis

PCR primers are listed in Table S8. Three amplicons, comprising the complete ELANE cod-
ing sequence, were generated using 50 ng of genomic DNA. Cycling conditions were 30”
at 95° C, 30" at 62°C and 90" at 72°C for 35 cycles. Exon 1-2 and 3 were amplified using
Q-solution (Qiagen, Hilden, Germany). Amplicons were purified using the Qiaquick PCR
purification kit (Qiagen), followed by Sanger sequencing according to the manufac-

turer’s protocol (Applied Biosystems, Foster City, CA, USA).

Allele specific analysis CSF3R mutations

For PCR amplification, cDNA from the CD34+ leukemic blasts was used. A cDNA fragment
of the CSF3R, containing both mutation sites, was amplified using 5'-CACATCCACCTCAT-
GGCTGC-3"and 5'-CAGAGGTTCTCATAGGACTTG-3". Cycling conditions were: 30" at 95°C,
30" at 60°C and 1’ at 72°C for 35 cycles. The amplified fragment was ligated into the
pCR2.1 vector (TA-Cloning Kit, Invitrogen) according to the manufacturer’s protocol
and transformed into DH5a competent cells (Invitrogen). Plasmids from single bacterial
colonies were sequenced with M13 primers (forward: 5'-GTAAAACGACGGCCAG-3' and
reverse: 5'-CAGGAAACAGCTATGAC-3') for the presence of mutations CSF3R-d715 and
CSF3R-T5951 according to the manufacturer’s protocol (Applied Biosystems). The pres-
ence of both mutations in the same sequence indicates that they were located on the
same allele.

CSF3R expression constructs

A schematic overview of the different CSF3R constructs is given in Figure 3A. For ampli-
fication, cDNA from the CD34+ leukemic blasts was used. The CSF3R coding sequence
was amplified in 2 parts which were ligated into the pCR2.1 vector (TA-Cloning Kit,
Invitrogen) according to the manufacturer’s protocol. The 5’ part of the CSF3R was am-
plified using 5'-CTATGGCAAGGCTGGGAAACT-3"and 5'-CAGGTTAACAACAGCAGGAGG-3;,
cycling condition were: 30" at 95°C, 30" at 56°C (first 10 cycles) and 60°C (next 25 cycles)
and 2,5" at 72°C for 35 cycles. The CSF3R-T595] mutation was introduced with the Qui-
kChange Il XL Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA), according to the
manufacturer’s protocol, using the 5'-CCTCACCCTGATGATCTTGACCCCAGAGG-3' (sense)
and 5-CCTCTGGGGTCAAGATCATCAGGGTGAGG-3’ (antisense) primers. The 3’ part of the
CSF3R, with and without the d715 mutation, was amplified with 5'-TTGTTAACCTGCCTCT-
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GTGGAACTG-3’ x 5'-GTTAACCCCTAGAAGCTCCCCAGCG-3" Cycling condition were: 30"
at 95°C, 30" at 60°C and 1" at 72°C for 35 cycles. Both parts were combined in pCR2.1
using the Hpal-restriction sites (GTTAAC) introduced by PCR. Next, all 4 constructs were
ligated into pBABE-puro and sequences were checked by restriction analysis and Sanger
sequencing according to the manufacturer’s protocol (Applied Biosystems).

Murine colony assays

Production of retroviruses: HEK293FT cells were cultured in DMEM (Gibco Invitrogen)
containing 10% FCS (PAA laboratories) and 10ug/ml penicillin/streptomycin (Invitrogen).
Transfection of HEK293FT with the 4 different CSF3R expression constructs in pBABE-
puro was carried out using Fugene6 (Roche) according to the manufacturer’s protocol.

Bone marrow of Csf3r deficient FVB/N mice? was isolated, followed by lysis of eryth-
rocytes using lysing solution (Beckham Coulter, Brea, CA) and lineage depletion using
the Mouse Hematopoietic Progenitor Cell Enrichment Set (BD) both according to the
manufacturer’s protocol. Cells were pre-stimulated for 2 days with murine SCF, TPO, FLT3
(All from Preprotech, Rocky Hill, NJ) and COS cell-derived IL-3. Next, these cells were
retrovirally transduced as previously described?, with a double round of transduction,
using virus containing supernatant from the 293FT cells. After 48 hours, human CSF3R
expression levels were analyzed using FACS (PE-conjugated mouse-a-human CD114,
BD, Figure S5). Based on the FACS staining, similar amounts of CSF3R positive cells were
plated in methocult (Stem Cell Technologies) without growth factors, or with different
concentrations human G-CSF (Neupogen, Amgen, Thousand Oaks, CA) or murine GM-
CSF (100 ng/ml, Preprotech). All colonies were grown in the presence of puromycin
(1pg/ml, Sigma-Aldrich). After 7 days, colonies were counted. G-CSF-induced colony
numbers were adjusted on the basis of the number of puromycin resistant GM-CSF-
induced colonies to correct for variations in transduction efficiencies of the different
CSF3R expression constructs.

Mutations in 199 AML genomes from The Cancer Genome Atlas

To determine if genes with mutations identified in the AML stage of the case studied
here are recurrently mutated in AML, mutations found in a series of 199 AML samples
whose exomes were sequenced by the TCGA AML project were downloaded from TCGA*
5 (and TCGA AML working group, unpublished). (Table S3).
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SUPPLEMENTARY FIGURES
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Figure S1. Sanger sequencing of mutations (gDNA). All 12 non-synonymous somatic mutations
identified with whole exome sequencing were validated with Sanger sequencing, both in CD34+ leukemic
blasts and fibroblasts (germ line control). For each mutation (indicated by arrows), the affected gene, its
genomic position (hg18), the effect of the mutation on genomic DNA as well as the wild type (wt) and
mutant (mt) sequence are depicted. See also Table 1.
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Figure S2. Evolutionary conservation of mutated amino acids. All 12 identified somatic mutations

identified in the AML phase cause an amino acid change. The amino acids at these positions in other

species are indicated. Arrows indicate the direction of translation. See also Table 1.
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Figure S3. Sanger sequencing mutations (cDNA). All 12 identified non-synonymous somatic mutations
were analysed by Sanger sequencing on cDNA of the CD34+ leukemic blasts. LAMB1 was not expressed
within the leukemic blasts, for all other genes, except CCDC155 that only has mutant allele expression,
both wild type and mutant transcripts were expressed. For each mutation, the affected gene (indicated by
arrows), its position on cDNA, the effect of the mutation on cDNA as well as the wild type (wt) and mutant
(mt) sequence are depicted. See also Table 1.

T5951/d715

)

mn

= No GF
= G-C5F

Cellsicolony

T5a5
T
it

Figure S4. Colony size CSF3R mutants. In vitro colony growth of Csf3r deficient murine hematopoietic
progenitor cells expressing different CSF3R mutants. See also Figure 3. (A) Cells per colony are indicated for
colonies grown without growth factor (no GF) and with G-CSF. (B-C) Representative photomicrographs of
G-CSF-induced myeloid colonies (B) and colonies grown without growth factors (C).
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Figure S5. Membrane expression of CSF3R mutants. Murine lineage depleted Csf3r deficient bone
marrow cells were retrovirally transduced with different CSF3R constructs (Figure 3A) or GFP (negative
control). Histograms show membrane expression of the different expression constructs analysed by FACS.
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SUPPLEMENTARY TABLES
Table S1. Primers for Sanger sequencing to validate somatic mutations.
Forward/ . .
gDNA/ Reverse/ Annealing Ampllﬁe'd or
Gene <DNA Sequencin Sequence temperature unamplified
9 . 9 (°C) gDNA/cDNA
Primer
Forward TGATTCTGTATGCCATGACC
gDNA 60 Amplified
ASXLT Reverse CTCTCTATGGCAGTGGTGAC
Forward CGTCAGTCCTTTCGTAACAC
cDNA 60 Amplified
Reverse CTCTCTATGGCAGTGGTGAC
Forward TCCCACTGGAATGGTTGGAG
gDNA 60 Amplified
Reverse AGCCTGACAGCTTGATGGAAG
<DNA Forward CAGCTTCACAGCACCCAGCAGGC 60 U lfed
nampline
CCDCIS5  (1stPCR)  Reverse  GTCGTCACTCTGTATTCTTC P
cDNA Forward GAGGAGCTGGAGGACCTGAAG
(nested 60 Unamplified
PCR) Reverse  CACACTCAAAGAGCTGCCGC
Forward CACCAACAGTACAGTCCTCAC
gDNA 58 Amplified
Reverse CTCTCAAAGGGACTCACTTG
:::';f Forward CACCAACAGTACAGTCCTCAC
cDNA Reverse CAGAGGTTCTCATAGGACTTG 60 Amplified
Sequencing GGAGTCACAGCGGAGATAGT
Forward CCATCACCAAGCTCACAGTG
gDNA 60 Amplified
Reverse CAGAGGTTCTCATAGGACTTG
CSF3R-d715
Forward CACCAACAGTACAGTCCTCAC
cDNA 60 Amplified
Reverse CAGAGGTTCTCATAGGACTTG
Forward CGTTTCTCACGCTGGCAAGG
gDNA 60 Amplified
£P300 Reverse CTCAGAACAACCCTGCGGAG
Forward TGCCTCCCATTGTTGATCCT
cDNA 60 Amplified
Reverse GGTGATACACAAGTCATAATC
Forward CCATCAGAGTAAGGCTTTTAG
gDNA 60 Amplified
Reverse GGGTATGTTCGTCTACAACG
FBXO18 Forward GTCAACGCCCTGTTCACAGTG
cDNA Reverse CTCCGTTCTTCCTCTGGCTG 60 Amplified
Sequencing  CAAATATCAATGATTCTGTC
Forward GAGAGCCCGATGATGTGCTGC
LAMB1 gDNA 58 Amplified
Reverse GGAGGGAAGCATCGGCTCTG
Forward GTGTGTTCGAGATGGTGGAG
gDNA 60 Amplified
LLGL2 Reverse TAGCTGCCGTCAGAGTGACA
Forward GTGTGTTCGAGATGGTGGAG
cDNA 60 Amplified
Reverse CATCGTGGATCACTGAGATG
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Table S1. Primers for Sanger sequencing to validate somatic mutations. (continued)

Forward/ . .
gDNA/ Reverse/ Annealing Ampllﬁe'd or
Gene <DNA Sequencin Sequence temperature unamplified
quencing ) gDNA/cDNA
Primer
Forward CAACAATGAGCATTGATCTT
gDNA 56 Amplified
e Reverse GTTAAATGTCACCAATAAAGG
Forward TACATCCTGGTCTTCAAGAAG
cDNA 60 Amplified
Reverse GGTACACCACAGGAGATGTG
Forward AACTGGTAACTTGTGCTGAAG
gDNA 60 Amplified
Reverse CTGAGACATGGTCCCTGAGT
RUNX1
Forward GAAATGCTACCGCAGCCATG
cDNA 60 Amplified
Reverse ATCTAGTTTCTGCCGATGTC
Forward AATCGTCTGTATTTCCATAGTGA
gDNA 60 Amplified
suzi2 Reverse AACCTGTACATTTCCGGATTC
Forward GAACAGCAAAGAACATATAGTAG
cDNA 60 Amplified
Reverse AAACAGCATACAGGCATGATTC
Forward CTTGTGGACCCTTTCTGATC
gDNA 60 Amplified
Reverse ATTCAGACACAGCTCAGTTG
ZC3H18

Forward GTGACACCATTATCCACTCT
cDNA 60 Amplified
Reverse ACTCTCTGTTGGGGGCTCTG

Primers in bold were used for sequencing. Due to scarcity of the material, amplified DNA was used; in case
the amplicon generation was suboptimal on amplified material, unamplified material was used.

Table S2. Primers for amplicon-based deep sequencing.

F Al li
Gene orwar(.i/ Sequence MIDs nnealing
Reverse Primer temperature (°C)

Forward  CGTATCGCCTCCCTCGCGCCATCAG- iy
MID-TGATTCTGTATGCCATGACC
ASXL1 .
Reverse  CTATGCGCCTTGCCAGCCCGCTCAG- s
MID-CTCTCTATGGCAGTGGTGAC

Forward CGTATCGCCTCCCTCGCGCCATCAG- 4
MID-TCCCACTGGAATGGTTGGAG
CCDC155 o
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- s
MID-AGCCTGACAGCTTGATGGAAG

CGTATCGCCTCCCTCGCGCCATCAG-

CSF3R- Forward 5 CACCAACAGTACAGTCCTCAC 14 .
15951 P CTATGCGCCTTGCCAGCCCGCTCAG- s
MID-CTCTCAAAGGGACTCACTTG
Forward CGTATCGCCTCCCTCGCGCCATCAG- 4
MID-CCATCACCAAGCTCACAGTG
CSF3R-d715 60
CTATGCGCCTTGCCAGCCCGCTCAG-
Reverse 5

MID-CAGAGGTTCTCATAGGACTTG
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Table S2. Primers for amplicon-based deep sequencing. (continued)

Gene Forwarc:Il Sequence MIDs Annealing
Reverse Primer temperature (°C)
Forward CGTATCGCCTCCCTCGCGCCATCAG- o
MID-GAGTTCTCTTCACTCCGAAG
EP300 60
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- 5
MID-ACTAGCCTCTTCAGCTCTGC
Forward CGTATCGCCTCCCTCGCGCCATCAG- 1-a
MID-CCATCAGAGTAAGGCTTTTAG
FBXO18 60
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- 5
MID-GGGTATGTTCGTCTACAACG
Forward CGTATCGCCTCCCTCGCGCCATCAG- 14
MID-GAGAGCCCGATGATGTGCTGC
LAMB1 58
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- 5
MID-GGAGGGAAGCATCGGCTCTG
Forward CGTATCGCCTCCCTCGCGCCATCAG- 1-4
MID-GTGTGTTCGAGATGGTGGAG
LLGL2 60
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- 5
MID-TAGCTGCCGTCAGAGTGACA
Forward CGTATCGCCTCCCTCGCGCCATCAG- 14
MID-CAACAATGAGCATTGATCTT
MGA 56
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- 5
MID-GTTAAATGTCACCAATAAAGG
Forward CGTATCGCCTCCCTCGCGCCATCAG- 14
MID-AACTGGTAACTTGTGCTGAAG
RUNX1 60
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- 5
MID-CTGAGACATGGTCCCTGAGT
Forward CGTATCGCCTCCCTCGCGCCATCAG- 14
MID-AATCGTCTGTATTTCCATAGTGA
suzi12 60
Reverse CTATGCGCCTTGCCAGCCCGCTCAG- 5
MID-AACCTGTACATTTCCGGATTC
Forward CGTATCGCCTCCCTCGCGCCATCAG- 1-4
MID-CTTGTGGACCCTTTCTGATC
ZC3H18 60
CTATGCGCCTTGCCAGCCCGCTCAG-
Reverse 5

MID-CATCAGCGGGTGAGGTCCGAG

All primers contain different multiplex identifiers (MIDs)¢ to distinguish different samples.
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Table S3. Somatic mutations in The Cancer Genome Atlas (TCGA) AML dataset.

protein change

Nr. of patients

Gene (SCN./AML mv:i:;ist:::t:;e :::i:r Va;i:::ison Mutation type Protein change
Patient)  reGA AML dataset
LAML-AB-2807 Unknown Frame_Shift_Del p.G738fs
LAML-AB-2821 Unknown Nonsense_Mutation p.Q733*
ASXL1 p.Y591* 5 LAML-AB-2864 Unknown Frame_Shift_Ins p.5921fs
LAML-AB-2907 Valid Nonsense_Mutation p.R1415%
LAML-AB-2927 Unknown Splice_Site e13-1
CCDC155 pR274W 1 LAML-AB-2833 Unknown Missense_Mutation p.M286L
o $p.T595/ and 5 LAML-AB-2808 Unknown Missense_Mutation $p.T5951
*p.Q716* LAML-AB-2854  Unknown Frame_Shift_Ins $0.G659fs
EP300 p.V1677Dfs*30 0 XX XX XX XX
FBXO18 p.A791G 0 XX XX XX XX
LAMB1 p.P815Pfs*65 0 XX XX XX XX
LLGL2 p.R222P 1 LAML-AB-2891 Unknown Frame_Shift_Del p.5924fs
MGA p.P761L 1 LAML-AB-2950 Unknown Frame_Shift_Del p.V2389fs
LAML-AB-2805 Unknown Frame_Shift_Ins p.A142fs
LAML-AB-2805 Unknown Nonsense_Mutation pR201*
LAML-AB-2807 Unknown In_Frame_Del p.5G167in_frame_del
LAML-AB-2807 Unknown Missense_Mutation p.G168R-p.S167R
LAML-AB-2865 Unknown Missense_Mutation p.D198N
LAML-AB-2890 Unknown Nonsense_Mutation pR201*
LAML-AB-2899 Unknown Missense_Mutation pR162G
LAML-AB-2907 Valid Splice_Site e5-2
LAML-AB-2912 Unknown Missense_Mutation p.R162K
LAML-AB-2916 Unknown Frame_Shift_Ins p.N96fs
RUNX1 p.D198N 17 LAML-AB-2927 Unknown Missense_Mutation pR162S
LAML-AB-2927 Unknown Nonsense_Mutation p.R201*
LAML-AB-2933 Unknown Missense_Mutation pR162G
LAML-AB-2936 Unknown Nonsense_Mutation p.R320*
LAML-AB-2949 Unknown Frame_Shift_Del p.S314fs
LAML-AB-2959 Unknown Missense_Mutation p.R201Q
LAML-AB-2970 Valid Missense_Mutation p.P113L
LAML-AB-2978 Valid Nonsense_Mutation pR201*
LAML-AB-2983 Valid Missense_Mutation p.A149P
LAML-AB-3009 Valid Frame_Shift_Ins p.G164fs
LAML-AB-2820 Unknown Missense_Mutation p.R103Q
SUZ12 p.597dupl 3 LAML-AB-2949 Unknown Frame_Shift_Del p.L308fs
LAML-AB-3009 Valid Missense_Mutation p.G163D
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Table S3. Somatic mutations in The Cancer Genome Atlas (TCGA) AML dataset. (continued)

X Nr. of patients
protein change

. . Pati Validati
Gene (SCN/AML ith s on'.latlc atient alidation Mutation type Protein change
atient) mutation in the number Status
P TCGA AML dataset
LAML-AB-2868 Unknown Missense_Mutation p.R360G
ZC3H18 p.P259Pfs*15
LAML-AB-2972 Valid Nonsense_Mutation pR521%

TCGA harbours next-generation sequencing data of 199 AML patients. Listed are the genes found in
the SCN/AML index case (See also Table 1) followed by the mutations in these genes found in the TCGA
AML dataset. Marked in bold, italic are the exact mutations also found in the SCN/AML case. *Amino acid
numbers based on earlier publications’®

Table S4. Amplicon-based deep sequencing of somatic non-synonymous mutations.

Disease phase

Gene SCN 15 years before AML SCN 9 years before AML AML

ASXL1 0/1446 (0%) 0/1629 (0%) 166/354 (46,9%)
CCDC155 0/1527 (0%) 1/1441 (0,1%) 163/339(48,1%)
CSF3R-T5951 0/1397 (0%) 0/1500 (0%) 127/315 (40,3%)
CSF3R-d715 87/1375 (6,3%) 171/1563(10,9%) 173/351 (49,3%)
EP300 0/1769 (0%) 0/1918 (0%) 161/328(49,1%)
FBXO18 0/1604 (0%) 0/1648 (0%) 95/382 (24,9%)
LAMB1 3/1377 (0,2%) 4/1487 (0,3%) 111/348 (31,9%)
LLGL2 61/1396 (4,4%) 187/1690 (11,1%) 146/289 (50,5%)
MGA 0/1790 (0%) 0/1751 (0%) 54/328 (16,5%)
RUNX1 1/1862 (0,1%) 0/1809 (0%) 204/458 (44,5%)
suzi2 0/833 (0%) 0/906 (0%) 63/135 (46,7%)
ZC3H18 64/1616 (4,0%) 204/1787 (11,4%) 189/359 (52,7%)

All 12 somatic non-synonymous mutations indentified in the leukemic blasts were analysed in SCN samples
of the same patient using amplicon-based sequencing. SCN samples were obtained 9 and 15 years before
the AML was diagnosed. For each mutation the number of mutated amplicons is presented as a fraction
of total amplicons. Because all mutations are heterozygous, the number of cells carrying the mutations is
estimated to be twice the number of mutated sequence reads.
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Table S5. Mutation analysis of single myeloid colonies.

CSF3R-
truncating CSF3R-
Colony  mutation LLGL2 ZC3H18 ASXL1 CCDC155 T595] [EP300 FBXO18 LAMB1 MGA SUZ12 RUNX1
1 N N N
2 ND ND N
3 N* N N¥
4 N N N
5 N N N
6 N N N
7 N¥ N N¥
8 N N N
9 N N N
10% d715* Y N¥ N N N N N N N
1 N N N
12 N N N
13 N N N
14 N N N
15 N* N¥ N¥
16 N¥ N¥ N¥
17 N N N
18 N N N
19 N¥ N¥ N¥
20 N N N
21* d725 N N¥ N N N N N N N
22¢ d715 Y N¥ N N N N N N N
23 N N N
24 N¥ N¥ N¥
25 N N N
26° d715* Y* N* N N N N N N N
27 NA* N¥ N¥
28 N N N
29% d717 N N N N N N N N N
30 N N N
31* d717 N N¥ N N N N N N N
32¢ d715s Y* Y* N N N N N N N
33 N N N
34 N¥ N* N¥
35 N N N
36 N N N
37 N¥ N N¥



68 | Chapter 3

Table S5. Mutation analysis of single myeloid colonies. (continued)

CSF3R-
truncating CSF3R-
Colony  mutation LLGL2 ZC3H18 ASXL1 CCDC155 T595/ EP300 FBXO18 LAMB1 MGA SUZ12 RUNX1

38 N N N

39 N* N* N*

40 N* N N*

4 N N N

42 N N N

43 N* N* N*

44 N N N

45 N* N¥ N*

46 N* N* N*

47° d715* Y N* N N N N N N N N N
48° d715 Y N N N N N N N N ND N
49 N N N

50 N N N

51 N N N

52¢ d715 Y N N N N N N N N N N
53¢ d715* Y N* N N N N N N N N N
54 N* N* N*

55¢ d715 Y N N N N N N N N N N
56 N N N

57 N N N

58 N* N N¥

59 N N N

60° d715 Y N N N N N N N N N N
61 ND ND ND

62° d715* Y N* N N N N N N N N N
63 d715* NA* NA*

64 N N N

65 N* N* N*

66 N N N

67 N N N

68° d715* Y* N* ND N ND N N N ND N N
69 N* NA N¥

70 N* NA N

7 N* N N*

72 N N N

73 N* N N*

74 N* N* N*

75 N* N* N*
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Table S5. Mutation analysis of single myeloid colonies. (continued)

CSF3R-
truncating CSF3R-
Colony  mutation LLGL2 ZC3H18  ASXL1 T595] EP300 FBXO18 LAMB1 MGA SUZ12 RUNX1
76 N* N* N*
77 N* ND N*
78 N* N N*
79 N N N
80° d715* Y* Y* N N N N N N N
81 N N N
82 N N N
83 N¥# N¥ N#
84° d715* Y N* N N N N N N N
85 N N N
86 N* N N*
87 N N N
88 N N N
89 N* N* N*
90 N* N N*
91 N N N
92¢ d715* Y* N* N N N N N N N
93 d715* NA N*
9 N# N N#
95 N¥* N N#
96 N N N

Single myeloid colonies were grown from the SCN sample obtained 15 years before AML development.
These were analysed for the presence of the 3 mutations observed in the SCN phase by amplicon based
deep-sequencing (Table S4 and S6), i.e., CSF3R truncating mutations and mutations in LLGL2 and ZC3H18.
All colonies positive for either of these were subsequently analysed for the presence of the other somatic
mutations. d715 = CSF3R truncation at position 715, d717 = CSF3R truncation at position 717, d725 = CSF3R
truncation at position 725, Y = positive for mutation, N = negative for mutation, ND = not determined
because amplification or sequence reaction did not work, NA = non-assigned due to unclear sequence, NA*
= non-assigned due to discrepancy between 2 independent amplification and sequence runs, * = status
could be determined in 2 independent amplification and sequence runs. *colonies positive for CSF3R-d715
and LLGL2 mutation, *colonies positive for other CSF3R truncating mutations than d715, grey = colonies for
which the status of ZC3H18, LLGL2 and/or CSF3R-d715 mutations could not be assigned.
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Table S6. Amplicon based deep-sequencing to quantify CSF3R truncating mutations.

Disease phase

Gene SCN 15 years before AML  SCN 9 years before AML AML
CSF3R-d715 87/1375 (6,3%) 171/1563 (10,9%) 173/351 (49,3%)
CSF3R-d717 12/1375 (0,9%) 9/1563 (0,6%) 0/351 (0%)
CSF3R-d719 1/1375 (0,1%) 0/1563 (0%) 0/351 (0%)
CSF3R-d725 12/1375 (0,9%) 64/1563 (4,1%) 0/351 (0%)
CSF3R-d728 0/1375 (0%) 0/1563 (0%) 0/351 (0%)
CSF3R-d730 11/1375 (0,8%) 40/1563 (2,6%) 0/351 (0%)

Amplicon based deep-sequencing was employed to analyse the frequency of the most frequent CSF3R
truncating mutations found in SCN® in the SCN and leukemic phase. The different mutations introduce a
stopcodon at amino acid position 716 (d715), 718 (d717), 720 (d719), 726 (d725), 729 (d728), 731 (d730).
For each mutation the number of mutated amplicons is presented as a fraction of total amplicons. As all
mutations are considered to be heterozygous, the number of cells carrying the mutations is estimated to
be twice the number of mutated amplicons.

