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Abstract

Acute Myeloid Leukaemia (AML) is a malignant blood cancer characterised by uncontrolled
growth of leukaemic blasts. This is associated with constitutive activation of key signalling
molecules such as AKT, ERK1/2, STATS and NFkB and with aberrant transcription factor
activity, which in many cases is associated with characteristic chromosomal translocations.
Aberrant receptor signaling can constitutively activate the pathways associated with the
above signaling molecules. For example, autocrine interleukin-3 (IL-3), and over-expression
of IL-3 receptor alpha (/IL3RA/CDI123) have been found in AML, as has constitutive
phosphorylation of the common beta subunit (hfc) for IL-3 and granulocyte-macrophage
colony-stimulating factor receptor (GMR). Also mutation of the FMS-like tyrosine kinase 3
(FLT3) receptor is common in AML (~30% of patients) and the resultant aberrant FLT3

signaling contributes to enhanced survival, growth and a block in differentiation.

A focus in this thesis is the identification and dissection of the signaling pathways and
downstream genes activated by a leukaemic mutant of GMR (GMR-V449E) and by the FLT3
activated mutants associated with AML. For these studies we make extensive use of the
murine bi-potential myeloid cell line model FDB-1 in which these mutants induce factor-
independent growth and survival and a block in differentiation. The use of this experimental
approach together with bioinformatics has provided leads with regard to the role of the
AKT/mTOR and ERK pathways downstream of these receptors, and important for cell
proliferation, survival and differentiation. Additionally, we focused on the role of the
Growth Arrest and DNA Damage 45a (Gadd45a) gene, repression of which is important for

cell survival and the block in differentiation induced by the activated mutants.

A second focus has been extending the bioinformatic approaches to define the gene

expression and pathways associated with the abnormal growth characteristics of AML. In

Xil



particular, we studied AML cases with numerical chromosomal abnormalities and
translocation events. Extensive use is made of the Connectivity Map (CMAP) resource
together with publicly available gene expression datasets to define agents with anti-
leukaemic potential. We have tested drugs, selected using the inv(16) (CBF-MYHI1) and

MLL AML translocation signatures, for specificity and sensitivity on AML patient samples.
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Chapter 1: Introduction

1.1 Acute Myeloid Leukaemia

Acute Myeloid Leukaemia (AML) is a cancer of the bone marrow, the organ which produces
the majority of blood cells. AML is the most common subtype of leukaemia in adults and
accounts for 15-20% of childhood leukaemia (Redaelli, et a/ 2004). Approximately 715 cases
of AML are diagnosed each year in Australia which accounts for 0.8 percent of all cancers

diagnosed (Leukaemia Foundation, http://www.leukaemia.org.au). AML is characterised by

continued proliferation and suppressed differentiation of haemopoietic progenitors in the
bone marrow with disease cells characterised by enhanced survival and self-renewal. Thus,
accumulating numbers of immature haemopoietic progenitors replace the normal red blood
cells, white blood cells and platelets. AML patients may experience symptoms, such as
fatigue, anaemia and recurrent infections, all as a result of the decreased production of

healthy blood and immune cells.

1.1.1 The classification and the prognostic outcome of AML

AML is divided into ten major FAB (French-American-British) subtypes (M0-M8) (Bennett,
et al 1976, Tenen 2003) (see Table 1.1) or by World Health Organisation (WHO)
classification (Table 1.2) which are the standard systems used to classify AML. The FAB
subtypes are defined by the degree to which differentiation along one of the myeloid lineages
is evident by morphology and immunophenotype (Scandura, ef al 2002). Additionally, AML
can also be categorised based on chromosomal abnormalities such as chromosomal
translocations (Table 1.2). The most frequent chromosome translocations are those targeting

retinoid acid receptor alpha (RAR«), t(15;17)(q22;q12~21) (PML-RARA) which account for




Table 1.1. The use of the FAB category based on morphology and
cytogenetics to classify AML (adapted from Bennett ef al, 1976).

e Tname L onepness

MO

M1

M2

M3

M4

M4eo

M5

M6

M7

M8

minimally differentiated acute
myeloblastic leukemia

acute myeloblastic leukemia,
without maturation

acute myeloblastic leukemia,
with granulocytic maturation

promyelocytic, or
acute promyelocytic leukemia
(APL)

acute myelomonocytic
leukemia

myelomonocytic together with
bone marrow eosinophilia

acute monoblastic leukemia
(M5a) or

acute monocytic leukemia
(M5b)

acute erythroid leukemias,
including erythroleukemia
(M6a) and very rare pure
erythroid leukemia (M6b)

acute megakaryoblastic
leukemia

acute basophilic leukemia

t(8;21)
(922;922),
t(6,9)

£(15;17)

inv(16)
(p13q22),
del(16q)

inv(16),
t(16;16)

del (11q),
t(9;11),
t(11;19)

£(1;22)



Table 1.2. The use of WHO category to classify AML (adapted
from Gulley et al, 2010).

AML with recurrent genetic abnormalities

AML with t(8;21)(q22;922) RUNX1-RUNX1T1 (CBFA-ETO)
AML with inv(16)(p13q22) or t(16;16)(p13;q22) CBFB-MYH11
APL with t(15;17)(q22;q11-12) PML-RARA

AML with t(9;11)(p22;923) MLLT3-MLL and other balanced
translocations of 11923 (MLL)

AML with t(6;9)(p23;q34) DEK-NUP214

AML with inv(3)(921g26.2) or t(3;3)(q21;G26.2) RPN1-EVI1
AML (megakaryoblastic) with t(1;22)(p13;q13) RBM15-MKL1
AML with mutated NPM 1

AML with mutated CEBPA
Acute myeloid leukemia with myelodysplasia-related changes
Therapy-related myeloid neoplasms
AML, not otherwise specified

AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia

Acute erythroid leukemias

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome (+21)
Transient abnormal myelopoiesis

Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasms

*Highlighted in red indicates chromosomal abnormalities.



6-7% of adult leukaemia (Rosenbauer and Tenen 2007). The other major translocations are
t(8;21)(q22;922) (RUNXI-RUNXITI; AMLI1-ETO), inv(16)(p13q22)/t(16;16)(p13;q22)
(CBF-SMMHC; CBFf-MYH11), and translocations disrupting the mixed-lineage leukaemia
(MLL) gene at 11923 (Brendel and Neubauer 2000, Chen, ef a/ 2009). In addition, gain or
loss of chromosomes also occurs in AML including most commonly trisomy 8 (+8),
monosomy 7 (-7) or deletion 7q (-7q) (Chen, et al 2009). Overall across adult and paediatric
AML patients, approximately 20-50% have a normal karyotype (NK) (Chen, et al 2009,
Gulley, et al 2009, Hollink, et al 2009). This group is associated with a number of mutations
(Figure 1.1) which can be used to stratify AML patient prognostic risk (Table 1.3) (Gulley,
et al 2009, Hollink, et al 2009). For example, FLT3-ITD (FMS-like tyrosine kinase 3
receptor-internal tandem duplications, see Section 1.6.2.1) is associated with poor prognosis
(Grimwade and Hills 2009). More recently nucleophosmin (NPMI) mutation has been
included and combined with FLT3-ITD to define groups which respond differentially to
treatment and disease outcome (Grimwade and Hills 2009, Haferlach 2008, Lowenberg
2008). Other mutations that influence the clinical outcome occur in CEBPA (CCAAT
enhancer binding protein alpha), GATAl (GATA binding protein 1), SPI/ (PU.I) (spleen
focus forming virus (SFFV) proviral integration), 7P53 (tumour protein 53), RUNXI (runt
related transcription factor 1), KIT (v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene),
RAS (rat sarcoma viral oncogene), WTI1 (Wilms tumour 1), TET2 (tet oncogene family
member 2), CBL (Cas-Br-M (murine) ecotropic retroviral transforming sequence), and
PTPNI1 (protein tyrosine phosphatase, non-receptor type 11) (Grimwade and Hills 2009,
Haferlach 2008, Lowenberg 2008, Rosenbauer and Tenen 2007). Recently, isocitrate
dehydrogenase 1 (IDHI) and IDH2? mutations have been found in 33% of NK AML
(Marcucci, et al 2010). However, there is still approximately 20% of NK AML that is

associated with unknown abnormalities (Hollink, e a/ 2009). There are also a number of




NOTE:
This figure is included on page 5
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.1. Relative frequencies of the recurrent cytogenetic abnormalities in
AML. There is approximately 20% of cases of NK AML that have no identifiable
genetic lesions (adapted from Hollink et al, 2009).



Table 1.3. The cytogenetic and mutation prognostic risk factors
assignments of AML (adapted from Gulley et al, 2010).

t(15;17)(922;912) PML-RARA
t(8;21)(q22;922) RUNX1-RUNX1T1
inv(16)(p13;q22) or t(16;16)(p13;q22) CBFB-MYH11

NPM1 mutation when FLT3 internal tandem duplication is absent and cytogenetics
are normal

CEBPA mutation (correlates with erythroid differentiation and higher hemoglobin)

Intermediate risk group
Normal karyotype

FLT3 internal tandem duplication with NPM1 mutation and normal cytogenetics

KIT mutation with t(8;21) or inv(16)
+8 only
t(9;11) AF9-MLL only

Abnormalities not otherwise listed

Unfavorable risk factors
Complex karyotype (3 abnormalities)

Monosomal karyotype (2 autosomal monosomies, or a single one plus 1 structural
defect)

-5, =7 or other autosomal monosomy

del(5q) or del(7q)

11923 MLL translocation, excluding t(9;11) AF9-MLL

MLL partial tandem duplication with normal cytogenetics
inv(3)(921;926) or t(3;3)(q21;q26) RPNI-EVI1 or MDS1-EVI1
EVI1 overexpression

17p abnormality or TP53 mutation

FLT3 internal tandem duplication when NPM1 mutation is absent and cytogenetics
are normal

t(9;22)(q34;q11) BCR-ABL1
t(6;9)(p23;q34) DEK-CAN

ERG overexpression without FLT3 ITD when cytogenetics are normal

BAALC overexpression with normal cytogenetics
MN1 overexpression with normal cytogenetics
WT1 mutation with normal cytogenetics

TET2 mutation



over-expressed genes which contribute to poor outcome in AML such as FLT3, EVII
(ecotropic viral integration site 1), BAALC (brain and acute leukemia cytoplasmic), ERG (v-
ets erythroblastosis virus E26 oncogene homolog), and MN/ (meningioma 1) (Grimwade and
Hills 2009, Gulley, et al 2009, Haferlach 2008, Lowenberg 2008). The cytogenetics and

mutations frequency for their lesions is summarized in Figure 1.1 and Table 1.4.

1.1.2 Targeted therapies on AML

Despite extensive research, the prognosis for AML remains relatively poor for certain
subtypes due to relapse (Doepfner, et a/ 2007). In addition, the current overall success rate
for leukaemia treatment still remains relatively low with 5-year survival rates between 10-
70% depending on the leukaemia subtype (Figure 1.2) (Giles, et al 2002, Gulley, et al 2009,
Redaelli, e al 2004). The mainstay of treatment is still based on non-specific chemotherapy
(Haferlach 2008). Chemotherapy treatment has significant side effects especially on elderly
AML patients (Doepfner, et al 2007) and therefore this group is particularly difficult to treat
and has very poor outcome. Increasing knowledge in understanding of the pathogenesis of
AML, in particular the nature of genetic lesions and altered signalling pathways, has led to
development of targeted therapy. Targeted therapy has resulted in improved outcome in the
AML patients and is associated with fewer side effects than chemotherapy (Doepfner, et a/

2007, Haferlach 2008).

Some examples of targeted therapies and the mechanism of action of the targeted therapies
are summarised in Table 1.5. For example, all-trans retinoic acid (ATRA) has been
successfully used to differentiate the blast cells from PML-RARa AML patients to

granulocytes (Haferlach 2008, Nowak, et al 2009). Other approaches have focused on signal




Table 1.4. The frequency of the AML subgroups and the mutation of the
transcription factors in AML (adapted from Rosenbauer and Tenen, 2007).

NOTE:
This table is included on page 8
of the print copy of the thesis held in
the University of Adelaide Library.
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Table 1.5. The examples of the compound used and the mechanism of the
current targeted therapies in AML (adapted from Haferlach, 2008).

NOTE:
This figure is included on page 10
of the print copy of the thesis held in
the University of Adelaide Library.




transduction pathways (PI3K, mTOR, MAPK), farnesyltransferase inhibitors, surface
molecules (CD123, CD33, CD44), and epigenetic modifications such as hypermethylation
and histone acetylases (Chen, et al 2009, Doepftner, et al/ 2007, Haferlach 2008, Krause and
Van Etten 2007, Nowak, et al 2009, Park, et al 2009). Additionally, there has been a focus on
targeting activating FLT3 receptor mutation and generation of specific inhibitors. There are a
number of FLT3 inhibitors in clinical and some in preclinical development (Weisberg, et a/
2010). However, some targeted therapies have limitations when applied as monotherapy. For
example, FLT3 and KIT inhibitor responders in clinical studies have been limited and

transient due to the acquired resistance (Chu and Small 2009, Haferlach 2008).

Another approach is haemopoietic cell transplantation (HCT) which has been shown to
improve clinical outcome compared to conventional chemotherapy in AML patients with
FLT3-ITD (lower complete remission rate), or with certain high-risk patients if allogeneic
HCT is received in first complete remission (Krause and Van Etten 2007, Meshinchi and
Appelbaum 2009). Antisense drugs can be used to target particular lesions (e.g. Bcl-2
antisense (oblimersen Sodium), FLT3-targeted siRNA), however no conclusion can yet be
drawn and the difficulties to deliver antisense in vivo is still a challenge (Moore, et al 2006,
Walters, et al 2005). Due to the discrepancy between efficacy of some current and potential
drugs in preclinical studies, and patients where a limited transient response is seen, there is a
need to better understand the molecular mechanisms and genetic abnormalities involved in
the regulation of proliferation, survival, self-renewal and differentiation of normal, and

malignant haemopoietic cells.
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1.2 Haemopoiesis: interplay between growth factor signalling and lineage-
specific transcription factors

Haemopoiesis is the process of blood production such that all the haemopoietic lineages can
be reconstituted from the haemopoietic stem cell (HSC) (Figure 1.3A) (Ceredig, et al 2009).
Haemopoietic lineage specification is determined by extrinsic (haemopietic growth factors)
and intrinsic factors (transcription factors). Many models have been proposed invoking that
the process involves irreversible determination of fate between myeloid and lymphoid
lineages (Ceredig, et al 2009). Each cell type in haemopoiesis expresses different levels of
multiple surface markers which can be detected by flow cytometry techniques (Krause and
Van Etten 2007, Rosenbauer and Tenen 2007). Generally, HSC have self-renewal and high
proliferation potential while more committed progenitors have lost the self-renewal
properties and gained lineage-specific expression programs (Figure 1.3A) (Rosenbauer and
Tenen 2007). This model has been challenged recently with the finding that the intermediate
progenitors have myeloid and lymphoid potential, and the lymphoid progenitors have
myeloid potential (Figure 1.3B) (Ceredig, et a/ 2009). This provides new evidence that there

is plasticity within the haemopoietic stem and progenitor cell compartment.

1.2.1 The importance of growth factors in haemopoiesis

The haemopoietic growth factors (GFs) constitute a large group of cytokines and growth
factors shown to play crucial roles in regulating the survival and proliferation, differentiation
and commitment, and end-stage cell functions of various haemopoietic lineages (Rieger, et al

2009, Socolovsky, et al 1998). Important groups of growth factors such as interleukin-3 (IL-
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Figure 1.3. Alternative models of haemopoiesis. A. The classical model of
haemopoiesis which determines either lymphoid or myeloid lineage choice during
differentiation from haemopoietic stem cell (HSC) (adapted from Rosenbauer and
Tenen, 2007). LT/ST HSC, Long-term/Short-term HSC; MPP, multipotential
progenitor; CLP, common lymphoid progenitor; CMP, common myeloid progenitor;
GMP, granulocyte/monocyte progenitor; MEP, megakaryocyte/erythroid progenitor;
MDP, macrophage/dendritic cell progenitor. Alternative models of haemopoiesis
where intermediate progenitors have both myeloid and lymphoid potential, and the
lymphoid progenitors have myeloid potential (adapted from Ceredig et al, 2009).
There are three recent models of haemopoiesis shown in B. In model a., LMPP give
rise to individual branches for myeloid and lymphoid cells. In model b., CMLP have
the potential to differentiate into myeloid and T cells, or into myeloid and B cells. In
model c., the lost of erythroid, neutrophil and myeloid potential is a requirement for
commitment to lymphoid cell development. ELP, early lymphoid progenitor; LMPP,
lymphoid-primed multipotent progenitor; MBP, myeloid—B-cell progenitor; MTP,
myeloid—T-cell progenitor; CMLP, common myeloid-lymphoid progenitor.
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3), IL-5, granulocyte macrophage colony-stimulating factor (GM-CSF), FLT3 ligand (FL),
stem cell factor (SCF), erythropoietin (EPO), and granulocyte colony-stimulating factor (G-
CSF) have key roles in regulation of haemopoiesis. For example, as shown in Figure 1.4, IL-
3 modulates growth, differentiation and survival of progenitor cells whereas IL-5 is restricted
to differentiation, activation and survival of eosinophils (Martinez-Moczygemba and Huston
2003, Socolovsky, et al 1998). GM-CSF regulates growth and differentiation of dendritic
cells, myelomonocyte progenitors and granulocytes (Martinez-Moczygemba and Huston
2003). FL is a GF for dendritic cells (Naik, et a/ 2009, Waskow, et al 2008) and mediates
differentiation of early progenitors. When combined with other growth factors such as SCF
and IL-3, it supports proliferation of primitive haemopoietic progenitor, committed early
myeloid and lymphoid precursors (Meshinchi and Appelbaum 2009). SCF is a multipotent
haemopoietic GF involved in differentiation, proliferation and migration of mast cells
(Masson and Ronnstrand 2009). SCF also has strong synergistic activities for early
progenitor cells when combined with other GFs such as IL-3, G-CSF and EPO (Masson and
Ronnstrand 2009). EPO is important for erythroid cells survival, proliferation and
differentiation (Richmond, et a/ 2005). G-CSF is important for modulating proliferation and
differentiation of granulocytes (Liu, et al 1996, Socolovsky, et al 1998). Growth factors
induce activation of their cognate receptors which is associated with activation of a number
of downstream signalling pathways including the phosphoinositide 3-kinase/protein kinase B
(PI3K/AKT), mammalian target of rapamycin (mTOR), signal transducers and activators of
transcription 5 (STATS) and mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK) pathways (de Groot, et al 1998, Masson and Ronnstrand 2009,
Stirewalt and Radich 2003). As discussed in Section 1.7 below, these pathways are important
modulators of progenitor cell proliferation and survival, and aberrant activation is commonly

seen in AML. Activation of these pathways induces activation and repression of downstream
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Figure 1.4. The effects of growth factors in determining cell lineage
specification during haemopoiesis. Some of the haemopoietic growth factors
regulate the lineage specific differentiation are illustrated (adapted from
Socolovsky et al, 1998). M-CSF, Macrophage colony stimulating factor; SCF,
stem cell factor; Epo, erythropoietin; Tpo, thrombopoietin; CFU-GEMM,
CFU granulocyte-erythroid-monocyte-megakaryocyte; CFU-GM, CFU
granulocyte-monocyte; CFU-me, CFU megakaryocyte; CFU-E, CFU
erythroid; CFU-Eo, CFU eosinophil; BFU-E, burst-forming unit erythroid.
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genes that control the proliferation and differentiation of haemopoietic cell progenitors
(Nowak, et al 2009). The capacity of GFs such as G-CSF and GM-CSF which induce
myeloid differentiation, has been translated to the clinical settings to differentiate the AML
blast cells. However, these haemopoietic GFs have limited capacity to differentiate AML
cells and therefore their use in AML differentiation treatment has been negligible (Nowak, et

al 2009).