Table S7. Colony numbers murine colony assay CSF3R mutants.

Number of colonies/well (corrected for number

Number of colonies/well of GM-CSF colonies)
culture condition value wt d715 T5951 T5951/d715 wt d715  T5951 T5951/d715
mean 0 0 227 217 0,00 0,00 0,20 0,20
no growth factor
sd 0 0 22,5 153 0,000 0,000 0,023 0,014
mean 90 230 238 262 0,11 0,31 0,21 0,24
G-CSF (5ng/ml)
sd 173 50,7 20,2 41,6 0,021 0,092 0,021 0,038
mean 95 255 205 263 0,11 0,34 0,18 0,24
G-CSF (10ng/ml)
sd 18 21,8 13,2 28,4 0,022 0,075 0,016 0,026
mean 88 195 250 287 0,11 0,26 0,22 0,26
G-CSF (50ng/ml)
sd 126 39,1 218 47,5 0,016 0,074 0,023 0,043
mean 118 205 170 313 0,14 0,27 0,15 0,28
G-CSF (100ng/ml)
sd 16,1 21,8 50 31,8 0,020 0,063 0,010 0,029
GM-CSF mean 830 750 1140 1105 XX XX XX XX
(100ng/ml) sd 377 1522 654 229 XX XX XX XX

Murine lineage depleted Csf3r deficient bone marrow cells were retrovirally transduced with different CSF3R
constructs (Figure 3A). Myeloid colonies were grown under different growth factor conditions. All data are
average values of 3 wells. GM-CSF colony growth was performed in the presence of puromycin, and was
used to correct for the transduction efficiencies of the different CSF3R constructs. The delta method was
used to calculate the standard deviation of the ratios. See also Figure 3B. sd = standard deviation.
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Table S8. Primers to identify ELANE mutation by Sanger sequencing.

Forward/Reverse/ Sequencing

Exon Primer Sequence Annealing temperature (°C)
Forward GAGCCAATCCAGCGTCTTGTC

Exon 1-2 62 + Q-solution
Reverse CCTGAGGGCGAAGGTGCTCG
Forward TGGCGAATGTGTGAGTAGCCG

Exon 3 62 + Q-solution
Reverse CCACGATGCCACCCCAGG
Forward TCCAACGCCCTGAGCCTTG

Exon 4-5 62
Reverse CTGGTCTTGAACTCCTGAGC

Exon 1 Sequencing GAGCCAATCCAGCGTCTTGTC XX

Exon 2 Sequencing TGCCTCTCCGTGCCTCAGT XX

Exon 3 Sequencing CCACGATGCCACCCCAGG XX

Exon 4 Sequencing TCCAACGCCCTGAGCCTTG XX

Exon 5 Sequencing GCAGCAACAGGCACCGTGGCT XX
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ABSTRACT

Both granulocyte-colony stimulating factor (G-CSF) and its receptor (colony stimulating
3 receptor, CSF3R) are essential for neutrophil production. Upon ligand binding, CSF3R
activates different signal transduction pathways to exert its function. Neutrophil pro-
duction is disturbed in severe congenital neutropenia (SCN) patients that furthermore
have a high tendency to develop acute myeloid leukemia (AML). The neutropenia in SCN
patients can be successfully treated with G-CSF administration. In time however, these
patients may acquire truncating mutations in CSF3R, with an incidence of up to 80% in
SCN patients who have progressed to AML. In a previous study we have reported the
accumulation of 2 CSF3R mutations on the same allele during leukemogenesis in a SCN
patient. The first mutation, present already 15 years before the AML became overt, was
a truncating mutation that has been shown previously to induce proliferation, while
hampering differentiation. The second mutation, CSF3R-T595/, located in the extracel-
lular domain of the receptor, was only present in the AML phase and induced G-CSF
independent myeloid colony growth. Here, we show that the prevalence of the CSF3R-
T595I mutation in de novo AML is low (5/1446 = 0.3%). In addition, we found that 2 of the
de novo AML patients carried a mutation substituting a threonine at amino acid position
617 to either an isoleucine or an asparagine. None of these CSF3R changes (75951, T6171
or T617N) coincide with the presence of CSF3R truncating mutations. Furthermore, we
show that the CSF3R-T595] mutant induces G-CSF independent nuclear translocation of
STATs (signal transducer and activator of transcription), indicating G-CSF independent
stimulation of the receptor which can explain the observed G-CSF independent myeloid
colony growth.

INTRODUCTION

G-CSF, also known as colony stimulating factor 3 (CSF3), is the main growth factor for
neutrophil production both under physiological conditions and during stress myelo-
poieisis'3. G-CSF and its receptor, CSF3R, are essential for myelopoiesis, as mice lacking
either of these are severely neutropenic® 2 CSF3R is a member of the cytokine receptor
I superfamily and exerts its function via the Janus kinase (JAK)/ signal transducer and
activator of transcription (STAT), RAS/MAF/MAPkinase and PKB/AKT pathways*. CSF3R
activation is transient and its inactivation is regulated by various negative regulators,
while receptor internalisation and degradation also play an important role in this pro-
cess*. A tight balance between activation and signal attenuation of CSF3R is essential for
neutrophil production®®,

G-CSF is successfully used to treat neutropenia in SCN, a rare bone marrow failure
syndrome characterized by highly reduced neutrophil counts’. Constitutive mutations
in CSF3R are infrequently reported to underlie SCN refractory to G-CSF treatment®®. In
contrast, acquisition of truncating CSF3R mutations in a small intracellular glutamine
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stretch of the receptor is a common phenomenon in SCN patients'®'3, Extensive analy-
ses in different models has shown that expression of these truncated receptors leads to
an increased proliferative response, while they are hampered in transducing required
differentiation signals* %1416 CSF3R truncating mutations are observed in one third of
SCN patients, with an increasing incidence to approximately 80% in SCN patients that
have progressed to AML, suggesting a role for CSF3R mutations in leukemic progres-
sion 37 In other AML patients however, CSF3R mutations are rare'®%,

We previously have identified a new extracellular CSF3R mutation (7595]) in the leuke-
mic blasts of a SCN patient that progressed to AML?'. Initial studies have shown that this
mutation, located on the CSF3R allele that already carried an intracellular CSF3R-d715
truncating mutation, confers growth factor independent myeloid colony growth?'. Here,
we have investigated the occurrence of the CSF3R-T595/ mutation in a large cohort of
1446 de novo AML patients and we show that its prevalence is 0.3%. In addition, 2 de
novo AML patients carried a mutation in CSF3R, substituting the threonine at amino acid
position 617 for an isoleucine or an asparagine. The latter one has been reported to
induce G-CSF independent proliferation and differentiation' 22, For all but one of the
reported CSF3R mutations the coincidence with CSF3R truncating mutations could be
investigated, revealing that they do not coincide in this de novo AML cohort. Addition-
ally, we show that expression of mutant CSF3R-T595I induces nuclear translocation
of STATs independent of ligand binding, which indicates that the mutant receptor is
activated in the absence of G-CSF.

MATERIALS AND METHODS

Patient cell samples

Ficoll-gradient separated bone marrow cells from leukemic blasts of AML samples were
used. All cell samples were obtained, frozen and anonymously stored according to
established procedures for viable cell cryopreservation as previously described®. The
study was performed under the permission of the Institutional Review Board of the
Erasmus MC, registration number MEC-2008-387.

cDNA preparation

cDNA preparation was performed as previously described?.

CSF3R-T595] mutation analysis

Amplicons were generated using the 5'-GCTCAGAACCAGTCCTTCTC-3"'and 5'-CTGCTGT-
GAGCTGGGTCTG-3' primer. Cycling conditions were 30" at 95°C, 30" at 60°C and 30" at
72°C for 35 cycles. Amplicons were analysed on a denaturing high-performance liquid
chromatography (dHPLC) using a WAVE device (Transgenomics, Omaha, NE, USA) at a
temperature of 63.1°C. Amplicons showing an aberrant dHPLC pattern compared to
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the wildtype control were analysed by Sanger sequencing using the 5-GCTCAGAAC-
CAGTCCTTCTC-3' primer according to the manufacturer’s protocol (Applied Biosystems,
Foster City, CA, USA). Patients carrying the 75951, T617/ and T617N mutations were subse-
quently analysed for the presence of CSF3R truncating mutations (at amino acid position
715-730) by Sanger sequencing as previously described?'.

Expression constructs

CSF3R constructs. CSF3R expressing constructs in pBABE-puro were generated as previ-
ously described?'. From pBABE-puro these constructs were ligated into pLNCX2. Four dif-
ferent construct were used: wildtype, d715 (containing a truncating mutation at amino
acid position 715), T595I (containing a missense mutation at amino acid position 595,
converting a threonine into an isoleucine) and d715/T595I (containing both mutations
described above). The T595V mutation was introduced in pBABE-puro at the position of
the T595] mutation using the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent,
Santa Clara, CA) according to the manufacturer’s protocol, using the 5'-GTCCTCACCCT-
GATGGTCTTGACCCCAGAGG-3' (sense) and 5-CCTCTGGGGTCAAGACCATCAGGGTGAG-
GAC-3' (antisense) primers.

STAT constructs. The STAT3-YFP construct in pCDNAS5 was a kind gift from Prof. Dr. G.
Miller-Newen?. GFP was amplified from a GFP containing vector (Clontech Laborato-
ries, Mountain View, CA) and YFP was exchanged for GFP by restriction and ligation in
PCDNAS. The STAT5-GFP construct was amplified from the pSG5 vector and ligated into
pCDNAS5.

Generation stably expressing CSF3R mutant Hela cell lines

Production of retroviruses: Phoenix A cells were cultured in DMEM (Gibco, Life Tech-
nologies Corporation, Carlsbad, CA) containing 10% FCS (PAA laboratories, Pasching,
Austria) and 10ug/ml penicillin/streptomycin (Gibco, Life Technologies Corporation,
Carlsbad, CA). Transfection of Phoenix A cells with the 4 different CSF3R expression
constructs in pLNCX2 was carried out using TransIT-LT1 Transfection Reagent (Mirus Bio
Corporation, Madison, WI) according to the manufacturer’s protocol.

Parental Hela cells were grown in DMEM (Gibco, Life Technologies Corporation,
Carlsbad, CA) containing 10% FCS (PAA laboratories, Pasching, Austria) and 10ug/ml
penicillin/streptomycin (Gibco, Life Technologies Corporation, Carlsbad, CA). HeLa cells
were retrovirally transduced as previously described?*, with a double round of transduc-
tion, using virus containing supernatant from the Phoenix A cells. Fourty-eight hours
post transduction cells were put on neomycin selection for 4 weeks (G418, 1 mg/ml,
Invitrogen, Life Technologies Corporation, Carlsbad, CA). Transduction efficiency was
determined by FACS analysis measuring human CSF3R expression (PE-conjugated
mouse-a-human CD114, BD, Franklin Lakes, NJ).
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Murine colony assays

Murine colony assays with the CSF3R-T595V mutant were performed as previously de-
scribed?’.

Imaging

Hela cells stably expressing the different CSF3R mutants were transiently transfected
with STAT3-GFP or STAT5-GFP expressing constructs using TransIT-LT1 Transfection
Reagent (Mirus Bio Corporation, Madison, WI) according to the manufacturer’s protocol.
The Hela cells were grown in DMEM (Gibco, Life Technologies Corporation, Carlsbad, CA)
containing 10% FCS (PAA laboratories, Pasching, Austria) and 10ug/ml penicillin/strep-
tomycin (Gibco, Life Technologies Corporation, Carlsbad, CA). Prior to fixation, cells were
starved by culturing in plain DMEM medium (Gibco, Life Technologies Corporation,
Carlsbad, CA) for 4 hours, either or not followed by 30 minutes stimulation with 100ng/
ml human G-CSF (Neupogen, Amgen, Thousand Oaks, CA). Cells where fixed with 3%
paraformaldehyde (Polysciences, Warrington, PA) on ice, and subsequently stained with
mouse anti-human CSF3R CD114 (Becton Dickinson, Franklin Lakes, NJ) and donkey
anti-mouse Cy5 (Jackson ImmunoResearch, Newmarket, UK) in 0.05% Saponin (Sigma-
Aldrich, Zwijndrecht, The Netherlands) in PBS (Gibco Invitrogen, San Diego, CA). Cells
where imaged with a Leica SP5 CLSM equipped with Argon/HeNe lasers with a 63x
Planapochromat oil immersion objective (Leica Microsystems, Wetzlar, Germany). Be-
tween 50 and 60 stacks where scanned per cell, deconvolved and visualized in Huygens
Professional 4.1 (Scientific Volume Imaging, Hilversum, the Netherlands). Next, all scans
were background subtracted, and the nuclear/cytoplasmic GFP intensity ratios were
determined in ImageJ?* by dividing the mean grey scale value of a circular ROl in the
nucleus, with the mean grey scale value of the same sized circular ROl in the cytoplasm.

RESULTS
The CSF3R-T5951 mutation has a low prevalence in de novo AML and does not
coincide with CSF3R truncating mutations

We previously have identified a new extracellular CSF3R mutation, CSF3R-T5951, in a SCN
patient who progressed to AML?'. We have investigated the prevalence of this muta-
tion in a larger cohort of 1446 de novo AML patients. The molecular and cytogenetic
characteristics of this cohort are listed in Table 1. Five of the investigated de novo AML
patients (0.3%) carried the same CSF3R-T595] mutation. Clinical, molecular and cytoge-
netic characteristics of these patients are listed in Table 2. Furthermore we identified 2
patients with a CSF3R mutation substituting a threonine at amino acid position 617 to
an isoleucine (T617I) or an asparagine (T617N), of which the latter substitution has been
shown to induce G-CSF independent proliferation and differentiation' 22, In the previ-
ously investigated SCN patient, we have shown that the CSF3R-T595/ mutation coincided
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Table 1. Cytogenetic and molecular characteristics of the 1446 de novo AML patients.

Cytogenetic abnormality* Number of patients
inv(16)/t(16;16) 54
t(8;21) 61
t(1517) 22
+8 89
abn5/5q 72
abn7/7q 98
abn3q 40
(6;9) 6
(9;22) 3
t(11923) 58
CN** 459
Complex (>3 abn.) 136
Other 116
ND 419
Molecular abnormalities* Number of patients
NPM1 293
FLT3ITD 261
FLT3TKD 59
N-RAS 81
K-RAS 5
CEBPA 69

Abn = abnormality, CN = cytogenetic normal, ND = non determined, ITD = internal tandem duplication, TKD
= tyrosine kinase domain. *All patients with the specific alteration were taken into account, irrespective of the
presence of other abnormalities, **contains patients with -X/-Y.

Table 2. Clinical and cytogenetic characteristics de novo AML patients carrying CSF3R mutations.

Age at Blast X Identified CSF3R
. . FAB Cytogenetic Molecular .
Case diagnosis . . percentage .. L. CSF3R truncating
(x10°/1) classification . abnormalities abnormalities* . .
(yrs) inBM mutation mutations®
2187 489 50 1 93 CN** negative T5951 No
3491 38 72 1 95 46,XY [22] negative 75951 No
14331 32.1 57 2 37 46,XY[20] negative T5951 ub
16252 NA NA NA NA NA NA 75951 No
19206 NA NA NA NA NA NA T6171 No
21997 NA NA NA NA NA NA 75951 No
21999 207 39 2 58 46, XX [23] FLT3ITD** T617N No

WBC = white blood cell count, BM = bone marrow, CN = cytogenetic normal, NA = non-assigned. UD =
undetermined due to lack of material. *Considering mutations in NPM1, FLT3ITD, FLT3TKD, N-RAS, K-RAS and
CEBPA. **may harbour -X/-Y. *FLT3TKD and N-RAS mutations were not determined. *K-RAS mutations were not
determined. *Investigated mutations are truncating mutations at amino acid positions 715, 717,719, 725, 728
and 730.
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with a CSF3R truncating mutation on the same allele?'. The coincidence of the newly
identified CSF3R mutations with CSF3R truncating mutations could be investigated in all
but one patient; the combination of CSF3R mutations with either the 7595/, the T617I or
the T617N mutations was not observed in our study (Table 2).

The change in amino acid polarity of the CSF3R-T595] mutant induces G-CSF
independent colony growth

Previously, we have shown that the CSF3R-T595] mutation induces G-CSF independent
growth in in vitro murine colony assays?'. The substitution of a threonine to an isoleucine
at amino acid position 595 results in a structural and polarity change in the extracel-
lular membrane proximal region of the receptor. Expression of CSF3R-T595V, a different
mutant which causes a similar polar but no structural amino acid change, similarly
induces growth factor independent growth (Figure 1). Hence, the change in polarity of
the CSF3R-T595] mutant rather than the structural variation causes the observed phe-
notype. Polarity changes are associated with spontaneous conformation changes and
dimerisation properties of receptors, rather than with altering docking sites for other
molecules. This highly suggests that the G-CSF independent activation of the T595I and
the T595V mutant can be explained by their spontaneous dimerisation.

Expression of the CSF3R-T595] mutant induces nuclear translocation of STATs

An important signal transduction pathway activated by CSF3R is the JAK/STAT pathway;
upon activation of CSF3R, STATs are phosphorylated and subsequently translocated to
the nucleus where they regulate gene expression?- 2. To study the effect of the CSF3R-
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Figure 1. Functional analysis of mutant CSF3R-T595V in myeloid progenitor cell assay. In vitro colony
growth of Csf3r deficient murine hematopoietic progenitor cells expressing the wild type human CSF3R
receptor (wt), the T5951 and the T595V mutant, substituting a threonine at amino acid position 595 for
an isoleucine or a valine respectively. Colonies were grown in the presence of puromycin, either without
growth factor (no GF) or with G-CSF. The transduction efficiency was corrected for by dividing the number
of colonies by the number of GM-CSF induced colonies under puromycin selection as the CSF3R constructs
confer puromycin resistance, but do not affect GM-CSF-induced colony growth.



Prevalence and function of CSF3R-T595/in AML | 81

CSF3R

A Wildtype d715 T595I d715/T5851

STAT3

STATS

m
| .
: . -

c I—'I
5 -
5 — 1 g
& 4 s 4
af = )
5% ! 53
Q5 3 933
£3 E3
1‘5‘_-' ,ET.! = Wildtype
wg 2 wg 2 = d715
2 e =3 T5951
e, &, . d715/T5951
e o e T X
g 2 B8 B g 2 B8 =
= 5 w w %‘ S w [re)
2 5 2 B
= = = =
- -1

Figure 2. Expression of mutant receptor CSF3R-T595I translocates STATs to the nucleus. A. STAT3/
STAT5 (GFP-tagged, light grey) distribution in Hela cells expressing different CSF3R mutants (dark grey
speckles in the cytoplasm) in a non-stimulated state. B and C. Nuclear/cytoplasmic ratio of GFP intensity
for STAT3 (B) and STATS5 (C). Number of cells analysed for STAT3-GFP: Wildtype and T5951 (n=11), d715 (n=9),
d715/T5951 (n=13) and for STAT5-GFP: Wildtype and d715 (both n=8), T595I and d715/T595I| (both n=9).
Error bars indicate standard deviations. Significant differences were calculated using a student’s t-test,
*p-value <0.0001, assuming equal variances, **p-value <0.001, assuming unequal variances.

T595I mutant on JAK/STAT activation, HeLa cells that stably expressed different CSF3R
mutants, were transiently transfected with GFP-tagged STAT3 or STAT5, followed by
monitoring their nuclear translocation. In cells expressing the CSF3R-T595] mutants an
increase in nuclear localisation of both STAT3 and STAT5 was observed in a non-stim-
ulated state, while this was not seen in cells expressing the CSF3R constructs without
this mutation (Figure 2). In these latter cells we observed nuclear translocation of STAT3
and STAT5 upon ligand binding (data not shown), indicating that the expressed CSF3R
constructs were functional. The observations described above were independent of the
presence of the CSF3R-d715 truncating mutation in the same construct (Figure 2).
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DISCUSSION

In this study, we have investigated the prevalence of a previously identified?' auto-
activating mutation, CSF3R-T595I, in the G-CSF receptor in a large cohort of de novo AML
patients. Simultaneously, we further analysed the functional characteristics of this CSF3R
mutant. Previously, a different auto-activating CSF3R mutation (T677N), located in its
transmembrane domain, was shown to be present in 2 out of 555 AML patients (0.4%)°.
We observed a similar prevalence for the CSF3R-T595/ mutation in the investigated AML
cohort, while we also identified a patient with a similar T677N mutation and one with a
T617I mutation. These results indicate that auto-activating mutations in CSF3R in de novo
AML are rare. Additionally, we show that the CSF3R-T595/, -T617N or -T617] mutations do
not coincide with CSF3R truncating mutations, in contrast with the previously investi-
gated SCN patient?'. The dual CSF3R mutation found in the previous patient induces
both G-CSF independent proliferation, due to the CSF3R-T595/ mutation, and a block
in differentiation, which can be attributed to the CSF3R truncating mutation. In the de
novo AML patients carrying the CSF3R-T5951, -T617N or -T617] mutations as identified in
this study, the differentiation block is likely caused by mutations in different genes. As
far as we have a clinical history of the investigated patients, we do not have indications
that the patients carrying the different CSF3R mutations were treated with G-CSF in the
past. This indicates that the CSF3R-T5951, -T617N or -T617] mutations likely occur without
selective pressure of G-CSF, which could similarly explain why these patients do not
carry CSF3R truncating mutations.

Besides determining the prevalence in de novo AML, we have shown that the CSF3R-T595/
mutant activates the JAK/STAT pathway independent of G-CSF stimulation. This explains
the observation that this mutant induces growth factor independent myeloid colony
formation as previously described?'. As this mutant is ligand independent, it does not
have to reach the plasma membrane to be activated by G-CSF. Hence, it would of interest
to investigate from which cellular compartment the CSF3R-T595] mutant induces signal
transduction. Furthermore, if activation at the plasma membrane does not occur, because
the mutant either might internalise immediately or does not even reach the plasma mem-
brane, this may have implications for activation of other signal transduction pathways, like
the PKB/AKT pathway, which is exclusively activated at the plasma membrane®.

Finally, it would be of interest to determine the effect of the CSF3R-T595] mutant, either
or not in combination with a truncating mutation, on proliferation and differentiation in
vivo. Therefore, transplantation studies of csf3r -/- bone marrow retrovirally transduced
with the different CSF3R expressing constructs should be conducted, followed by moni-
toring the hematopoietic phenotype.
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ABSTRACT

Severe congenital neutropenia (SCN) is a bone marrow failure syndrome character-
ized by severely reduced neutrophil counts and a high risk to progress towards acute
myeloid leukemia (AML). SCN is frequently associated with constitutional mutations in
the gene encoding neutrophilic elastase (ELANE) and acquired mutations in the gene
encoding colony stimulating factor 3 receptor (CSF3R). So far, CSF3R mutations are the
only commonly acquired alterations found in SCN patients. Furthermore, mutations
frequently observed in de novo AML are rare in SCN patients who have progressed to
leukemia. Hence, the molecular mechanisms involved in SCN and its leukemogenesis
remain largely unknown. Previously we have identified 12 mutations in sequential he-
matopoietic samples of a SCN patient who progressed to AML. We have investigated
these mutated genes, interaction partners and close paralogues, in a larger cohort of
26 SCN patients, of which 5 had progressed to leukemia. Therefore we used a custom
capture approach to enrich for genes of interest followed by deep-sequencing of the
captured fragments. Alterations identified in the SCN phase were mutations in CSF3R
and LAMB2. Leukemia related alterations were mutations in CSF3R (3 patients), RUNX1
(2 patients) and CREBBP (1 patient). The combination of RUNXT and CSF3R mutations
are frequently found in SCN patients who have progressed to leukemia suggesting that
they might have an important, possibly synergistic, role in leukemic transformation in
SCN patients.

INTRODUCTION

SCN is a bone marrow failure syndrome characterized by severe neutropenia, which can
be successfully treated with colony-stimulating factor 3 (CSF3)'. In addition however,
these patients have a high risk to progress towards (mainly myeloid) leukemia?. SCN is
frequently associated with constitutional mutations in ELANE, genes encoding HCLS1
associated protein X-1 (HAXT), growth factor independent 1 (GFI7), CSF3R, glucose 6
phosphatase, catalytic subunit 3 (G6PC3) and Wiskott-Aldrich syndrome protein (WAS)*
5. The incidence of leukemic transformation varies between different SCN subgroups;
mainly patients with mutations in ELANE, HAX1 and WAS have been reported to progress
towards leukemia’-8. A unique phenomenon in SCN, which is strongly linked to leukemic
progression, is the acquisition of truncating mutations in CSF3R. The prevalence of these
mutations in SCN patients is around 30% and increases to approximately 80% in SCN
patients who have developed AML® "3,

So far, high incidences of acquired mutations in pathways other than the CSF3 signal
transduction pathway have not been reported in SCN patients. Furthermore, a previous
study has shown that genes commonly mutated in de novo AML are not altered in SCN/
AML patients™, indicating that different molecular mechanisms underlie malignant
transformation in the latter group of patients. In contrast however, we have recently
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reported a SCN/AML patient carrying acquired mutations in ASXL1, RUNXT and SUZ12%5,
which are known to be mutated in myeloid neoplasms including de novo AML'®8, In the
same SCN/AML patient we have found 8 mutations which have not been described pre-
viously in AML, among which were mutations in LLGL2 and ZC3H18 that were present in
pre-leukemic clones in the SCN phase already 15 years before the AML became overt'®.

By a custom capture approach followed by deep-sequencing we have extended the
mutation analysis of the genes involved in the affected pathways in the SCN/AML case
described above to a larger cohort of 26 SCN patients of which 5 had progressed towards
leukemia. In this way we observed, besides mutations in CSF3R, a mutation in LAMB2
in the neutropenic phase. Furthermore, we show that RUNXT mutations are recurrent
in the leukemic phase and coincide with CSF3R mutations, indicating that RUNX1 may
have an important role in leukemic transformation in SCN patients.

MATERIALS AND METHODS

Samples

Ficoll-gradient separated bone marrow cells and bone marrow-derived fibroblasts were
obtained and stored as previously described' . Amplified genomic DNA of 4 leukemia
samples were obtained via the French neutropenia registry?. Patient characteristics are
listed in Table 1; additional information is given in Table S1. The study was performed
under the permission of the Institutional Review Board of the Erasmus MC, registration
number MEC-2012-030.

Genomic DNA isolation

Genomic DNA was isolated as previously described’. Genomic DNA of bone marrow-
derived fibroblasts was, if contaminated with RNA as determined by gel electrophoresis,
purified as previously described’.

Whole genome amplification

Whole genome amplification of samples with less than 1 pg DNA (as indicated in Table
S1) was performed using the REPLI-g Mini Kit according the manufacturer’s protocol
(Qiagen, Hilden, Germany).

Design capture library

A SeqCap EZ library (Roche Nimblegen, Madison, WI) was designed covering protein
coding regions of (i) 11 mutated genes in a previously reported SCN/AML patient', (ii)
their close paralogues and (iii) their main interaction partners. Simultaneously, 6 SCN
related genes were covered on the capture library. All investigated genes are indicated
in Table 2.
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Table 1. Characteristics of SCN patient cohort.

Patient Sample Disease  Age atobtaining Clinical symptoms  Constitutional SCN related
Gender R

number Number stage sample (SCN phase) mutations

1 F 9820 SCN Tyrand 11 mos  Recurrent gingivitis No mutation

2 M 10701 SCN 2yrs NA No mutation

R t infections, .
3 F 10819 SCN 7yrsand 1 mo SIS No mutation
splenomegaly

4 M 10892 SCN 4yrs Recurrent furuncles ELANE exon 4 C158X*

5 F 12386 SCN 1yrand 1 mo Recurrent infections No mutation
12690 SCN 3 mos

6 F NA ELANE exon 2 I31F*
13885 SCN 1yrand 5 mos
135028 SCN 35yrs

7 F 24269 SCN 46 yrs NA No mutation
30359 SCN 51yrs

8 M 16799 SCN 1yrand 7 mos Recurrent gingivitis HAX1 exon 2 W44X
10784 SCN 10yrs

9 F NA No mutation
18929 SCN 19 yrs
19470 SCN 10yrs

10 M Recurrent infections No mutation
30535 SCN 20 yrs

1 F 19805 SCN 1yrand 6 mos NA ELANE exon 3 Q68P*

12 M 19917 SCN 22 yrs NA ELANE intron 4, 1st basepair®

13 F 20315 SCN 27 yrs NA ELANE exon 3 L92H*

14 M 20858 SCN 11 mos Recurrent infections ELANE exon 3 R74L"

15 M 22084 SCN 1yrand 3 mos Skin abscesses ELANE exon 3 L55P*

16 M 25928 SCN 3yrsand 1 mo Recurrent gingivitis No mutation

17 M 27366 SCN 4yrsand 6 mos NA ELANE exon 4 W127R!

18 F 29578 SCN 17 yrs NA HAX1 exon 2 W44X
26921 SCN 1yrsand 10 mos

19 M NA No mutation
29784 SCN 3yrand 10 mos

20 M 30339 SCN 2yrsand 1 mo NA ELANE exon 2 L18P*

21 M 29569 SCN 11 mos NA HAX1 exon 2 W44X
459139 SCN 36 yrs Recurrent ear

22 M infections, mastoiditis, WAS L270P*
566005 AML 38yrs bronchitis

23 M 518480 AML NA NA ELANE exon 3 L92P*°

24 NA 518481 AML NA NA ELANE exon 2 H24L*

25 NA 518482 AML NA NA ELANE exon 5 G185R"

26 F 518483 ALL NA NA ELANE exon 5 G185R"*

For each patient, gender, sample number(s), disease stage at obtaining the sample, age at obtaining the sample,
clinical symptoms and the presence of constitutional SCN related mutations (in CSF3R, ELANE, GFI1, GGPC3, HAX1
or WAYS) are indicated. Multiple sample numbers per patient indicate sequential sampling. M = male, F = female,
SCN = severe congenital neutropenia, AML = acute myeloid leukemia, ALL = acute lymphoid leukemia, yr = year,
mo = month. NA = non-assigned. Additional information on capture procedures, fibroblast control samples and
constitutional mutations can be found in Table S1.*Amino acid number based on previous publication®, sindicated
by Dale et al.2 to induce a splicing defect, “Previously reported by Link et al.™, *previously reported by van Beel et al.”
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Table 2. Genes covered by the custom capture library.

Genes mutated in previously reported SCN/AML patient
ASXL1
CCDC155
CSF3R
EP300
FBXO18
LAMB1
LLGL2

MGA

RUNX1
suzi2
ZC3H18
Close paralogues and main interaction partners
BAP1

CBFB

CREB1
CREBBP
cuLn

EED

EZH2
GPSM2/LGN
HIF1A
LAMB2
LAMB4
LLGLT

MAX
PARD6B/Par-6
PRKCI/aPKC
RBX1
RUNX2
RUNX3
SKP1
ZC3H10
ZC3H13
SCN related genes
CSF3R
ELANE

GFI1

G6PC3
HAX1

WAS

Eleven genes were previously reported to be mutated in an SCN/AML patient’. These genes and their
close interaction partners and paralogues were investigated in a larger SCN cohort. Simultaneously, 6 SCN
related genes were covered.
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Nucleotide sequencing

Targeted sequencing. Sequencing libraries of genomic DNA were prepared according to
the TruSeq™ DNA Sample Preparation v2 Guide (August 2011, Illumina, San Diego, CA),
the NimbleGen SeqCap EZ Library SR User’s Guide version 3.0 (November 2011, Roche
Nimblegen) and the NimbleGen SeqCap EZ Dual-Capture Library SR protocol (Roche
Nimblegen). Primers were ordered at Sigma-Aldrich (Zwijndrecht, The Netherlands). In
short, 1 ug genomic DNA was sheared to fragments of approximately 250 base pairs
using the Covaris S-series High Performance, Single Tube Sample Preparation System,
Model S220 (Covaris, Woburn, MA, USA) using the following settings: duty cycle 10%,
cycles per burst 200, duration 80 seconds, peak incident power 140. Fragment sizes were
checked on the Bioanalyzer (Agilent, Santa Clara, CA). Multiplex identifier (MID) contain-
ing, adapter ligated libraries were prepared according to the manufacturer’s protocol
using the Paired-End Genomic DNA Sample Prep Kit FC-121-2001 (lllumina). A pool of
1 pg of prepped library (containing 8 samples on average) was taken for hybridization
with the custom designed SeqCap EZ library (Roche Nimblegen). A sample concentra-
tion of 8 picomolar was loaded for sequencing on the Hiseq2000 (Illumina) using 101-bp
paired-end reads.

Whole exome sequencing (WES). WES of 3 genomic DNA of bone marrow-derived
fibroblasts (patient 7, 10 and 21, Table S1) was performed as described previously'.

Amplicon-based deep sequencing and Sanger sequencing. Amplicon-based deep
sequencing and Sanger Sequencing were performed as previously described'. Amplifi-
cation products for sequencing were generated with primers listed in Table S2.

Data-analysis

Alignment to reference genome. Paired end alignment (Hg19) was done using the
Burrows-Wheeler Aligner version 0.5.9-r16 . Further analysis was performed using sam-
tools 0.1.18%% and varscan v2.2.8% 2, First an mpileupfile was generated using samtools
with adjusted settings to allow a maximum depth of 1000000 (-d 1000000, -L1000000),
while only reads with a minimum mapping quality of 40 and base calls with a minimum
phred quality of 30 were taken into account (-g40 -Q30) and the BAQ calculation was
skipped (-B).

Identification of acquired mutations. Single nucleotide variants (SNVs) with a variant
frequency of at least 2.5% in the SCN samples were detected using the mpileup2snp
function of varscan (settings: --min-coverage 100 --min-reads2 40 --min-var-freq 0.025
--p-value 99e-02). In the same samples, small insertions and deletions (indels) were
detected by determining all indels with an allele frequency of >2.5% using the output of
the readcounts function of varscan. For both the SNVs and the indels, non-synonymous
variations, not present in dbSNP135% were selected using annovar?. For these variants,
the output of the readcounts function of varscan and the Integrative Genome Viewer
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(IGV?) were used to determine the allele frequency in the matching fibroblast control.
All variants with both forward and reverse supporting reads and a fold change of at least
2 fold compared to the fibroblast control were further analysed by Sanger sequencing
or amplicon-based deep sequencing. In the 5 leukemia samples, an allele frequency
threshold of 10% was used. As for these samples no matching fibroblast controls were
present, other fibroblast controls were used in IGV to estimate the sequencing error rate
at the detected positions.

Identification of constitutional SCN related mutations. SNVs and small indels in
CSF3R, ELANE, GFI1, G6PC3, HAXT and WAS with a minimum allele frequency of 10% in
the SCN and AML samples were detected using the mpileup2snp and mpileup2indel
function in varscan (settings: --min-coverage 100 --min-reads2 40 --min-var-freq 0.10
--p-value 99e-02). Non-synonymous variations, not present in dbSNP135 were selected
using annovar. Presence of these mutations in the matching fibroblast control (if anal-
ysed) was confirmed in IGV. Confirmation of ELANE mutations by Sanger sequencing was
performed as previously described’.

RESULTS

A cohort of 26 SCN patients (Table 1 and S1) was analysed for the presence of acquired
mutations in genes previously described to be mutated in a SCN patient who developed
AML". Simultaneously, close paralogues and interaction partners were investigated as
well as SCN related genes (Table 2). Thirteen of the analysed patients (50%) carried a
constitutional ELANE mutation, 3 (11.5%) a HAXT mutation and 1 (3.8%) a WAS mutation
(Table 1 and S1). We designed a custom capture strategy to enrich for genes of interest
and to reach a high coverage to enable identification of mutations in minor cell popula-
tions. Captured DNA of SCN samples and matching fibroblast controls were sequenced.
To determine the capability of the adopted approach to identify mutations in small cell
fractions, samples of the previously described SCN/AML patient' were analysed. All
mutations, including the ones present in minor subclones (allele frequency as low as
3%), could be detected using this strategy (data not shown).

The acquired mutations identified in this study are indicated in Table 3. Four patients
(15.4%) carried acquired truncating mutations in CSF3R; 1 of these (patient 13) was a
SCN patient who received an allogeneic bone marrow transplantation, the other 3 were
patients that progressed towards leukemia. The latter 3 were previously reported’ ' 2,
Another mutation detected during the SCN phase was a mutation in LAMB2 (patient 22),
which however could not be detected in the subsequent AML phase of the same patient,
indicating outgrowth of a different clone in the leukemic phase. Identified leukemia
related mutations comprise mutations in RUNX1 found in 2 patients and a mutation in
CREBBP found in 1 patient. These mutations coincide with mutations in CSF3R.
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Table 3. Acquired mutations.

F
Patient Sample Disease Genomic alteration  Effecton requency Validated and/or
Gene X (% of mutated . .
number number stage (Hg19) protein reads) previously described
Amplicon-
CSF3R  chrl:36932224G>A Q726X 8.8% mplicon-based deep
sequencing
13 20315 SCN - A
CSF3R  chr1:36932248G>A Q718X 5.6% i
sequencing
Amplicon-
459139 SCN LAMB2 chr3:49159403G>A R1633W 2.8% mpiicon bas‘ed deep
sequencing
» Amplicon-based
CSF3R chr1:36932213A>C Y729%* 33.7% deep sequencing and
566005 AML S :
anger sequencing
RUNXT  chr21:36259172G>T  R107S, R80S* 32.8% Sanger sequencing
12367 M, .
8 0
CREBBP  chr16:3777947T>C 12320M¢ 49.1% Sanger sequencing
23 518480  AML Sanger sequencing,
CSF3R chr1:36932248G>A Q718X* 36.8% Link et al."and

Cassinat et al.°

Sanger sequencing,
CSF3R chr1:36932296G>A Q703X* 31.0% Link et al."and
Cassinat et al.

26 518483 ALL A187T,

. () i t
RUNX1T  chr21:36231825C>T AT60T* 51.6% Link et al.
S141X, .
RUNX1  chr21:36252940G>T S11ax¢ 34.4% Sanger sequencing

Indicated are the identified acquired mutations in a selected group of genes (see Table 2) in a cohort of 26
SCN patients. *Amino acid numbers based on previous publications® ", *existence of multiple transcripts, *
Link et al.'%, °Cassinat et al.?°

DISCUSSION

We investigated a cohort of 26 SCN patients for the presence of mutations in a selected
group of genes. This selection was based on a previous study in which we mapped the
sequential acquisition of mutations in an SCN patient who progressed to AML™. In our
study, the prevalence of CSF3R mutations in the 5 leukemia samples was 60% which is
in line with earlier publications; in contrast, the incidence of CSF3R mutations at the
SCN phase was only 4.5% (1 out of 22 patients), which is small compared to previous
reports®'3. A likely explanation for this observation is that many SCN samples were ob-
tained at an early age, while acquisition of CSF3R mutations may occur later in life. The
same may be true for other mutations that are acquired in the SCN phase.

Besides mutations in CSF3R, leukemia specific alterations found in this study were
mutations in RUNXT and CREBBP. However, for 2 RUNXT mutations (patient 26) and the
CREBBP mutation (patient 23) we cannot rule out that these are germline variations, as
we did not have a matched germline control. RUNXT mutations are known to coincide
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with trisomy 21, a phenomenon regularly seen in SCN patients who progress to AML'™
2, In line with this, one of the leukemia patients carrying a RUNXT mutation (patient 26)
simultaneously harbored a trisomy 212, the other (patient 22) however did not. Both the
observation that trisomy 21 is a common phenomenon in SCN progression towards AML
and that RUNXT mutations are recurrently found in these patients suggest an essential
role for RUNXT alterations in leukemic transformation in SCN patients.

To obtain more insights into the molecular mechanism of SCN and its progression
towards AML, further research should be performed in a larger cohort of SCN patients,
preferably on samples obtained at later stages of disease development. This will fur-
thermore reveal whether malignant transformation in these patients follows a general
pattern of mutation acquisition or whether many different alterations can be involved
in its leukemogenesis.
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Table S2. Primers used for validation.

Annealing
temperature
Gene Alteration Forward primer Reverse primer (°C)
CREBBP chr16:37779477>C TCAATCCACCCTTCCATGGC CAACATCCAGCAAGCCCTG 60
CSF3R All alterations CCATCACCAAGCTCACAGTG CAGAGGTTCTCATAGGACTTG 60
LAMB2 chr3:49159403G>A CTGCCTGCCGTTTCTTCTGC ~ CCTCCAGGTTCTGATTCCCC 60
RUNX1 chr21:36259172G>T  CCAGTACCTTGAAAGCGATG  GCAAGATGAGCGAGGCGTTG 60
RUNX1 chr21:36252940G>T ACGTACCTCTTCCACTTCG TGCTATTCCTCTGCAACCT 60

The identified alterations were validated by amplicon-based deep sequencing or Sanger sequencing.
Amplicon generation was performed with indicated primers.
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Identification of PTP4A3 as a potential haplo-insufficient gene and prognostic indicator in AML

ABSTRACT

Acute myeloid leukemia (AML) results from multiple genetic and epigenetic aberrations,
many of which remain unidentified. Frequent loss of large chromosomal regions marks
haplo-insufficiency as one of the major mechanisms contributing to leukemogen-
esis. However, which haplo-insufficient genes (HIGs) are involved in leukemogenesis
is largely unknown and powerful experimental strategies aimed at their identification
are currently lacking. Here, we present a new approach to discover HIGs, using retro-
viral integration mutagenesis in mice in which methylated viral integration sites and
neighbouring genes were identified. In total we mapped 6 genes which are flanked by
methylated viral integration sites (mVIS). Three of these, i.e., Lrmp, Hcls1 and Prkrir, were
up regulated and one, i.e., Ptp4a3, was down regulated in the affected tumor. Next, we
investigated the role of PTP4A3 in human AML and we show that PTP4A3 expression is a
negative prognostic indicator, independent of other prognostic parameters. In conclu-
sion, our novel strategy has identified PTP4A3 to potentially have a role in AML, on one
hand as a candidate HIG contributing to leukemogenesis in mice and on the other hand
as a prognostic indicator in human AML.

INTRODUCTION

Acute myeloid leukemia (AML) is a complex disease driven by multiple cytogenetic ab-
normalities, such as inv(16), t(8;21), t(15;17), 3q abnormalities, deletions of (the g-arms)
of chromosome 5 and 7 and by aberrant expression and/or mutations of genes e.g.,
EVI1, FLT3, RAS, RUNX1, CKIT, WT1, CEBPA and NPM1"2 The frequent occurrence of chro-
mosomal deletions suggests that haplo-insufficiencies contribute to the pathogenesis
of AML. However, because deleted regions often harbor numerous genes, it remains
difficult to pin point critical haplo-insufficient genes (HIGs) involved in the pathogenesis
of AML. Gene expression profiling (GEP) focusing on down regulated genes could be
informative, however differences in expression levels may relate to differentiation status
of the AML blasts, rather than to mechanisms underlying leukemogenesis?. In addition,
mapping of minimal affected regions in combination with GEP to identify HIGs often is
cumbersome because these regions may still contain numerous genes and differences
in their expression level may be subtle. Even in chromosomal regions frequently lost
upon leukemic progression, e.g., the g-arm of chromosome 7, identification of critical
HIGs remains difficult.

Retroviral insertion mutagenesis in mouse models has been used to discover novel
genes involved in the development of different types of cancer*®. Most of these genes
have been classified as proto-oncogenes, owing to the fact that proviral integrations
preferentially occur in 5’ promoter regions, supposedly leading to increased or sustained
expression of flanking genes. Only a small minority of identified genes have been classi-
fied as tumor suppressor genes or HIGs, based on disruption of coding sequences by the
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proviral integration” 8. Gene therapy studies using murine leukemia virus (MLV)-based
vectors have shown that epigenetic changes of long terminal repeats (LTRs) of inte-
grated proviruses often result in silencing of therapeutic genes®'°, and that preventing
methylation of the CpG islands within LTRs overcomes this problem. Based on these
observations, we hypothesized that methylation of viral sequences not only results in
silencing of retroviral genes themselves but may also affect host genes located proximal
to proviral integrations. Methylated LTRs located in proximity of promoter regions may
thus identify genes that are deregulated leading to haplo-insufficiency.

To discover potential HIGs relevant for human AML, we used murine leukemia samples
induced by Graffi 1.4 Murine Leukemia Virus (Gr1.4 MLV), classified as mixed lineage or
myeloid leukemias by immunophenotyping® 2. By methylation specific PCR (MSP) and
methylated DNA immunoprecipitation (MeDIP)'® we observed an extensive variation in
the level of DNA methylated proviral integrations in these tumors. We designed a strat-
egy to map methylated proviral integrations by combining MeDIP, inverse PCR (iPCR)
and promoter array hybridization. We identified 6 genes to be flanked by methylated
viral integration sites (mVIS), of which Lrmp, Hcls1 and Prkrir were transcriptionally up
regulated and Ptp4a3 was transcriptionally down regulated. Further studies in human
AML samples revealed a negative prognostic value of PTP4A3 expression levels, inde-
pendent of other prognostic indicators. In conclusion, by mapping DNA methylated
viral integration sites in murine leukemias induced by retroviral integration mutagenesis
followed by comparative analysis in human AML, we identified PTP4A3 not only as a
candidate HIG contributing to leukemogenesis in mice but also as an independent
prognostic indicator in human AML.

RESULTS
Viral integrations sites of the Graffi1.4 MuLV are subject to DNA methylation

In this study murine leukemia samples induced by Gr1.4 MLV were analysed®. First, a
methylation specific PCR (MSP) was performed to determine the level of DNA methyla-
tion of the Gr1.4 MLV LTRs. To this end, amplification products from methylated LTRs were
quantified with quantitative PCR (qPCR) and corrected for total LTRs in these samples
(Figure 1A). A considerable variation in LTR methylation was seen between different
tumors (data not shown). Based on these methylation levels, leukemia samples were
divided into 4 methylation categories of equal sample size (1 = highest LTR methylation
level, 4 = lowest LTR methylation level).

Subsequently, MeDIP was used on a subset of samples to enrich for methylated LTRs
and flanking genomic regions. As a control, genomic DNA of normal bone marrow,
spleen and liver was used. MeDIP enrichment relative to input levels was determined for
the LTR, the non-methylated actin B locus (ActB) and the hemi-methylated imprinting
control region 1 (ICR1) of H19. As expected, H19 enrichment scores were high and ActB
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Figure 1. LTR methylation analysis. (A) Overview of the methylation specific PCR (MSP) approach.
Depicted is a schematic representation of the Gr1.4 MuLV LTR, containing 23 CpGs. The MSP was performed,
after bisulphite treatment, with a methylation neutral forward primer (MN-LTR-fw), and a methylation
specific (MS-LTR-rv) or neutral (MN-LTR-rv) reverse primer. Amplification products were quantified using
methylation neutral probe-MN. Tumor samples were divided into 4 equal groups based on the methylation
status of their LTRs (1 = highest LTR methylation level, 4 = lowest LTR methylation level). (B) Left panel. For
H19, the LTR and ActB, average enrichment after MeDIP compared to input levels were calculated for each
MSP-defined methylation category as well as for normal bone marrow, spleen and liver (N). In category 1 to
4 respectively 18, 15,4 and 3 samples were analysed; error bars indicate standard deviations. P-values were
calculated using a Wilcoxon test; *significantly higher than other categories, p-value <0.001. Right panel.
Example of LTR enrichment after MeDIP (I = input, + = IP with anti-5-methylcytidine, - = IP with pre-immune
serum IgG, 1 and 3 = methylation categories, N = normal spleen).

enrichment scores were low in all categories (Figure 1B). Additionally, samples in the
highest methylation category showed a significantly higher LTR enrichment after MeDIP
compared to the samples in other categories (p-value <0.001), confirming the specificity
of the MSP (Figure 1B).

Ptp4a3 is flanked by a methylated viral integration site and is transcriptionally
down regulated

Genes located near methylated viral integration sites (mVIS) may be down regulated
due to the proximity of a methylated regulatory sequence, and, their transcriptional
down regulation may contribute to murine leukemogenesis. Therefore, after showing
that a proportion of viral integration sites are subject to DNA methylation, we set out to
identify genes flanking these viral integration sites. To this end, iPCR, to amplify regions
flanking viral integration sites, and MeDIP, to enrich for DNA methylated fragments,
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Figure 2. Identification of mVIS. Strategy outline for identification of regions flanking DNA methylated
viral integration sites (mVIS) within murine leukemias. Genomic DNA was digested with Dpnll (step
1), followed by methylated DNA immunoprecipitation (MeDIP, step 2). MeDIP enriched fragments were
ligated (step 3) and amplified using primers within the LTR (step 4). These fragments were hybridized on a
DNA promoter array (step 5). Hypergeometric Analysis of Tiling Arrays (HAT) was used to identify regions
flanking mVIS (step 6).

were combined to amplify regions flanking mVIS (Figure 2). Amplified fragments of
6 tumor samples were hybridized to Murine 1.0 R promoter arrays and, using hyper-
geometric analysis of tiling arrays (HAT)', 15 amplified regions were mapped in these
tumors (Table S1). Eight of these integrations were validated by directed PCR followed
by Sanger sequencing (Figure 3, Table S1). Because MLVs tend to integrate within 10 kb
around the transcriptional start site'’, the nearest genes within 10 kb downstream of
these 8 mVIS were determined (Figure 3, Table S1).