1.2.2 Transcription factors that determine haemopoietic cell fates

Myeloid lineage specific transcription factors (TFs) such as CEBPA, SPII (PU.1), GATAI,
RUNXI, IRF$8 (interferon regulatory factor 8), GFII (growth factor independent 1), and
GFIIB (transcription repressor growth factor independent 1B transcription repressor)
regulate each other and expression of differentiation programs associated with terminal
differentiation (Figure 1.5). As shown in Figure 1.5A-B, each transcription factor has a
specific role in regulating myelopoiesis. Regulation of growth factor receptors by these
lineage-specific TFs specifies the response of progenitor cells to GFs, and signalling from GF
receptors in turn modulates TF activity. For example, the C/EBPa is one of the critical
myeloid transcription factors for granulocytic differentiation (Koschmieder, et al 2009).
Forced expression of C/EBPa in the U937 (bipotential AML cell line) triggers granulocytic
differentiation while suppressing the monocytic differentiation program (Radomska, et al
1998). A myeloid differentiation block was also observed in a C/EBPa-deficient mouse
model (Friedman 2002, Zhang, et al 1997). Phosphorylation of C/EBPa on Ser®' is a key
regulatory modification that can be regulated by GF receptor signalling, such as FLT3
(Radomska, et al 2006). In addition, other modifications on C/EBPa. that affect or silence its

functions and activities are discussed in Section 1.3.1. Another transcription factor SP//
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Figure 1.5. The role of transcription factors involved in determining cell fate
during haemopoiesis. A. The stepwise requirement for transcription factors in
determining lineage specificity during myeloid differentiation (adapted from
Rosenbauer and Tenen, 2007). B. The mapping of transcription factors using the
pairwise relationship model. Green colour indicates the transcription factor must be
activated to direct the development of particular cell lineage. Red colour indicates the
transcription factor must be inactivated to direct the the development of particular cell
lineage (adapted from Ceredig et al, 2009). AP1, activator protein 1; C/EBP, CCAAT/
enhancer-binding protein-; EBF1, early B-cell factor 1; EDAG, erythroid
differentiation-associated gene; EKLF, erythroid Kruppel-like factor; FOG1, friend of
GATA1; GATA, GATA-binding protein; HSC, haematopoietic stem cell; PAXS, paired
box protein 5.
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(PU.1) is also important in the myeloid system especially for specification of the
myelomonocytic lineage. Knockout of this gene significantly reduced mature myeloid cells
(macrophages) and B cells and increased granulopoiesis (immature granulocytes), as well as
being associated with defective HSC (Rosenbauer and Tenen 2007). There are multiple
important transcription factors required for controlling the multistep process of haemopoiesis

and phenotypes for these are summarised in Table 1.6.

1.3 AML biology and pathogenesis

Disruption or constitutive activation of GF signalling pathways and transcription factor
function, as described above, contributes to leukaemic transformation. Aberrant GF
signalling provides constitutive proliferation and survival pathways and can arise through
mutations in GF receptors as seen with FLT3 (Masson and Ronnstrand 2009, Meshinchi and
Appelbaum 2009). These mutations cooperate with aberrant TF activity induced by direct
mutation or gene fusion, to induce or accelerate the progression of AML. However, single
mutation in either a GF receptor pathway or transcription factors is not enough to give rise to
AML. For example, introduction of FLT3-ITD mutation in the mouse model does not give
rise to AML but generates a myeloproliferative disorder (MPD) (Grundler, et al 2005).
Furthermore, FLT3-ITD mutation cooperates with PML-RARa or MLL-AF9 fusion protein
to induce AML (Kelly, et al 2002a, Stubbs, et a/ 2008). This effect is consistent with the two
‘hit” model of leukaemia pathogenesis where a minimum of two co-operating mutations, one
each of a class I (transcription factors — interfering with transcription and differentiation) and
class II (signal transduction molecules) mutation, are required for disease progression
(Figure 1.6A and Figure 1.6C) (Dash and Gilliland 2001, Haferlach 2008). However, this is

an over-simplification as activated GF receptor pathways can also contribute to the block in
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Table 1.6. Summary of the transcription factors which determine specific cell
lineage and their knockout effect in haemopoiesis (adapted from from Rosenbauer
and Tenen, 2007).

NOTE:
This table is included on page 19
of the print copy of the thesis held in
the University of Adelaide Library.
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These figures are included on page 20
B. of the print copy of the thesis held in
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Figure 1.6. The effects and the frequency of two ‘hit” hypothesis for AML
progression and development. A. Examples of cooperating Class I and Class II
mutations in AML. Class I mutation normally interfere with transcription and hence
contribute to the block in differentiation. Class II normally occur as receptor tyrosine
kinase (RTK) mutations or result in constitutive activation of downstream signalling
pathways. B. The frequency of the Class I and Class II mutation in AML (adapted from
Haferlach, 2008). C. The normal haemopoiesis process is disrupted by the two “hit”
hypothesis resulting in hyper-proliferation and blocked myeloid differentiation (adapted
from Rosenbauer and Tenen, 2007).
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differentiation; for example, FLT3-ITD phosphorylates Ser*' of C/EBPa which contributes
to the block in granulopoiesis (Radomska, et a/ 2006). Other examples and the frequency of

cooperating events are shown in Figure 1.6A-B.

1.3.1 Genetic alteration of transcription factors in AML

Deregulation or mutation of transcription factors, or the generation of fusion proteins (AML
translocation) plays an important role in impairment of haemopoietic differentiation and
hence progression to AML (Figure 1.6C). The most common balanced chromosomal
translocations in AML (t(8;21), inv(16), t(15;17) or 11g23) target key lineage-specific
transcription factors such as CEBPA, SPI1 (PU.1), core binding factor (CBF), RARA, MLL,
and members of the HOX gene family such as HOXA9 (NUP98-HOXA9) (Doepfner, et al
2007). Additionally, direct mutations in CEBPA and SPI1 (PU.1) occur relatively frequently
in AML consistent with the critical role in myeloid differentiation described above. Down-

regulation of C/EBPa expression has also been found in AML associated with AML1-ETO
and CBFB-MYHI11 translocations, consistent with reduced activity of this TF being a critical
event for leukaemogenesis (Koschmieder, et al 2009, Pabst and Mueller 2009). CEBPA is
also frequently silenced by methylation in AML (Hackanson, et a/ 2008, Toyota, et a/ 2001).
There are other mechanisms that inhibit C/EBPa activity such as sumolyation, the ratio of
C/EBPa isoforms p42 and p44, and over-expression of calreticulin (CALR). Further details
on these mechanisms have been reviewed by Koschmieder et al/ (Koschmieder, et al 2009).

The frequency, effects and the FAB association of these transcription factor mutations in

AML is summarised in Table 1.4.
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1.4 Leukaemic stem cell

Leukemic stem cells (LSC) represent a small population 0.1-1% of total AML blasts (Bonnet
and Dick 1997). Human LSC reside in CD34'CD38" fraction of leukaemic cells. LSC
generally lack the expression of CD90 (Thy-1) and CD117 (c-Kit) but highly express CD123
(IL3RA), CD47 and CD96 (Krause and Van Etten 2007, Lane and Gilliland 2009). The LSC
population is quiescent with the properties of self-renewal and long-term survival (Lane and
Gilliland 2009). There is increasing evidence that LSCs are able to resist anticancer treatment
by escaping inhibitor or chemotherapeutic killing through the efflux pump, ATP-binding
cassette sub-family B (MDR/TAP) member 1 (ABCBI) (Lane and Gilliland 2009), or by
utilizing alternative survival pathways (reviewed in (Chu and Small 2009). LSC also evade
macrophage killing and phagocytosis by expressing CD47 (Jaiswal, et al 2009). The level of
transcription factor expression is also important in LSC. For example, the low expression of
CEBPA or SPII (PU.1) beyond a critical threshold may be important for initiation of AML
(Figure 1.7) (Rosenbauer, et al 2005). Characterisation of AML LSC populations using gene
expression profiling and biochemical dissections is consistent with constitutive activation of
PI3K/AKT, mTOR, homeobox (HOX) gene family, wingless-type MMTV integration site
family (Wnt)-B-catenin, and nuclear factor of kappa light polypeptide gene enhancer in B-
cells (NFxB), all of which contribute to cell survival, self-renewal and proliferation (Krause
and Van Etten 2007, Lane and Gilliland 2009). Furthermore, FLT3-ITD has been shown to
be present in LSC (Levis, et al/ 2005) and is an independent predictor of poor prognosis. The
size of LSC populations is correlated with increased residual disease detection and is

associated with poorer survival after treatment (Lane and Gilliland 2009).
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NOTE:
This figure is included on page 23
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.7. The important stem cell properties and low transcription factor
activity in leukaemic stem cell. Leukaemic stem cells (LSC) have stem cell functions
such as self-renewal and proliferation. However, HSC have the ability to differentiate to
common myeloid progenitor (CMP), granulocyte monocyte progenitor (GMP) and
subsequently undergo terminal differentiation. LSC give rise to blast cells with a block
in differentiation. The development of LSC also requires two “hits” where lower
transcription factor activity (such as PU.I) and constitutive activation of signalling
pathways (such as FLT3-ITD) to give rise to LSC (adapted from Rosenbauer et al,
2005).
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1.5 Receptor signalling in haemopoiesis

There are two classes of growth factor receptors which differ in regard to intrinsic tyrosine
kinase activity. For example, the members of the type III receptor tyrosine kinases (RTKs)
such as platelet-derived growth factors receptor (PDGFR), FMS-like tyrosine kinase 3
receptor (FLT3), Steel factor receptor (c-KIT) and macrophage colony-stimulating factor
receptor (M-CSFR), have an intrinsic tyrosine kinase activity for auto-phosphorylation and
thus downstream signalling activation (Gilliland and Griffin 2002, Masson and Ronnstrand
2009). The IL-3/IL-5/GM-CSF common beta chain receptor (GMR) which is a Type I
transmembrane protein sharing signalling subunit for IL-3, IL-5 and GM-CSF, do not have
intrinsic kinase activity and thus require intracellular tyrosine kinases such as Janus kinase 2
(JAK2) for phosphorylation and subsequently activation of downstream signalling pathways

(Wang, et al 2009b).

1.5.1 IL-3/IL-5/GM-CSF receptor

Growth factors such as IL-3, IL-5 and GM-CSF are important regulators of myeloid
development as described above. They exert their many functions by binding to surface
receptor complexes which include a shared receptor subunit, the common beta chain subunit
(Bc), and specific alpha-subunits expressed on the surface of responding cells. They have
overlapping biological activities and pleiotropic effects in stimulating survival, maintenance
and stimulation of the proliferation and differentiation of multi-lineage haemopoietic
progenitors and activation of neutrophils, eosinophils and monocytes (Geijsen, et al 2001).
IL-5 exerts its effects on the eosinophil lineage specifically due to the lineage-restricted

expression of the IL-5R o subunit while IL-3 influences the development of all five myeloid
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lineages as well as the early maturation of erythroid cells. The actions of GM-CSF are
restricted primarily to the neutrophil and monocyte lineages (Miyajima, et al 1993). This
differential specificity of action is associated with the expression of the ligand-binding o

subunits that are specific for each growth factor.

The unique growth factor-specific alpha (o) subunit (IL3Ra, IL5SRa or GMRa) binds to the
specific growth factor with low affinity, but is unable to signal. The Bc cannot detectably
bind any of these factors alone, but complexes with the specific o subunits to form a high
affinity, functional signalling complex (Miyajima, et a/ 1993). The structure of the ligand-
bound GM-CSF dodecamer complex was recently reported (Hercus, et a/ 2009). As shown in
Figure 1.8A, upon the growth factor (GM-CSF, IL-3 or IL-5) binding and subsequent
receptor dimerisation, JAK2 activation occurs by trans-phosphorylation of two receptor-
bound JAK2 molecules. Subsequently this leads to phosphorylation and activation of the
downstream signalling pathways such as STATS, PI3K/AKT, and MAPK/ERK pathways (de
Groot, et al 1998, Hercus, et al 2009, Miyajima, et al/ 1993) which promotes cell survival,

proliferation and differentiation effects depending on the target cells.

1.5.2 FMS-like tyrosine kinase 3 receptor (FLT3)

FLT3 is also known as Flk2 (fetal liver kinase 2), STK-1 (human stem cell kinase) and
CD135. It encodes a 993 amino acid protein in human. It has important roles in haemopoiesis
and the immune system, and is expressed on immature haemopoietic stem/progenitor cells in
the bone marrow, thymus and lymph nodes as well as on dendritic cells (Szilvassy 2003).
FLT3 comprises membrane bound receptors with five immunoglobulin-like extracellular

domains, a transmembrane domain, a juxtamembrane domain, two intracellular tyrosine-
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kinase domains (TKDs) which are interrupted by a kinase insert domain and a C-terminal

domain in the intracellular region as shown in Figure 1.8B (Kottaridis, et a/ 2003).

Unlike the GM-CSF family, which are always soluble growth factors, the human FL is a type
I transmembrane protein (similar to c-KIT ligand and M-CSF) that can be released as a
soluble homo-dimeric protein (Drexler and Quentmeier 2004). FL has several different
isoforms that are biologically active (Stirewalt and Radich 2003) and has pleiotropic and
potent effects on the proliferation, differentiation and survival of haemopoietic cells when
synergised with other GFs (Drexler and Quentmeier 2004, Gilliland and Griffin 2002).
Accumulated evidence indicates that FL stimulates proliferation and survival of FLT3-
expressing primary AML cells and myeloid and monocytic leukaemia cell lines (Gilliland
and Griffin 2002). FL-stimulated FLT3 leads to receptor dimerisation and auto-
phosphorylation of tyrosine residues which further increases kinase activity (Stirewalt and
Radich 2003, Weiss and Schlessinger 1998). The activated RTK then phosphorylates and
binds multiple signalling molecules which leads to activation of different signalling pathways
such as RAS/MAPK and PI3K/AKT/mTOR pathways (same as hfc signalling pathways)
(Figure 1.8B). Consequently, this leads to cell proliferation, differentiation and survival of

haemopoietic cells.

1.5.3 c-Kit receptor

The c-Kit ligand, SCF, has two alternative isoforms which are the membrane-bound and
soluble form (Masson and Ronnstrand 2009). The structure of c-Kit is consisting of 976
amino acids with a molecular weight of 140 and 155 kDa depending on the extent of N-

linked glycosylation (Masson and Ronnstrand 2009). SCF binding to the second and the third
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domains in the extracellular region of c-Kit inducing dimerisation, auto-phosphorylation of
tyrosine residues and activation of downstream signalling pathways, via a similar mechanism
to FLT3. The activation of downstream pathways is important for cell survival, proliferation,
self-renewal and differentiation of haemopoietic cells (Figure 1.8C) (Masson and

Ronnstrand 2009).

1.6 Activated receptor mutants in AML

1.6.1 Constitutive activation of GMR induces AML

Our laboratory has identified a panel of constitutively active GMR mutants which can all
confer factor-independence on the murine leukaemic cell line FDC-P1 (D'Andrea and Gonda
2000). These mutants have been utilised to identify transcriptional targets of signalling
pathways and hence the effector molecules that influence proliferation, survival and
differentiation of myeloid cells (Brown, et al 2006, Perugini, et al 2010). There are two
classes of constitutively activated GMR mutant. They are the extracellular (EC) mutants, the
best characterised of which is GMR-FIA, and transmembrane (TM) mutants, best represented
by GMR-V449E (D'Andrea and Gonda 2000, Gonda and D'Andrea 1997). The TM mutant
GMR-V449E is a major focus of this study as this mutant induces an AML-like disease in

murine transgenic and bone marrow transplant model (McCormack and Gonda 1999).

1.6.1.1 GMR-V449E mutation in common beta chain
GMR-V449E contains an amino acid substitution in the transmembrane domain of the GMR

common [-subunit, converting a valine residue at position 449 to glutamic acid (Jenkins, et

al 1995). GMR-FIA is an EC mutant which contains a 37 amino acid duplication in the
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membrane proximal region of the EC domain, encompassing the conserved WSXWS motif
(D'Andrea, et al 1994). The extracellular GMR mutants activate limited aspects of signalling
associate predominantly with phosphorylation of AKT (Perugini, et a/ 2010). Only the GMR-
V449E mutant exhibits JAK2 activation associated with detectable constitutive ¢ tyrosine
phosphorylation suggesting that activation of proliferation and survival pathways may not
always require ¢ subunit tyrosine phosphorylation (D'Andrea and Gonda 2000, Perugini, et
al 2010). This mutant most likely functions by constitutively inducing homodimerisation of
hBc in the absence of GF (Jenkins, ef al 1998). This is proposed to result in JAK2 activation
by trans-phosphorylation and activation of downstream signalling pathways (e.g. JAK/STAT,

PI3K/AKT and ERK1/2) (Figure 1.8D) (Perugini, et al 2010).