To support that regions identified in this way were indeed flanked by methylated LTRs,
we performed a methylation sensitive digestion followed by directed PCR. Using this

Right: Figure 3. Identified viral integration sites. Eight viral integrations identified with HAT could be
confirmed with directed PCR and Sanger sequencing (see Table S1 for further details). The graphical output
of HAT is represented in graph A-H. Above each graph, the tumor in which the integration was identified as
well as the nearby located gene are indicated. The upper panel of each graph shows normalized intensities
of the different probes (lollipops) on the mouse promoter 1.0R arrays and their significance (indicated by
the continuous grey line) as calculated with HAT. The black arrowhead indicates the exact position of the
proviral integration, as determined by directed PCR followed by Sanger sequencing. In the lower panel
the lowest and highest probe intensity threshold with a significant outcome are given on the left. The
stripes indicate significantly enriched regions at different probe intensity thresholds, calculated with HAT,
which are merged into the final viral integration site. Below each graph, the genomic position is indicated
(assembly mm8, February 2006).
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Figure 4. Methylation sensitive restriction analysis of viral integration sites and expression of
nearby located genes. (A) Schematic overview of the methylation specific restriction approach. Genomic
DNA was digested with BstU1 (CGCG, blocked by DNA methylation), followed by mVIS amplification with
primers as indicated by arrows. If the flanking LTR is methylated, mVIS amplification is unaffected upon
BstU1 digestion. (B) All 8 identified viral integration sites, identified in tumor 1, 2 and 4, were amplified
before (-) and after (+) BstU1 digestion. As controls, H19 (hemi-methylated) and ActB (unmethylated), both
containing 2 BstU1 digestion sites, were analysed in each tumor. (C) Expression levels of 4 genes flanked
by methylated viral integration sites were determined by qPCR in the respective tumors. Expression levels
relative to housekeeping gene Tbp are shown; error bars indicate standard deviations. NBM = normal bone
marrow.

approach, only viral integration sites flanked by methylated LTRs could be amplified
(Figure 4A), as was the case for 6 out of 8 identified integrations (Figure 4B, Table S1).
Subsequently, expression levels of genes flanking these mVIS were quantified by qPCR
and compared to normal bone marrow expression levels. Unfortunately, RNA of tumor 1
was lacking, therefore this analysis could not be performed for Taf12 and Ranbp3. Of the
other 4 genes, Ptp4a3 expression was 2-3 fold reduced in the respective tumor (Figure
4C, Table S1).

PTP4A3 is an independent prognostic factor in human AML

The human orthologue of murine Ptp4a3, i.e.,, PTP4A3, was further studied in human
AML. Transcript levels of PTP4A3 were assessed in 454 AML samples, diagnosed under
the age of 60, profiled using the HGU133 2.0 plus gene expression arrays'®. PTP4A3
expression values are represented by 2 probesets with a high correlation (Pearson cor-
relation coefficient = 0.90). Survival analysis with these probesets gave similar results; all
results shown are based on expression levels of probeset 206574 _s_at. PTP4A3 expres-
sion levels were negatively correlated with prognostic outcome both for overall survival
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Figure 5. Survival analysis. A cohort of 454 de novo AML cases diagnosed under the age of 60 was divided
into 2 groups of equal size based on MAS5 normalised expression of PTP4A3 (probe 206574 _s_at). Overall
survival (A) and event-free survival (B) were analysed. P-values were calculated with a log rank test.

Table 1. Multivariate survival analysis.

Overall Survival

Event-Free Survival

Risk factor HR (95% Cl) P-value HR (95% Cl) P-value
PTP4A3 expression 1.112(0.995-1.243)  0.061 1.131(1.019-1.255)  0.021*
Age (decades) 1.134(1.024-1.256)  0.016* 1.068 (0.969-1.177) 0.186
WBCeo 1.373(1.063-1.773)  0.015* 1.296 (1.020-1.648)  0.034*
Favorable cytogenetic risk" 0.376 (0.257-0.548)  <0.0001* 0.469 (0.335-0.658)  <0.0001*
Unfavorable cytogenetic risk"  1.432(1.059-1.935)  0.020* 1.507 (1.124-2.020)  0.006*
NPM1+FLT3ITD-* 0.473(0.317-0.705)  0.0002* 0.578(0.398-0.839)  0.004*
CEBPA double mutant® 0.591(0.418-0.836)  0.003* 0.560 (0.384-0.815)  0.002*

Multivariate analysis in 454 de novo AML patients under the age of 60. oWBC higher than 20x10°/L
versus lower than 20x10°%/L, fcompared to intermediate cytogenetic risk, *compared to no NPMT*FLT3ITD,
Scompared to no CEBPA double mutation. *Statistically significant. HR = hazard ratio, Cl = confidence
interval, WBC = white blood cell count, FLT3ITD = internal tandem duplication of FLT3.

(OS, p-value <0.0001, hazard ratio = 1.269) and event-free survival (EFS, p-value <0.0001,
hazard ratio = 1.261). Kaplan-Meier curves are shown in Figure 5. A permutation test
predicted a probability of 0.0036 for a random gene locus to be a significant prognostic
indicator with a p-value <0.0001 for both OS and EFS. Multivariate analysis showed that
the negative correlation of PTP4A3 expression with event-free survival was independent
of other prognostic parameters, i.e., age, white blood cell count, cytogenetic risk, CEBPA
mutation status and NPM1*FLT3ITD- status (Table 1).
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DISCUSSION

We designed a strategy to identify candidate HIGs in AML using retroviral integration
mutagenesis, by mapping DNA methylated proviral integrations. By using HAT', we de-
liberately aimed at detecting integrations present in the majority of the leukemic cells,
which are most likely involved in the early phase of leukemogenesis. At the same time,
integrations present in subclones that contribute to later stages of leukemic progression
will be missed using this approach. We identified 6 genes that are flanked by methylated
viral integrations. Expression analysis showed that Lrmp (lymphoid-restricted mem-
brane protein), Hcls1 (hematopoietic cell specific Lyn substrate 1) and Prkrir (protein-
kinase, interferon-inducible double stranded RNA dependent inhibitor, repressor of
(P58 repressor)) were up regulated and Ptp4a3 (protein tyrosine phosphatase type IVA),
a phosphatase also known as Pr/3 (phosphatase of regenerating liver 3) was down regu-
lated in the respective murine tumor. These results indicate that a flanking methylated
viral integration site does not necessarily lead to transcriptional repression. As 1 out
of 4 genes flanked by a mVIS was transcriptionally down regulated and expression of
the 2 other genes could not be investigated, the efficiency to detect potential HIGs by
identifying mVIS would approximately be 17-25%. However, the number of analysed
tumors is too small to allow an accurate estimation of the efficiency.

Ptp4a3 expression is controlled by p53 induced after DNA damage in mouse embry-
onic fibroblasts (MEFs) and its activity is involved in inducing a G1 cell cycle arrest in
these cells 7. Surprisingly however, the same study also demonstrated a cell cycle arrest
upon reduction of PTP4A3 expression'. Apparently, depending on expression level
dosage, PTP4A3 may have both positive and negative effects on cell cycle regulation.
Hence, PTP4A3 haplo-insufficiency, but not its complete loss, may lead to an impairment
of cell cycle arrest after DNA damage. Dosage effects of PTP4A3 expression in relation
to cellular responses may be more complex, particularly in cancer cells. For example,
in carcinoma cell lines PTP4A3 expression may lead to down regulation of p53'® and it
is variably induced by y-irradiation™. Finally, high PTP4A3 expression has been linked
to increased tumor aggressiveness in different types of solid tumors, e.g., melanoma,
gastric cancer, colon cancer, hepatocellular carcinoma and breast cancer?24, possibly
because high PTP4A3 expression leads to increased epithelial-mesenchymal transition®.

The role of PTP4A3 in hematopoietic malignancies has not been studied as extensively
as in carcinoma. Only a few studies report differences in expression levels of PTP4A3
in ALL and myeloma subgroups, based on gene expression profiling?28, Interestingly
however, in a recent study, PTP4A3 has been proposed to have a role in drug-resistance
in AMLs with internal tandem duplication of FLT3 (FLT3ITD)?. This finding, together with
the observation that high PTP4A3 expression negatively correlates with prognostic
outcome, indicates that PTP4A3 might be a potential therapeutic target in AML.
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In conclusion, using a retroviral mutagenesis screen in which we enriched for DNA
methylated viral integration sites we identified PTP4A3 as a potential haplo-insufficient
gene with an independent prognostic value in human de novo AML. Challenges for
the future are to determine the dose-effect of PTP4A3 expression in myeloid develop-
ment and to extend the screens to additional myeloid neoplasms, e.g., myelodysplasia,
therapy-related AML, AML secondary to bone marrow failure and myeloproliferative
disorders.

MATERIALS AND METHODS
Ethics statement

For this study no novel murine leukemias were generated, all experiments described
were performed on material generated in a previous study®. All animal procedures for
the use of control bone marrow fractions were approved by the animal care and use
committee of the Erasmus MC (approval # 119-10-05).

All human cell samples were obtained after written informed consent and stored
anonymously in a biobank. The study was performed under the permission of the Insti-
tutional Review Board of the Erasmus MC, registration number MEC-2008-387.

Mouse leukemia and normal cell samples

DNA and RNA samples from a previously generated panel of Gr1.4-induced leukemias®,
and control samples (bone marrow, spleen, liver) from normal FVB/N mice were used.

Methylation specific PCR

Primer and probe sequences are shown in Table S2. Two pg of genomic DNA was treated
with bisulphite using the EZ DNA Methylation kit according to the manufacturer’s pro-
tocol (Zymo research, Orange, CA, USA). LTRs were amplified with bsLTRfw and bsLTRrv
using 1 pL out of 10 pL of bisulphite-treated DNA. Cycling conditions were 30" at 94° C,
30”at 50°C and 1" at 72°C for 10 cycles in a total volume of 50 L. Two pL was used in a
nested qPCR (Figure 1A) using MN-LTR-fw x MS-LTR-rv/MN-LTR-rv (MN = methylation
neutral, MS = methylation specific). Cycling conditions were 15" at 94°C, 30”at 57°C and
30"at 60°C for 45 cycles. Amplified LTRs, methylated and unmethylated, were quantified
using a methylation neutral probe (probe-MN, Sigma-Aldrich, Zwijndrecht, The Nether-
lands). Delta cycle threshold-values (dCt), representing the number of methylated LTRs
as a fraction of total LTRs, were calculated as follows: dCt = Ct(Methylated LTRs)-Ct(All
LTRs) = Ct(MN-LTR-fw x MS-LTR-rv) — Ct(MN-LTR-fw x MN-LTR-rv). PCRs were performed
in duplicate and mean dCt values were calculated.
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MeDIP

Ten pg genomic DNA was digested overnight with 100U of Dpnll (New England Biolabs,
Ipswich, MA, USA). Four ug digested DNA was denatured for 10’ at 95°C and incubated
with either 2.5 pg anti-5-methylcytidine (BI-MECY-1000, Eurogentec, Liége, Belgium)
or mouse pre-immune IgG (Sigma-Aldrich, Zwijndrecht, The Netherlands) in 500 pL IP-
buffer (PBS with 0.05% Triton X-100) for 2 hrs at 4°C, followed by incubation with 30 uL of
washed beads (M-280 sheep-anti-mouse IgG, Invitrogen, San Diego, CA, USA) for 2 hrs at
4°C. Beads were washed 3 times with 700 pL IP-buffer. As a 10% input reference, 400 ng
digested DNA not subjected to MeDIP was used. Beads and the 10% input reference DNA
were resuspended in 100 pL IP-buffer and incubated for 3 hrs at 50°C after adding 20 ug
proteinase K (Roche, Basel, Switzerland). Supernatants, containing immunoprecipitated
DNA, and the input DNA were purified using the MinElute Reaction Cleanup Kit (Qiagen,
Hilden, Germany) and were eluted in 40 pL elution buffer. Two pL immunoprecipitated
DNA was used to amplify the imprinting control region 1 (ICR1) of H719 with H19ICR1fw x
H19ICR1rv, ActB with ActBfw x ActBrv and the LTR with LTRfw x LTRrv using (q)PCR. Primer
sequences are shown in Table S2. Cycling conditions were 30" at 95° C, 30" at 58°C and
45" at 72°C for 30 cycles (PCR) or 15" at 94° C, 30" at 59°C and 30" at 60°C for 45 cycles
(gPCR). Amplification products were analysed using gel electrophoresis (PCR) or quanti-
fied (gPCR) using SYBRgreen Master mix (Applied Biosystems, Foster City, CA, USA).

Inverse PCR

Primer sequences are shown in Table S2. Six murine leukemias with high LTR enrich-
ment (more than 10% of input) and low ActB enrichment (less than 10% of input) were
selected for inverse PCR. Eight uL MeDIP-DNA was denatured for 3’ at 95°C, renatured
by a temperature decrease of 0.1°C/sec to 20°C, and ligated for 45’ at room temperature
using a rapid DNA ligation kit (Roche, Basel, Schwitzerland). Two pL out of 20 pl ligated
product was amplified with primers mL1 and mL2, followed by a nested PCR with prim-
ers mLTN and mL2N using 2 pL of the first PCR product. Cycling conditions were 30" at
95°C, 30" at 60°C (first PCR) or 56°C (nested PCR) and 3'at 72°C for 30 cycles. In the nested
PCR 10 mM dCTP, dATP, dGTP, 8mM dTTP and 2mM dUTPs were used.

Promoter array hybridization

PCR products of 10 nested PCR reactions were purified with a PCR purification kit
(Qiagen, Hilden, Germany) and pooled. A total of 7.5 pg of these amplified fragments
was fragmented and labeled using the GeneChip WT Double-stranded DNA terminal
labeling kit (Affymetrix, Santa Clara, CA, USA). Fragmentation to 66 bp was checked on a
Bioanalyser (Agilent, Santa Clara, CA). Labeled DNA was hybridized to mouse promoter
1.0R arrays (Affymetrix, Santa Clara, CA, USA) for 16 hrs at 45°C. Arrays were washed with
the FS_450_0001 protocol using the Fluidics Station 450 (Affymetrix, Santa Clara, CA,
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USA), followed by scanning. Probe values were normalized with model-based analysis of
tiling-arrays (MAT)*® and mVIS were determined using hypergeometric analysis of tiling
arrays (HAT)', both for HAT and MAT default settings were used. Genes located nearby
amplified regions were identified using UCSC (assembly mm8, Feb. 2006).

Directed PCR and Sanger sequencing

Primers are shown in Table S2; amplification of the integration site was performed with
VIS(corresponding gene) x LTRfw2, for Lrmp a nested PCR was performed with VIS(Lrmp_
nested) x LTRfw. As input, 200 ng of the corresponding tumor DNA was used; cycling
conditions were 30”at 95°C, 30" at 58°C and 45" at 72°C for 30 cycles. Products were puri-
fied using the Multiscreen HTS 66-well filtration system (Millipore, Billerica, MA, USA).
Sanger sequencing was performed with primer LTRfw according to the manufacturer’s
protocol (Applied Biosystems, Foster City, CA, USA).

Methylation sensitive restriction analysis

Primers are shown in Table S2. Two and a half ug of tumor DNA was digested with 25U
of BstU1 (New England Biolabs, Ipswich, MA, USA) o/n at 60°C, purified using the Mul-
tiscreen HTS 66-well filtration system (Millipore, Billerica, MA, USA), eluted in 30 pl and
diluted to 50 ng/pl. Amplification of the integration site was performed as described
under directed PCR and Sanger sequencing, with 100 instead of 200 ng input of DNA. As
controls H19 ICR1 (H19ICR1fw x H19ICR1rv) and ActB (ActBfw x ActBrv) were amplified.
Cycling conditions were 30" at 95°C, 30" at 58°C and 45" at 72°C for 30 cycles. Amplifica-
tion products were analysed using gel electrophoresis.

RNA isolation, cDNA preparation and qPCR

RNA of murine samples was isolated using Trizol (Invitrogen, San Diego, CA) according
to the manufacturer’s protocol. One pg of RNA was used for cDNA preparation, using
SuperScript Il Reverse Transcriptase (Invitrogen, San Diego, CA) according to the manu-
facturer’s protocol. One pl cDNA was used as input for the gPCR. Genes of interest were
amplified with their respective forward and reverse primers (Table S2), as an input con-
trol, TATA box binding protein (Tbp) was analysed. Cycling conditions were 3"at 95°C and
30" at 60°C for 45 cycles. Amplification products were quantified using Fast SYBRgreen
Master mix (Applied Biosystems, Foster City, CA, USA). Expression levels relative to Tbp
were calculated.

Survival analysis human AML samples

Purified AML blasts were obtained following informed consent as described®'. Gene-
expression profiles of 454 de novo AML patients under the age of 60 were used for this
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analysis's. Expression levels were MAS5 normalised (Scaling factor 100), values <30 were
set at 30, followed by log2 transformation.

For Ptp4a3, univariate and multivariate survival analyses were performed using ex-
pression levels of probesets 206574 _s_at or 209695_at in a Cox regression model. In the
multivariate analysis age, white blood cell count, cytogenetic risk group, NPM1*FLT3ITD-
status and CEBPA mutation status were used as additional prognostic parameters. We
recognised the following cytogenetic risk groups: favorable =t(15;17), inv(16) and t(8;21),
unfavorable = t(3;3), inv(3), -7/79g-, -5/59-, complex karyotype, t(11q23) except t(9;11),
1(9;22) and t(6;9), intermediate = all other cases with known cytogenetics. Kaplan-meier
graphs were generated by dividing the AML cohort in 2 groups of equal sample size
based on PTP4A3 expression of probe 206574 _s_at. Analyses were performed in SPSS
(version 17, SPPS Inc, Chicago, IL).

For the permutation test, all probesets with an annotated gene symbol (based on
HG-U133_Plus_2.na32.annot.csv, Affymetrix, Santa Clara, CA, USA) were selected.
Next probesets with expression levels <30 in all 454 patients were discarded, leaving
a total of 40720 probesets. The permutation test was performed by randomly select-
ing 6 probesets (representing 6 mVIS), followed by randomly selecting 1 out of these
6 probesets (representing 1 down regulated gene). For this probeset a univariate Cox
regression analysis was performed for overall survival (OS) and event-free survival (EFS).
A p-value of <0.0001 (as observed for PTP4A3) was considered significant. This analysis
was repeated 100.000 times, followed by calculating the frequency, i.e., probability, of
observing a significant p-value for both OS and EFS. Analyses were performed in Matlab
(version 2008b, Mathworks, Natick, MA).
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Table S2. Primers and probes.

Name Sequence

bsLTRfw GAGAAATAGGGAAGTTTAGATTAA
bsLTRrv CCCAAAATAAACAATCAATCAATC
MN-LTR-fw GGTTAAATAGGATATTTGTGGTGAGTAG
MN-LTR-rv AACGAACTAATTAATTAATTCAAATAAAAC
MS-LTR-rv CGAACAAAAACGAAAAACGAA
Probe-MN FAM-AAACCATATCTAAAAACCATCTATTCTTACCCCC-TAMRA
H19ICR1fw ACATTCACACGAGCATCCAGG
H19ICR1rv GCTCTTTAGGTTTGGCGCAAT
ActBfw AGCCAACTTTACGCCTAGCGT
ActBrv TCTCAAGATGGACCTAATACG
LTRfw AAAGACCTGAAACGACCTTGC
LTRrv AAGGACCAGCGAGACCACG

mL1 CAACCTGGAAACATCTGATGG
mL2 CCCAAGAACCCTTACTCGGC
mL1N CTTGAAACTGCTGAGGGTTA
mL2N AGTCCTCCGATAGACTGTGTC
LTRfw2 CCAGGTTGCCCCAAAGACCTG
VIS(Taf12) CAAGATCCGGGCTTTCAGAC
VIS(Ranbp3) GACCAGGCTGCTCTCAAACG
VIS(Lrmp) GGACACTACACTCATATTTG
VIS(Lrmp_nested) GTGTGCTATGGGTAATTCAG
VIS(HclsT) TTCTCCTCCTTGCTTTCTGC
VIS(Lta) CTAGGAGTCTTGTGCATCGTC
VIS(BInk) GAGGACAAGCCTAGTGATTTC
VIS(Prkrir) CTGCTTGTTCACACAAAGTC
VIS(Ptp4a3) CAGCCTCCTCTAGCAGTATC

Thp fw GCTGACCCACCAGCAGTTCAGTA
Tbp rv AAGGAGAACAATTCTGGGTTTGA
Lrmp fw CACAAGGCGAAGAGGCAGTG
Lrmp rv GTGCTCTGTTGGCTCTTCTG

Hcls1 fw CCCTTCTCTGTCCTACCAAG

Hcls1 rv CCTTCATCCACCATCTCAAT

Prkrir fw CTTACCAGTCATTTGAACAAC
Prkrir rv CTTCAAGGGTTAAAGGCAGC
Ptp4a3 fw CCATCCAGTTCATCCGACAG

Ptp4a3rv

GACACAGATGTAATGAGGTAC
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Hypergeometric analysis of tiling-arrays

ABSTRACT

Background: Tiling-arrays are applicable to multiple types of biological research ques-
tions. Due to its advantages (high sensitivity, resolution, unbiased), the technology is
often employed in genome-wide investigations. A major challenge in the analysis of
tiling-array data is to define regions-of-interest, i.e., contiguous probes with increased
signal intensity (as a result of hybridization of labelled DNA) in a region. Currently, there
is no standard criteria to define these regions-of-interest as there is no single probe in-
tensity cut-off level, different regions-of-interest can contain various numbers of probes,
and can vary in genomic width. Furthermore, the chromosomal distance between
neighboring probes can vary across the genome among different arrays.

Results: We have developed Hypergeometric Analysis of Tiling-arrays (HAT), and
evaluated the performance for two different tiling-array datasets, a Chromatin Immu-
noprecipitation study on chip (ChIP) for the identification of genome-wide DNA binding
profiles of transcription factor cebpa (used for method comparison). Using this assay, we
can refine the detection of regions-of-interest by illustrating that regions detected by
HAT are more highly enriched for expected motifs in comparison with an alternative de-
tection method (MAT). In addition, retroviral insertional mutagenesis on chip data was
used to examine the performance of HAT among different applications of tiling-array
datasets. In both studies, detected regions-of-interest have been validated with (q)PCR.

Conclusions: We demonstrate that HAT has increased specificity for analysis of tiling-
array data in comparison with the alternative method, and that it accurately detected
regions-of-interest in two different applications of tiling-arrays. HAT has several advan-
tages over previous methods: (i) as there is no single cut-off level for probe-intensity,
HAT can detect regions-of-interest at various thresholds, (ii) it can detect regions-of-
interest of any size, (iii) it is independent of probe-resolution across the genome, and
across tiling-array platforms and (iv) it employs a single user defined parameter: the
significance level. Regions-of-interest are detected by computing the hypergeometric-
probability, while controlling the Family Wise Error. Furthermore, the method does not
require experimental replicates, common regions-of-interest are indicated, a sequence-
of-interest can be examined for every detected region-of-interest, and flanking genes
can be reported.

BACKGROUND

Tiling-arrays are used for the identification of specific genomic DNA regions that can be
enriched using various procedures to study certain molecular biological features. For
example, DNA fragments that are bound by a protein of interest, e.g., a transcription
factor can be enriched by using chromatin Immunoprecipitation (ChIP). When these
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enriched fragments are hybridized to an array, a genome-wide protein binding profile
can be obtained that is associated with this particular protein of interest in the cell type
that was studied (ChIP-on-chip’). Other applications of tiling-arrays? are: Methylated-
DNA immunoprecipitation (MeDIP-on-chip3), transcriptome mapping*, recognition of
hypersensitive sites such as segments of open chromatin that are cleaved more readily
by DNasel (DNase-chip®), or identification of copy number variations or breakpoints
(Array CGH®). The use of tiling-arrays to detect enriched DNA regions has several advan-
tages such as: (i) high sensitivity, which allows the detection of small DNA fragments
associating with rare molecules, and (ii) high probe-resolution, which results in accurate
acquisition of unbiased data.

A tiling-array is an array of short DNA fragments, which represent ‘probes’ that cover
the entire genome, or contigs of the genome. The hybridization of labelled DNA to an
array (for example DNA enriched using ChIP), will produce a quantitative signal intensity
for each probe. Multiple contiguous probes with increased signal intensity across a par-
ticular genomic region, is a putative region-of-interest, and suggests the presence of a
protein binding site.

As there are no standard criteria to accurately define a region-of-interest, a major chal-
lenge in the analysis of tiling-array data is to define such a region, and discriminate a
positive signal from non-specific signals’. Defining regions-of-interest requires intensity
thresholds on continuous probe intensity levels. Following this, the decision of the num-
ber of consecutive probes above the threshold needs to be made before a region-of-
interest is called. This threshold, and the number of probes above the threshold directly
influence the size of the region-of-interest that can be detected. As biologically relevant
regions may vary in intensity, employing a single threshold is therefore insufficient. Ad-
ditionally, as the probe-resolution varies across the genome, and across different tiling-
array platforms, choosing a fixed number of consecutive probes as a region-of-interest
is also inadequate. Various methods have been developed to detect regions-of-interest
in ChIP-on-chip data such as Welch t-test, HMM, TileMap, MAT, Mixture model approach,
CMARRT, Starr and Ringo®'. MAT (Model-based analysis of tiling-arrays for ChIP-chip)®
has been one of the most cited methods for analysing ChlP-on-chip data and it has been
shown to outperform the following methods: Welch t-test, HMM and TileMap? %12, MAT
uses various user-defined parameters to model a region-of-interest; such as maximum
bandwidth, maximum gap size between probes, the minimum number of probes in
a region and the use of a fixed threshold. A major limitation of this method is that it
assumes a uniform probe-resolution across the genome, and depends on many user-
defined parameters.