In mouse models generated by bone marrow transduction and reconstitution, or transgenesis,
the TM and EC mutants have different biological outcomes. The most striking difference
relates to leukaemogenic potential. GMR-V449E induces an acute, lethal leukaemia-like
disorder characterised by blast cells in the blood, anaemia, splenomegaly and infiltration of
blast cells and neutrophils into the spleen, liver and lung (McCormack and Gonda 1999). The
disease occurred after a long and variable latency (mean 20 weeks) and was acute in onset
(McCormack and Gonda 1999). Additionally, when expressed with PML-RARa, GMR-
V449E cooperated to induce a lethal leukaemia-like syndrome in a mouse model with a
latency of fewer than 21 days (Phan, et a/ 2003). In contrast, GMR-FIA induces a MPD in a
transgenic model characterised by increased numbers of neutrophils, monocytes, erthrocytes

and platelets (McCormack and Gonda 1999).
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1.6.1.2 A critical motif in hf3c regulates proliferation and survival

A secondary mutation of an intracellular tyrosine residue Tyr’'’

(Y577) to phenylalanine
(Y577F) in GMR-V449E selectively abolishes factor independent proliferation but not
survival in the factor-dependent myeloid cell line (FDBI, see Section 1.9.1 for more details)
(Brown, et al 2004). This secondary Y577F mutant of GMR-V449E also permits some
differentiation to monocyte/macrophages in the absence of growth factor (Brown, et al
2004). This Y577F mutant of GMR-V449E was able to cooperate with PML-RARa to
induce leukaemia in vivo but with longer latency compared to GMR-V449E alone
(approximately 85 days vs 55 days respectively) (Phan, er al 2003). Tyr’’’ forms part of the
binding site for Src homology 2 domain-containing transforming protein (SHC) and
contributes to phosphorylation of PTPN11 (a.k.a SHP2) to activate RAS signalling (Mullally
and Ebert 2010, Phan, et al/ 2003). Mutations in PTPNII have been found in 18% of
childhood AML with the M5 FAB subtype (Tartaglia, er a/ 2005). Additionally,
constitutively active PTPNI11 cooperates with HOXAI0 and ICSBP to induce AML
(Konieczna, et al 2008, Wang, et al 2009a). Thus, this key residue provides an important

signal associated with cell proliferation and the block in differentiation via the PTPNI1

signalling pathway.

The Tyr’”’ residue has also been identified by Guthridge ef al as part of the bidentate motif

that regulates proliferation and survival signals for GM-CSF (Guthridge, et al 2006). In

571

contrast to the proliferation effect associate with Tyr’"’, the serine residue distal to Tyr’’’

(Ser’®) in GMR hpc has been reported to be involved in survival-only signalling (Guthridge,

et al 2006). When CTL-EN cells were stimulated with low concentrations of GM-CSF (less

5

than 10 pM), phosphorylation of Ser’® was observed and this was associated with cell
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survival and activation of PI3K/AKT signalling. Guthridge et al reported that this Ser’*-

dependent pathway of the hf3c mediates the cell survival through the activation of PI3K-
AKT-NF«B and the induction of BCL-2 (anti-apoptotic) (Guthridge, et al 2004). In contrast,
when the cells were stimulated with higher concentrations of GM-CSF (10-10000 pM),
phosphorylation of the Tyr’” residue was observed associated with proliferation, survival
and activation of downstream signalling pathways such as JAK2-STATS, with
phosphorylation of Ser’® no longer observed. Importantly, the Ser’® residue was shown to
be constitutively phosphorylated in many AML samples suggesting a possible contribution of
this pathway to AML cell survival. Guthridge et al/ have proposed that there are two
alternative pathways associated with the Tyr’’’ and Ser’® motif that mediate proliferation

and survival, or survival-only signalling and these may be mutually exclusive (Guthridge, et

al 2006).

1.6.2 FLT3

FLT3 is the most commonly mutated gene in AML of many FAB subtypes and
approximately 30-35% of AML have acquired FLT3 mutations (Gilliland, et al 2004). The
juxtamembrane and the activation loop domains have auto-inhibitory function that maintains
the kinase in an inactive conformation (Gilliland and Griffin 2002, Griffith, et a/ 2004). The
activation loop folds into the active site of the kinase domain, thus blocking access of ATP
and substrates. Either phosphorylation or mutation of critical residues on the kinase domain
allows the loop to fold out of the active site providing access to ATP and substrate, with
subsequent activation of the kinase activity (Gilliland and Griffin 2002). The most common
mutations are internal tandem duplications (ITD) in the juxtamembrane (JM) region and a

point mutation within the activation loop of the second tyrosine kinase domain (TKD) as
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shown in Figure 1.8B. Constitutive FLT3 activation occurs in 20-30% of adult AML due to
internal tandem duplications (FLT3-ITD) in exons 14 and/or 15 (Gilliland and Griffin 2002)
or mutation within the TKD in exon 20 (approx 5-10% of AML) (Abu-Dubhier, et a/ 2001,
Stirewalt and Radich 2003, Yamamoto, e a/ 2001). The most frequent FLT3-TKD mutation
is a substitution mutation at aspartic acid (D) residue 835 in the second tyrosine kinase

domain.

1.6.2.1 FLT3-ITD mutation

FLT3-ITD is expressed as an immature, under-glycosylated form with molecular weight of
130 kDa, whereas FLT3-WT exists as a mature glycosylated form with a molecular weight of
150 kDa. The immature form of FLT3-ITD is due to constitutive tyrosine phosphorylation in
juxtamembrane which results in reduction of folding efficiency and retention in endoplasmic
reticulum (Schmidt-Arras, et al/ 2005). Both FLT3 mutations (ITD and TKD) constitutively
activate receptors resulting in auto-phosphorylation and downstream cytoplasmic signalling
(Figure 1.8B) (Naoe and Kiyoi 2004). The most characteristic feature of FLT3-ITD is its
modality of mutation. The length of an FLT3-ITD insertion varies significantly from 3 to 400
bp. Meshinchi et al observed that FLT3-ITD with length less than 48 bp has a lower relapse
and more favourable outcome compared to longer length of FLT3-ITD (Meshinchi, et al
2008). FLT3-ITD duplication usually involves at least one of seven amino acid residues from
codon 591 to 597 (YVDFREY) (Meshinchi, et al 2008). Interestingly, the codon 597
(YVDFREY) is duplicated with the highest frequency with 86% of AML (Meshinchi, ef al
2008). However, Y597 is not critical for maintenance of the auto-inhibited conformation of
FLT3 suggesting that other duplicated residues carry important function in FLT3-ITD

(Meshinchi, et al 2008). For example, R595 (duplicated in 77% patients) is critical in FLT3-
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ITD for conferring factor-independent growth and STATS activation (Vempati, et al 2007).
Y589 and Y591 residues are important for the transforming potential and STATS activation
in both FLT3-ITD and FLT3-TKD, and for ligand-dependent activation of FLT3-WT
(Vempati, et al 2008). Y599 (YVDFREYEYDL) is also one of the residue duplicated
frequently in AML and has been demonstrated to associate with and to phosphorylate SHP2
(Heiss, et al 2006, Meshinchi, et al 2008). In mouse models, FLT3-ITD mutations induce a
MPD with a variable latency characterised by leukocytosis and comprised mainly of mature
neutrophils (Grundler, et al 2005, Kelly, et al 2002b). These experiments indicate that the
FLT3-ITD mutations are sufficient to promote a change associated with enhanced
proliferation. However, they are not sufficient to induce overt acute leukaemia (see Section

1.3 for 2 ‘hit’” hypothesis).

Signalling properties of FLT3 mutants have been well characterised. FLT3-ITD confers
factor-independent proliferation on IL-3 dependent cell lines such as Ba/F3 and 32D cells
(Choudhary, et al 2005, Fenski, et al 2000, Kim, et al 2005). Moreover, FLT3-ITD showed
constitutive phosphorylation of AKT, ERK1/2 and STATS in murine bone marrow cells,
Ba/F3 cells, 32D cells and primary cells (Choudhary, et al 2005, Grundler, et a/ 2005,
Hayakawa, et al 2000, Mizuki, et al 2000). There are a number of genes that are dysregulated
by FLT3-ITD and are important for transformation. These include Pim!I (proviral integration
site 1) (Kim, et a/ 2005), Pim2 (Mizuki, et al 2003), Rgs2 (regulator of G-protein signalling)
(Schwable, et al 2005), SPII (PU.1) and CEBPA (Mizuki, et al 2003, Zheng, et al 2004).
Recent evidence in primary cells indicates that FLT3-ITD induces stronger STATS signalling
than FLT3-TKD despite stronger auto-phosphorylation (Grundler, et al 2005, Irish, et al
2004). This data is also supported by a recent study that has shown FLT3-ITD induced Pim-2

(STAT3/5 target gene), although the comparison was not made with FLT3-TKD (Mizuki, et
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al 2003). Furthermore, STATS activation has been shown to be more critical for FLT3-ITD
transformation than for FLT3-TKD (Ono, et al 2009). As previously described in Section
1.3, FLT3-ITD constitutive activation of the MAPK/ERK pathway leads to phosphorylation
of Ser*' on C/EBPa modifying its function, leading to a block in granulocytic differentiation

(Radomska, et al 2006).

1.6.2.2 FLT3-TKD mutations

Of the FLT3-TKD mutations, substitution at aspartate residue D835 is the most frequent
occurrence in AML (Bacher, ef al 2008, Naoe and Kiyoi 2004). FLT3-TKD has some similar
transforming properties to FLT3-ITD such as constitutive tyrosine activation and conferring
factor-independent growth in 32D cells (Naoe and Kiyoi 2004). However, the downstream
signalling of FLT3-TKD more resembles that of FLT3-WT than FLT3-ITD (Choudhary, ef a/
2005). Ono et al reported that FLT3-TKD is more sensitive to MEK inhibitors (inhibit
MAPK/ERK pathway) than FLT3-ITD suggesting that the alternative pathways predominate
in promoting leukaemogenesis (Ono, ef al/ 2009). Interestingly, STAT3 has been reported to
be selectively activated/phosphorylated by FLT3-TKD (Frohling, et a/ 2007). Choudhary et
al also reported that FLT3-ITD and FLT3-TKD have different signalling pathways
(Choudhary, et al 2005); in contrast to FLT3-ITD, FLT3-TKD failed to activate STATS and
did not repress C/EBPa and PU.1 protein levels, or support clonogenic growth in semisolid
media (Choudhary, et al 2005). FLT3-TKD is also more sensitive to FLT3 inhibitor
(PKC412) compared to FLT3-ITD (Choudhary, et al 2005). The differences in vitro are also
evident in vivo. For example, FLT3-TKD induces a lymphoid disease but not MPD in a
murine bone marrow transplant model (Grundler, ez al 2005). Both FLT3-ITD and FLT3-

TKD require additional mutations to induce AML in vivo, or to accelerate the progression to
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AML. However, unlike FLT3-ITD, there is no cooperativity between FLT3-TKD and
AMLI-ETO, as determined by rate of progression to AML (Schessl, et al 2005). The
differences between FLT3-ITD and FLT3-TKD may be related to the observation that FLT3-
ITD, but not FLT3-TKD or FLT3-WT is partially retained in the endoplasmic reticulum (ER)
and does not reach the cell surface (Schmidt-Arras, et al 2009). Anchoring of FLT3-ITD in
the ER activates STATS and its targets but not the PI3K and MAPK pathways, and also
results in reduced global autophosphorylation. In contrast, membrane-bound FLT3-ITD
activates PI3K and MAPK with reduced phosphorylation of STATS (Choudhary, ef al 2009,
Schmidt-Arras, et al 2009). Interestingly, the ER anchoring suppressed the FLT3-TKD
transformation but not FLT3-ITD through STATS activation (Schmidt-Arras, ef a/ 2009). In
some AML patients, FLT3-ITD and FLT3-TKD display co-existence suggesting that these
two mutants are not functionally redundant (Choudhary, ef al 2005). This is supported by the

differences in gene expression which are further discussed in the Section 1.8.1 below.

1.6.3 The c-Kit-TKD mutation

The c-KIT receptor has also been shown to be constitutively activated in some cases of AML
(Masson and Ronnstrand 2009). There is a high incidence of mutations in the receptor
tyrosine kinase c-KIT in AML with reported frequencies of 9-48% for t(8;21) and 10-45%
for inv(16) patients (Muller, et a/ 2008). Interestingly, the most common mutation of c-KIT
in inv(16) AML is a substitution at aspartate 816 (D816) in the kinase domain which is
equivalent to the aspartate 835 (TKD) mutation in FLT3 and is associated with an increased
incidence of relapse in this AML subtype (Paschka, et a/ 2006). Moreover, AMLI1-ETO
AML with KIT-D816 mutation is associated with worse overall survival and event-free

survival (Schnittger, et al 2006). In addition to substitution at residue 816, insertions and
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deletions have been previous reported (Doepfner, et al 2007). However, these mutations
occur more frequently in gastrointestinal tumours (Masson and Ronnstrand 2009). As a result
of gain-of-function mutations in c-KIT, there is constitutive activation of downstream
signalling pathways similar to FLT3 mutations (Figure 1.8C). Some AML patients with c-
KIT TKD mutations respond to the selective tyrosine kinase inhibitor imatinib or dasatinib
providing a potential targeted therapy for core binding factor (CBF) AML (AML1-ETO and

CBFB-MYHI11) (Cammenga, ef al 2005, Schittenhelm, et al 2006).

1.7 Downstream signal transducers

Signalling events downstream of the RTK receptors have been studied extensively especially
for FLT3 mutants. There is an increasing knowledge of the complexity of RTK signalling
networks and this has provided leads for targeted therapies. As discussed above, constitutive
activation of RTKs induces aberrant activation of major signalling pathways, such as
PI3K/AKT, mTOR, RAS/MAPK/ERK, and JAK/STAT in AML. Many of these pathways
are also important in other cancers (Doepfner, et a/l 2007) and there are now various
inhibitors for these pathways which have been developed and used in clinical studies

(Doepftner, et al 2007).

1.7.1 The PI3K/AKT/mTOR pathway

The PI3K pathway is one of the major pathways activated by RTK activation in AML. The
PI3K family consists of eight enzymes which are subdivided into 3 classes (I-III) based on
sequence homology and substrate specificity (Doepfner, et al 2007). Oncogenic Ras mutants,

such as those in N-Ras and K-Ras, which are found commonly in AML, activate the PI3K
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pathway inducing cell proliferation and survival. Upon activation of PI3K by either RTK or
Ras mutation, several downstream targets of PI3K can be activated including AKT/PKB,
phosphoinositide-dependent kinase-1 (PDK-1), forkhead transcription factors (FKHR),
glycogen synthase kinase-3f (GSK-3p), tuberous sclerosis complexes 1 and 2 (TSC1, TSC2),
BAD, Ras homologue enriched in the brain (Rheb), mammalian target of rapamycin
(mTOR), S6 kinase (S6K), and 4E-binding protein (4E-BP1) (Figure 1.9A) (Doepfner, ef al
2007). Constitutive activation of the PI3K/AKT pathway has been found in more than 50%
of AML cases (Doepfner, et al 2007). Additionally, constitutive phosphorylation of AKT at
Ser*” negatively correlates with the overall survival rate of AML patients (Doepfner, et al
2007). mTOR (a serine/thereonine kinase) also plays an important role in AML cell growth
and survival and is activated by various RTK, GFs signaling, nutrient and energy status
(Doepfner, et al 2007, Meric-Bernstam and Gonzalez-Angulo 2009). mTOR exists in two
multiprotein complexes. These are mTOR complexes 1 and 2 (mMTORC1 and mTORC?2).
mTORCI activation results in phosphorylation of its downstream targets, the ribosomal S6K

473
73 and

and 4E-BP1 whereas mTORC?2 activation results in phosphorylation of AKT at Ser
protein kinase C alpha (PKCa) (Figure 1.9A) (Meric-Bernstam and Gonzalez-Angulo 2009).
AKT Ser*”? phosphorylation leads to full AKT activation and hence affects downstream
targets as described above. The majority of AML samples have constitutive activation of

S6K and 4E-BP1 which is consistent with aberrant activation of the mTORCI as a feature of

AML (Doepfner, et al 2007).

1.7.2 RAS/MAPK/ERK1/2 signalling

The MAPK signaling cascade is another important pathway for cell proliferation,

differentiation and survival. Activation of the small GTP-binding protein Ras following RTK
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Figure 1.9. The summary of PI3K/AKT/mTOR and MAPK pathways that are
activated by RTK. A. The activated PI3K pathway induces the phosphorylation of

AKT, mTOR and other downstream targets for cell survival and proliferation (adapted
from Van der Heliden and Bernards, 2010). B. The MAPK pathway activated by RTK
for cell survival and proliferation (adapted from Pratilas et al, 2010).
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activation occurs via the adapter molecule Grb2 and the guanine nucleotide exchange factor
Son of Sevenless (SOS). Subsequently, cytoplasmatic proteins such as Raf, MEK and ERK
(MAPK) are activated resulting in the activation of the downstream targets such as ELK1
(ELK1, member of ETS oncogene family) as shown in Figure 1.9B (Doepfner, et a/ 2007,
Pratilas and Solit 2010). Yamamoto et al reported that sustained activation of ERK1/2 down-
regulates anti-proliferative genes such as JunD (Jun D proto-oncogene), Gadd45a (growth
arrest and DNA-damage-inducible, alpha), Ddit3 (DNA-damage-inducible transcript 3), and
TobI (transducer of ERBB2 - known to regulate cell cycle progression negatively) in the G1
phase of cell cycle progression in NIH3T3 cells (Yamamoto, et al 2006). This may be an
important mechanism for N-Ras and K-Ras mutants frequently mutated in AML.
Constitutively activated MAPK/ERK1/2 signalling has been observed in approximately 50%
of primary AML (Towatari, et al 1997). Furthermore, NF1 which encodes neurofibromin, a
GTPase-activating protein and negative regulator of Ras, (Figure 1.9B) is inactivated in
AML (Mullally and Ebert 2010, Parkin, et a/ 2010, Pratilas and Solit 2010). Activating RAS
mutations are observed in approximately 20% of AML (Mullally and Ebert 2010). AML with
inv(16) in particular is frequently associated with NF/ deletions and hence alterations of
RAS pathway (Haferlach, e al 2010). mTOR (downstream effectors of Ras and PI3K/AKT)
has been shown to be negatively regulated by NF1 (Johannessen, et al 2005) and AML
patients with normal NF'/ copy number and low NF'] expression are more sensitive to mTOR

inhibition than patients with an inactivating NF'/ mutation (Parkin, et al 2010).