Here we propose a statistical framework (HAT: Hypergeometric Analysis of Tiling-arrays)
to identify regions-of-interest in tiling-array data. Our method has several advantages
over previous methods (such as MAT): (i) as there is no single cut-off level for probe-
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Figure 1. lllustration of the method. The different steps of the method, illustrated as blocks (A, B, C, D and
E), are needed to process raw probe-intensity data, detection of unique candidate regions and mapping of
the detected regions-of-interest to the 5'transcriptional start site of nearby located genes. HAT is indicated
with the blocks B, C, D and E. These are representative for the detection of unique candidate regions-of-
interest in single, as well as multiple samples.

intensity; our method can detect regions-of-interest for a large number of thresholds,
(ii) it can detect regions-of-interest of any size, (iii) it is independent of probe-resolution
across the genome and across tiling-array platforms and (iv) it employs only a single user
defined parameter: the significance level. The method can be seen as a generalization of
the transcript discovery approach used in Bertone et al*.

A detailed description of our framework (Figure 1) can be found in the method sec-
tion. Briefly, instead of a single probe-intensity cut-off level, our method evaluates a
large number of thresholds. Each threshold transforms the continuous signal intensity
levels into discrete calls for each probe; referred to as positive probes where the probe
intensity exceeds the threshold, and negative probes where it does not. In order to define
regions-of-interest, all probes within the window of each positive probe are evaluated
and the p-value is defined based on the ratio of both positive and negative probes using
the hypergeometric distribution. To detect regions-of-interest of any size, the width of
the window is also varied across all relevant window widths, where a relevant window
is defined by the expected fragment size in the experimental procedure (e.g., due to
sonication). The resulting regions-of-interest for each setting of the threshold and each
window width are combined by taking the union of the significant window positions.
The Family Wise Error (FWE) is controlled by employing a Bonferroni correction.

We have used two datasets using promoter tiling-arrays to evaluate our method. In
the first assay, tiling-array data was employed to identify genome-wide DNA binding
profiles of the transcription factor cebpa, in a cell line model. Using these data, we
have shown that although our method detected less regions-of-interest than MAT, the
detected regions are more highly enriched for CEBP binding motifs, and include known
cebpatarget genes. In the second experiment; a retroviral insertional mutagenesis assay,
HAT identified novel putative transforming loci that may play a role in tumor develop-
ment. Two of these loci were subsequently validated using PCR.

HAT can also detect and compare regions-of-interest across multiple samples. Each
sample is analysed independently, but when multiple samples within one experiment
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are used, detected regions-of-interest at the same genomic location among different
samples are combined into ‘common regions-of-interest; thereby increasing the confi-
dence. In addition, our method can incorporate sequence information for the detection
of pre-defined sequences (e.g., binding location within or near the region). These are
highlighted in the graphical output for every detected region-of-interest and indicated
in the output file.

RESULTS AND DISCUSSION
Data

Two distinct experimental datasets were used in this study: ChIP-on-chip data derived
from an inducible cebpa expressing myeloid cell line model and data obtained from
retrovirally integrated genomic DNA from retroviral induced murine leukemias. Data
was generated using the Affymetrix GeneChip Mouse Promoter 1.0 Array. This chip gen-
erates 4.6 million perfect match probes over 28000 mouse promoter regions. Promoter
regions cover 6Kb upstream to 2.5Kb downstream of 5’ transcription start sites. Each
probe has a size of 25nt.

Detection of regions-of-interest for C/ebpa chromatin immunoprecipitation
by applying HAT

To compare different methods and to analyse the promoter array data, we made use of
a dataset that was obtained from a ChIP of beta-estradiol induced cebpa in a myeloid
cell line, 32D, followed by promoter array hybridizations. The data was used to examine
the validity of detected regions-of-interest in two ways: (i) at the molecular sequence
level; cebpa interacts with the nucleotide sequence ‘CCAAT’ within the promoter regions
represented on the chip, therefore CEBP binding motifs are expected to be enriched, and
(ii) on the gene-level; examination of the presence of known cebpa-interacting genes,
by taking the genes flanking the detected region-of-interest into account. Furthermore,
one selected region-of-interest was validated by Real Time Quantitative PCR (qPCR).

The experimental setup was as follows: clones were derived from a myeloid cell line
model (32D) that expresses either beta-estradiol inducible cebpa-ER (3 clones) or control
ER (2 clones). Chromatin immunoprecipitations were carried out using an antibody
directed against ER in the beta-estradiol treated cells and the DNA obtained from these
cells, after immunoprecipitation, was hybridized to Affymetrix promoter chips.

For method comparison we used Model-based analysis of tiling-arrays for ChIP-chip
(MAT), with the default parameters for the detection of regions-of-interest (bandwidth
of 300bp; resulting in 2*bandwidth probe positions, 300bp of maximum gap size be-
tween positive probes, minimum of 8 probes for MAT-score, and enriched fragments
at the 1x107 significance level). The default settings agree with the average sonicated
fragment sizes, being 600bp, and the distance between two consecutive probes being
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approximately 35bp. Using the default criteria in MAT, 4784 unique regions-of-interest
were detected in at least one of the 32D-cebpa-ER clones (n=3) and absent in control
samples 32D-ER (n=2). Using HAT, the same significance level and maximum fragment
size (1x10° and 600bp respectively) were chosen to detect statistically significant
regions-of-interest. Applying these parameters, 1679 statistically significant regions-of-
interest were detected in any of the 32D-cebpa-ER clones; 80% (1318) of these regions
were detected in two or more clones (common regions-of-interest). This corresponds
to 856 unique chromosomal regions-of-interest. HAT detected approximately one fifth
of the regions-of-interest in comparison with MAT for the same significance level, and
99.9% (855) of these unique detected regions in HAT overlapped with the regions de-
tected by MAT (Figure 2).

To investigate the validity of these detected regions-of-interest (for both HAT and
MAT) on the sequence level, a motif enrichment analysis was performed. This was car-
ried out using the Cis-regulatory Element Annotation System (CEAS)'S, where a p-value
is computed for each known motif, and the motifs that are significantly enriched in the
regions-of-interest are reported. The top 10 enriched motifs are indicated in Table 1 for
both methods. These data showed that HAT detects regions that are highly enriched for

HAT
856

Figure 2. Venn-digram depiction the overlapping regions-of-interest between HAT, Starr and MAT.
Detected regions-of-interest by HAT (856), Starr (1664) and MAT (4784) are indicated with the number of
overlapping regions between the methods, circle sizes represent number of detected regions-of-interest.
The overlap of regions detected by all three methods (719) showed high enrichment for CEBP binding motifs.
Overlapping regions between HAT and MAT (64) and Starr and MAT (652) also showed high enrichment for
CEBP binding motifs. Uniquely detected regions by Starr (70) showed no significantly enriched motifs, and
MAT (3092) showed limited motifs enriched for CEBP. Note that the number of overlapping regions can
contain multiple regions-of-interest detected by a single method.
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Table 1. Motif enrichment analysis.

MAT HAT
Fold- Fold-
Nr Motif Hits  change p-value Motif Hits  change p-value
1 AP2alpha 9735 1.606 0.0 MO00117.CEBPbeta 1532 2325 2.84E-185
2 Elk-1 5380 1.707 9.23E-286 M00770.CEBP 3076 1.766 2.23E-183
3 M00470.AP-2gamma 5938 1.641 1.82E-274 M00912.C-EBP 3036 1.715 1.31E-164
4 M00109.CEBPbeta 6170 1617 3.52E-269 cEBP 1928 1.965 1.89E-157
5 MO00695.ETF 3449 1.885 3.05E-250 M00116.CEBPalpha 2689 1.722 4.30E-148
6 M00025.Elk-1 2979 1.949 1.76E-237 M00109.CEBPbeta 1278 2.161 2.35E-132
7 M00446.5pz1 4863 1.665 3.90E-237 M00190.CEBP 2402 1.719 9.67E-132
8 M00008.Sp1 5135 1.625 1.04E-228 M00098.Pax-2 1799 1.578 8.57E-73
9 E74A 3635 1.691 7.08E-188 M00496.STAT1 1909 1.545 8.88E-71
10 M00771.ETS 3756 1.674 2.37E-187 MO00971.Ets 1917 1.508 4.42E-64

The top 10 motifs enriched in the detected regions-of-interest (a = 1x10~) by HAT and MAT for the cebpa-
study (ChIP-on-chip). Among the top 10 motifs enriched in the regions-of-interest detected with HAT, seven
contained the CEBP binding motif whereas for MAT, only one contained the CEBP binding motif. For each
reported motif, the number of hits within the regions-of-interest are counted, their fold change computed,
and the p-value derived using the binomial test.

the CEBP motif binding sites, whereas MAT does not show a clear enrichment for these
sites. Note that the detected regions-of-interest by HAT, are a subset of MAT.

To investigate detected regions-of-interest based on their flanking genes, regions-of-
interest were mapped to the closest 5’ transcriptional start site of a gene. Mapping is
applied on the forward and reverse DNA strands, with a maximum distance of 300kb up-
and down-stream (NCBI murine genome build 36). This resulted in 2174 unique genes
for the 856 unique detected regions-of-interest using HAT (10.7% out of the total set
of unique genes present in mouse). These mouse genes were subsequently overlayed
with 169 known homologous human cebpa interacting genes (derived from Ingenuity
Pathway Analysis, IPA), demonstrating that 40 cebpa interacting genes being detected
by HAT (p < 4x107) and 86 by MAT (p < 3x10°). Note; MAT has approximately five times
more regions-of-interest resulting in 7238 unique genes (35.8% out of the total set of
unique genes present in mouse). Some of the detected cebpa interacting genes have
previously been described, such as: myc, hp, mpo and il6ra'’*. Enrichment of the il-6
receptor alpha (il6ra) transcriptional start site (Figure 3) was subsequently validated by
qPCR.

An alternative comparison can be performed using the number of regions-of-interest,
instead of the significance level. For HAT; 856 unique regions-of-interest were detected
with a significance level a=1x107. To gain approximately the same number of regions-of-
interest using MAT, we would need to set the a level at 1x107?, resulting in 893 regions-
of-interest. The overlapping regions-of-interest between HAT and MAT is 84% (718 out
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Figure 3. Graphical output of a detected region-of-interest from the cebpa-study. It was confirmed
with qPCR that the cebpa protein targets and regulates the proximal promoter region of the il-6 receptor
alpha gene, which lies downstream of the region-of-interest (negative DNA strand). The top panel (A),
indicates the probes, represented as vertical lollipops, the left y-axis the probe-intensities, and the right
y-axis illustrates the contribution of each probe separately to the region (probe-significance, indicated
by the continuous grey line). The x-axis indicates the genomic probe positions, and illustrates with a
downwards facing light grey bar, ending in a square; the sequence-of-interest. The sequence, ‘CCAAT; was
found on the negative DNA strand. Furthermore, flanking genes to this detected region are indicated with
distances in base pairs to the 5’ transcriptional start site. In the bottom panel (B), the detected regions-of-
interest for various windows and probes are shown. They represent the detection of regions-of-interest, for
a number of different top probes and window sizes. The merged region-of-interest has a fragment width of
853bp, and lies in the proximal promoter region of il6ra on the negative DNA strand.

of 856) and 83% (742 out of 893) respectively. Both methods show a high enrichment
for the CEBP binding motifs. Comparing the detected regions-of-interest with respect
to MAT (4827 with a=1x107), we need to set the a level higher than 0.05 in HAT, but
this may compromise the reliability of detected regions-of-interest. For this reason, we
have set the a level at 0.05 and hereby detected 1910 unique regions-of-interest. These
were highly enriched for CEBP binding motifs based on the motif enrichment analysis
(Table 2), whereas the detected regions-of-interest by MAT were not highly enriched
for CEBP binding motifs (Table 1). The region-of-interest detected by HAT showed 98%
(1879 out of 1910) overlap with MAT, whereas the overlap of detected regions of MAT
with HAT was 39% (1874 out of 4784).
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Table 2. HAT: Motif enrichment analysis using a = 0.05.

Nr Motif Hits Fold-change p-value

1 MO00117.CEBPbeta 3236 2.082 6.19E-304
2 M00770.CEBP 6688 1.628 8.95E-299
3 MO00912.C-EBP 6609 1.583 6.70E-265
4 Mo00116.CEBPalpha 5858 1.591 1.12E-239
5 cEBP 4068 1.758 1.88E-238
6 M00190.CEBP 5245 1.592 2.81E-215
7 MO00716.ZF5 3927 1.706 2.12E-208
8 MO00109.CEBPbeta 2645 1.896 3.06E-195
9 M00098.Pax-2 4355 1.619 1.76E-191
10 MO00428.E2F-1 4374 1.572 4.67E-171

The top 10 motifs enriched in the 1910 detected regions-of-interest using HAT (a =0.05) in the cebpa-study.
There is a high enrichment for binding motif CEBP. For each reported motif, the number of hits within the
regions-of-interest are counted, their fold change computed, and the p-value derived using the binomial test.

In addition, the HAT and MAT results were also compared with the detected regions
of Starr™. Starr implements the CMARRT algorithm'" and thereby incorporates the cor-
relation structure for the identification of regions-of-interest in tiling-array data. For the
detection of regions-of-interest, we have utilized similar parameter settings (fragment
size = 600bp, minimum number of probes in a region = 8 and a=1x10") as used in HAT
and MAT. Using these parameter settings, Starr detected 1664 regions-of-interest and
showed high enrichment for CEBP binding motifs (Table S1). Following this, we have
examined the overlap of regions-of-interest detected by all methods as depicted in
Figure 2. All regions-of-interest detected by HAT (except one) were also detected by
MAT alone or together with Starr (64 and 791 respectively). Note that the number of
overlapping regions can contain multiple regions-of-interest detected by a single
method. To assess the validity of the detected regions-of-interest by HAT, Starr and MAT,
we have examined the enrichment for CEBP binding motifs for the different parts in
the venn-diagram, depicted in Figure 2. High enrichment for CEBP motifs are found for;
(i) the overlap of HAT with the other two methods (n=719 regions-of-interest), (ii) the
overlap of HAT with MAT (n=64 regions-of-interest) and, (iii) the overlap between Starr
and MAT (n=652 regions-of-interest). No significant enriched motifs are found in the
regions detected only by Starr (n=70 regions-of-interest) and limited motifs are enriched
for CEBP in the regions detected only by MAT (n=3092 regions-of-interest). Therefore we
can conclude that HAT showed to have the highest specificity as it was able to detect
regions-of-interest highly enriched for CEBP binding motifs.



Hypergeometric analysis of tiling-arrays

Detection of retroviral insertion sites by HAT

Retroviral Integration Mutagenesis (RIM) in mice is a powerful tool to identify new
genes playing an important role in oncogenesis. Mice are injected with retroviruses
that potentially integrate into the murine genome upon infection. Viral integration can
lead to gene deregulation, and depending on the genes affected, tumors may develop.
Genes located proximal to viral integration sites are potentially oncogenic, leading
to tumor development. Genomic regions that have been targeted by proviral DNA in
multiple tumors are called common viral integration sites (VIS), and are likely driving
tumor development. Using retroviral insertional mutagenesis, many oncogenes have
been identified using large sequencing screens in multiple tumors?'?*. We hypothesise
that within tumors, genes may be silenced as a result of proviral integration caused by
hypermethylation of the CpGs in the viral long terminal repeat, and subsequently in the
promoters of their target genes. The identification of methylated genes by means of
retroviral insertional mutagenesis may be studied by Methyl-DNA immunopreciptita-
tion (MeDIP-on-chip), followed by inverse PCR, using long terminal repeat (LTR) specific
primers. After combining these two technologies, we hybridized samples to Affymetrix
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Figure 4. Graphical output of a detected cmVIS in the MeDIP-study. A region-of-interest detected in
two samples, is illustrated in Panels A and B. Panel A shows 840 sub-regions that are merged with a total
length of 1567bp. The restriction sites, indicated as light grey bars ending in a square, are located in and
around the detected region, and are present on both DNA strands due to the palindrome sequence; ‘GATC'.
The region-of-interest detected in the second tumor (Panel B), exists of 28 subregions, with a fragment
width of 949bp.
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promoter chips to identify genomic locations involved in viral integration that poten-
tially harbour new tumor suppressor genes (TSG).

Regions-of-interest within this dataset differ from the cebpa-study as they have; (i) a
higher variability in fragment sizes and, (ii) contain specific sequences within the identi-
fied regions. Therefore these data are used to examine the performance and broad ap-
plicability of HAT among different applications of tiling-array data. Using HAT, we have
identified candidate TSGs in mouse tumors by considering regions with a maximum
fragment size of 1000bp and a significance level a = 0.05. With these parameters, we
detected 15 methylated Viral Integration Sites (mVIS); of which one appeared to be a
common methylated VIS (cmVIS) among two samples (Figure 4).

Besides the detection of candidate regions based on a statistical framework, we
have attached additional mouse genomic sequence information (mm8) to the model,
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Figure 5. Graphical output of a detected and validated mVIS in the MeDIP-study. Panel A illustrates
the detected mVIS which are subject to DNA methylation. Only a section of the detected region-of-interest
has an increased probe-intensity; the probe-significance signifying this subregion. Directly beside the
increased probe-significance, a restriction cleavage site is indicated by means of a light grey bar, ending in
a square. Due to the palindrome sequence, these sites are indicated at the same genomic position on both
DNA strands. Panel B shows the detected statistically significant regions among the different thresholds,
and window sizes. A schematic representation of the amplified genomic region, with the virus- and the
murine contribution, is shown in Panel C.
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in order to determine the sequence-of-interest based on the restriction enzyme used
in the inverse PCR. Within this assay, a restriction enzyme (DPNII) will cleave DNA at
sequence ‘GATC,, within the integrated viral sequence and the flanking genome. Note,
that because of this property, it is expected that every detected region must contain
a nearby restriction site, which can be easily verified with HAT. HAT showed that all
detected mVISs contain a nearby restriction site, confirming specificity of the identified
region as being a viral insertion site. For PCR validation of the method, two mVISs were
selected based on their location to a nearby 5’ transcriptional start site, and confirmed.
One of the validated regions is illustrated in Figure 5.

Extended applications of HAT

The scope of this method is not limited to the presented studies (i.e., detecting transcrip-
tion factor binding sites and DNA methylated regions). Moreover, we have successfully
applied HAT for the detection of regions enriched for histone modifications such as,
trimethylation of histone 3 at lysine 4 or lysine 27 (H3K4me3 and H3K27me3) (data not
shown). Some of the detected regions-of-interest were selected for further validation
and confirmed by gqPCR. Regarding tiling-array data spanning the entire genome? (e.g.,
RNA transcript mapping data?, we do not expect changes in algorithm performance
(detection of regions-of-interest) due to an increased variability in hybridization con-
sistency since the applied normalization method® % corrects for two major causes of
differences in hybridization consistency, i.e., probe sequence and presence of repeats
within the genome. Furthermore, in addition to one-colour arrays (e.g., Affymetrix tiling-
arrays) we envision that HAT can also be applied on data stemming from two-colour
arrays (e.g., Nimblegen tiling-arrays) because data structure remains similar. We stress
however that the normalization procedure is an important step and strongly depends
on the type of tiling-array dataset.

CONCLUSIONS

Here we propose a statistical framework; HAT (Hypergeometric Analysis of Tiling-arrays)
to analyse tiling-array data. We show that the method is robust and has increased
specificity in the detection of regions-of-interest in comparison with two alternative
methods. This is achieved by computing the hypergeometric-probability for every
detected region-of-interest, among different threshold levels of probe-intensities,
and window sizes while keeping control of the Family Wise Error (FWE) by employing
Bonferroni correction. Besides the detection of regions-of-interest, HAT also determines
sequences-of-interest, flanking genes and the distances to 5’ transcriptional start sites
among both DNA strands. We describe the performance of HAT, when applied to dif-
ferent experimental tiling-array datasets. For each experimental dataset, the selected
downstream genes flanking the detected regions-of-interest are successfully confirmed



132 | Chapter 7

by (q)PCR. We compared the detected regions-of-interest of HAT with two other meth-
ods (MAT?® and Starr'®), and showed that HAT resulted in a reduced number of detected
regions-of-interest using the same significance for both MAT and Starr. However, using
motif enrichment analysis we showed that the regions-of-interest detected by HAT were
more enriched for the expected binding motifs, i.e., CEBP, compared to MAT and showed
similar enrichment for Starr, illustrating increased specificity using HAT.

Besides analysing ChIP-on-chip data, HAT is also suitable for the analysis of other
types of tiling-array data. Applying HAT to the data from the MeDIP inverse-PCR and
promoter-GeneChip hybridization experiment, we discovered mVIS and cmVIS that are
subject to DNA methylation and identified the genes (unpublished data) that flank these
methylated viral integration sites (Figure 4 and 5).

HAT is applicable to detect regions-of-interest among the different applications of
tiling-arrays, and has the advantage of being independent for thresholds, number of
probes in a region and probe-resolution. It does not depend on setting various user
defined parameters, except for the significance level and an optional maximum frag-
ment size.

METHODS

Extracting candidate gene-regions based on high throughput data using tiling-arrays is a
multi-step process (Figure 1). The first step is to normalize the probe-intensity data from
the chip (Figure 1A). For this purpose, we utilize the normalization from Model-based
analysis of tilling-arrays for ChIP-chip (MAT)*2¢, but other normalization procedures can
also be applied. The normalization procedure prevents systematic variation between
experimental conditions, which are unrelated to biological differences. As a result of this
normalization, the probe-intensity values follow a normal distribution with a negative
mean; hence the majority of probes have values below zero, and are ignored in all sub-
sequent analyses. Probe-intensities that may be the result of hybridization of labelled
DNA on the chip (e.g., were present in the immunopreciptitated chromatin sample),
have values greater then zero and are used to determine candidate regions-of-interest.

After normalization, probe-intensities are discretized using a varying threshold and
the significance of the probes within a varying window is determined. Significant win-
dow positions are then merged into the final regions-of-interest. We illustrate this ap-
proach in the simplified schematic representation shown in Figure 6. In Figure 6A, eight
probes are shown at an arbitrary genomic location. Their intensities are represented by
vertical lollipops. The positive probes (six in this example) are assumed to be part of a
possible candidate region. Probes with higher intensity levels are more likely to be the
results of hybridization on chip, but the exact level of intensity for which this is the case
is unknown. Therefore, multiple probe intensity levels are taken into account by varying
the discretization threshold t. The number of probes that exceed this threshold (called
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Figure 6. Schematic depiction for the detection of regions-of-interest. Schematic depiction for the
detection of regions-of-interest, based on probe-intensities. Eight probes, with their genomic location, are
shown in Panel A. Four of these have positive probe-intensities. The use of multiple thresholds, transforms
continuous data into discrete data; as shown in Panel B and E. Various window scales N, are used to examine
neighboring probes for their probe-intensities in Panel C and F. These windows will contain different
number of positive probes. The hypergeometric probability is computed for every region-of-interest,
and excludes a region-of-interest when the region is not statistically significant (black lines, C and F) after
correcting for a single positive probe in a region-of-interest and multiple testing. The remaining statistically
significant regions (light grey, C and F) are merged for each k(t) (illustrated in Panel D, G, H) and then among
all k(t) to a single region-of-interest (Panel I). To determine how often probes were detected in statistically
significant regions, the probe-significance is computed (Panel D and E), and indicated with continuous line
that signifies the statistically significant probes in the detected region-of-interest.

positive probes) is denoted by k(t). Figure 6B and 6E, illustrates the thresholds k(t)=2 and
k(t)=4, respectively. All probes exceeding t are set to one, and those not exceeding the
threshold t are set to zero.

To define a region-of-interest, we determine the significance of all possible window
positions g, for which the window contains at least one positive probe. To account for
the fact that the exact number of probes in a region-of-interest is undefined, and may
differ greatly between different regions-of-interest due to differences in local probe-
resolution; the window width N is varied. To prevent evaluating many highly similar
windows, thereby incurring a high multiple testing penalty, only those window widths
for which the number of probes in the window varies are evaluated. Therefore, N is de-
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fined in terms of the number of probes contained in the window. The number of positive
probes in a window of width N, at genomic position g, for threshold value t, is denoted
by x(g,t,N). In the example presented in Figure 6, we varied N from 1 through to 3. For the
case k(t)=2 (Panel B and C), x(g,t,N) ranges from 1 through to 2, and in case k(t)=4 (Panel
E and F), x(g,t,N) ranges from 1 through to 4.

For each window, a p-value is determined; defined as the probability of observing at
least x positive probes in the window. For any window position g, threshold level t and
window width N, p(g,t,N) is computed as:

, . P(X > z|g.t.N)
AN =P(X >zlgt. Nz >1) = :
p(g.t.N)=P(X > z|g.t. N.z > 1) P(X > 1.t N)

(M

Note that since we restrict each window to contain at least one positive probe to pre-
vent evaluating useless window positions, this probability is conditioned on X > 1. All
probabilities are computed using the hypergeometric distribution:

=1 (kY (K—k
P(X >z|g.t. N)=1-)Y_ 7(5“)((;;’)‘-?) .