1.7.3 JAK/STAT signalling

The Janus kinase (JAK) family is comprised of four members (JAK1, JAK2, JAK3, TYK?2)

which are characterised by JAK homology domains (JH1-JH7). JAK activation results in

39



phosphorylation of the receptor on Tyr residues, which subsequently allows binding of
proteins such as the STAT, Src family kinases, phosphatases and adaptor proteins, which link
to cell proliferation, survival and differentiation (Masson and Ronnstrand 2009). There is the
crosstalk between MAPK and the STAT signalling (Masson and Ronnstrand 2009); in
particular, STAT proteins located at the cytoplasm are directly phosphorylated by JAK which
leads to dimerisation and translocation to nucleus. Activated STATs binds specifically to
gamma-interferon-activated sequences (GAS) in DNA to initiate downstream transcription of
target genes. For example, STATS induces expression of Bc/2l1, Cish, Idl, c-Fos, Osm and
Piml while STAT3 (activated by MEKK 1, MEK kinase) activates the c-Myc gene (Masson
and Ronnstrand 2009). Constitutive activation of STATS has been shown to promote cell
proliferation and survival in Ba/F3 cells (Onishi, ef al 1998). In AML, constitutive activation
of STATS is detected in 22% of adult patients (Benekli, et a/ 2003). Constitutive DNA
binding of STAT3 and STATS in AML blasts cells is one of the important signalling

pathways downstream of FLT3 mutations for transformation (Masson and Ronnstrand 2009).

1.8 Application of gene expression profiling technology to AML

There has been widespread application of new technologies (microarray, SNP, LOH,
methylation, next-generation sequencing and proteomics) to interrogate the pathogenesis and
biology of AML (Goswami, et al/ 2009). Microarray gene expression profiling is a tool that
enables measurement of the gene expression (MRNA level) of more than ten thousand genes
at once and there has been numerous examples where microarray and transcriptomics data
have been deposited at the Gene Expression Omnibus (GEO) and ArrayExpress databases for
public usage (Bacher, et al 2009b). Microarray gene expression profiling has been applied

extensively to the diagnostics, prognostics, mechanism, and therapeutic and drug discovery
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in AML (Bacher, et al 2009b, Goswami, et al 2009). With freely available bioinformatics

tools from the Bioconductor website (http://www.bioconductor.org/), it is now possible to

identify the significant differentially expressed genes, explore network pathways, predict
molecular mutations and cytogenetic abnormalities, and identify novel classes of AML using

the publicly available microarray data.

1.8.1 Gene expression profiling for diagnostic and prognostic predictions

Efforts to identify the contribution of the translocation derived fusion proteins in
leukemogenesis have included genome-wide transcriptional profiling of primary leukemic
blasts. A number of these studies have described the unique features of each signature and
reported gene expression changes associated specifically with the AMLI1-ETO, CBFp-
MYHI11, MLL, or PML-RARa fusions (Bacher, ef a/ 2009b, Ichikawa, et al 2006, Lee, et al
2006). AML with each of those key translocation events can be distinguished on the basis of
gene expression demonstrating the unique properties associated with each fusion protein
(Bacher, et al 2009a). Gene expression signatures have predictive power in classifying AML
subtypes from patient samples (Figure 1.10A) (Bacher, et a/ 2009a) and several studies
suggest that there are at least 15 AML subtypes based on gene expression (Bacher, et a/
2009b, Bullinger, et al 2004, Schoch, et al 2002, Valk, et al 2004). Additionally, through
supervised and unsupervised classification, the large normal karyotype AML group can be
separated into at least two novel groups with significantly different prognostic value

(Bullinger, et al 2004).
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Figure 1.10. Application of gene expression profiling for diagnosis and drug
discovery. A. Classifying various subtypes of AML by hierarchical clustering heatmap
and principal component analyses. Adult AML subtypes such as 11q23/MLL, t(8;21),
t(15;17), inv(16), and AML with complex aberrant karyotypes are clearly distinct based
on differential expression from 749 probe sets (adapted from Bacher et al, 2009). B.
The application of Connectivity map uses gene expression profiles derived from the
treatment of cultured human cells with a large number of drugs to populate a reference
database to facilitate identification of drugs that may be useful for treatment in a
disease of interest (adapted from Lamb ez al, 2006). Please see text for more details.
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Gene expression profiling has also been useful in analysing different mutation groups in
AML (Bacher, ef al 2009b, Goswami, et al 2009). Several microarray studies have been
performed to dissect the gene expression in FLT3-ITD (Bullinger, ef a/ 2004, Bullinger, et al
2008, Gale, et al 2005, Goswami, et al 2009, Kim, et al 2007, Lacayo, et al 2004, Lu, et al
2007, Metzeler, et al 2008, Mizuki, et al 2003, Neben, et al 2005, Pekova, et al 2009,
Radmacher, et al 2006, Stolzel, et al 2010, Valk, et al 2004, Verhaak, ef al/ 2009), and these
have identified several differentially expressed genes associated selectively with FLT3-ITD.
There are also several microarray studies to investigate the gene expression of FLT3-TKD
(Bullinger, et al 2004, Bullinger, ef al 2008, Lu, et al 2007, Neben, et al 2005, Valk, et al
2004, Verhaak, et al 2009, Whitman, et al 2008, Yamaguchi, et al 2009) and these have also
highlighted unique gene expression patterns between FLT3-ITD and FLT3-TKD. Several
gene expression profiling studies have identified the FLT3 mutation groups with high
accuracy (Bacher, et al/ 2009b, Goswami, et al 2009). These studies together have provided a
better understanding of the FLT3 mutation pathogenesis and the association with adverse

prognosis.

1.8.2 Gene expression profiling in target-based drug discovery

The observation that gene expression profiling can classify AML with distinct reciprocal
translocations and mutations is consistent with each event activating unique downstream
pathways and emphasizes that each of these groups of AML has unique characteristics that
may provide for individualized therapy. The current bioinformatics technology, together with
the rich resource of microarray datasets that have been deposited in the public domain make
it possible to use these gene expression profiles to identify drugs that are associated with

gene expression patterns of relevance to particular diseases. For instance, the Connectivity
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Map (CMAP) that has been developed by Lamb et a/ (Lamb, et a/ 2006) has been used
widely to identify potential drugs for target-based cancer treatment (Rosenbluth, et a/ 2008,
Sanda, et al 2009, Stegmaier 2009, Vilar, et al 2009). The CMAP enables connection of
human disease phenotype with drugs via comparison of gene expression profiles with a large
bank of drug expression profiling experiments. This has enabled prediction of drug that may
reverse disease characteristics (Figure 1.10B). CMAP uses a large reference database of
genome-wide expression profiling from the cultured human cancer cell lines under the
standard conditions (AML-HL60, prostate cancer-PC3, breast cancer-MCF7, and melanoma-
SKMELS) treated with small molecules and uses a pattern-matching algorithm to enable data
mining (Lamb, et al 2006). More details on the use of the CMAP application can be found in
Lamb et al (Lamb, ef al 2006) and the review by Stegmaier (Stegmaier 2009). In the latest
public CMAP release (Build 2), 1309 compounds have been arrayed including large number
of FDA (US Food and drug administration)-approved drugs. CMAP is therefore a powerful
tool for generating hypotheses that can be tested with experimental approaches (Stegmaier
2009). Successes using this application include identification of specific compounds for acute
lymphoid leukaemia and solid tumours (Rosenbluth, et al 2008, Sanda, ef al 2009, Vilar, et al

2009).

1.9 Cell line models to study AML

A widely accepted approach for studying the pathogenesis of AML is to use the immortalized
myeloid leukaemia cell lines (HL-60, MV4-11, MOLM-13, K-562, Kasumi-1, KG-1, ME-1,
and U937). Rucker et al reported that the leukaemic cell lines are faithful model systems that
can provide insights into the pathogenesis of leukaemogenesis (Rucker, et al 2006). Indeed,

gene expression profiling shows that they faithfully represent primary AML samples
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(Rucker, et al 2006). For receptor signaling, it is common to use mouse myeloid cell lines
(Ba/F3, 32D, FDCP1 and FDB1) expressing mutant receptors allowing ready dissection of
signalling. In this study, we use the murine FDB1 cell line as a cell line model to dissect
signaling and downstream events associated with RTK mutants such as FLT3 mutations and

the constitutive activated GMR-V449E.

1.9.1 A cell line model of granulocyte-monocyte growth and differentiation,

FDB1

A cell line model that has been used extensively in these studies is the FDB1 mouse bi-
potential cell line. FDB1 is IL-3 dependent myeloid progenitor cell line (McCormack and
Gonda 2000). It is a particularly useful model system to analyse the IL-3 and GM-CSF
signalling pathways. This cell line proliferates continuously in murine IL-3 but undergoes
complete growth arrest and granulocyte-macrophage terminal differentiation (neutrophils,
monocytes and megakaryocytes) in response to murine GM-CSF (McCormack and Gonda
2000). This is unique among mouse myeloid cell lines (i.e. 32D cells differentiate to
granulocytes upon treatment with G-CSF and Ba/F3 cells do not undergo differentiation). In
FDBI1 cells, IL-3 is dominant over GM-CSF and cells continue to proliferate without
differentiation in a mixture of these two growth factors. Importantly, this cell line is strictly
factor-dependent for survival as upon removal of IL-3, the cells die within 48 hours (Brown,
et al 2004, McCormack and Gonda 2000). FDBI1 thus constitutes a unique model of myeloid
differentiation that permits dissection of signalling pathways associated with IL-3 and GM-
CSF responses and their contribution to myeloid cell proliferation, survival, and
differentiation. Importantly for these studies, activated receptor mutants have been

introduced into this cell line resulting in factor-independent growth and survival, and
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allowing extensive dissection of signalling and downstream events (Brown, et al 2004,

Perugini, et al 2009).

1.10 Aims of the project

1.10.1 Overall Aims:

To further understand the mechanism of hfc and FLT3 mutations in normal haemopoiesis

and AML, and to elucidate new approaches for treatment of AML.

1.10.1.1 Specific aims:

1. To identify differential expressed genes regulated by the critical Tyr’" and Ser’® in hpc
using gene expression profiling, computational analysis and experimental validation.

2. To identify the mechanism of action of FLT3 mutations and the role of Gadd45a in AML
through computational analysis and experimental validation.

3. To identify drugs that targets the most common and known translocations in AML

through computational and experimental validation.
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Chapter 2: Regulation of myeloid proliferation,
differentiation and survival signals by the human GM-CSF/IL-

3/IL-5 common beta chain

2.1 Introduction

Dysregulated cell survival and proliferation are hallmarks of AML. As discussed in Chapter
1, these effects can be associated with aberrant receptor signalling leading to constitutive
activation of signalling pathways associated with proliferation and survival. For example,
autocrine GM-CSF, over-expression of /L-3RA, also known as CDI23, and constitutive
serine phosphorylation of the hc for GMR has been found in myeloid leukaemia (Guthridge,
et al 2006, Krause and Van Etten 2007, Wang, ef a/ 2007). It has also been shown that some
subtypes of myeloid leukaemia, such as juvenile myelomonocytic leukaemia (JMML), and
chronic myelomonocytic leukaemia (CMML) require GM-CSF to enhance proliferation and
survival (reviewed in (Hercus, et al 2009)). Recently, Riccioni et al/ showed that the levels of
human hfc were selectively high in AML with FLT3 mutations compared to wild-type FLT3
AML (Riccioni, ef al 2009). The oncogenic capacity of a mutant form of the GMR 3 chain
with the transmembrane V449E mutation (GMR-V449E) has previously been demonstrated.
As discussed in Section 1.6.1.1, this mutant confers factor-independent proliferation,
survival, and a block in differentiation in vitro and in vivo (Brown, et al 2004, McCormack
and Gonda 1999, McCormack and Gonda 2000). Moreover, a secondary mutation of an
intracellular tyrosine residue Tyr’'' (Y577) to phenylalanine (Y577F) in GMR-V449E is able
to induce AML in vivo when cooperated with PML-RARa, but with longer latency than

GMR-V449E (see Section 1.6.1.2) (Phan, ef a/ 2003). This is due to the Y577F mutant cells
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is selectively abolished factor-independent proliferation, and with some monocyte
differentiation, but not survival in FDBI1 cells (Brown, et a/ 2004). Thus, in this system, this
key residue provides an important signal associated with cell proliferation and the block in

differentiation.

A serine residue proximal to Tyr’’ (Ser’™) in the GMR has been reported to be involved in
survival-only signalling (see Section 1.6.1.2) (Guthridge, e al 2006). Briefly,
phosphorylation of the Ser’® was observed at low concentrations of GM-CSF, and this was
associated with cell survival through PI3K/AKT signalling. In contrast, phosphorylation of
the Ser”® switch to the Tyr’” residue was observed at higher concentrations of GM-CSF, and
this associated with cell proliferation and survival through JAK-STATS pathway (Guthridge,

et al 2000).

Given that the Tyr’" and Ser’® may have distinct roles in proliferation and/or survival, it is
now important to characterise the nature of signalling associated with each of these residues
and determine the relevance to AML. In this study, we have used the FDBI cell line
expressing the GMR-V449E mutant and determined the gene expression changes

77 We also analysed the gene expression associated with the Ser’™

downstream of Tyr
pathway. Connectivity map and pathway analysis was used extensively to identify pathways
downstream of these two key residues. A comparison of both the Tyr’’’ and Ser’®’ signatures

with AML gene expression profiles shows that AML with CEBPA mutations displays

significant enrichment for these signalling pathways.
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2.2 Materials and methods

2.2.1 Reagents

Recombinant murine IL-3 (mIL-3) and mGM-CSF were produced from Sf21-pIB-mIL-3 and
Sf21-pIB-mGM-CSF conditioned media made in-house respectively. Rapamycin (a.k.a
Sirolimus), Wortmannin and LY294002 were purchased from Calbiochem. Rapamycin (100
uM), Wortmannin (1 mM) and LY294002 (25 mM) were reconstituted in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) as the stock solution and stored at -20°C. 0.1% (v/v) DMSO was
used as vehicle control. Propidium lodide (PI) was purchased from Sigma-Aldrich. 100X
Penicillin-Streptomycin-Glutamine (PSG) was purchased from Invitrogen. Iscove's Modified
Dulbecco's Medium (IMDM) and phosphate-buffered saline (PBS) were purchased from

Sigma-Aldrich.

2.2.2 Antibodies

Gr-1 (Ly-6G) and c-FMS (CD115, M-CSFR) mouse monoclonal antibodies and their isotype
controls (IgG2b and IgG2a respectively) conjugated with PE were purchased from
eBioscience. The anti-FLAG tag M2 primary antibody was purchased from Sigma-Aldrich.
The Anti-mouse IgG-FITC secondary antibody was purchased from Beckman Coulter.

473

Monoclonal phospho-Ser’” AKT and total AKT antibodies were purchased from Cell

Signalling Technology.
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2.2.3 Cell lines and culture conditions

FDBI1 cells (myeloid suspension cells), FDB1-V449E and FDB1-V449E YS577F were
maintained in IMDM supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 1X of PSG
and 500 bone marrow unit (BMU)/mL mIL-3. FDB1-V449E and FDB1-V449E Y577F cells
were maintained in 1 pg/ml of puromycin (Sigma-Aldrich) and cultured in a humidified

incubator at 37°C with 5% CO,.

2.2.4 Flow cytometry

Cells were harvested and washed with PBS and stained for 30 minutes on ice with the
primary conjugated antibody (Gr-1 (1:1000)), c-FMS (1:100) and isotype controls) or
unconjugated antibody (FLAG-M2 - 1:1000) in 100 pl of FACS wash (recipe in Appendix
A). The cells were also incubated with 20 pl of Intragam (CSL) as a blocking Fc receptor
antibody together with primary antibody. Subsequently, the cells were washed once with the
FACS wash and then centrifuged at 1200 r.p.m for 5 minutes. For unconjugated antibody,
supernatant was discarded prior the second layer staining (anti-mouse FITC in 1:100
dilution) for another 30 minutes on ice. Subsequently, the cells were washed with the FACS
wash and centrifuged followed by removal of supernatant. The cells were resuspended in 300
ul FACS wash, analysed directly using a flow cytometer Beckman Coulter Epics XL-MCL,
or stored in FACS FIX (recipe in Appendix A) to be analysed later. The flow data was

analysed and generated using Flowjo software (http://www.flowjo.com/).
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2.2.5 Differentiation, cell viability, apoptosis and proliferation assays

Cells were washed four times with IMDM without supplement, or PBS, and subsequently
seeded at 1x10° cells in 1 ml (24-wells format) and 5x10° cells in 100 pl (96-wells format) of
IMDM containing 10% FBS as described above. Cells were cultured in the absence of IL-3
or with 500 BMU/mL IL-3. The cells that expanded to over 1x10° cells per well were split
with a 1:10 dilution to a new well with fresh medium containing appropriate growth factor to
prevent overgrowth and subsequently cell death. Cell proliferation was assessed in 96-wells
format using MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium)) assay (CellTiter 96 Aqgeous One solution, Promega) as per
manufacturer’s protocols. To assess cell viability, the percentage of cells excluding trypan
blue (Invitrogen) was determined microscopically using a haemacytometer. To assess cell
apoptosis, aliquots of cells were stained with Annexin V (BD pharmingen) as per
manufacturer’s protocols. To assess cell differentiation, aliquots of cell populations were
cytocentrifuged at 500 r.p.m onto glass slides and subsequently stained with May-Griinwald
Giemsa for morphology assessment. Leukocyte differentiation antigens were also assessed by
flow cytometry as described in Section 2.2.4. The flow histograms were generated using

Flowjo software.

2.2.6 Cell cycle analysis

Cells were washed with PBS and fixed overnight with 70% ethanol at -20°C. Subsequently,
cells were spun down and incubated in PBS with 0.1% TritonX-100, 100 pg/ml RNase A and
40 pg/ml of Propidium lodide (PI) for 30 minutes at room temperature in the dark prior to
analysis by flow cytometry using Beckman Coulter Epics XL-MCL. The flow histograms

were generated using Flowjo software.
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2.2.7 Western blotting

The cells were first washed and starved in the absence of growth factor for 48 hours.
Subsequently, the cells were either stimulated with IL-3 for 5 minutes or not stimulated.
Then the cell lysates were prepared using Radio-Immunoprecipitation Assay (RIPA) buffer
(recipe in Appendix A) and the protein quantitation was performed using the BioRad protein
assay kit (BioRad) as per manufacturer’s protocols. Quantitation analysis was calculated
using Bradford assay using Microsoft Excel. Subsequently, 100 pg of proteins were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Brown, et al 2004).
Secondary antibody conjugated with Horseradish peroxidase (HRP) was used at 1:10000 and

ECL chemiluminescent reagents were used for detection of the signal.