)

where K is a fixed parameter and represents the total number of probes present on the
(e.g., promoter) chip. To correct for the number of tests performed, we apply Bonferroni
correction, controlling the Family Wise Error per value of the threshold level as follows:

P (9.t,N) =p(g.t, N) - k(t) - N

(3)
Based on this p-value, it is possible to exclude regions that do not reach a predefined
significance level (a):

1 if P*(g.t.N) < a

5(g,¢,N) :{ 0 else
@

Due to the use of various values for t and N, similar or partly overlapping regions are
found. In order to find a single region-of-interest at the same genomic location, these
overlapping regions are merged by joining regions with one or more overlapping
probes. In our example, we assume for simplicity, that windows with x(g,t,N) > 2 are
statistically significant. These statistically significant regions are indicated in light grey
in Figure 6C and Figure 6F. The merging procedure is illustrated in Figure 6D, where four
regions are merged into a single region, and in Figure 6G where 18 regions are merged.
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Finally, regions found for different threshold levels t are also merged (Figure 6H) into
the final region-of-interest (Figure 6l). Regions-of-interest tend to be larger than the
regions detected at a single setting of the threshold level, or single window width due
to the merging of all these individual regions. To determine the most important parts of
the region-of-interest, we introduce a probe-significance score Q(g), which reports how
often probes were part of the statistically significant region. This score is illustrated by
the curve in Figure 61, and computed as follows:

Ql(g) = > w2unS(9.t,N)-I(z(g,t, N),t)
where
I(x(g.t,N)) = {3} i ale) 2t

(©)

In our example so far, regions are detected within a single sample. When multiple
samples are available (for the same experiment), array-wise detection of regions-of-
interest is examined in order to detect common regions-of-interest (Figure 1D). A radius,
defined in base pairs, can be defined to set the maximum distance between regions over
multiple samples (default is zero).

Additional properties of HAT
The HAT method includes two additional properties beside the detection of regions-of-
interest; (i) The determination of sequences-of-interest surrounding and within the de-
tected regions-of-interest, e.g., the enhancer binding protein cebpa is known to interact
with ‘CCAAT’ sequences, and it is therefore expected that detected regions-of-interest
contain the CEBP sequence in a chromatin IP experiment. The presence, and positions
of the sequences-of-interest can be indicated in the (graphical) output of HAT. In this
graphical output, sequences are indicated with an upward facing grey bar, indicating
that the sequence is detected on the positive strand, or a downward facing grey bar
representing a sequence on the negative strand. (i) The determination of genes flanking
the detected regions-of-interest. For every detected region-of-interest (for both up- and
down-stream and forward and reverse DNA strands), the genes with the closest distance
to the transcriptional start site are determined, and indicated in the (graphical) output.
To include these regions-of-interest and genes into the HAT method, the public
genome-sequence (available for different model systems) can be utilized from the UCSC
genome browser.
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AVAILABILITY AND REQUIREMENTS

HAT is implemented in Matlab R2009b and is tested on Unix and MS-Windows. It re-
quires an installation of Matlab and the scripts used for implementation of the method
are available on http://www.erasmusmc.nl/hematologie/. The runtime depends on the
number of used threshold cut-off’s as the computation complexity increases linear
with the used number of probes for the detection of regions-of-interest. In addition,
runtime also depends on the different steps in the method (Figure 1 B-F). On average,
for the cebpa-study, 28 minutes were needed per sample for the detection of regions-
of-interest, while MAT required on average a runtime of 23 minutes per sample. Note,
however, that in our algorithm the data was analysed using a multitude of window sizes
and thresholds. A more detailed overview of the runtime for each step in the method
can be found in the supplementary material (Figure S1).
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Figure S1. HAT Computation performance. Runtime of the various steps in the method.The cebpa-study
is used to analyse the runtime for the different steps in the method; Step B: loading data and detection
of regions-of-interest, Step C: Merging of regions-of-interest and computation of the probe-significance,
Step D: detection of common-regions-of-interest and Step E: gene mapping. Per sample, 62 minutes were
needed on average to process all the steps in the method.

SUPPLEMENTARY TABLE
Table S1. Starr: Motif enrichment analysis.
Fold- p-value

Nr Motif Hits change
1 MO00117.CEBPbeta 1992 2.153 2.74E-203
2 M00912.C-EBP 4084 1.643 9.46E-190
3 cEBP 2570 1.866 2.94E-181
4 M00770.CEBP 3980 1.627 1.90E-178
5 MO00116.CEBPalpha 3523 1.607 7.15E-151
6 MO00109.CEBPbeta 1670 2.011 5.45E-145
7 MO00190.CEBP 3138 1.599 3.13E-132
8 HLF 666 2.023 3.80E-60
9 M00260.HLF 608 2.017 9.94E-55
10 MO00771.ETS 845 1.731 6.80E-49

The top 10 motifs enriched in the 1664 detected regions-of-interest using Starr (fragment size = 600bp,
minimum number of probes in a region = 8, a = 1x107) in the cebpa-study. There is a high enrichment for
binding motif CEBP. For each reported motif, the number of hits within the regions-of-interest are counted,
their fold change computed, and the p-value derived using the binomial test.
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Summary and General Discussion

1. SUMMARY

The work presented in this thesis focuses on the identification of new genetic and epi-
genetic abnormalities involved in acute myeloid leukemia (AML) and their potential role
in leukemogenesis. To this end, two different leukemogenesis models were used; severe
congenital neutropenia (SCN) in humans, a pre-leukemic condition which may progress
towards AML, and retroviral integration mutagenesis in mice, a model in which murine
leukemias are induced by oncogenic viruses.

In chapter 1, a general introduction to SCN and AML is given, including an overview
of the known molecular mechanisms underlying these diseases. SCN is a bone marrow
failure syndrome characterized by severely reduced neutrophils counts, recurrent infec-
tions and a high risk to develop AML. The neutropenia in SCN patients is successfully
treated with administration of granulocyte-colony stimulating factor (G-CSF), however
leukemic progression remains a major concern. The role of G-CSF and its receptor in
myeloid malignancies and related to this, the molecular mechanisms behind leukemic
transformation in SCN patients are discussed in chapter 2. Mutations in the gene
encoding the G-CSF receptor (colony stimulating factor 3 receptor, CSF3R), leading to
the expression of truncated receptors that are hyper responsive to G-CSF, as well as
trisomy 21 and monosomy 7 are so far the only common aberrations linked to leukemic
progression in these patients. While underlying aberrations in SCN/AML remain largely
unknown, much more is known about de novo AML. Current deep-sequencing analyses
show that de novo AML is a highly heterogeneous disease; many different genetic and
epigenetic alterations are detected in AML, few of which are common while the large
majority has a low prevalence. In the last part of chapter 1, genome-wide techniques
are introduced with a main focus on deep-sequencing; their advantages, disadvantages
and caveats are discussed.

Chapters 3 to 5 focus on the identification and functional characterization of new
mutations involved in progression of SCN towards AML. In chapter 3, whole exome
sequencing was employed to identify mutations in longitudinal samples of an SCN
patient that developed AML after 17 years of G-CSF treatment, further referred to as the
SCN index patient. Twelve acquired non-synonymous mutations were detected in the
leukemic phase. Interestingly, 3 of these mutations were already present in low frequen-
cies 15 years before the AML became overt. One of these mutations was a CSF3R-d715
truncating mutation which was previously identified in this patient, while the other 2
were new mutations in LLGL2 and ZC3H18. Furthermore, it is shown that these “early”
mutations co-existed in the same pre-leukemic clone and that the ZC3H78 mutation
was acquired later in time than the mutations in LLGL2 and CSF3R. For the first 2 muta-
tions, no hierarchical pattern of acquisition could be determined. The presence of these
3 mutations in the early SCN phase suggests that they play an important role in the early
steps of leukemic progression. Nine other mutations were only detected in the leukemic
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blasts of the SCN index patient. Strikingly, 1 of these was a yet additional mutation in
the extracellular domain of CSF3R, further referred to as the CSF3R-T595/ mutation. This
mutation was located on the already affected CSF3R-d715 allele and conferred G-CSF
independent growth. In chapter 4, it is shown that the CSF3R-T595/ mutation is present
in a low frequency in de novo AML patients, however not in combination with CSF3R
truncating mutations. Furthermore, we show that the CSF3R-T595/ mutant confers G-
CSF independent nuclear translocation of transcription factors STAT3 and STAT5. Of the
other “late” mutations present in the leukemic blasts of the SCN index patient, ASXL1,
EP300, RUNX1 and SUZ12 were previously reported to be mutated in hematopoietic
malignancies, while mutations located in CCDC155, FBXO18, LAMB1 and MGA were not.
Although, unpublished results of The Cancer Genome Atlas consortium, containing
deep-sequencing data of 199 AML patients, show that mutations in MGA and CCDC155
are rare but present. In chapter 5, the presence of genetic alterations in the mutated
genes identified in the SCN index patient as well as in their paralogues and interactions
partners was determined in a larger cohort of 26 SCN patients, of which 5 progressed
towards leukemia. This analysis demonstrated that mutations in the identified genes,
except in CSF3R, are rare in the SCN phase; of the additional genes only mutations in
LAMB2 was detected in 1 patient. The only common mutations found during the leuke-
mic phase were RUNXT mutations in combination with mutations in CSF3R.

In chapter 6, a murine retroviral integration mutagenesis model was adopted to iden-
tify new haplo-insufficient genes involved in AML. This model is briefly introduced in
chapter 1. Haplo-insufficiency occurs when normal expression levels or the functional
activity of a gene/protein is reduced. Decreased expression and/or reduced functional
activity of haplo-insufficient genes/proteins contribute to malignant transformation.
Retroviral integration mutagenesis is a powerful tool to discover new genes involved
in oncogenesis. To specifically screen for haplo-insufficient genes we aimed to detect
DNA methylated viral integration sites and their flanking genes as DNA methylation
is a known mechanism of gene silencing. In order to do this, inverse PCR, to amplify
retroviral integration sites, methylated DNA immunoprecipitation, to enrich for DNA
methylated fragments and promoter array hybridization were combined to locate the
immunoprecipitated fragments. To adequately analyze these data, a new algorithm
named “hypergeometric analysis of tiling arrays” (HAT) was developed (chapter 7).
This method was specifically designed to detect enriched regions of different lengths
and enrichment values. The analysis led to the identification of the potential haplo-
insufficient gene Ptp4a3, which was flanked by a DNA methylated viral integration site
while its expression was reduced compared to expression levels in normal murine bone
marrow. Further analysis showed that PTP4A3 expression was of prognostic significance
in a cohort of AML patients diagnosed under the age of 60, predicting increased tumor
aggressiveness upon high PTP4A3 expression.
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2. GENERAL DISCUSSION

In this final part, the different findings described in the thesis will be placed in perspec-
tive of the current knowledge and their possible implications will be addressed. Ad-
ditionally, a perspective will be given on leukemia research in the future, with a focus on
using and interpreting whole exome and whole genome sequencing data.

2.1. Leukemogenesis in severe congenital neutropenia

We had the unique opportunity to study sequential hematopoietic samples from a SCN
patient from the childhood SCN phase to overt AML, spanning a period of 15 years.
This allowed us to identify the “early” and “late” genetic defects associated with leukemic
progression in this SCN patient.

2.1.1. Hierarchical acquisition of mutations and dynamics of pre-leukemic clones

In the SCN/AML case described in this thesis, further referred to as the SCN index case,
we used acquired mutations detected in the leukemic blasts as a starting point to find
“early” mutations present in the SCN phase of the disease. A drawback of this approach
is that it does not allow monitoring the dynamics, i.e., appearance, expansion and disap-
pearance, of clones that harbor other mutations. Despite this limitation, we detected
distinct clones with different CSF3R delta mutations in the SCN phase that were not found
in the leukemic blasts, a phenomenon which has been described previously'. Should
these clones be considered pre-leukemic? The existence of clones with different CSF3R
mutations highly suggests that leukemic transformation is an evolutionary “Darwinian”
process characterized by acquisition of mutations in different hematopoietic progenitors
followed by a selective outgrowth of clones with specific combinations of mutations, as
was addressed previously by M. Greaves?. In line with this reasoning, we should consider
clones harboring mutations to be pre-leukemic. However, their selective advantage and
potential to transform into a full blown leukemia varies extensively and depends on (i)
the aberrations they harbor, (ii) the acquisition of additional alterations that may or may
not arise as a consequence of preceding aberrations and (iii) extrinsic selective pressure.
Hence, identifying and monitoring these pre-leukemic clones will give insights into the
dynamic process of leukemic evolution and specifically into which aberrations, alone or
in combination, are potentially vital in leukemogenesis.

Initial mutations found in the SCN index case in progression towards AML were the
CSF3R-d715 and the LLGL2 mutation, followed by a mutation in ZC3H18. The CSFR-d715
mutation is known to cause hyperproliferation of myeloid progenitors in cell line
and animal models*“. Important to note is that CSF3R delta mutations always arise in
the context of a SCN underlying mutation, e.g., in ELANE, HAX1 or WAS, while studies
performed to investigate the functional consequences of CSF3R delta mutations were
so far not performed in the context of these mutations. Hence, we cannot state with
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certainty that expansion of the pre-leukemic clone during the SCN phase is caused by
the CSF3R-d715 mutation alone. It is more likely that the “early” mutations in LLGL2 and
Z(C3H18 contribute to expansion and leukemic progression of the clone carrying the
CSF3R-d715, as clones carrying other CSF3R delta mutations disappear in the leukemic
phase. This hypothesis is supported by the finding that the ZC3H18 mutation is found
in a frequency which is approximately 6-7 times lower than the mutation frequency of
LLGL2 and CSF3R in the early SCN sample (single colony assay, Chapter 3, Figure 2 and
custom capture approach, mutated reads ZC3H18 = 1%, LLGL2 = 6%, CSF3R = 7%), while
the frequency in the intermediate SCN sample is equal (custom capture data, mutated
reads ZC3H18, LLGL2 and CSF3R = 11%). These data suggest that clones carrying the
ZC3H18 mutation have a proliferation and/or survival advantage compared to clones
that do not. Interestingly however, the frequency of 2 other delta CSF3R clones (d725
and d730) increase as well during the SCN phase, while the frequency of the CSF3R-d717
clone does not (Chapter 3, Figure 2). This observation might represent normal fluctua-
tions in hematopoietic stem cell proliferation but a different explanation might be that
the CSF3R-d725 and -d730 clones harbor mutations in other genes, which may influence
their proliferation and/or survival capacity. This hypothesis could be addressed by whole
exome or whole genome sequencing (WES, WGS) of single bone marrow cells in the SCN
phase of the index patient. With the same approach, it would be possible and of interest
to investigate whether other pre-leukemic clones without CSF3R mutations exist.

The 9 year gap between the final investigated SCN sample and the leukemic blasts
is a weakness in this study as the 9 “late” mutations may have occurred years before
the AML became overt and could still represent “early” mutations. Hence, for these
mutations it will be difficult to elucidate the hierarchical pattern of acquisition. From
previous studies in ALL it is known that genetic alterations may arise in an hierarchical
way, either in a linear or a branching pattern®. Furthermore, the existence of subclones
in some but not all AML samples, based on mutation frequencies determined by deep-
sequencing, suggests similar evolutionary patterns in human AMLS. Hence, frequencies
of mutations in the leukemic blasts of the SCN index patient, as determined by methods
reaching a high coverage, e.g., amplicon-based sequencing or custom capture followed
by deep-sequencing, may be informative. “Early” mutations are expected to be present
in all leukemic cells as the leukemia arose from pre-leukemic cells carrying these muta-
tions. In line with this hypothesis, the 3 “early” mutations are present in approximately
50% of the reads, indicative of heterozygous mutations in 100% of the leukemic blasts.
Furthermore, we should consider that the mutations in CSF3R-T5951, FBXO18, LAMBT and
MGA, respectively present in 40,3%, 24,9%, 31,9% and 16,5% of the reads as determined
by amplicon-based sequencing, were acquired late in the process of leukemogenesis
and may represent subclones. Custom capture followed by deep-sequencing similarly
revealed a frequency of less than 50% for these 4 mutations (data not shown). WES or
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WGS of single leukemic blasts could be employed to investigate the combinatorial pat-
tern of these mutations in these cells in order to understand the hierarchical acquisition
of these mutations in leukemic progression in further detail.

2.1.2. Biological significance of “early” mutations

In addition to studying their dynamics, we should ask what the functional relevance
of “early” mutations, solely or in combination with other aberrations, might be. They
may cause (subtle) changes in proliferation and differentiation capacity, like has been
shown for the CSF3R-d715 mutation® * 7. Furthermore, they may influence stem cell
potential, survival, cellular stress responses and/or genomic stability. Important to
note is that early mutations may initially be important for disease progression but their
effect may be overruled by other aberrations occurring later in time. Simultaneously,
early mutations may be passengers rather than drivers in leukemogenesis. Passenger
mutations coincide by chance with other aberrations in a single progenitor cell but do
not contribute to leukemic transformation. A selective advantage caused by any of the
other aberrations present in the same progenitor however may result in an increased
frequency of these cells, which also carry the passenger mutation. In this way, pas-
senger mutations may mistakenly be considered relevant for disease development.
Until now, the functional consequences of both the LLGL2 and the ZC3H18 mutation
remain unknown. LLGL2 encodes the human orthologue of the Drosophila lethal giant
larvae (Lgl) gene. Loss of Lgl in Drosophila leads to altered patterning of apoptosis in
eye development as well as to a shift of asymmetric towards symmetric cell divisions
of neuroblasts and tumor formation in the brain, caused by aberrant distribution of the
cell polarity protein Numb?®'". Furthermore, epidermal loss of Lgl in Zebrafish results
in epithelial-mesenchymal-transition (EMT)'% In mammals, LLGL2 is implicated in the
formation of protein complexes that regulate cell-polarity in epithelial tissues, like the
PAR-3-aPKC-PAR-6 and the aPKC-PAR-6-LGN complex'*. In line with this finding, loss
of LLGL2 via suppression of the transcriptional repressor ZEB1 is implicated in loss of
cell polarity, increased EMT and metastasis formation in human colorectal cancers' .
Additionally, LLGL2 is aberrantly distributed or lost in gastric dysplasia and adenocarci-
noma'® ', So far, indications for a role of LLGL2 in hematopoiesis and/or hematopoietic
malignancies are weak. LLGL2 mRNA expression levels are low to absent in CD34+ bone
marrow cells, normal myeloid differentiation and AML (Verhaak et al.?, S. Sun and M.
Jongen-Lavrencic, data not shown). Deregulation of NUMB protein levels however has
been implicated in blast transformation in chronic myeloid leukemia?' 22, Furthermore,
over expression of Gpsm2 (a.k.a Lgn), a direct binding partner of LLGL2 in a complex
together with aPKC and PAR-6, leads to increased hematopoietic reconstitution after
transplantation in sublethally irradiated mice' 2. In contrast, aPKC (aPKCC and aPKCA)
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is dispensable for hematopoietic stem cell (HSC) self-renewal and reconstitution during
serial competitive transplantation studies®.

The LLGL2 mutation found in the SCN index case is located in one of its WD40 domains
and may disrupt direct interactions with PAR-6, leading to a shift in composition of
polarity regulating protein complexes' . To address this hypothesis, protein-protein
interactions of wild type and mutant LLGL2, as well as the effect of their expression on
cell polarity in epithelial in vitro models' could be studied. Based on the fact that loss
of the Lgl gene affects asymmetric cell division in Drosophila® we may hypothesize that
the LLGL2 mutation affect the balance between symmetric and asymmetric cell divi-
sions and proliferation potential of HSCs. This could be addressed by studying colony
growth and replating capacity of early hematopoietic progenitors expressing mutant
LLGL2, however, effects may be subtle and only competitive repopulation or serial trans-
plantation studies may reveal the effect. Experiments conducted so far show that over
expression of either wild type or mutant LLGL2 seems to have an unfavorable effect on
colony formation of murine hematopoietic progenitors (data not shown). It is important
to keep in mind that the LLGL2 and CSF3R-d715 mutations coincide in hematopoietic
progenitors of the SCN index patient suggesting a co-operative or additive effect of
these mutations. Possibly, the combination of the LLGL2 mutation and the CSF3R-d715
mutation may affect the balance between proliferation and differentiation respectively
at the hematopoietic stem cell and the myeloid progenitor level. The combinatorial
effects of these 2 “early” mutations might be investigated by studying the functional
consequences of the LLGL2 mutation both in a CSF3R wild type and a CSF3R-d715 back-
ground. This could for example be done by crossing the LIgl2 knockout mouse?® with the
Csf3r-d715 knock in mouse?, followed by studying the hematopoietic phenotype.

ZC3H18 has been reported to act as a putative RNA binding protein involved in
differentiation in trypanosoma?®. In mammals, it is predicted to be a nuclear protein,
containing a ZnF_C3H1 domain. A similar domain has been found in the human splicing
factor U2AF35, which is frequently mutated in MDS and AML?. Furthermore, ZC3H18 re-
cently has been postulated to activate the NF-kB pathway by facilitating IkBa turnover®.
Studying the interactions of wild type and mutant ZC3H18 with other proteins, RNA
and chromatin as well as its effects on IkBa turnover and NF-kB signaling may result in
further understanding of its role in normal and malignant hematopoiesis. One possibil-
ity is that mutated ZC3H18 induces a pro-survival effect by enhancing NF-kB signaling,
which would complement the putative effects of mutated LLGL2 on stem cell renewal
and increased proliferative signaling from mutated CSF3R.

2.1.3. Functional relevance of “late” mutations
Although the “early” mutations in the SCN index patient may play an initiating role in
the early phase of SCN progression towards AML, they do not lead to full leukemic trans-
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formation, as clones carrying these mutations existed already 15 years before the AML
became overt. Hence, additional aberrations are essential for leukemic transformation.
Strikingly, one of the “late” mutations was the CSF3R-T595/ mutation that confers growth
factor independence to myeloid progenitors; obtaining growth factor independence is
an important evolutionary step in leukemogenesis. For the other “late” mutations we
should consider what could be their functional significance. Because the frequency of
some mutations suggests that these are present in subclones, we should assume that
not all leukemic blasts contain all 12 mutations; it is likely that there is one major leu-
kemic clone, containing the majority of mutations and additional subclones, carrying
one or few extra mutations. Hence, the combination of 12 mutations is not essential for
leukemic transformation and mutations in the major clone are likely to be more relevant
for leukemogenesis than mutations in minor subclones.

Mutations in chromatin remodelers and transcription factors ASXL1, EP300, RUNX1
and SUZ12 are known in AML and/or hematopoietic malignancies and are therefore
likely relevant for disease development®34, SUZ12 interacts with EZH2 in the polycomb
repressor complex 2 (PRC2) which is essential for methylation of histone 3 lysine 27
(H3K27). The mutation in SUZ12 leads to a duplication of an isoleucine in the VEFS-box,
the domain involved in interaction with EZH2%. It would be of interest to investigate if
the SUZ12 mutation causes an increase, a decrease or a loss of interaction with EZH2
and/or whether it may lead to a change in H3K27 methylation. Before proceeding to
study the functional relevance of the other mutations in CCDC155, FBXO18, LAMB1 and
MGA it would be important to investigate if and how frequently they are mutated in ad-
ditional AML patients. Both MGA and CCDC155 are mutated in 1 out of 199 AML patients
investigated by “The Cancer Genome Atlas (TCGA)” consortium?®® (Chapter 3, Table S3).
This may still be regarded as rather weak evidence to claim that they are likely relevant
for leukemic development and extensive analyses in larger AML cohort are essential to
determine their exact frequency.

2.1.4. Recurrence of the newly identified mutations in SCN, leukemia and other disorders

Itis still too early to predict if and in which patients we will find recurrence of the muta-
tions identified in our SCN index case. It seems an obvious choice to start with SCN
and SCN/AML samples, as they are closely related to our index case. Furthermore, CSF3R
delta mutations are highly recurrent in these patients, indicative of commonly affected
pathways'. Strikingly, in the cohort of 26 SCN patients that we have screened, the recur-
rence of the mutations identified in the SCN index patients is low. This may however be
explained by the fact that many investigated SCN patients were young at the time bone
marrow samples were obtained, which would furthermore be an explanation why the
incidence of CSF3R mutations was low. In the leukemic cells of 5 SCN patients that we
had available for this study recurrent mutations were found in RUNX1 (2 patients). These
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mutations coincided with the presence of CSF3R mutations as was seen for our SCN
index case, suggesting a mechanism of cooperation or synergism between mutated
CSF3R and mutated RUNX1. Obviously, the numbers of patients analyzed are still too
small to draw firm conclusions about the mutation frequencies in early and late stages
of leukemic progression of SCN.

Besides studying the frequency and relevance of the newly identified mutations in
SCN, we should consider what could be the relevance of these mutations in other (he-
matopoietic) neoplasms. Two striking examples of mutations recurrently found in dif-
ferent disorders are (i) BRAF mutations, originally discovered in melanoma and found in
100% of the hairy cell leukemias®”3® and (ii) SF3BT mutations observed in approximately
65-75% of patients with refractory anemia with ring sideroblasts (RARS) and later also
described in chronic lymphoid leukemia (CLL)?®3%42, Hence, it seems rather unpredict-
able in which spectrum of diseases mutations in a single gene may play an important
role. Therefore it seems best to select, in an unbiased way, large cohorts of patients
with different types of neoplasms to screen for these mutations. In the current deep-
sequencing era however, it would be even easier to obtain information regarding the
frequencies of the complete spectrum of somatic genetic alterations in different types
of neoplasms. In this way we do not only obtain information on the genes of interest but
we get information on the complete spectrum of mutations in these disorders. Next, the
neoplasms in which mutations in our genes of interest are recurrent can be identified,
followed by studying the functional significance of these mutations in these diseases.

2.2. Retroviral integration mutagenesis

Retroviral integration mutagenesis (RIM) has been used as a powerful screening strategy
to discover genes involved in malignant transformation in different types of cancer*+.
In its “classical” form, this technology is geared towards the discovery of proto-onco-
genes, due to the fact that proviral integrations preferentially occur in activate promoter
regions.