2.2.8 Bioinformatics analysis

2.2.8.1 Gene-set enrichment analysis using the Wilcoxon rank sum test

To test for association of published gene data sets with our data set or vice versa, we used the
non-parametric Wilcoxon rank sum test as implemented in the R statistical program
(http://www.r-project.org/). We constructed our reference set of genes based on ranking the
log of odd ratio score (Lod) (Smyth 2004) for comparisons of reference-set and test-set.
Gene-sets or reference-sets of interest were obtained from published studies. Only p<0.01
was considered as statistically significant. A significant result from the Wilcoxon rank sum
test indicated that the gene-set of interest displays an association with the indicated reference-

set.
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2.2.8.2 Microarray dataset re-analysis

The raw CEL files from the previous study by Valk et al (Valk, et al 2004) were downloaded
from NCBI GEO accession number GSE1159. Data was normalized with Robust Multichip
Average (RMA) and the average gene expression change for each gene determined in each of
the AML subtype groups, relative to the expression level in normal bone marrow
mononuclear cells (NBM, n=5). Analysis was performed using linear modelling analysis
(LIMMA) (Smyth 2004) to determined differentially expressed genes. The genes were
adjusted for multiple testing using Benjamini-Hochberg (BH) methods. Genes that with BH
adjusted p-value < 0.05 were considered as significant genes. All the statistical analysis was
performed using the R statistical program. Heatmap was generated using MeV software

(Saeed, et al 2006).

2.2.8.3 Connectivity map, pathway and gene ontology analysis

All the significant up- and down-regulated mouse V449E proliferation signature genes were
first mapped to human orthologs that contained human Affymetrix HGU-133A probe-set IDs
for each gene using in-house Perl scripts. Subsequently, the mapped Affymetrix probe-set
IDs were uploaded to the Connectivity Map version 2 (http://www.broad.mit.edu/cmap).
Small molecules or drugs were considered significant based on p-value < 0.05 and a mean
connectivity score (>0.4). Protein and/or gene networks and ontology associated with the
gene-set were derived using Ingenuity Pathway Analysis (IPA) (Ingenuity Systems,

http://www.ingenuity.com).
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2.2.8.4 Transcription factor prediction using microarray significant gene-set

To predict transcription factor regulation using the microarray gene signature, TFactS
(Essaghir, et al 2010) was used. Briefly, all the significantly up-regulated and down-
regulated genes (false discovery rate (FDR) p<0.05) were uploaded to TFactS and results
were generated by TFactS and exported to Microsoft Excel. We used the author’s
recommended settings and only considered transcription factor regulation with Benjamini-

Hochberg adjusted FDR p-value< 0.05 as statistically significant.

2.2.9 Statistical analysis

The statistical significance of various parameters was evaluated using the 2-tailed student’s t-
test otherwise indicated in the text. Only p < 0.05 was considered as statistically significant.
The data is presented as mean * standard error measurement (SEM) for at least 2 independent
experiments. The figures including the dose-response curve were generated using GraphPad

Prism version 5.0 (GraphPad Software, http://www.graphpad.com).

2.3 Results

2.3.1 VA449E YST77TF cells fail to proliferate but maintain viability

To dissect the nature of the proliferation pathway in the V449E mutant, we aimed to compare
gene expression profiles between the parental V449E FDBI1 cells and cells expressing the
V449E Y577F second-site mutant which lacked the proliferation response. Expression of
GMR-V449E or GMR-V449E Y577F (VY577F) in FDBI cell populations was confirmed by
detection of the anti-M2 FLAG epitope-tag using flow cytometry. As shown in Figure 2.1A-

B, both cell populations expressed the receptors at similar levels. We first examined the
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A. FDB1 V449E V449E Y577F

Figure 2.1. Effect of the GMR-V449E YS577F mutation on factor independent
proliferation and viability in FDB1 cells. A. Cell surface expression of FLAG-
tagged GMR-V449E and GMR-V449E YS577F receptors by flow cytometry after
staining cells with an anti-FLAG M2 antibody followed by an anti-mouse FITC
conjugated antibody. The control was the the cells stained with secondary antibody
conjugated with FITC only. B. The summary of FLAG positivity in GMR-V449E
and GMR-VYS577F cells. C. FDB1 V449E and V449E YS577F cells were cultured
without factor for 5 days and the growth was measured daily by MTS assay. D. The
cell viability of V449E and V449E Y577F (VY577F) cultured without growth factor
measured by trypan blue exclusion on day 5. Data represent mean + SEM for at least
2 independent experiments. The statistical significance was determined by two-tailed
student’s t-test.
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differences of these V449E and VYS577F cell populations in cell proliferation assays. The
MTS assay was used to examine the proliferation of each cell population over 5 days. As
shown in Figure 2.1C, only V449E FDBI cells grew exponentially in the absence of growth
factor. As there was no cell growth in the VY577F cell populations, we then assessed cell
viability. As shown in Figure 2.1D, there was no significant cell viability difference (p=0.12)
at day 5 when VYS577F cells were compared to V449E cell populations in the absence of
growth factor. These results were consistent with those reported previously for these FDB1

cell populations (Brown, et al 2004).

Since there was no significant difference in cell viability, we next determined whether the
lack of proliferation of the VY577F cell population was due to growth arrest. We assessed
V449E and VYS577F cell populations cultured without growth factor or with IL-3 for cell
cycle distribution using PI staining. This analysis revealed that a significantly larger
proportion of V449E Y577F cells accumulated in the G1 phase of the cell cycle at day 3 and
day 5 compared to V449E cell populations (Figure 2.2A-B). There was no significant
difference in cell cycle distribution between V449E and VY577F cell populations cultured in

IL-3 as shown in Figure 2.2B.

We next used flow cytometry to analyse two myeloid markers on these cell populations (Gr-1
and c-FMS). Gr-1 is expressed by granulocytes and is also transiently expressed by
monocytes during their development (Fleming, et al 1993). On the other hand, c-FMS (M-
CSFR) is expressed by the monocytic lineage only (Sudo, ef al/ 1995). As shown in Figure
2.3A, we found that in the absence of growth factor, the VY577F cell population displayed

higher Gr-1 and c-FMS expression at day 3 compared to V449E cell populations. However,
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Figure 2.2. Cell cycle analysis of FDBI1 cells expressing V449E or V449E YS577F.
A. Cells were cultured in the absence of growth factor and the effect on cell cycle was
assessed by PI staining and flow cytometric analysis at day 3 and day 5. Cells cultured
with IL-3 were included as a comparison. B. The percentage of cells in the G1, S and
G2/M phases under the condition described in part A were quantified for at least 2
independent experiments. Data represent mean + SEM for at least 2 independent
experiments. ***p<0.001, **p<0.01, *p<0.05 determined by two-tailed student’s t-
test compared to GMR-V449E. n.s indicates not significant. 57
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Figure 2.3. Expression of cell surface myeloid differentiation markers and morphology
on FDB1 V449E and V449E YS77F cells. A. Cell surface expression of Gr-1
(granulocytes) and c-FMS (monocyte/macrophage) was assessed on GMR-V449E and
GMR-V449E Y577F FDBI1 cells at day 3 in the absence of growth factor by flow cytometry
after staining cells with an anti-Gr-1 and anti-c-FMS antibody conjugated with PE
antibodies respectively. The control was the the cells stained with isotype control
conjugated with PE. Cells cultured with IL-3 were included as a comparison. B. The
expression of Gr-1 and c-FMS expression under the condition described in part A were
quantified for at least 2 independent experiments. C. The cell morphology was assessed
under the conditions described in part A by cytocentrifugation and staining with May-
Griinwald Giemsa. Data represent mean + SEM for 2 independent experiments. **p<0.01,
*p<0.05 determined by two-tailed student’s t-test compared to GMR-V449E. Original
magnification 200x. Arrows indicates monocytes and macrophages. 58




when VY577F cells were cultured with IL-3, Gr-1 and c-FMS expression was similar to the
V449E cell population as shown in Figure 2.3A. The summary for Gr-1 and c-FMS
expression of VY577F cells compared to V449E cells in the absence of growth factor is
shown in Figure 2.3B. This surface marker expression is consistent with the microscopic
analysis of the VY577F populations at day 3 and day 5 which showed cells morphologically
identified as macrophages (Figure 2.3C). The high Gr-1 expression in the VY577F mutant is
possibly due to the transient expression on the monocytes. These results are also consistent
with the previous report by Brown et al (Brown, ef al 2004) and indicate that the lack of
proliferation signalling observed with VY577F mutant is associated with G1 cell cycle arrest

and macrophage differentiation.

2.3.2 The V449E YS77F signature: A proliferation-associated signature

Given that the VY577F cells selectively lose proliferation while viability is maintained, gene
expression profiling was performed to determine the gene signature associated with the
Tyr’" proliferation signal and block in differentiation. We compared the gene expression in
the VY577F and V449E FDBI cells at 0 and 72 hr without growth factor using the approach
previously described (Brown, et al 2006). From this analysis, we identified 419 genes (461
probes) for which there was significant up- or down-regulation in the VY577F mutant
relative to V449E at 0 and 72 hr (FDR adjusted p-value < 0.05). This gene list was then
referred to as the “V449E proliferation signature”. Figure 2.4 shows a heatmap
representation of all the significant genes (n=419) and their differential expression between

V449E and VYS577F cells at 72 hr compared to O hr.
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Figure 2.4. Differentially expressed GMR-V449E YS577F genes. Heatmap shows the
mean log, expression of 419 genes that are significantly differentially expressed (FDR p-
value < 0.05) in GMR-VY577F FDBI1 cells compared to GMR-V449E FDBI1 cells.
V449E indicates the comparison between 72 hr to 0 hr in V449E cells. VY577F indicates
the comparison between 72hr to Ohr in VY577F FDBI1 cells. Red indicates up-regulated
expression and Green indicates down-regulated expression. NA indicates unannotated

genes. 60



To determine the gene functions and categories that were affected by the VY577F mutant,
the full gene list (n=419) was used to query the Ingenuity pathway analysis (IPA) software

package (http://www.ingenuity.com/). As shown in Table 2.1, we found that the following

categories: inflammatory response, cancer, haematological system development and function,
and haemopoiesis were significantly enriched in this signature. Additionally, the V449E
proliferation signature was also significantly enriched for genes associated with cell death,
cell-to-cell signalling and interaction, growth and proliferation, morphology, and cell cycle as
shown in Table 2.1. This analysis is consistent with the experimental data in the previous
section showing an important role of the Tyr’'' residue in regulating proliferation,
morphology, and cell cycle arrest. We also used IPA to perform canonical pathway
enrichment analysis using the V449E proliferation signature. As shown in Table 2.1, one of
the top pathways is related to AML signalling. There are 6 genes (CSFIR, CSF2RA, CSF3R,
EIF4EBPI, RAC2, and STAT5A) associated with AML signalling (Figure 2.5). Additionally,
several other pathways such as 14-3-3-mediated signalling, apoptosis signalling, PI3K-AKT
signalling, GM-CSF signalling and Wnt--catenin signalling were significantly enriched in
this proliferation signature. Of note, this canonical pathway analysis indicated that the genes
(BCL2L1, EIF4EBPI1, HLA-B, HSP90ABI, ITGA4 and RAC?2) were significantly (p=0.03)
linked to an AKT network that is a key mediator downstream of the PI3K pathway and has
been previously linked to proliferation and survival signalling in leukaemia (Martelli, et al
2009) (see Section 1.7.1). Of note, EIF4EBPI (regulator of cap-dependent translation) is
down-regulated in the VY577F FDBI1 mutant compared to the V449E mutant. EIF4EBP] is
a key downstream target of oncogenic activation of the PI3K/AKT/mTOR and MAPK/ERK
pathways as inhibition of both AKT and ERK suppress the phosphorylation of EIF4EBP1
and tumour growth in vivo (Dowling, et al 2010, She, et al 2010). These results suggest that

the GMR-V449E mutant mediates proliferation and the block in differentiation via PI3K-
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Table 2.1. Enrichment of gene ontology and canonical pathways associated with

the GMR-V449E proliferation signature.

Disease and Disorders

Inflammatory response

Cancer

Molecular and cellular functions

Cell death

Cell-to-cell signalling and interaction
Cellular growth and proliferation
Cell morphology

Cell cycle

Physiological system and development and

function

Haematological system development and
function

Haemopoiesis

Canonical pathways

AML signalling
14-3-3-mediated signalling
Apoptosis signalling
PI3K/AKT signalling
GM-CSF signalling

Wnt/p-catenin signalling

419 genes were queried to IPA analysis and significant enrichment for gene ontology

7.1x107°- 6.8x103

3.2x108- 7.7x103

1.4x10®-7.9x103
4.9x108-7.9x103
9.3x10%-7.8x103
4.0x10%-7.9x103

2.5x103-6.9x103

2.1x108-7.8x103

7.6x10°—-5.9x103

3.5x103
2.4x102
2.7x1072
3.3x102
3.6x10?
4.8x102

and canonical pathways were identified based on p-value < 0.05.
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Figure 2.5. Significant AML signalling pathways associated with VY577F
mutant cells. The proliferation signature was uploaded to IPA and identified the
AML signalling pathway as one of the significant associations. Red indicates genes
up-regulated in the proliferation signature and green indicates genes down-regulated

in the proliferation signature.
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AKT activation involving the Tyr’’’

residue. Additionally, the top networks that are
associated with this proliferation signature are (1) Gene expression, cellular growth and

proliferation, haematological system development and function, (2) Cancer, cell cycle,

carbohydrate metabolism. These networks are shown in Figure 2.6.

In addition to pathway analysis, we also performed transcription factor prediction analysis
using this proliferation gene signature. We used TFactS as described by Essaghir et al
(Essaghir, et al 2010) as this bioinformatic tool has successfully predicted specific
transcription factors regulated by PDGFB using a microarray gene signature, and these have
subsequently been confirmed experimentally. We queried our proliferation gene signature
(n=419) using TFactS and identified 91 transcription factors that were predicted to be
significantly differentially regulated between VY577F and V449E. The top 10 transcription
factors ranked based on FDR p-value are shown in Table 2.2. Consistent with this pathway
mediating the block in differentiation, several key transcription factors of the GM lineage
were detected. These include SPI/I (PU.1), CEBPA, and EGRI (early growth response
protein 1). Detection of transcription factor (TCF)-B-catenin is consistent with the result
above obtained from pathway analysis using IPA (see Table 2.1). To determine the direction
of regulation of B-catenin in the VY577F mutant cells, we used two previously reported
gene-lists of chromatin immunoprecipitation (ChIP) targets for TCF7L2/TCF4 and CTNNBI
(Hatzis, et al 2008, Yochum, et al 2007). As shown in Table 2.3, the expression of 7cf7/2,
Myb and Sox4 is up-regulated in the VY577F mutant while the negative regulator of Wnt-f3-
catenin pathway, Sfrp2 is down-regulated. The promoter of Sfip2 is frequently methylated in
30% of AML patients, hence activating Wnt target genes and inreasing nuclear localisation

of B-catenin (Valencia, et al 2009). This result suggests that 3-catenin activation is
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Figure 2.6. Proliferation signature network. Top networks generated by IPA that
are significantly associated with the GMR-V449E proliferation signature. Red

indicates genes up-regulated in the proliferation signature and green indicates genes
down-regulated in the proliferation signature.
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Table 2.2. Prediction of transcription factor regulation associated with the GMR-
V449E proliferation signature.

Transcription factor prediction FDR p-value
(Benjamini-
Hochberg)

ATF3 5.5x10*
SPI1 (PU.1) 5.5x10*
EGRI1 1.7x1073
NF«xB 2.2x1073
TCF/B-catenin 2.8x1073
WTI 3.3x1073
CREBI1 4.4x1073
ETS1 5.0x1073
CEBPA 7.7x1073
MYC 9.9x103

419 significant genes were queried to TFactS and transcription factors with Benjamini-
Hochberg adjusted p<0.05 were considered statistically significant. The top 10
transcription factors associated with the GMR-V449E proliferation signature are shown.
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Table 2.3. Identification of TCF7L2 and CTNNBI1 target genes in VY577F

gene list.
TCF7L2/
Fold B-catenin TCF4
Gene Change FDR p- | targets by | targets by
Symbol Direction (log2) value SACO SACO
Sox4 UP 0.808 0.008 - +
Tgfbr2 UP 0.637 0.009 - +
Smarcel UP 0.542 0.035 - +
Myb UP 0.504 0.019 - +
Tcf712 UP 0.489 0.029 - +
Tall UP 0.465 0.021 - +
Masp?2 UP 0.361 0.039 + -
HIf0 DOWN -0.532 0.028 - +
Bcl2l1 DOWN -0.550 0.033 + +
Sfrp2 DOWN -1.015 0.006 - +
EwS DOWN -1.057 0.001 - +
St6gall DOWN -1.387 0.000 + -

Up indicates the expression in VYS577F is higher than in GMR-V449E and down
indicates vice-versa. Both studies were performed using ChIP-CHIP microarray.

SACO, serial analysis of chromatin occupancy.
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suppressed by Tyr’” and the VY577F mutant cells are activating the Wnt-B-catenin pathway.
Thus, in the context of VY577F mutant cells, the activation of Wnt-p-catenin pathway may

be supporting survival and/or macrophage differentiation.

We also observed from the TFactS result that W71, MYC and NFkB regulation are
significantly enriched in this proliferation signature consistent with these transcription factors
being required for growth or contributing to the differentiation block. For example,
constitutive activation of PI3K-AKT-mTOR down-regulates PP2A (protein phosphatase 2)
and GSK3p (glycogen synthase kinase 3 beta) which normally function to dephosphorylate
Ser®/Thr™® of Myc which are required for ubiquitination. Thus these pathways promote
stabilisation of Myc which is a critical growth-promoting oncogene (Gustafson and Weiss
2010). WT1 and NFkB have also been reported to play an important role in promoting

leukaemogenesis (Grandage, ef al 2005, Grimwade and Hills 2009).

2.3.3 The Connectivity Map (CMAP) as a tool to explore the nature of the

V449E proliferation signature

The Connectivity map (CMAP) and its use as a tool for drug discovery and pathway
identification have been described in Chapter 1 Section 1.8.2. Recently, CMAP has been
updated to version 2 with more compounds and FDA-approved drugs (1309 compounds). We
used CMAP to identify compounds that are predicted to selectively inhibit proliferation and
release the block in differentiation induced by the Tyr’’’ pathway. Briefly, all the significant
up- and down-regulated genes in the proliferation signature (419 mouse genes) were first

mapped using in-house Perl scripts to the human orthologs that also contained human
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Affymetrix HGU-133A probeset IDs. There were 443 (237 up and 206 down) probesets
mapped across to the human Affymetrix HGU-133A probe-set IDs and subsequently all of
these probes were uploaded to the CMAP v2. CMAP ranks each of the drug-treated
signatures based on fold change differential expression of each gene when compared to
vehicle control arrays. Subsequently, CMAP determines the enrichment of the user-provided
(V449E proliferation signature) gene-set in each drug gene expression profile to obtain a p-
value using Kolmogorov-Smirnov test statistics (Lamb, et a/ 2006). By using this analysis,
we identified 12 compounds that are significant associated with the Tyr’’’-linked
proliferation signature based on the criteria as described in the Section 2.2.8.3 (p<0.05 and
connectivity score mean > 0.4). Table 2.4 shows all the 12 significant drugs or compounds
ranked on p-value. Notably, several of the most significant matches were PI3K-AKT-mTOR
pathway inhibitors; LY294002 (PI3K), Wortmannin (PI3K), Quinostatin (PI3K) (Yang, et a/

2007) and Rapamycin (mTOR) as shown in Figure 2.7A.

The CMAP interface provides a bar-plot and summary table displaying enrichment of the
user-provided gene-set to each of the drug profiles across 1309 compounds. The bar-plot
consists of three colours (red - positive correlation to the input signature, grey - no
correlation, and green - negative correlation). Bar plots for each of the PI3K-AKT-mTOR
pathway inhibitors are shown in Figure 2.7B. LY294002, Rapamycin and Wortmannin are
strong significant matches based on p-value. This enrichment associated with PI3K and
mTOR strongly suggests that the signal maintaining proliferation and the block in
differentiation in V449E involves the PI3K-AKT-mTOR pathway as shown in Figure 2.7C.
This is also consistent with the result observed from interactive pathway analysis using IPA
as described previously (see Section 2.3.2). Moreover, this analysis predicts that inhibition of

PI3K-AKT-mTOR pathway with LY294002, Rapamycin, Wortmannin or Quinostatin in
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Table 2.4. Top 10 Connectivity Map compounds identified using V449E
proliferation signature.

wortmannin  0.532 18 0 PI3K
rapamycin 0525 44 0 mTOR
LY-294002 0.497 61 0 PI3K
gramine 0.565 4 0.00004 indole alkaloid
Prestwick-559 0.520 3 0.0029 unknown
protozoan
ornidazole 0431 5 0.0046 infections
treatment
carcinine 0434 4 00057  hstamine H3
receptor target
quinostatin ~ 0.575 2 0.0074 PI3K
sulfadoxine 0.441 3 0.012 Malaria treatment
amoxicillin 0405 4 009 Dactenalinfection
treatment
antazoline 0412 4 0.030 Anti-histamine
menadione 0.503 2 0.046 Vitamin K3

Compounds or drugs were based on positive mean score of 0.4 cutoff and p-value <
0.05. The compounds were ranked by p-value. Mean indicates the connectivity score
for correlation with the query gene-expression and n indicates the number of
experiments performed using the indicated compounds.
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A.

Rank Compounds Mean n p-value  Target
1 Wortmannin ~ 0.532 18 0 PI3K
2 Rapamycin 0.525 44 0 mTOR
3 L£Y?294002 0.497 61 0 PI3K
8 Quinostatin 0.575 2 0.00742  PI3K

B. C.

Wortmannin Rapamycin LY294002 Quinostatin

PI3K-AKT-mTOR pathway
LY294002
PI3K m==\NOrtmannin

1 Quinostatin

AKT

_— A CTOR F Rapamycin

}

Downstream effects

Figure 2.7. Differential activation of the PI3K pathway by V449E and VYS577F.
A. Significant PI3K and mTOR targeted drugs were identified by CMAP based on p-
value < 0.05 and positive connectivity score of > 0.4. The list was ranked by p-value.
Mean indicates the connectivity score for correlation with the query gene-expression
and n indicates the number of experiments performed using the indicated compounds.
B. Bar plot for each PI3K and mTOR targeted drugs. For more details of bar-plot,
please see text. C. Summary of PI3K and mTOR pathway that is targeted by the
CMAP identified drugs.
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FDBI cells expressing V449E would mimic the VY577F mutant. Thus, we next tested these

findings from the CMAP and IPA interactive pathway analysis experimentally.

2.3.4 Experimental validation of CMAP results

Based on the CMAP results shown in Section 2.3.3, we predicted that there would be AKT
activation in the V449E expressing FDB1 cells which would be lost in the VY577F FDBI
cell populations. We used western blot analysis to determine the level of AKT activation as
determined by phosphorylation of Ser'””. The lysates were prepared from cell populations
grown in the absence of growth factor for 48 hours, or in cells stimulated with IL-3 for 5
minutes. The V449E mutant displays low AKT Ser*” compared to the other cell lines such as
FIA mutant which act predominantly via activation of AKT and IxB (Perugini, et a/ 2010).
However, as shown in Figure 2.8A, 48 hours following growth factor withdrawal, we could

detect phosphorylation of Ser*”

of AKT in V449E cell populations and this was clearly
reduced in the VY577F FDBI cell population. When these cell lines were stimulated with IL-
3 for 5 minutes, both showed robust activation of AKT indicating that neither of the cell lines
had a deficiency in AKT activation. These findings were therefore consistent with the results
obtained from CMAP and IPA analysis. We conclude that the V449E mutant activates AKT
(albeit at a lower level than the other activated hpc mutant, FIA) with mutation of Tyr’’’

resulting in loss of AKT activation associated with loss of proliferation, and partial removal

of the differentiation block.
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Figure 2.8. Inhibition of cell proliferation and survival in FDB1 cells expressing
GMR-V449E related to PIBK-AKT-mTOR network. A. AKT activation (phospho
Ser*”?) was assessed by western blot analysis in FDB1 expressing GMR-V449E (V) and
VYS577F (VY) at 48 hours in the absence of growth factors (NF) or stimulated with IL-3
for 5 minutes (IL-3). The Effect on PI3K and mTOR inhibitors on FDB1 GMR-V449E B.
cell proliferation and C. cell survival cultured without growth factor were treated with the
indicated concentrations of PI3K inhibitors: 1Y294002, Wortmannin, and mTOR
inhibitor: Rapamycin. Cell growth relative to vehicle control (DMSO) was measured at
day 5 using MTS assay. Cell growth is plotted. Data represent mean + SEM for 2
independent experiments. Cell survival on GMR-V449E cells in the absence of growth
factor was assessed by Annexin V staining using flow cytometry at day 3 with three
different concentrations of PI3K and mTOR inhibitors. Data represent mean + SEM of
duplicate experiments. *p<0.05 determined by two-tailed student’s t-test. 73



2.3.5 Treatment of GMR-V449E cells with compounds identified from the

CMAP analysis

2.3.5.1 Treatment with the PI3K-AKT-mTOR pathway inhibitors

The CMAP analysis above predicts that inhibition of the PI3K-AKT-mTOR pathway in cells
expressing the V449E mutant would result in a similar outcome to that seen with the Y577F
second-site mutation i.e. a loss of proliferation associated with GM differentiation. We used
the commercially available pathway inhibitors: LY294002 (PI3K), Wortmannin (PI3K) and
Rapamycin (mTOR) to determine the effect on V449E FDBI cell proliferation, apoptosis,

cell cycle arrest and myeloid differentiation in the absence of growth factor.

We first examined the effects on cell growth in FDB1 cells expressing V449E. Cells were
treated with inhibitors and growth was measured using the MTS assay for a 5-days period.
As shown in Figure 2.8B, treatment with the PI3K inhibitor LY294002 in the range from
0.05 uM to 25 pM resulted in a dose-related inhibition of growth for the V449E FDBI1 cell
populations (in the absence of growth factor) at day 5. The ICsy for LY294002 on V449E
FDBI1 cell population was 1.6 uM (95% CI: 1.28-1.96 uM). The concentrations of
LY294002 that were used in CMAP experiments were 0.1 uM and 10 uM which both are

within the range that we used in this experiment.

In the case of the PI3K inhibitor, Wortmannin, while a dose-response was evident in the

concentration range from 0.008 uM to 1 puM, none of these concentrations were able to
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reduce the cell growth by greater than 50% compared to DMSO control (see Figure 2.8B).
The highest concentration of Wortmannin (1 puM) in this study resulted in a 48% growth
inhibition at day 5 with the predicted ICsy of Wortmannin calculated at 1.4 uM (95% CI: 0.8-
2.5 uM). The concentration of Wortmannin used in CMAP was 0.01 pM which in our
experiments resulted in an 11% reduction in cell growth. This reflects the sensitivity of gene
expression in detecting cellular changes. However, at the 24 hour time point, we observed a
larger effect on apoptosis with a significant 30% reduction in Annexin V negative cells at 1

puM, but there is no significant changes in other concentrations (data not shown).

Treatment with the mTOR inhibitor, Rapamycin, in the concentration range from 0.1 nM to
200 nM resulted in a pronounced growth inhibition effect as shown in Figure 2.8B. The ICs
of Rapamycin was 0.2 nM (95% CI: 0.1-0.3 nM) with the concentration between 0.1 nM and
0.2 nM sufficient to result in 50% or more growth reduction. The concentration of
Rapamycin used in CMAP experiments was 100 nM which in our experiment resulted in
80% inhibition of cell growth. There was no further growth inhibition beyond the

concentration of 0.8 nM as shown in Figure 2.8B.

2.3.5.2 Effects of the pathway inhibitors on survival of V449E FDB1

Since there was evidence of the pathway inhibitors reducing cell growth, we subsequently
determined whether this growth inhibition effect is associated with apoptosis. Three different
concentrations were used to treat FDB1 cells expressing V449E in the absence of growth
factor as indicated in Figure 2.8C and the level of apoptosis determined by Annexin V

staining at day 3. As shown in Figure 2.8C, a concentration of 12.5 uM LY294002, resulted

75



in a dramatic reduction in cell survival by more than 90% compared to DMSO or untreated
control. This suggested that the reduced growth observed at this concentration of LY294002
was largely due to apoptosis. The other two lower concentrations (0.1 and 1.56 uM) did not
alter the levels of apoptosis significantly compared to DMSO or untreated control at day 3
(Figure 2.8C). At a concentration of 1.56 uM, cell growth was inhibited by 50% without a
significant induction of apoptosis. Thus, treatment with LY294002 at the concentration of
1.56 uM closely mimicked the effect of the VY577F mutation. Wortmannin resulted in only
a small (18%) but significant reduction in cell survival at the highest concentration (1 uM) as
shown in Figure 2.8C. The 48% reduction in cell growth at this concentration may therefore

be associated with inhibition of both survival and proliferation.

Importantly, treatment of V449E FDBI1 cells with Rapamycin had a dramatic effect on cell
growth (see Figure 2.8C), but did not significantly increase apoptosis at all of the 3
concentrations (0.1, 0.39 and 6.25 nM) tested at day 3 (Figure 2.8C). The two highest
concentrations inhibited cell proliferation by more than 70% without increasing Annexin V
stained. Thus, V449E FDBI cell populations treated with Rapamycin show strikingly similar

features to the VY577F FDBI cell populations.

2.3.5.3 Effect of pathway inhibitors on cell cycle status of V449E FDBI1 cells

We next determined the contribution of cell cycle arrest to growth inhibition by the pathway
inhibitors. We examined the cell cycle distribution using PI staining of V449E FDBI cells
treated with LY294002, Wortmannin or Rapamycin with 3 different concentrations at day 3.

At a concentration of 1.56 uM LY294002, G1 cell cycle arrest was significantly induced as
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shown in Figure 2.9A. The assay was not performed for the LY294002 concentration of 12.5
uM due to the low viability. Approximately 60% of the cells treated with LY294002 1.56
puM accumulated in G1 phase (Figure 2.9A). Additionally, at this concentration, there was a
significantly lower percentage of S and G2/M cells compared to the DMSO control. Thus,
the PI3K inhibitor LY294002 induces G1 arrest consistent with a role of the PI3K pathway in
proliferation. For V449E FDBI cells treated with Wortmannin, at 1puM, there is significant
accumulation of S and G2/M phase (Figure 2.9B). However, the effect is not as great as
treatment with LY294002. The differential effects of LY294002 and Wortmannin are

discussed further in the Discussion Section 2.4 of this chapter.

Surprisingly for V449E FDBI cells treated with Rapamycin, which display a large and
significant reduction in cell proliferation without apoptosis, we observed only a slight but
significant increase in cells in G1 phase and a slight decrease in cells in G2/M phase at 0.39
nM and 6.25 nM (Figure 2.9C). Taken together with the apoptosis data, this suggests that the

reduction of cell growth with this inhibitor is only in part due to cell cycle arrest.

2.3.5.4 Effects of pathway inhibitors on myeloid differentiation of V449E FDBI1 cells

Given that VY577F mutant cells display a level of myeloid differentiation, we measured the
myeloid differentiation markers (Gr-1 and c-FMS) in V449E FDBI cells after treatment with
LY294002, Wortmannin and Rapamycin in the absence of growth factor at day 3. For cells
treated with LY294002, Wortmannin or Rapamycin, there was no significant changes in Gr-1
and c-FMS expression in all three concentrations of LY294002, Wortmannin or Rapamycin

tested as shown in Figure 2.10A-C respectively. We also examined the morphology of FDB1
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Figure 2.9. Effect of LY294002 on the cell cycle status of FDB1 GMR-V449E
cells. FDB1 V449E cells were cultured without growth factor and treated with the
indicated concentrations of A. LY294002 B. Wortmannin and C. Rapamycin for 3
days as determined by PI staining and flow cytometry. Data represent mean + SEM of
duplicate experiments. *p<0.05 determined by ANOVA with Bonferroni’s multiple
comparison test relative to DMSO control.
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Figure 2.10. Expression of Gr-1 and c-FMS on FDBI1 cells expressing GMR-V449E
after treatment with PI3K and mTOR inhibitors. A. The mean of Gr-1 and c-FMS
expression on V449E cell populations treated with 3 different doses of LY294002 (LY)
at day 3. B. The mean of Gr-1 and c-FMS expression on V449E cell populations treated
with 3 different doses of Wortmannin (Wort) at day 3. C. The mean of Gr-1 and c-FMS
expression on V449E cell populations treated with 3 different doses of Rapamycin
(Rapa) at day 3. Data represent mean + SEM of duplicate experiments.
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cells expressing GMR-V449E after treatment with PI3K or mTOR inhibitors in the absence
of growth factor. We did not observe differences in morphology at day 3 or at day 5 for all 3
concentrations tested in these 3 inhibitors (data not shown) consistent with the results of Gr-1

and c-FMS expression.

2.3.6 Gene-set enrichment analysis (GSEA) of the V449E proliferation

signature in AML

To examine the relevance of the V449E proliferation signature to AML, we performed a
gene-set enrichment analysis using the expression signatures for AML described in the study
by Valk et al (Valk, et al 2004). Briefly, average expression of each gene in the AML
subtypes relative to the average of gene expression in normal bone marrow (NBM) was
determined as described in Section 2.2.8. We then ranked the genes by their log of odds
score (Lod) (Smyth 2004) in each AML subtype. The top 50 genes from the V449E Y577-
associated proliferation signature were then used as a gene-set to determine enrichment in
each AML subtype. We used p <0.01 as threshold to determine the statistical significance

associated with enrichment.

As shown in Table 2.5, the AML subtypes can be divided into 3 groups based on enrichment
determined using the Wilcoxon rank sum test statistic. Several AML subtypes displayed a
strong enrichment with the V449E proliferation signature (p<0.001). In particular, the group
with CEBPA mutations displayed the top ranked level of enrichment (p=0.000005). This
raises the possibility that there may be cooperation between CEBPA mutations that contribute

to the block in differentiation, and activation of the hfc-associated pathway which may
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Table 2.5. Gene-set enrichment analysis (GSEA) of top 50 V449E
proliferation signature genes with indicated Valk et al (Valk et al,
2004) AML subtypes compared to NBM.

NOTE:
This table is included on page 81
of the print copy of the thesis held in
the University of Adelaide Library.

Wilcoxon rank sum test statistic was employed to calculate the
enrichment p-value. Only p<0.01 was considered as statistically
significant enrichment.



provide a proliferation signal. Similarly the MLL and PML-RARa translocations may
cooperate with this proliferation pathway. The enrichment of the V449E proliferation
signature with FLT3 AML suggests that constitutive activation of FLT3 may mimic the
signal from GMR-V449E Tyr’"’. Certainly, there is evidence that the PI3K-AKT-mTOR
pathways are critical for both classes of the FLT3 mutants (Cai, et al 2006, Martelli, et al
2006, Weisberg, et al 2008). The effect of PI3K inhibitor LY294002 at 10 uM resulted in
dephosphorylation of Bad but only a minimal apoptosis effect on 32D cells expressing FLT3-
ITD (Minami, et al 2003). AML with FLT3-ITD is highly sensitive to Rapamycin with
median ICsp 2.7 nM, and selective on the proliferative effect of clonogenic leukaemic cells

(Recher, et al 2005).

It was also notable that amongst the chromosome aberrations, there is no significant
enrichment (p>0.01) observed for the Tyr’'’-associated genes expression with -7/7q. This
raises the possibility that -7/7q AML use an alternative pathway for proliferation. A
possibility is that an alternative proliferation pathway may be provided by K-RAS and N-
RAS as these were not significantly enriched with the GMR-V449E proliferation signature.
Haferlach er al identified that CBF-MYHI11 AML has high frequency of NF1 deletions and
thus alteration of RAS pathway. Haferlach ef al also suggested that the RAS signalling
pathway (RAS activated MEK/ERK) may provide a proliferation effect while PI3K/AKT
activation may be associated with survival (Haferlach, et al 2010). As described in the
Chapter 1 Section 1.7.2, mTOR inhibition is more sensitive to low expression of NF'/ but
not NF'I with inactivating mutation (Parkin, et al 2010). However, the response of the mTOR

inhibition to NF'I deletion is unknown, and our data for CBF-MYHI11 is placed at the last of

the significant list (p=0.007) (Table 2.5) suggesting that CBFB-MYHI1 may partially
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response to mTOR inhibition due to the NF'/ deletion and thus aberration of RAS signalling
pathway. Thus, we speculate that AML with RAS mutation and -7/7q may use MEK/ERK
pathway for proliferation while other AML subtypes may use the PI3K-AKT-mTOR
pathways. Additionally, there is evidence to support the cooperation between -7/7q and RAS
mutations. For example, there is a higher frequency of RAS mutation in -7 myeloid diseases
such as childhood -7 myeloproliferative states (Neubauer, ef al 1991), myelodysplastic

syndromes (Stephenson, ef al 1995) and congenital neutropenia (Kalra, ef a/ 1995).