2.2.1. Identification of haplo-insufficient genes using retroviral integration mutagenesis

In this thesis, we have attempted to adapt RIM with the objective to identify possible
tumor suppressor or haplo-insufficient genes (HIGs) in leukemia. Based on experience
from gene therapy studies, it is well established that CpG islands in proviral long termi-
nal repeats (LTRs) can be methylated, leading to silencing of the transduced therapeutic
gene**# Hence, we assumed that silencing by DNA methylated LTRs could also extend
to nearby located genes. Although a new candidate haploinsufficient gene (Ptp4a3) was
identified using this method, this new strategy also had major limitations. First of all,
the polyclonality of the murine tumors limits the detection of retroviral integrations.
Only the ones present in a high number of cells will be identified, while other integra-



Summary and General Discussion | 149

tions, present in subclones remain undetected. Secondly, we observed that, although
the number of investigated DNA methylated integrations was small, DNA methylation
of viral integration sites not necessarily leads to transcriptional repression of flanking
genes. Further evidence that Ptp4a3 is a true haplo-insufficient gene in hematopoietic
malignancies should come from additional studies, in which the effect of changes in
its expression levels will be monitored. Furthermore, to prove the prognostic value of
PTP4A3 in human AML, the prognostic significance of its expression levels should be
analysed in an independent AML cohort.

2.2.2. Future applications of retroviral integration mutagenesis

RIM has primarily been used to identify new aberrations in human cancer. A general
drawback of RIM however is that genes involved in murine oncogenesis may be irrel-
evant for human malignancies. Furthermore, the heterogeneity of retroviral integrations
in murine leukemias makes identification of the ones critical for disease development
complex. Putting itinto perspective of the leukemia research field as it stands today, one
might even wonder what yet the applicability of RIM could be as the use of upcoming
genome-wide techniques are nowadays easily employed to directly identify aberration
in human leukemias. The first application we may consider is to identify co-operating
genes in predisposed mouse models carrying a single oncogenic aberration. However,
an alternative and possibly better approach in this case seems to be direct identification
of alterations in the specific subgroup of AML patients carrying this aberration. A more
potential application of RIM will be to study oncogenesis. The evolutionary process of
leukemogenesis in these mice, e.g., the sequential accumulation of different retroviral
integrations in time, may reveal vital information on “early” and “late” events in leukemo-
genesis. New techniques that will be designed to study single cells or small cell fractions
may aid in this analysis as they will enable monitoring of pre-leukemic (sub)clones.

2.3. Data-analysis: new tools and algorithms

The rapid increase in using genome-wide approaches to study human diseases comes
with the necessity to develop software tools and algorithms to interpret the data. The
drive to design new tools usually originates from the lack of applications that match the
specific needs of the user to analyze the generated data. This was similarly true for the
RIM data described in this thesis. Therefore we designed a new software tool named
HAT.

2.3.1. Applicability of HAT

HAT was developed to calculate significant enrichment of genomic regions in tiling ar-
ray data and can be used to analyze protein-DNA and DNA-DNA interactions. The main
advantage of this method compared to other methods, like model-based analysis of
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tiling arrays for ChIP-chip (MAT)* and CMARRT* is that both region size and intensity
threshold values do not have to be defined by the user. Other methods use the given
region size to calculate mean probe intensity values by implementing neighboring
probes. This may be useful when sheared DNA is used as starting material, like for chro-
matin immunoprecipitation, but not when fragments in the starting material have more
strict boundaries and differ in length, like after digestion with restriction enzymes or in
case of insertions and deletions. Because the other methods listed above consequently
use the defined threshold to determine enriched regions, large regions containing many
probes with enrichment scores just below the threshold value will be missed. As HAT
varies threshold values and region sizes in a single analysis, both small regions (with few,
but highly enriched probes) and large regions (with many, but lowly enriched probes)
can be simultaneously determined to be significantly enriched. A disadvantage of HAT
on the other hand is that it is mainly useful to identify regions which are highly enriched
compared to the complete genome, because the probe intensity on the array is used as
an internal reference. In other words, HAT is not the method of choice when analyzing
interactions with a more global binding pattern. In these cases one should detect sig-
nificantly enriched regions in comparison with a negative control. Of further note, in the
near future enriched genomic regions will be mainly determined on next-generation
sequencing platforms rather than by using tiling arrays, which may decrease the useful-
ness of HAT. The developed algorithm can however easily be changed in such a way that
it will be applicable to analyze next-generation sequencing data, namely by using the
coverage per base pair as intensity value.

2.3.2. Detection of somatic mutations in next-generation sequencing data
Once analyzing next-generation sequencing data, one realizes quickly that the existing
data-analysis tools, like Varscan®°', the Genome Atlas Toolkit (GATK)**>** and Somatic-
Sniper** do not exactly analyze the data as preferred by the user and/or do not clearly
indicate the used algorithm such that the general user is able to understand which
parameters, e.g., coverage, mapping quality, phred scores and allele frequency, are con-
sidered most important. Furthermore, we have observed that the statistical algorithms
used to calculate reliability scores tend to overestimate the importance of coverage,
while underestimating the significance of the allele frequency, especially when com-
paring tumor samples with germ line controls. This may be beneficial when identifying
mutations in minor (sub)clones, but to identify mutations in major clones, this does not
seem to be the right approach. In the latter case, if the coverage is acceptable (>10x), the
allele frequency should be considered one of the most important parameters.

It is generally known that all sequencing platforms have a certain sequencing error
rate and that alignment algorithms may cause misalignment artefacts, leading to false
positive variant calling. This problem differs per experimental platform and is usually in-
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herent to the genomic region, which for example may contain many repeats or stretches
of similar base pairs. Hence, sequencing of germ line controls may show a similar result
at the same genomic position and the variant will be considered a germ line variation.
However, this is not always the case. Therefore, it is highly recommendable always to
validate next-generation sequencing data on a different sequencing platform, as it will
reduce the number of falsely determined genetic alterations.

2.4. Perspective on leukemia research and clinical practice

The number of studies in which next-generation sequencing approaches are employed
to map genetic alterations in leukemias are increasing enormously. Inevitably they war-
rant for specific strategies to be able to understand the biological significance of the
many genetic aberrations identified in these studies.

2.4.1. Will more sequencing lead to more simplicity or more complexity?

At the time of writing, we are passing a phase in which whole genome sequencing
techniques are widely used to identify genetic aberrations in leukemia samples that up
to now were stored in biobanks. We may expect that in a few years all genetic altera-
tions in these samples are determined. Furthermore, it is likely that in the near future
all newly diagnosed leukemias will be analysed by WGS. Consequently, databases, like
the “Catalogue Of Somatic Mutations In Cancer (COSMIC)” database® and the dataset
provided by the TCGA consortium?, will emerge in which the genetic landscape of leu-
kemias will be publically available. However, one should interpret these data with care
as many reported mutations in hematopoietic malignancies are either not validated or
are validated using the same, rather than a different sequencing platform, which will
introduce the same sequencing bias®>°.

In what way will the extensive next-generation sequencing data influence our under-
standings of leukemia and leukemogenesis? Will it lead to more simplicity or to more
complexity, to divergence or to convergence? Based on the spectrum of mutations
so far observed in leukemias and on recent studies that provide new insights in the
complete genetic landscape of MDS/AML by next-generation sequencing?® 36 38 39,55,57-59
we should anticipate that a convergence will be seen for only few genetic alterations,
while a divergence in the complete genetic landscape will be observed. In other words,
it is becoming increasingly clear that even a higher heterogeneity should be expected
than could be anticipated based on methods adopted so far to sub classify leukemias,
i.e., morphology, immunophenotyping, karyotyping and gene expression profiling.

How can we explain the observed heterogeneity in genetic aberrations? One explana-
tion could be that the variety in mutations congregates in commonly affected pathways
that are or still have to be elucidated. Secondly, it may be that only common mutations
play a role in disease development and that other, less frequent mutations solely have
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occurred coincidently in leukemic clones but should be considered passenger mutations.
A more likely explanation however will be a combination of the 2 above. The presence
of one or few common mutations are likely vital for leukemogenesis and affect essential,
common pathways, while a combination of less frequent mutations cause effects that
by themselves are not sufficient for disease development, however combinations of few
are necessary for malignant transformation.

2.4.2. Understanding the heterogeneity in leukemia

When considering the analysis of genetic variants in cancer, the challenge in the long
run will not be to identify acquired mutations but to determine the ones relevant for
disease development. What could be the following steps, once the complete genetic
landscape of AML is known? At first the focus should lie on understanding the role of
non-synonymous mutations as by altering protein functions they are likely relevant for
disease development. However, even by reducing the number of mutations by primarily
focusing on non-synonymous alterations it may be an illusion to expect that the full
functional significance of each of these different mutations will be captured in the near
future. An important and feasible step however should be to study how common ge-
netic alterations contribute to disease. In order to investigate this, functional studies in
different experimental in vitro and in vivo models can be conducted. The focus of these
studies could lie on the elucidation if and how mutually exclusive common mutations
affect similar pathways. Recent examples of mutually exclusive mutations disrupting
common pathways are TET2 and IDH1/IDH2 mutations both influencing conversion of
5-methylcytidine into 5-hydroxymethylcytidine®® and mutations in different components
of the splicing machinery?. Studying commonly affected pathways could consequently
be useful to define new therapeutic targets. Besides studying their functional role, it is of
interest to gain insights into sequential gain of these genetic aberrations in the process
of leukemogenesis as well as to determine their prognostic significance.

When considering the thousands of low frequent mutations it is much more difficult
to come up with a strategy to study if and how these may be relevant for leukemia and
we need to make a few assumptions before being able to proceed. First of all, we should
assume that the number of patients in which a specific mutation is found, reflects its
relevance for disease development. We may determine a predicted relevance for each
mutation, based on its frequency in AML. Secondly, we should suppose that mutations
exerting similar effects by being located (i) in the same gene, (ii) in genes with similar
functions or (iii) in genes present in similar pathways, are mutually exclusive. Following
the same line of reasoning, mutations that have a synergistic effect should significantly
coincide. Keeping these assumptions in mind, we should combine all reported (vali-
dated) mutations and determine which mutations significantly coincide and which are
mutually exclusive. Hereby we have to take into account the predicted relevance of
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these different mutations based on their frequencies in AML, as both mutual exclusive-
ness as well as coincidence of mutations with a high recurrence is more suggestive of
a respectively similar or synergistic effect. Important to note is that the power of the
proposed strategy is dependent on the number of patients. After determining groups
of mutations which likely have a synergistic or similar effect, literature studies followed
by in vitro and in vivo experimental approaches can be adopted to further elucidate the
role of these mutations in leukemia.

Determining the relevance of synonymous mutations as well as mutations in intronic
and intergenic regions will prove to be even more difficult. Here, we may expect an-
swers from integrating different datasets like WGS, mRNA-seq, miRNA-seq, methyl-seq
and chlP-seq. This may allow us to understand the possible consequences of genetic
variations on epigenetic regulation and gene expression. However, many epigenetic
modifications as well as gene expression, microRNA and protein levels may be per-
turbed in leukemia independent of genetic aberrations. Hence, by solely focusing on
genetic alterations we would ignore other important cellular regulatory mechanisms
that have a major role leukemic transformation. Large scale profiling of microRNA and
gene expression levels and DNA methylation patterns in AML®'%* show that a similar
level of heterogeneity is observed at these levels of regulation as is seen for genetic
alterations. The approach to identify alterations in these datasets that play a key role
in leukemia will be as proposed above, by integrating different datasets. In contrast to
genetic alterations however, alterations at these regulatory levels are dynamic. Further-
more, identification of these alterations in minor clones is difficult, as the effect is diluted
out by “normal” cells while the sensitivity of the adopted experimental methods might
not be sufficient to monitor these changes. Hence, identification of “early” epigenetic
changes and aberrations in expression levels will prove to be a bigger challenge than
for genetic alterations. Unfortunately, a limitation for all the proposed studies is that
sufficient samples are needed to reach enough statistical power. Hence, consequences
of alterations present in single or few patients will remain difficult to interpret.

2.4.3. How to deal with heterogeneity in clinical practice?

Nowadays, with the upcoming use of genome-wide techniques, we are mapping genetic
and epigenetic aberrations in leukemia more rapidly than that we are able to understand
their biological relevance. The new findings may be used in clinical practice as predictive
markers, diagnostic tools and prognostic parameters. However, with the high hetero-
geneity that is unraveling at the time of writing, defining candidate genes to perform
extensive functional studies in order to elucidate their functional role in leukemia will be
more difficult. This nevertheless is essential to understand the molecular mechanisms
behind leukemia and to find new therapeutic targets. The first step in this process, i.e.,
selecting candidate genes, should be based on the assumption that genes altered in a
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large number of patients are likely driving disease development. Hence, the selection
of candidate genes should first of all be dependent on the frequency of specific altera-
tions in AML. Secondly, it should be explored whether proliferation and/or survival of
the leukemic cell is dependent on the presence of the alteration in the candidate gene,
as only then, intervening with the alteration will have a cytostatic or cytotoxic effect.
Thirdly, the mechanism of action of the alteration should be investigated to specifically
target the affected molecular pathway. Fourthly, different chemical compounds can be
generated and/or tested to monitor their effect on proliferation and survival of cells with
the specific alteration, preferably in comparison to cells not carrying the alteration. In
the end, this will lead to the identification of specific compounds that can be tested in
mouse models, followed by further analysis in clinical trials. In this way, we should be
able to assign combinations of few therapeutic compounds to leukemia patients based
on the presence and absence of specific aberrations. This is an elegant treatment strat-
egy, as we tackle different essential pathways in the leukemic blasts in order to eradicate
the complete leukemic clone, without leaving undetectable leukemic blasts that may
cause relapse.

In conclusion, with the accumulating results of studies using genome-wide tech-
niques, a general view is unraveling that leukemia is a highly heterogeneous disease and
that the combination of molecular events leading to leukemic transformation are likely
unique in each single case. The challenge in the future will not be to add more hetero-
geneity by performing additional large scale screens but to understand the molecular
mechanism behind the disease and to assign the right therapy to each single patient.
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G6PC3
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HAX1

HIG

HSC

Indel

iPCR

LLGL2

LTR

MDS
MeDIP
MeDIP-on-chip

methyl-seq
miRNA-seq
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Chromatin immunoprecipitation followed by deep-sequencing
Colony-stimulating factor 3

Colony-stimulating factor 3 receptor
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amino acid position 595 (extracellular)
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Neutrophil elastase

Glucose-6-phosphatase 3

Granulocyte colony-stimulating factor (see also CSF3)

Growth factor independent protein 1
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Hypergeometric analysis of tiling-arrays

HCLS1 associated protein X-1

Haplo-insufficient gene
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Methylated viral integration site
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De aanmaak van bloed is een continu proces waarbij dagelijks miljoenen nieuwe rode
en witte bloedcellen en bloedplaatjes worden aangemaakt. Als dit proces verstoord
wordt, kan bloedkanker ofwel leukemie ontstaan. Afwijkingen die bij het ontstaan van
leukemie een rol spelen zijn verworven veranderingen in de genetische code ofwel het
DNA van de leukemische cellen, deze worden mutaties genoemd. Ook veranderingen
in hoe de genetische code wordt afgelezen in deze cellen, de zogenaamde epigene-
tische veranderingen, kunnen hierin een rol spelen. Acute myeloide leukemie (AML)
is een vorm van leukemie die in het beenmerg ontstaat, de plaats waar de normale
bloedcelvorming plaatsvindt. Het werk beschreven in dit proefschrift richt zich op de
identificatie van nieuwe genetische en epigenetische afwijkingen die mogelijk betrok-
ken zijn bij het ontstaan van AML. Daartoe werden twee verschillende modellen voor
het ontstaan van leukemie gebruikt. Ten eerste werden analyses gedaan in patiénten
met ernstige aangeboren neutropenie (SCN), een aandoening met een verhoogde kans
op het ontwikkelen van AML. Daarnaast werd gebruik gemaakt van virale insertie mu-
tagenese in muizen, waarbij leukemie wordt geinduceerd door infectie met leukemie
veroorzakende virussen.

In hoofdstuk 1 wordt een algemene introductie gegeven over SCN en AML, met daarbij
een overzicht van de huidige inzichten op het gebied van de onderliggende genetische en
epigenetische veranderingen in deze ziektebeelden. SCN is een aandoening waarbij pati-
enten een sterk verlaagd aantal witte bloedcellen (neutrofiele granulocyten) in het bloed
hebben, een conditie die neutropenie wordt genoemd. Omdat neutrofiele granulocyten
essentieel zijn voor de afweer tegen micro-organismen, met name bacterién, hebben SCN
patiénten een sterk verhoogde kans op terugkerende en soms zelfs levensbedreigende
infecties. De neutropenie kan in veel gevallen succesvol worden behandeld met G-CSF, de
groeifactor voor neutrofiele granulocyten. Echter, de sterk verhoogde kans op het ontwik-
kelen van AML in deze patiénten blijft een belangrijk punt van zorg. De rol van G-CSF in het
ontstaan van leukemie in deze en andere patiénten wordt bediscussieerd in hoofdstuk 2.
G-CSF bindt aan de G-CSF receptor, een eiwit dat zich presenteert op de buitenkant van
neutrofiele granulocyten. Hierop volgend worden er in de cel mechanismen geactiveerd
die de groei en uitrijping van deze cellen stimuleren. In SCN patiénten worden frequent
mutaties gevonden in de G-CSF receptor. Deze leiden tot expressie (i.e., het presenteren)
van verkorte vormen van de receptor, die versterkt gevoelig zijn voor G-CSF. Mutaties in de
G-CSF receptor, evenals bepaalde afwijkingen in chromosoomaantallen, te weten het ver-
werven van een extra kopie van chromosoom 21 (trisomie 21) en het verlies van een kopie
van chromosoom 7 (monosomie 7) of een gedeelte daarvan (7g-) zijn tot dus ver de enige
frequent voorkomende afwijkingen die gerelateerd worden aan leukemie ontwikkeling in
SCN patiénten. Derhalve zijn de onderliggende afwijkingen in SCN en de leukemie die hier-
uit voortkomt voor het grootste deel nog onbegrepen. Er is voornamelijk meer bekend over
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de groep patiénten met de novo AML. Deze AML patiénten hebben geen voorgeschiedenis
van beenmerg falen, myelodysplastisch syndroom (een aandoening waarbij afwijkingen in
het beenmerg worden gezien die ook bij leukemie voorkomen) of behandeling met che-
motherapie, en vormen de grootste groep van AML patiénten. De huidige genoombrede
technieken waarmee de gehele genetische code snel in kaart kan worden gebracht hebben
laten zien dat de onderliggende veranderingen in de novo AML patiénten zeer variabel kun-
nen zijn; veel verschillende genetische en epigenetische afwijkingen worden gevonden in
deze patiéntengroep, waarvan slechts enkele frequent voorkomen. In het laatste deel van
hoofdstuk 1 worden de voor- en nadelen van genoombrede technieken besproken.

In hoofdstuk 3 tot 5 van dit proefschrift ligt de focus op de identificatie van nieuwe
mutaties die betrokken zijn bij de progressie van SCN naar AML, evenals op de mogelijke
rol die deze mutaties kunnen hebben in dit proces. In hoofdstuk 3 worden de genetische
afwijkingen in sequentiéle bloed- en beenmergmonsters van een SCN patiént in kaart ge-
bracht die uiteindelijk na 17 jaar G-CSF behandeling leukemie ontwikkelde. Deze patiént
wordt hierna de index patiént genoemd. In deze analyse lag de nadruk op het identifi-
ceren van verworven mutaties in de bloed- en/of beenmergcellen die dus niet in andere
lichaamscellen van de patiént voorkomen. Verworven mutaties kunnen in verschillende
regio’s in het DNA voorkomen; als een mutatie in een regio voorkomt die codeert voor
een eiwit dan kan dit een verandering teweeg brengen in de structuur en functie van dit
eiwit. In de index patiént werden 12 van dit soort mutaties gevonden. Een interessante be-
vinding is dat drie van deze mutaties al aanwezig waren in een kleine hoeveelheid cellen
in het beenmerg 15 jaar voordat de AML zich manifesteerde. Eén van deze mutaties was
een mutatie in de G-CSF receptor die al eerder was geidentificeerd in deze patiént, terwijl
de andere twee nieuwe mutaties waren in de genen coderend voor LLGL2 en ZC3H18. De
drie “vroege” mutaties zijn samen aanwezig in dezelfde (pre-leukemische) cel, waarbij de
mutatie in ZC3H18 later is ontstaan dan de mutaties in de G-CSF receptor en LLGL2. Voor
deze twee eerdere mutaties kon geen hiérarchie in het ontstaan in de tijd worden aan-
getoond. De aanwezigheid van drie mutaties in de vroege fase van de ziekte suggereert
dat ze een belangrijke rol spelen in de vroege stappen van leukemie ontwikkeling. Negen
andere mutaties werden alleen gevonden in de leukemische fase in de SCN index patiént.
Eén daarvan was een tweede mutatie in de G-CSF receptor die voorkomt in combinatie
met de eerder gevonden G-CSF receptor mutatie. Cellen die G-CSF receptoren met deze
tweede mutatie tot expressie brengen groeien in de afwezigheid van G-CSF en andere
groeifactoren. Het verwerven van groeifactor onafhankelijke groei kan gezien worden als
een belangrijke stap in leukemie ontwikkeling. In hoofdstuk 4 wordt beschreven dat deze
tweede G-CSF receptor mutatie ook laag frequent voorkomt in de novo AML patiénten.
Bovendien wordt er beschreven dat expressie van receptoren met deze mutatie G-CSF
onafhankelijke stimulatie van de transcriptiefactoren STAT3 en STAT5 veroorzaakt in de
cel, iets wat normaliter alleen wordt gezien na G-CSF stimulatie. Wat betreft de andere
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mutaties die gevonden werden in de leukemie cellen van de index patiént; mutaties in de
genen ASXL1, EP300, RUNX1 en SUZ12 werden eerder gerapporteerd in andere leukemieén
en lymfklierkanker, terwijl mutaties in de genen CCDC155, FBXO18, LAMB1 en MGA niet
eerder werden gevonden. Echter, ongepubliceerde data van The Genome Atlas Consor-
tium die de volledige genetische informatie van 199 AML patiénten bevat, laat zien dat
mutaties in MGA en CCDC155 in een zeer lage frequentie aanwezig zijn. In hoofdstuk 5
wordt de aanwezigheid van mutaties in de genen die gemuteerd zijn in de SCN index
patiént in een grotere groep van 26 SCN patiénten onderzocht, evenals mutaties in ge-
nen die er sterk op lijken en genen die coderen voor eiwitten waarmee ze een interactie
aan kunnen gaan. Vijf van de onderzochte SCN patiénten ontwikkelden leukemie. Deze
analyse laat zien dat mutaties in de geidentificeerde genen in de index patiént, behalve
in de G-CSF receptor, zeldzaam zijn in andere SCN patiénten in de vroege fase van de
ziekte; in 1 patiént werd een mutatie in LAMB2 gevonden. Daarnaast zijn RUNXT mutaties
in combinatie met mutaties in de G-CSF receptor de enige frequent gevonden afwijkingen
in SCN patiénten die leukemie hebben ontwikkeld.

In hoofdstuk 6 werd retrovirale insertie mutagenese gebruikt als model om nieuwe
haplo-insufficiénte genen op te sporen die betrokken zijn bij AML. De gebruikte retro-
virussen in dit model kunnen beenmergcellen van muizen infecteren en vervolgens
integreren in het DNA van deze cellen. Hier kunnen ze de regulatie van dichtbij liggende
genen verstoren, waardoor ze leukemie kunnen veroorzaken. Hierbij kan er sprake zijn
van een verhoogde of verlaagde expressie van de aangedane genen. We spreken van
haplo-insufficiéntie als de normale expressie niveaus en/of functionele activiteit van
een gen/eiwit gereduceerd is en deze verlaging in expressie en/of functionele activiteit
bijdraagt tot leukemie ontwikkeling. Om haplo-insufficiénte genen te detecteren heb-
ben we virale integraties opgespoord die op DNA niveau gemethyleerd zijn, omdat DNA
methylatie een bekend mechanisme is dat expressie van genen kan reduceren. Daartoe
hebben we een methode ontwikkeld waarbij verrijkt wordt voor DNA fragmenten van
gemethyleerde retrovirale inserties, die vervolgens op een chip werden geladen. De data
van de chip hebben we gebruikt om de flankerende genen van deze gemethyleerde in-
serties op te sporen. Om de data van de chip goed te kunnen analyseren hebben we een
nieuwe data-analyse methode ontwikkeld genaamd “hypergeometric anaylsis of tiling
arrays” (HAT), welke wordt beschreven in hoofdstuk 7. Deze methode is speciaal gericht
op het detecteren van verrijkte genomische regio’s van verschillende grootte en inten-
siteit. Middels deze methode werd het gen Ptp4a3 geidentificeerd dat werd geflankeerd
door een DNA gemethyleerde retrovirale insertie en een verlaagde expressie had in de
leukemiecellen ten opzichte van normale expressie niveaus in het beenmerg in muizen,
een teken van haplo-insufficiéntie. Ptp4a3 is dus een potentieel haplo-insufficiént gen.
Verder bleken PTP4A3 expressie niveaus van prognostisch voorspellende waarde in een
cohort van AML patiénten gediagnosticeerd onder de leeftijd van 60 jaar.
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ken. Beste Marieke v L., het is alweer 2 jaar geleden dat je naar Sanguin in Amsterdam
bent vertrokken. Sinds die tijd mis ik je enthousiasme en positivisme. Overleg met jou
moedigde me altijd aan “moeilijke” keuzes te maken en te kiezen voor de dingen die
goed voelden.