2.3.7 Analysis of the hc Ser™® Signature — a signature associated with survival-
only signalling
In the attached publication Powell et al (Appendix B) (Powell, et al 2009), 138 genes were
identified to be associated with Ser’™ signalling. We generated a heatmap to summarize the
changes in these 138 genes as shown in Appendix B Figure 1G (Powell, et al 2009). To
identify the pathways associated with the Ser’® survival signature, IPA analysis and CMAP
were used. As shown in Appendix B Figure 3B, CMAP vl analysis revealed that L Y294002
was significantly associated with the Ser’® signature (Powell, et a/ 2009). This suggested
that the Ser’® survival-only pathway regulates the PI3K-AKT network. To further test this,
we identified gene expression changes associated with LY294002 treatment and used GSEA

with the Wilcoxon rank sum test to test for enrichment in the Ser’>

signature. We first
downloaded the publicly available microarray data from CMAP (10 uM LY294002 in MCF7
breast cancer cell line compared to vehicle control DMSO) and ranked the gene-list by the
Lod score. The approach used is similar to that described above (Section 2.2.8). As shown in

Appendix B Figure 3C (Powell, et a/ 2009), we identified a significant association of the

hBc Ser’® gene-set with the gene expression induced by LY294002 (p=1.8x10"™). The top
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585

significant genes that were affected by both LY294002 treatment and Ser”~ mutation were

MAT2A, TRIB3, PAK1IP1, SATI1, COX4NB, PPAN, HSPAS, MYC, VRKI and CDKS.

We next queried the IPA database with the 138 genes of the Ser’™ signature. This identified a
significant association with the biological processes of cancer and cell death as shown in
Appendix B Figure 3D (Powell, e a/ 2009). In addition, most of the Ser’® genes were
connected to the PI3K-AKT pathway as shown in Appendix B Figure 3E (Powell, et al

2009).

Since submission of the publication, CMAP has been updated to version 2 (v2) and we have
now queried this new CMAP interface with the Ser’® signature. From this analysis, we
identified 71 compounds that associated with the Ser’® signature (p<0.05 and connectivity
score mean > 0.4). The top 10 compounds are listed in Table 2.6. The histone deacetylase
(HDAC) inhibitors (Trichostatin A and Vorinostat) were identified by CMAP analysis as
having signatures related to the Ser’® gene-set. Interestingly, the HDAC inhibitors were not
identified by CMAP v2 analysis using the V449E Tyr’’" proliferation signature suggesting
histone modification effects maybe unique to Ser’™ signalling. Moreover, CMAP v2 analysis
also identified LY294002, Wortmannin and Quinostatin as significant compounds associated
with the Ser’®” signature as shown in Figure 2.11A. These are all PI3K inhibitors and the bar
plots for each inhibitors are shown in Figure 2.11B. Notably, Rapamycin, which inhibits
mTOR, was not significantly associated suggesting that the PI3K-AKT signalling may act

585

independently of mTOR for Ser”™ survival-only signalling as shown in Figure 2.11C.
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Table 2.6. Top 10 compounds predicted from CMAP analysis for Ser3* signatures.

histamine H1-

astemizole 0.782 > receptor antagonist
pyrvinium 0.729 6 0 Anti-helminthic
resveratrol 0.616 9 0 phytoalexin
inhibitor of
thioridazine 0.656 20 0 CYPIA2 and
CYP3A2
vorinostat 0.583 12 0 HDAC inhibitor
prochlorperazine 0.572 16 0 Antipsychotic
trichostatin A 0.559 182 0 HDAC inhibitor
LY-294002 0.425 61 0 PI3K
trifluoperazine  0.539 16  0.00014  Antipsychotic
terfenadine 0.811 3 0.00026  Anti-histamine

The top 10 significant compounds or drugs were based on a p-value < 0.05 and negative
connectivity score >0.4. Negative sign indicated the signature for phenotype of mutant
Ser’®> signature. The compounds were ranked by p-value. Mean indicates the
connectivity score for correlation with the query gene-expression and n indicates the

number of experiments performed using the indicated compounds.
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Rank Compounds Mean n p-value

Target

8 LY-294002 -0.425 61 0

PI3K

26 wortmannin -0412 18 0.00509 PI3K

30 quinostatin -0.817 2 0.00706  PI3K
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Figure 2.11. Identification of a PI3K-AKT network by CMAP analysis for the Ser383
survival-only signature. A. Significant PI3K and mTOR targeted compounds were
identified by CMAP based on p-value < 0.05 and negative connectivity score >0.4. The
list was ranked by p-value. Mean indicates the connectivity score for correlation with
the query gene-expression and n indicates the number of experiments performed using

LY294002
Wortmannin
Quinostatin

proliferation

the indicated compounds. B. Bar plot for each PI3K targeted drugs. For more details of

bar-plot, please see text. C. Summary of PI3K pathway that is targeted by the CMAP

identified drugs.
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2.3.8 Relevance of the survival-only signature to AML

To examine the relevance of the Ser®

survival-only signature to AML, we performed a
gene-set enrichment analysis using the Wilcoxon rank sum test as described in section 2.3.6.
We used the Ser’® gene-set (138 genes) to determine the enrichment in each AML subtype.
As shown in Table 2.7, the only significant enrichment (p<0.01) was AML with CEBPA

mutations (p=0.0035). This result is again indicates that there may be cooperation between

CEBPA mutations and activation of pathways associated with hf3c.

2.4 Discussion

This work in this chapter follows on from the studies by Brown et al (Brown, et a/ 2004) and
Guthridge et al (Guthridge, et al 2006). Brown et al previously demonstrated that the V449E
Y577F mutation abolishes cell proliferation in FDBI1 cells without affecting cell viability
(Brown, et al 2004). Here, we further showed that the Y577F mutation resulted in G1 phase
cell cycle arrest, increased expression of myeloid differentiation markers and morphological
(macrophage) differentiation. These findings suggest that the Tyr’” residue is important for
proliferation by permitting entry into Gl phase and for preventing macrophage
differentiation. An important role of this residue may be to regulate the TCF4/CTNNBI (B-
catenin) pathway which was significantly enriched in the Tyr’’’-associated proliferation
signature. We identified that the TCF4-B-catenin pathway is up-regulated in the VY577F

mutant cells suggesting that this pathway is suppressed by Tyr’’’

signals. A role for this
pathway in macrophage differentiation is consistent with other studies of GM-CSF induced

macrophage differentiation using the FDB1 model (Brown AL and Salerno D, unpublished
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Table 2.7. Gene-set enrichment analysis (GSEA) of Ser®® survival-
only signature genes with indicated AML subtypes defined by Valk
et al (Valk et al, 2004) compared to NBM.

NOTE:
This table is included on page 88
of the print copy of the thesis held in
the University of Adelaide Library.

138 Ser’® genes were used in the GSEA using Wilcoxon rank sum test
statistic. Only p<0.01 was considered as statistically significant
enrichment.



data). The Wnt/B-catenin pathway has also been shown to be involved in maintaining self-
renewal and proliferation in stem and progenitor haemopoietic cells (Wang, et al 2010). As
shown in Figure 2.12, Wnt/B-catenin can initiate differentiation through p300/beta-catenin
whereas self-renewal and proliferation are maintained through the cAMP-response element-
binding protein (CREB)-binding protein (CBP)/B-catenin arm (Takahashi-Yanaga and Kahn
2010). Thus in the VY577F mutant, p300/ B-catenin is likely involved in initiation of
macrophage differentiation. The Tyr’’’ residue may also be important in stabilisation of Myc,
and regulation of mTOR downstream targets such as EIF4EBPI, S6K1, FOXOI, Cyclin D1,
Cyclin D3, p27 and c-JUN through the PI3K-AKT-mTOR pathway (Gustafson and Weiss

2010, Meric-Bernstam and Gonzalez-Angulo 2009).

Connectivity map (CMAP) analysis is a useful tool for identification of drugs or compounds
with the potential to induce effects similar to an observed phenotype, based on similarities in
gene expression profiles. This approach suggested that the Tyr’’’-regulated proliferation
pathway acts predominantly through PI3K-AKT-mTOR signalling. Our results are consistent
with multiple pathways feeding into mTOR activation, as shown in Figure 2.13, as inhibition
of PI3K by LY294002 resulted in growth arrest (Figure 2.9), while GMR-V449E is very

sensitive to Rapamycin.

The finding that GMR-V449E promotes cell cycle progression, proliferation, and the
differentiation block via mTOR downstream of PI3K is supported by the experimental
findings with pathway inhibitors. GMR-V449E activated AKT and the effects of the mTOR
inhibitor Rapamycin on GMR-V449E cells closely mimicked the Y577F mutation. When the

GMR-V449E cells were treated with 6.3 nM Rapamycin, the proliferation was inhibited
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NOTE:
This figure is included on page 90
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 2.12. The mechanism of Wnt/pB-catenin pathway. The Wnt/f3-catenin
pathway initiates differentiation or self-renewal and proliferation through
p300/B-catenin and CBP/p-catenin arms respectively (adapted from Takahashi-
Yanaga et al, 2010).
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Figure 2.13. Summary of pathways regulated by GMR common beta chain residue
Tyr377. Proliferation is regulated through PI3K-AKT and mTOR pathways as indicated
in the shaded area. Rapamycin, an mTOR inhibitor, inhibits cell growth without affecting
the survival, possibly through downstream molecules such as Myc. Additionally, Tyr3"’
signalling also inhibits macrophage differentiation through down-regulation of TCF4/p-
catenin pathway. Additionally, the inhibition of the granulocyte differentiation pathway
may be driven by MEK-ERK1/2 pathway rather than PI3K-AKT-mTOR pathway in
GMR-V449E FDBI1 cells
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without a significant increase in apoptosis and with evidence of cell cycle arrest in G1 phase.
Zhou et al reported that mTOR supports long-term self-renewal, and is able to suppress
mesoderm and endoderm activities of human embryonic cells (hESC) for maintenance of
hESC pluripotency and controls fate decision in hESCs through inhibition of Wnt signalling
(Zhou, et al 2009). These studies are consistent with the bioinformatics results suggesting
activation of B-catenin in the VY577F mutant cells. This effect is consistent with reports
using mTOR inhibitors on AML cells. It has been reported that RADOO1 (Everolimus,
mTOR inhibitor in phase I/II clinical trial (Tamburini, ez a/ 2009)) did not induce apoptosis
in AML cells while inhibiting cell growth (Park, et a/ 2008, Tamburini, et a/ 2009).
Additionally, Kimball et al reported that AML cell lines treated with Rapamycin have an
increase in doubling time (delayed in cell cycle progression), no cell cycle arrest and no
apoptosis observed at nanomolar concentrations (Kimball, et al 2008). While mTOR appears
to be specifically associated with proliferation, PI3K-AKT inhibition with LY294002 and

Wortmannin clearly affects survival at the higher doses (see Figure 2.8C).

We found no evidence of myeloid differentiation when V449E FDBI cells were treated with
Rapamycin, suggesting that the block in differentiation may involve an mTOR-independent
pathway (as shown in Figure 2.13) or alternatively full cell cycle arrest might be required for
the induction of a differentiation effect. A recent study reported that treatment with
Rapamycin in the murine MPRO cell line (mouse promyelocyte) induced terminal
differentiation to neutrophils by inhibiting the level of c-Myc mRNA associated with
polysomes (Wall, et al 2008). There have also been a number of studies reporting that
treatment with Rapamycin induced myeloid differentiation in AML cells, however this effect
occurred when combined with other agents such as HDAC inhibitors (Nishioka, et al 2008),

ATRA (Nishioka, et al 2009), or Vitamin D3 (Yang, ef a/ 2010). These studies may suggest
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that inhibition of the proliferation pathway acting via mTOR could be a prerequisite for
myeloid differentiation, and with additional differentiation agents, full differentiation can be
induced. It would be interesting to test whether GMR-V449E FDBI cells could undergo
myeloid differentiation when treated with Rapamycin in combination with other drugs such
as HDAC inhibitors. It is likely that PI3K activation also feeds into the mTOR activity as
shown in Figure 2.13, however inhibitor experiments are most consistent with the presence
of a PI3K independent pathway for mTOR as well. Also, in future experiments, we would
like to test whether mTORC1 or mTORC?2 is responsible for the cell proliferation effect.
mTORCI1 (activates protein synthesis by phosphorylating key regulators of mRNA
translation) is sensitive to Rapamycin and can be activated by cytokines through the PI3K-
AKT-mTOR pathway (Feldman, et al 2009, Meric-Bernstam and Gonzalez-Angulo 2009).
On the other hand, mTORC?2 is insensitive to Rapamycin and can phosphorylate Ser*”> AKT
(Feldman, et al 2009, Meric-Bernstam and Gonzalez-Angulo 2009). As VGMR-V449E cells
are sensitive to Rapamycin and VY577F mutant cells have decreased Ser'” AKT
phosphorylation, there is a possibility that the mutant cells have a reduction in the mTORC2
pathway. We will use the selective mTORC?2 inhibitor PP242 (inhibition of cap-dependent
translation) to determine whether the GMR-V449E cells will undergo growth arrest,
differentiation and proliferation inhibition. As shown in Figure 2.13, the inhibition of the
granulocyte differentiation pathway may be driven by MEK-ERK1/2 pathway rather than
PI3K-AKT-mTOR pathway in GMR-V449E FDBI cells; when GMR-V449E mutant cells
are treated with MEK inhibitor U0126, granulocyte differentiation occurred as evidenced
from increased Gr-1 expression and morphological changes (see Chapter 3 Section 3.3.4.2)

(Perugini, ef al 2009).
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When the PI3K inhibitor LY294002 was used at higher dose (12.5 pM in this study), GMR-
V449E FDBI1 cell growth was inhibited, however this was associated with cell death
suggesting that the PI3K-AKT pathway is also a primary signal for survival. A lower dose
(1.6 uM) of LY294002, GMR-V449E FDBI1 cell proliferation was inhibited by 50% without
significant apoptosis and with cell cycle arrest. Thus at this lower concentration, LY294002
mimicked the phenotype of V449E YS577F FDBI cells raising the possibility that the
proliferation signal can be partially abolished while not dramatically reducing the survival
signal. Further experiments to measure phosphorylation of AKT with these inhibitors are

necessary to resolve these issues further.

With the PI3K inhibitor, Wortmannin, there was only slight effect on cell proliferation with
the predominant effect being on cell survival. It has been reported that LY294002 and
Wortmannin target PI3K signalling in different ways. While LY294002 competes with ATP
for the ATP-binding site, Wortmannin uses covalent modification of Lys* of the p110
catalytic subunit to inhibit PI3K (Luo, et al/ 2003). Moreover, LY294002 inhibits casein
kinase 2 (CK2) activity and CK2-dependent AKT phosphorylation which is required for
activation of PI3K. Wortmannin targets phospholipases C, D and A2 to inhibit the PI3K
pathway (Martelli, et a/ 2006). Thus, our data is consistent with the PI3K activation being
due to the CK2 activity, but not the phospholipase pathway. This could be tested
experimentally by measuring the phospholipase activity as described in Burelout et al

(Burelout, et al 2004).

577

A comparison of the genes regulated by Ser’® and Tyr’”’ showed that the Ser’*-regulated

survival pathway is different from the signal associated with the Tyr’’’ residue. We identified
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that the Ser’™ residue is associated with a PI3K-AKT signature but as discussed our analysis
above indicates this may act independently of mTOR signals. Guthridge et al reported that
this Ser’*-dependent pathway mediates cell survival but not proliferation through the
activation of PI3K-AKT-NF«B (Figure 2.14) and the induction of BCL-2 (anti-apoptotic)
(Guthridge, et al 2004). Moreover, there are only 10 genes (2310005L22Rik, Anxa2, Anxa$,
Eroll, Grhpr, Ptprs, Satl, Trib3, Tuba4 and Txk) in common between the Ser’® (2.4%) and

585

Tyr’"" (7.2%) significant gene lists. This data is consistent with Ser’® and Tyr’" activate

independent pathways as shown in Figure 2.13 and Figure 2.14.

The relationship of these Ser”® and Tyr "’ residues in AML is still not clear. Guthridge et al

5

reported that the Ser’™ residue is constitutively phosphorylated in AML patient samples

(Guthridge, et al 2006). We have shown that both the hBc GMR-V449E Tyr’’ proliferation

signature, and the survival-only signature associated with the hpc Ser’™

are significantly
enriched in some AML subtypes, particularly AML with CEBPA mutations. This raises the
possibility that this subtype of AML is heavily dependent on the PI3K-AKT network for
proliferation and/or survival. It is also possible that cooperation between hfc signalling and
CEBPA mutations occurs in AML development. The PI3K-AKT signalling network has been
previously reported to be constitutively activated in AML (Martelli, et a/ 2009). Kornblau et
al reported that a high level of phospho-AKT activation but not total AKT was an adverse
prognostic factor in AML (Kornblau, et a/ 2006). To date, there have been no studies
investigating the sensitivity of AML with CEBPA mutations to PI3K-AKT-mTOR inhibition
compared to other AML subtypes. This work suggests a number of future experiments. For

example, further studies are warranted for screening the hf3c gene (CSF2RB) for mutations in

AMLs with CEBPA mutations. Alternatively, the hfc blocking antibody QP-1 (inhibitory
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Survival-only signalling from Ser°8°
of h3c

o WRY577 \
PI3K
ERK1/ 2 STAT5
% LY294002
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Differentiation block
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transformation

Survival-only

Figure 2.14. Summary of pathways regulated by GMR common beta chain residue
Sers85, When Ser’®> mediated pathways are activated, there is no proliferation response
but survival. This survival pathway is activated through PI3K-dependent AKT, NF«B
and anti-apoptotic Bcl-2 pathways as shown in shaded area. In this system, mTOR
mediated proliferation is not activated by Ser’®. LY294002 or Wortmannin (PI3K
inhibitors) inhibit cell survival and cell growth through the PI3K dependent AKT
pathway.
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antibody) (Sun, et a/ 1996) or GM-CSF neutralisation antibodies (Nicola, e a/ 1993) could
be used to block the activation of the hBfc in AML with CEBPA mutations and AKT
phosphorylation levels could be measured. Therapeutically, PI3K inhibitors and mTOR
inhibitors (or the dual PI3K/mTOR inhibitor, PI-103) may be a good therapeutic approach for
AML with CEBPA mutations. PI-103 has been reported to inhibit proliferation, induce G1
arrest, and apoptosis in primary AML cells and cell lines (Park, ef a/ 2008) although whether

it is more effective on specific subtypes of AML has not been investigated.