Beste Marijke, dit boekje had er absoluut niet gelegen zonder jouw enorme inzet. Het
is een bekroning op ons werk. Ik hoop dat je er net zo trots op bent als ik. Ik heb ervan
genoten de afgelopen jaren met je samen te werken. Een zeer goed team, dat waren
we! Het was geweldig dat er aan een half woord genoeg was voor het uitvoeren van
experimenten. Ik heb bewondering voor je enorme werklust (er werd nooit geklaagd
als er teveel werk was, maar wel als er te weinig te doen was), je vaktechnisch inzicht en
je doorzettingsvermogen. Ik waardeer je eigenwijsheid en je altijd duidelijke mening.
Zonder deze eigenschappen van jou waren een aantal experimenten in dit proefschrift
waarschijnlijk nooit uitgevoerd. Daarnaast wil ik je meegeven dat ik heel trots op je ben
dat je moeilijke keuzes niet uit de weg gaat, maar dat je ze hebt aangegrepen als een
kans om jezelf beter te leren kennen en een nieuwe weg in te slaan. Petje af! Beste Pau-
lette, de afgelopen jaren heb je ons team versterkt en daar ben ik heel blij mee. Je bent
een ontzettend harde werker, je hebt veel inzicht en je enthousiasme werkt aanstekelijk.
Daarnaast ben je ontzettend lief en een steun en toeverlaat voor velen, dat is een enorm
mooie eigenschap waar velen een voorbeeld aan zouden kunnen nemen! Lieve meiden,
ik ben er enorm trots op wat wij samen de afgelopen jaren hebben bereikt en ik ben
heel blij dat jullie op 18 januari naast mij staan. Ik mis jullie, jullie moeten maar snel
langskomen in Barcelona.

Beste Annemarie en Karishma, mijn mede AlO’s in de Touw-groep. Wat was het leuk om
met jullie samen te werken! Dank jullie wel voor de momenten waarop we lief en leed
konden delen. Karishma, thank you for the great trip to India! It was a great experience
and who could have thought that it would change my life completely. | wish you all
the best together with Girish. Annemarie, dank je wel dat ik je paranimf mocht zijn
tijdens jouw promotie, dat was een hele eer! Ik wens je veel succes met het afronden
van je opleiding tot klinisch chemicus en veel geluk samen met Joost, die een geweldige
acteur is gebleken. Beste Jurgen, wat gaat de tijd snel, je bent alweer ruim een jaar weg
op de afdeling. We hebben veel meegemaakt samen de afgelopen jaren, zowel op het
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werk als privé. Dank je wel voor je scherpe visie, je inzicht en je luisterend oor. Dit laatste
is voor mij zeer belangrijk geweest om mijn gevoelens en frustraties te kunnen delen
wanneer ik dit nodig had. Het was geweldig om met je samen te werken en ik hoop ons
contact in de toekomst voort te kunnen zetten. Dear Tanja, it was very nice working
with you. | enjoyed the personal talks that we had and | keep very good memories about
shooting the movie for Annemarie. You were a great director and camera woman! | wish
you all the best in Serbia. Beste Onno, je bent een zeer behulpzame en geweldige col-
lega. Dank je wel voor je bijdrage aan dit boekje. Ik wens je veel geluk samen met Bia en
ik hoop dat jullie snel een knoop kunnen doorhakken, zodat jullie in de toekomst samen
kunnen zijn. Beste Stefan E., dank je wel voor al je input de afgelopen jaren en voor de
supervakantie in Boston, nu alweer heel wat jaartjes geleden. In jouw proefschrift in
2005 schreef je speciaal voor mij: “Het is moeilijk, maar het gaat zeker lukken........ , denk
ik Nu, 7 jaar verder mogen we concluderen dat je “denk ik” weg mag halen, daar ben ik
trots op! Ik heb bewondering voor je harde werklust, voor je doorzettingsvermogen en
voor hoe je je eigen groep leidt. Het is moeilijk, maar het gaat zeker lukken! Dear Albert,
you were an inspiration for me. You have a great personality, | admire your calmness,
your willingness to help and your dedication to your work. These characteristics made
you a great colleague. Beste Lotte, het is alweer een tijdje geleden dat je als student
op de afdeling rondliep. Ik heb er bewondering voor hoe je een moeilijk project tot
een goed einde hebt gebracht, dat uiteindelijk ook nog bekroond is met een publicatie.
Dank je wel voor al je inzet. Veel succes in Groningen met je promotie en je specialisatie.

Beste Su Ming en Simone, jullie waren mijn (kop)kamergenootjes van het eerste uur
en zijn dit gebleven tot het eind. Dank jullie wel voor al het lief en (AlO-)leed dat we
samen gedeeld hebben. De gesprekken met jullie waren inspirerend, inzichtelijk en
gezellig, soms iets te gezellig. Su Ming, je mag trots zijn op jezelf, op wat je de afgelopen
jaren hebt bereikt tijdens je promotie en op je postdoc positie in Leiden. Ik wil je 1 ding
meegeven voor de toekomst: probeer het leven van de positieve kant te benaderen.
Ik wens je veel geluk samen met Xiwen. Simone, dank je wel voor de vele discussies
die we gevoerd hebben, waarin “wie is de mol” toch redelijk vaak aan bod kwam. Ik
waardeer je altijd duidelijke mening. Ik wens je veel succes met het kiezen van je
toekomstige postdoc positie en met de keuzes die daarna gaan komen. Keuzes maken
is niet altijd even makkelijk, maar ik heb er alle vertrouwen in dat je ergens uitkomt
waar je je op je plek voelt. Beste Erdogan, 5 jaar geleden begonnen we samen op de
kopkamer. Het was altijd leuk en gezellig om met je te praten over wetenschappelijke
en niet-wetenschappelijke zaken. Het was heel waardevol om via jou een kijk op de
bio-informatica te krijgen en ik ben heel blij dat je me ooit hebt geleerd hoe ik matlab
moet gebruiken! En jij ook denk ik, want dat scheelde toch heel wat vragen van mijn
kant. En wie had gedacht dat we er zelfs samen nog een publicatie uit zouden slepen.
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Ik wens je veel succes met het afronden van je promotie en natuurlijk alle geluk samen
met Ankie en Senna. Dear Rasti, | have appreciated your always critical view the past
few years. This made you a very good and well appreciated colleague. You can be proud
of your postdoc position at EMBL. | wish you good luck with finishing your thesis. Beste
overige kopkamergenootjes van het eerste uur, Kerim, Lucila, Stein en Eric V., het is
alweer lang geleden dat we met elkaar op de kopkamer zaten. Dank jullie wel voor de
gezellige momenten en veel succes in de toekomst. Dear Roberto, | regret that the time
has been too short to get to know each other very well. | have enjoyed the inspiring
talks we had the past few months. | am sure that you will find your way in science as long
as you keep believing in yourself! Beste Shirley, dank je wel dat ik mijn gevoelens en
onzekerheden over belangrijke levenskeuzes met je kon delen. Wat dat betreft hebben
meer gemeen dan we op het eerste gezicht misschien dachten. Ik wens je veel geluk toe
in de toekomst en ik weet zeker dat je de juiste keuzes zal maken om dit te bereiken.
Beste Michelle, we hebben maar kort bij elkaar op de kamer gezeten, desalniettemin
was het erg gezellig. Succes de komende jaren met je promotie!

Beste Lianne, je bent sinds jaar en dag betrokken bij het SCN project, al jaren voordat ik
op de afdeling als AlO begon. Jouw inzet is zeer belangrijk geweest voor de studies die
in dit proefschrift beschreven staan. Dank je wel voor je grote inzet, dat je altijd bereid
was om te helpen, de geweldige data-opslag waarin altijd alles terug te vinden was
(daar kan ik nog heel wat van leren!) en voor je interesse in het project. En daarnaast
natuurlijk voor je persoonlijke interesse. Beste collegae van de BMT groep, beste Eric
B., Lianne, Peter v. G, Arie, Hans H., Hannie, Pia, Anita en Larissa, ik ben jullie zeer
dankbaar voor de goede opslag van alle samples die binnenkomen op de afdeling. Dit is
niet alleen belangrijk geweest voor de totstandkoming van dit proefschrift, maar is van
zeer grote waarde voor de afdeling in het algemeen.

Beste Antoinette, het is alweer lang geleden dat ik als student begon in de Delwel
groep. Het was heel fijn dat ik zoveel van jou kon leren in die beginperiode, dank je wel
voor de goede begeleiding, de goede gesprekken en je gezelligheid. Beste Claudia, je
bent een zeer ervaren analiste en je stond altijd klaar om te helpen. Ik heb veel van je
geleerd. Dank je wel voor alle hulp gedurende de afgelopen jaren. Beste collegae van de
moleculaire diagnostiek, beste Peter V., Antoinette, Pauline, Sonja, Wendy, Chantal,
Isabel en Marloes, dank jullie wel voor alle hulp en alle samples die ik de afgelopen
jaren van jullie gekregen heb en voor alle persoonlijke interesse! Jullie werk is van zeer
belangrijke waarde voor de afdeling.

Dear Mathijs, Remco, Erdogan and Veronika, this thesis could not have been genera-
ted without you.The past years | have learned that the collaboration between biologists,
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bio-informaticians and statisticians is of great importance in science; that everyone of
us has his/her own expertise, but that you can reach a lot when joining forces! Collabo-
rating with you was a great experience and | learned a lot about the different aspects of
bio-informatics and statistics. This knowledge will be of great value in my future career
and | hope that it will be possible to keep in contact every now and then to share some
questions with you.

Beste Ans, dank je wel voor al je hulp de afgelopen jaren. Voor alle brieven en andere
dingen die je voor me geregeld hebt. Beste LDC-genootjes, beste Mark, Merel en Isa-
bel. Ik heb de labdagcommissie als een hele leuke tijd ervaren. Dank jullie wel voor
jullie inzet, creativiteit en gezelligheid gedurende deze periode! Beste Jurgen, Sophie
en Marleen, ik heb goede herinneringen aan onze spelletjes avonden, dank jullie wel
hiervoor!

Dear Meri, Roel V., Godfrey, Gert-Jan, Dominik, Marieke B., Bart, Fokke, Eric vd.
A., Mahban, Elwin, Jan, Leenke, Tomasia, Sevilay, Natasja, Diana, Hannah, Saman,
Justine, Bas, Sanne, Jurjen, Jo, Annemiek, Goran, Marianne, Janine, Eric B., Martijn,
Yvonne, Joyce, Reinilde, Nicole, Hans de L., Irene, Marije, Carola, Arturo, Rogier,
Natalie, Ferry, Jasper, Francois, Annelieke, Mojca, Menno, Yvette, Athina, Stefan G.
and Helen, thank you for all your help, you were great colleagues! | wish you all the best
for the future. Dear Roel P., Davine, Farshid, EInaz, Andrzej, Kasia, Rowan, Marshall,
Patricia, Aysegiil, Lucia, Amiet and Noemi, | wish you all the luck with finishing your
PhD-projects and writing your theses. Dear Julia, | wish you a great time at the depart-
ment!

Beste Judith en Anne, ik vind het altijd erg leuk om met jullie af te spreken. Ook al is het
niet heel frequent, het is altijd gezellig en vertrouwd. Dank jullie wel voor hiervoor! Ik
hoop dat jullie snel een keer naar Barcelona komen.

Beste (oud-)collegae van de afdeling hematologie, ik wil jullie allemaal bedanken
voor jullie wetenschappelijke input, voor de inspirerende en leuke discussies op we-
tenschappelijk en persoonlijk gebied, voor alle hulp die ik van jullie heb gekregen de
afgelopen jaren en voor alle gezelligheid!

Dear Nico Hartwig, Taco Kuijpers, Marrie Bruin, Géran Carlsson, Peter Vandenberg-
he, Jean Donadieuand Anjo Veerman. Thank you for sending in SCN patient samples
during the past years as well as for your clinical input in the different projects described
in this thesis.
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Dear mentors of the research master Molecular Medicine, dear Claire, Anton, Elaine,
Riccardo, Dick and Ruud, | would like to thank you for starting the initiative to allow
medical students to simultaneously get trained in different aspects of fundamental
research. This initiative recognizes that it is of great importance to train students both
in medicine and fundamental research to allow them to implement research findings in
the clinic and vice versa. This is of great importance in translational research. For me, it
was a great opportunity to follow the research master and it has been of great value for

my scientific career!

Dear mentors and fellow-students of TRTH group 1, dear Eva, Hal, Radek, Frank, Wim,
Felicitas, Thomas, Philip and Rafael, it was great to discuss our research projects to-
gether and to get a broader view on different aspects of fundamental and translational
hematology. Your input in my project has been of great importance to finish this thesis!
Dear Donna, thank you for all your help and your personal interest! The TRTH has been a
great opportunity for me to set up new collaborations and to develop as a fundamental
researcher in hematology. To all the mentors and fellow-students of the TRTH program
of 2011, it was great meeting you, we will keep in contact!

Lieve Sandra, Christine en Daniél, dit proefschrift had er niet gelegen zonder jullie
hulp in moeilijke tijden. Ik ben ontzettend dankbaar voor onze goede vriendschap, het
is geweldig om samen de mooie momenten van het leven te kunnen delen en het voelt
heel geruststellend om te weten dat ik altijd op jullie terug kan vallen. Tijden veranderen
en we zullen elkaar minder vaak zien nu ik in Barcelona woon, maar dat betekent niet
dat onze vriendschap minder hecht zal worden. Lieve Sandra, jij bent een geweldige
vriendin. Ik mis onze hardlooprondjes, onze ontbijtjes op zaterdag, onze kopjes thee en
je gezelligheid. Gelukkig hebben we skype, dat maakt het iets makkelijker. Ik ben er trots
op hoe je je door moeilijke tijden in het leven slaat en dat je ze aangrijpt om jezelf beter
te leren kennen. Heb vertrouwen in jezelf, dat is wat ik je graag mee wil geven! Dank je
wel dat ik bij je in huis mocht wonen, dat voelde heel fijn en vertrouwd! Lieve Chris, al
sinds de 4¢ klas zijn we vriendinnen, 15 jaar alweer. Je bent een geweldige vriendin en
samen hebben we veel lief en leed gedeeld. Ik vond het een geweldige eer dat ik getuige
mocht zijn op jullie bruiloft. Het is super om te zien dat je samen met Daniél zo gelukkig
bent. Ik ben trots op je dat je de laatste jaren keuzes hebt gemaakt waarvan je gelukkig
wordt. Ik kan alleen maar zeggen, zet dit voort en realiseer je dat geluk niet zit in mate-
riéle dingen, maar in de liefde van de mensen die je omgeven, je familie en vrienden, en
in wat je zelf van het leven maakt. Lieve Daan, je bent een geweldige vriend! Dank je wel
voor alle leuke gesprekken, alle goede raad, je bereidheid om altijd te helpen en voor
je nuchtere kijk op de wereld. En voor het delen van je mannelijke kijk op de dingen,
daar heb ik heel veel van geleerd de afgelopen jaren. En dank je wel dat ik bij jullie
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thuis mocht wonen toen dit nodig was! Lieve Albert, alweer 11 jaar geleden begon onze
hechte vriendschap. Dank je wel voor de diepgaande discussies die we in de loop van de
jaren hebben gevoerd en voor alle gezelligheid. Vriendschappen kennen ups en downs,
dat hebben we de afgelopen jaren ervaren. Dat was een belangrijk leermoment voor
mij en ik ben blij dat we nu een hechte band hebben waarop we kunnen terugvallen, al
zien we elkaar misschien niet even vaak als we zouden willen. Ik heb grote bewondering
voor het feit dat je je droom achterna bent gegaan en dat je nu als tropenarts werkt in
Kenia! Lieve vrienden, dank jullie wel voor alle gezelligheid, feestjes, oudjaars-dineetjes,
weekendjes, de mooie gedichten op sinterklaasavond, de vele spelletjes avonden en de
goede gesprekken!

Lieve familie, we zien elkaar niet vaak, maar ik geniet altijd van het familieweekend! Ik
weet dat het belangrijk is om je eigen keuzes te maken in het leven, maar toch voelt het
heel goed om hier met jullie over te kunnen praten en te voelen dat jullie deze keuzes
begrijpen. Dat is heel waardevol! Dear Marti, Montse, David, Rosa, Carlos, Joel, Sergi,
Eva and Daniel, moving to Barcelona has been a big step for me the past year. Thank
you for being a great family, for all your support and for making me feel at home!

Lieve Sicco, ik ben trots op een lieve grote broer als jij! Je gaat je eigen weg en volgt je
eigen geluk, daar heb ik bewondering voor. En ik vind het leuk om de laatste jaren te
merken dat we meer gemeen hebben dan dat we in eerste instantie misschien dachten.
Dear Lauren, you are a great sister-in-law!

Lieve pap en mam, ik heb grote bewondering voor jullie. Jullie hebben mij en Sicco
geleerd dat we zelf ons geluk moeten maken en dat we ons hart moeten volgen. Jul-
lie hebben ons altijd gesteund in de keuzes die we maakten en jullie hebben ons alle
mogelijkheden geboden om ons geluk te verwezenlijken. Voor jullie staat ons geluk
altijd op nummer 1 ook al betekent dat, dat we allebei niet in de buurt wonen en dat we
elkaar niet zo vaak kunnen zien als we misschien zouden willen. Lieve mam, ik heb be-
wondering voor je altijd positieve kijk op het leven, voor hoe je problemen snel aanpakt
en oplost, voor je evenwichtige persoonlijkheid en voor hoe je altijd voor anderen klaar-
staat. Lieve pap, ik waardeer je rustige persoonlijkheid, je altijd weloverwogen mening,
je grote behulpzaamheid naar andere mensen toe en het feit dat je je altijd voor meer
dan 100% inzet. Een mix van deze eigenschappen, de één een beetje meer en de ander
een beetje minder, maakt mij mij en daar ben ik trots op! Zonder deze eigenschappen
en zonder jullie hulp had dit boekje er nooit gelegen en het voelt geweldig om te weten
dat jullie er net zo trots, zo niet nog trotser op zijn dan ik!
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Lieve Uri en Ona, mijn laatste woorden zijn uiteraard voor jullie. Dear Uri, who could
have ever thought that our short trip to India would change our lives forever. Thanks to
you, | realized that we belong together. It took me some time to follow my heart and |
highly appreciate your patience! Ever since, our lives have changed completely. Being
together feels like how life should be, it makes making choices easier, it takes my doubts
about the mayor questions in life away and most important of all, it makes me very
happy! | would like to thank you for believing in me, for all your support and encourage-
ment not only during my PhD-project, but far beyond that. Lieve Ona, al sinds dat papa
en mama samen zijn, dromen we van het krijgen van een kindje. We zijn ontzettend

dankbaar en gelukkig met jouw komst!

Renée
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ACADEMIC ACHIEVEMENTS

Medical Degree (2000 - 2007)

Erasmus University Rotterdam (cum laude)

Master of Science degree in Molecular Medicine (2001 - 2005)

Erasmus University Rotterdam

Secondary education (1994 - 2000)

SG Spieringshoek, Schiedam. Subjects: Dutch, English, Latin, Mathematics, Physics,
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PROFESSIONAL ACTIVITIES

PhD-student in training (February 2008 - June 2012)

Department of Hematology, Erasmus University Rotterdam, The Netherlands
Supervisor: Prof. Ilvo P. Touw

Thesis title: Genome-Wide Analysis of Severe Congenital Neutropenia and Leukemia;
Implications for Leukemogenesis

Master student in training (September 2004 - September 2005)

Department of Hematology, Erasmus University Rotterdam, The Netherlands
Supervisor: Prof. lvo P. Touw

Project title: Large-scale identification of tumor suppressor genes in acute myeloid
leukemia
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Supervisor: Dr. Ruud Delwel

Project title: Analysis of the protein interaction and mechanism of transcriptional
repression of the binding partners MBD3 and EVI1
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Erasmus Postgraduate school Molecular Medicine
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European Hematology Association (2008 - present)

AWARDS

Translational Research Training in Hematology (TRTH) Award (American Society
of Hematology (ASH) and European Hematology Association (EHA), 2011)

Travel grant for the 14", 15t and 17" annual EHA congress (June 2009, 2010 and 2012)
Best Erasmus Medical Center graduate student of 2007 (Batavian Society for
Experimental Philosophy in Rotterdam, September 2008)
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Sequential gain of mutations in severe congenital neutropenia progressing to acute
myeloid leukemia. Blood 2012 May 31;119(22):5071-7 (Plenary paper)
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Analysis in Human AML Identify Reduced PTP4A3 Expression as a Prognostic Indica-
tor. PLoS One. 2011 Oct 20;6(10):e26537.
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Stunnenberg H, Delwel R. Myeloid transforming protein Evi1 interacts with methyl-
CpG binding domain protein 3 and inhibits in vitro histone deacetylation by Mbd3/
Mi-2/NuRD. Biochemistry. 2008 Jun 17;47(24):6418-26.

Invited contributions

R. Beekman and I.P. Touw. The role of G-CSF in leukemic progression of severe con-
genital neutropenia. Oncologie up-to-date. 2010 Jun 24;1(3):19-20.



Curriculum Vitae, Awards and List of Publications

PARTICIPATION IN CONFERENCES
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Annual Spring Meeting Dutch Foundation for Quality Assessment in Clinical
Laboratories (MODHEM/SKML), April 2012. Sequential gain of mutations in severe
congenital neutropenia progressing to acute myeloid leukemia.

Annual meeting Center Translational and Molecular Medicine (CTMM), March
2011. Identification of novel disease genes in acute myeloid leukemia

Annual meeting Center Translational and Molecular Medicine (CTMM), February
2010. Large-scale identification of tumor suppressor genes and prognostic factors in
human AML based on retroviral insertion mutagenesis

Oral presentations at national and international conferences

Annual European Hematology Association (EHA) conference, June 2012. Sequen-
tial gain of mutations in severe congenital neutropenia progressing to acute myeloid
leukemia.

Annual American Society of Hematology (ASH) meeting, December 2011. Meth-
ylated Retroviral Integration Mutagenesis (MRIM) in Mice and Comparative Analysis
in Human AML Identify Reduced PTP4A3 Expression as a Prognostic Indicator.
Dutch Hematology Congress, January 2010. Retroviral integration mutagenesis
in mice as a platform for identification of critical tumor suppressor genes in human
myeloid disorders.

Dutch Hematology Congress, January 2009. A new strategy to identify methyl-
ated viral integration sites in murine acute myeloid leukemia (AML).

Annual European Hematology Association (EHA) conference, June 2006. A new
strategy to identify tumor suppressor genes in acute myeloid leukemia (AML).

Poster presentations at national and international conferences

The European Molecular Biology Organisation (EMBO) meeting, September
2010. Identification of critical tumor suppressor genes (tsgs) and new prognostic
factors in human myeloid disorders using retroviral insertion mutagenesis.

Annual European Hematology Association (EHA) conference, June 2010. Iden-
tification of critical tumor suppressor genes (tsgs) and new prognostic factors in
human myeloid disorders using retroviral insertion mutagenesis.

The European Molecular Biology Organisation (EMBO) meeting, September
2009. Retroviral integration mutagenesis in mice as a platform for identification of
critical tumor suppressor genes (tsg) in human myeloid disorders.

Annual European Hematology Association (EHA) conference, June 2009. Retro-
viral integration mutagenesis in mice as a platform for identification of critical tumor
suppressor genes in human myeloid disorders.
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®  Summerschool on Chromatin Plasticity, September 2008. A new strategy to
identify methylated viral integration sites in murine acute myeloid leukemia (AML).
®  Annual Molecular Medicine Day, February 2006. Large-scale identification of

tumor suppressor genes in murine acute myeloid leukemia.
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AlO/postdoc meeting (department of hematology, 3x) 2008-2012 1,5
Journal club (department of hematology, 4x) 2008-2012 2
Workdiscussion (department of hematology, 12x) 2008-2012 6
Dutch hematology congress 2009-2010 2
Annual conference American Society of Hematology (ASH) 2011 1
Annual MODHEM/SKML Spring Meeting 2012 1
Annual conference European Hematology Association (EHA) 2012 1
National and international conferences

Molecular Medicine day 2008-2011 1,2

179



180 |

Summary PhD training and teaching activities
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Dutch stem cell meeting 2009 03
Annual meeting European Molecular Biology Organisation 2009-2010 1,2
(EMBO)

Dutch hematology congress 2009-2011 1,8
Annual conference European Hematology Association (EHA)  2009-2012 4
Annual conference American Society of Hematology (ASH) 2011 1
Jornada de cromatina i epigenética 2011 0,3
Seminars

Erasmus hematology lectures 2008-2012 3
Scientific meetings department of hematology

Workdiscussions 2008-2012 4
AlO/postdoc meetings 2008-2012 1,6
Journal club 2008-2012 3
Other

Writing application René Vogels stichting 2010 03
Writing application Translational Research Training in 2010 1
Hematology (TRTH)

2.Teaching activities Year ECTS
Supervising students

Master student (“Clinical Research” master) 2008-2009 3
Supervising practical training and excursions

Medical school hematology practical training 2008-2009 04
Organisation and supervision invited speaker lunch 2008-2009 0,2
Medical school Fanconi anemia practical training 2009 04

Total

55,1
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