Taken together, we have shown that hpc Tyr’’’ mediates proliferation through PI3K-AKT-
mTOR. This is likely associated with Myc (i.e. mTOR pathway inhibits PP2A leading to
phosphorylation of Myc and stabilisation (Gustafson and Weiss 2010)) (see Figure 2.13).
Ser’® regulates survival signals through PI3K-AKT-NFkB and BCL-2 pathways (see Figure
2.14). Gene-set enrichment analysis suggests that both of these pathways are active in AML
and possibly particularly important in AML with CEBPA mutations. New agents that
effectively target these pathways, for example, PI-103 may prove effective in this subtype of

AML.
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Chapter 3: Mechanisms associated with FLT3 mutations in

AML

3.1 Introduction

It is well established that FLT3 mutations in AML constitutively activate MAPK/ERK,
PI3K/AKT and STATS pathways (see Chapter 1 Section 1.7). Overall the occurrence of
FLT3-TKD (~7%) is less frequent than FLT3-ITD (25-30%) (Scholl, et al 2008), although
there is heterogeneity amongst subtypes. Core binding factor (CBF) AML is most commonly
characterized by the presence of the translocation t(8;21)(q22;q22), or the inversion
inv(16)(p13g22), which result in the AMLI-ETO and CBFB-MYHI1 fusion proteins
respectively (Muller, ef al 2008). The frequency of CBF AML is approximately 8% of all
AML cases (see Chapter 1 Table 1.4). As discussed in Section 1.6.3, CBF AML is
characterised by a high frequency of mutations in the receptor tyrosine kinase c-KIT (Muller,
et al 2008) and the most common mutation of c-KIT in inv(16) AML is a substitution at
D816 residue which is equivalent to the FLT3-TKD D835Y, and is associated with an
increased incidence of relapse in this AML subtype (Paschka, et a/ 2006). This suggests a
role for specific signalling events in cooperating with the aberrant CBF complex. Such events
may directly contribute to outcome and therefore may be important therapeutic targets. With
regard to the FLT3-TKD mutation in inv(16) AML, findings from previous studies vary on
the association of these two genetic lesions (Bacher, et al 2008, Mead, et al 2007) which
could be due to the low occurrence of this subgroup of AML. Hence, the association of

FLT3-TKD with inv(16) is still unclear.
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Differences in signalling pathways induced by FLT3-ITD and FLT3-TKD mutants and c-KIT
(Choudhary, et al 2005, Grundler, et a/ 2005) may be in part responsible for the preferential
association with various translocation events. As discussed in Chapter 1 Section 1.7,
activation of the PI3K/AKT, MAPK/ERK and STATS pathways have been shown to be
important in FLT3-ITD and FLT3-TKD activity which may be important for transformation
and survival. Constitutive activation of the MAPK/ERK pathway by FLT3-ITD leads to
block in granulocytic differentiation through post-translational modification (Radomska, et al
2006). This suggests that the MAPK/ERK signalling is an important modulator of
granulocytic differentiation and this signalling contributes to approximately 50% of primary
AML (Towatari, et al 1997). Whether this is the only mechanism by which the FLT3 mutants

contribute to the block in GM differentiation is unknown.

The FLT3 mutation is present in LSC and blast in FLT3" AML. As described in Chapter 1
Section 1.4, there is increasing evidence that LSCs are chemoresistant in part by using
alternative survival pathways, and have an independent worse outcome (Chu and Small
2009). Majeti et al (Majeti, et al 2009) have previously analysed expression of LSC from a
heterogeneous group of AML patients compared to normal haemopoietic stem cell (HSC).
This defined a number of LSC-associate genes and revealed an acquisition of the Wnt
signalling pathway associated with the LSC phenotype. However, to date, there have been no
studies investigating the properties selectively associated with LSC from FLT3-ITD" in

normal karyotype (NK) AML.

In this chapter, we will address the mechanisms associated with the FLT3 mutants and

repression of the target gene, Gadd45a, using the combination of bioinformatics and
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experimental analysis. We have re-analysed gene expression data derived from NK AML
LSC to identify gene expression changes associated specifically with FLT3-ITD LSC in NK
AML. This suggests pathways that may be contributing to the properties of FLT3-ITD" LSC

and potentially to the poor outcome of this group.

3.2 Materials and Methods

3.2.1 Reagents

Recombinant murine IL-3 (mIL-3) and mGM-CSF were produced from Sf21-pIB-mIL-3 and
Sf21-pIB-mGM-CSF conditioned media respectively made in-house. Gr-1 and Mac-1
(CD11b) mouse monoclonal antibodies together with the isotype controls (IgG2b) conjugated
with FITC and PE respectively were purchased from eBioscience. IMDM and PBS were

purchased from Sigma-aldrich.

3.2.2 Cell lines

FDBI cells (myeloid suspension cells), GMR-V449E FDBI1, FLT3-ITD FDBI1 and FLT3-
TKD FDBI1 cells were maintained in IMDM supplemented with 10% (v/v) FBS,
500 BMU/ml mIL-3 and 1x PSG. GMR-V449E FDBI1, FLT3-ITD FDBI and FLT3-TKD
FDBI cells were maintained in 1 pg/ml of puromycin (Sigma-Aldrich) and cultured in a

humidified incubator at 37°C with 5% CO,.
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3.2.3 Cell viability

Cell viability was determined using trypan blue (Invitrogen) exclusion by haemacytometer or
using 7-Amino-Actinomycin D (7AAD) by flow cytometry. Briefly, aliquots of cells (100 ul)
were added to 1 pl of 7AAD (1 mg/ml) (Sigma-Aldrich) directly into a tube. Subsequently,

the cells were profiled by flow cytometry.

3.2.4 Primers

Mouse Cebpe primer sequences were obtained from a previously described report (Wang, et
al 2006). Mouse Cebpa, and Sfpil (Pu.l) primers sequences were obtained from Primer
Bank (Spandidos, et al 2009). Cebpa sequence SF: CAAGAACAGCAACGAGTACCG, 3R:
GTCACTGGTCAACTCCAGCAC. Cebpe sequence SF: CAGCCCTTGCGTGTCCT, 3R:
CACGTCGCAGTCGGTACTCC. Sfpil sequence SF: GAACAGATGCACGTCCTCGAT,

3R: GGGGACAAGGTTTGATAAGGGAA.

3.2.5 Immunophenotyping by flow cytometry

Cells were harvested and washed with PBS and stained for 30 minutes on ice with the
primary conjugated antibody Gr-1 (1:1000 dilution), Mac-1 (1:100) or their isotype controls
in 100 pL of FACS wash (recipe in Appendix A). FDBI1 cells were incubated with 20 puL of
Intragam (CSL) as an Fc receptor blocking reagent together with the primary antibody.
Subsequently, the cells were washed twice with the FACS wash and then centrifuged at 1200
r.p.m for 5 minutes followed by removal of supernatant. The cells were resuspended in 300

uL FACS wash, analysed directly using a flow cytometer Beckman Coulter Epics XL-MCL
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or Beckman Dickinson Aria, or stored in FACS FIX to be analysed later. The histograms

were generated using Flowjo software.

3.2.6 Bioinformatics analysis

Mouse myeloid differentiation program microarray data (Chambers, et al 2007) was
downloaded from NCBI GEO (accession number GSE6506). Human myeloid differentiation
data (Tonks, et al 2007b) was downloaded from EBI ArrayExpress database

(http://www.ebi.ac.uk/microarray-as/aer/entry) accession number E-MEXP-583. The raw

data was normalised using GC-RMA algorithm. For identifying the differential gene
expression, the microarray data were analysed using the empirical Bayes moderated t-
statistics, and LIMMA  (Smyth 2004) obtained from the Bioconductor
(http://www.bioconductor.org/). The FDR was controlled using Benjamini-Hochberg (BH)

method. Only genes with BH adjusted p-value < 0.05 were flagged as statistically significant.

AML microarray data i.e. Valk et al (GSE1159) (Valk, et al 2004), Majeti et al (GSE17054)

(Majeti, et al 2009), Ross et al (http://www.stjuderesearch.org/data/AML1) (Ross, et al

2004), and Verhaak ef a/ (GSE6891) (Verhaak, ef a/ 2009) were normalised using RMA.
Expression intensity for each gene of interest in AML subtypes was extracted and was
plotted using GraphPad Prism version 5 (GraphPad Software, http://www.graphpad.com).
For identifying the differential gene expression, the microarray data were analysed as

described above. Heatmap was generated using MeV software (Saeed, et a/ 2006).
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3.2.6.1 Pathway analysis

All the significant genes (FDR p-value < 0.05 and with fold change > 2) were uploaded to
Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, http://www.ingenuity.com). Protein
and/or gene networks and ontology associated with gene-sets were identified using IPA with
p-value < 0.05. To display the networks, we merged the available overlapping networks
identified by IPA. If the networks were too big, then we merge only the top networks as
suggested by IPA or otherwise indicated in the text. All the networks were filtered to remove

indirect associations.

3.2.7 Statistical analysis

The statistical significance of comparison two sample groups was determined by using a 2-
tailed student’s t-test or otherwise indicated in the text. Only p < 0.05 was considered as
significant. The data is presented as the mean + standard error measurement (SEM) for at
least 2 independent experiments. The data was analysed using GraphPad Prism version 5.0

(GraphPad Software, http://www.graphpad.com).

3.3 Results

3.3.1 Association of FLT3 mutations with inv(16) AML: a combined analysis of
734 reported cases of core-binding factor AML
As discussed in Section 3.1, for the FLT3-TKD mutation in CBF AML, findings from

previous studies vary, particularly with regard to the association with the inv(16) lesion

(Bacher, ef al 2008, Mead, et al 2007). Here we examined more closely the association of the
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FLT3-TKD mutations with CBF AML by performing a combined-analysis of previously
reports in the literature between the year 2000 and May 2010. We limited this analysis to
those CBF leukaemia studies that screened for FLT3 mutations in each sub-group. We also
filtered to exclude overlapping studies and treatment protocols, using the latest year
published reports. We also compared the frequency of the FLT3-TKD mutation to the

frequency of FLT3-ITD in both sub-types of CBF AML.

There were 42 studies that have reported FLT3-ITD and/or FLT3-TKD status in AML with
the inv(16) and t(8;21) translocations. However, after removing studies based on the criteria
above, there are 19 adult AML studies with the total of 303 inv(16) patients and 431 t(8;21)
patients. As shown in Table 3.1, there were 13 FLT3-ITD and 42 FLT3-TKD genotyped in
the inv(16) group and 34 FLT3-ITD and 15 FLT3-TKD genotyped in the t(8;21) group. We
examined the association of the mutations in each group using a chi squared test to determine
if the frequency of FLT3-ITD and FLT3-TKD mutations varied significantly compared to the
expected frequency in adult AML (25% and 7% respectively). In inv(16) AML, we found
that the FLT3-TKD mutation was significantly over-represented (15.2%) while the FLT3-
ITD mutation was under-represented (4.3%) (p=8.8x10™® and p=8.4x10""" respectively and
see Table 3.1). In contrast we found that while FLT3-ITD was more frequent than FLT3-
TKD in t(8;21) AML (7.9% vs 3.9% respectively) both mutations were significantly under-
represented (p=2.3x10" and p=2.0x107 respectively) (Table 3.1). Thus there appears to be a
unique association between the inv(16) subtype and the FLT3-TKD mutation. This analysis
highlights a key difference between the two groups of CBF AML, and between inv(16) AML
and other AML sub-types and suggests that the FLT3-TKD mutant may provide specific

signals that cooperate with the CBF-MYHI11 fusion to induce AML.
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Table 3.1. The summary frequency of FLT3 mutations in CBF leukaemia in the 19
combined studies.

inv(16) t(8;21)
Adult Study (19 Study and Treatment FLT3- | FLT3- FLT3- | FLT3-
|studies) Country period protocol Total | ITD TKD Total ITD TKD
lAndersson et al
(2004) Sweden | 1995-2002 | Southern Sweden 1 0 0 2 0 0
MD Anderson Cancer
[ Andreeff et al Center IRB-approved
(2008) US --- protocol 7 0 1 5 1 0
07-2003
until JCML -28 major
[Bao et al (2006) China 09-2004 hospital, Shanghai 5 0 1 20 0 0
Boissel er al ALFA-9000
(2002) France --- prospective trial 13 0 --- 10 0 -
German and Austrian
11-1994 AMLSG, AML-
Bullinger et al until HD93, AML-HD98A ,
(2007) Germany | 03-2004 AML-HD98B 55 1 7 38 3 2
08-1998 | Hospital de la Santa
ICarnicer et al until Creu i Sant Pau in
(2003) Spain 03-2002 Barcelona 15 0 4 10 0 0
Dutch-Belgian
Figueroa et al HOVON, HO04/A,
(2010) Netherlands --- HO29,HO42,HO43 | 30 0 6 24 3 1
Spanish PETHEMA
Gutiérrez et al Cooperative group
(2005) Spain - APL-96, AML-99 4 0 0 - - -
08-2005
[Haferlach ef al until MLL Munich
(2010) Germany 10-2008 |Leukemia Laboratory| 37 3 3 -—- -—- -—-
[shikawa er al
(2009) Japan Jan-90 JALSG-92.97 3 1 0 19 0 2
Seoul national
University hospital,
Seoul National
University Bundang
01-1997 till{Hospital, Gachon Uni
Koh et al (2009) korea 12-2007 Gil Hospital 8 0 --- 32 2 ---
Hospital Sao Paulo,
09-2001 | Universidade Federal
Krum et al until de Sao Paulo
(2009) Brazil 05-2005 (Unifesp-EPM) 3 0 --- 6 0 -
Mead et al UK MRC AMLI10,
(2007) UK --- AMLI2 55 4 13 74 11 5
Palmisano et al Institute Haematology
(2007) Italy - and Medical oncology| 6 2 0 2 1 0
Schessl et al Ludwig Maximillians
(2005) Germany --- University - --- --- 135 11 3
Chang Gung
Shih er al From Memorial Hospital,
(2004) Taiwan 04-1991 Taipei 1 0 1 --- - -
Thiede et al German SHG,
(2002) Germany --- AML-96, APL-93 43 1 5 41 2 1
Tiesmeier et al Southern German
(2004) Germany --- AML Study group 3 0 — 3 0 ---
[Tomasson et al CALGB cooperative
(2008) US - group 14 1 1 10 0 1
Grand total:{ 303 13 42 431 34 15
Total FLT3-ITD genotyped: 303 13 - 431 34 -
Total FLT3-TKD ienotiﬁed: 276 --- 42 380 - 15
X2 p-
Expected Freq: | Observed Freq: [95% CI:| value:
Total inv(16)-FLT3-ITD| 25.0 4.3 2.3-72 | 84E-17
Total inv(16)-FLT3-TKD; 7.0 152 11.2-20.0| 8.8E-08
Total t(8;21)-FLT3-ITD; 25.0 79 5.5-10.9] 2.3E-16
Total £(8;21)-FLT3-TKD 7.0 3.9 2.2-64 | 2.0E-02
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To examine the difference between the transcriptional changes induced by inv(16) and
t(8;21) AML we analysed microarray expression data (GSE1159) from the study by Valk et
al (Valk, et al 2004 2004). Data was normalized with RMA and the gene expression change
for each gene determined in the inv(16) (n=19), t(8;21) (n=22), t(15;17) (n=18) or 11g23
(n=17) groups, relative to the expression level in normal bone marrow mononuclear cells
(NBM, n=5). The analysis used gene expression from all cases irrespective of secondary
mutations characterised. Differential expression was determined using the empirical Bayes
moderated t-statistics and LIMMA package available from Bioconductor open-source
software project (http://www.bioconductor.org/). The FDR was controlled using Benjamini-
Hochberg method. To obtain genes specific to the CBF group of AML we filtered genes
commonly differentially expressed (FDR p-value < 0.01) between all the translocation
groups of AML, relative to NBM. There are 67 genes commonly differentially regulated
(FDR p-value < 0.01) in both the t(8;21) and inv(16) sub-groups, while 96 genes displayed
specific differential expression (FDR p-value < 0.01) in inv(16) AML relative to NBM, and
361 genes differentially expressed (FDR p-value < 0.01) and specific to t(8;21) AML (data
not shown). Previous studies have reported selective activation of the B-catenin pathway in
AML with t(8;21) (Muller-Tidow, et al 2004, Yeh, et al 2009). Consistent with this, 23 of the
361 genes specifically associated with the t(8;21) group are known direct targets of TCF4 or
[-catenin, as defined by ChIP-CHIP microarray studies (see Table 3.2). While the number of
genes in the inv(16) group is smaller, we also observed selective up-regulation of the Wnt
signalling receptor FZD2, and down-regulation in this group of a number of negative
regulators of B-catenin signalling (4XINI and the genes encoding the PP2A beta subunit,
PPP2R5B). Over-expression of the Frizzled related receptor (FZD4) has been shown to

induce B-catenin stabilisation in 32D cells (Tickenbrock, et a/ 2008) suggesting that
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Table 3.2. Direct target genes of TCF4/f-catenin in CBF leukaemia.

TCF7L2/
TCF4 B-catenin
targets by targets by
Fold Change SACO SACO
Gene (log2) (t(8;21) // FDR p-value (BH| (Hatzis et (Yochum et
Type Symbol inv(16)) adjusted) al, 2008) al, 2007)
t(8;21) Specific PDGFC 2.668 4.73E-04 + -
t(8;21) Specific NCAM1 2.011 4.06E-04 - +
t(8;21) Specific SOX4 2.000 0.006 + -
t(8;21) Specific ITGB4 1.012 3.45E-10 + -
t(8;21) Specific PATZ1 1.005 0.006 1 -
t(8;21) Specific KIFAP3 0.982 0.003 + -
t(8;21) Specific OBFC1 0.971 0.008 - F
t(8;21) Specific ZKSCAN1 0.965 0.006 + -
t(8;21) Specific ALS2CRS8 0.735 0.007 -F -
t(8;21) Specific  EVPL 0.671 4.65E-05 - +
t(8;21) Specific TPO 0.606 0.007 - +
t(8;21) Specific DOCK6 0.477 0.002 - +
t(8;21) Specific TMEM161A 0.362 0.002 - +
t(8;21) Specific PPP2R1B -0.453 0.004 - +
t(8;21) Specific CARHSPI -0.734 0.001 + -
t(8;21) Specific KCNQ1 -1.014 0.003 - +
t(8;21) Specific GARNL4 -1.027 0.003 - +
t(8;21) Specific CDKN3 -1.464 0.001 + -
t(8;21) Specific LMO4 -1.577 0.007 + -
t(8;21) Specific S100A6 -1.693 0.006 + -
t(8;21) Specific ATXN1 -2.064 1.10E-04 - +
t(8;21) Specific NR4A2 -2.960 0.003 + -
inv(16) Specific  MSLN 4.249 6.15E-07 - +
inv(16) Specific  NRP1 1.929 1.06E-11 + -
inv(16) Specific RUNX1 0.989 4.40E-04 - +
inv(16) Specific  H2AF] 0.570 0.005 + -
0.008 //

CBF common  CDC123 0.710 // 1.067 4.76E-05 + -

CBF common NARF -0.817 // -0.904 0.001 // 0.001 - +

CBF common TBCD -0.682 // -0.725 0.003 // 0.003 - 4

Both studies were performed using ChIP-CHIP microarray. SACO, serial analysis of
chromatin occupancy. FDR was adjusted using Benjamini-Hochberg (BH) method.
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stabilisation of [-catenin and activation of downstream pathways may also contribute to
inv(16) AML. Consistent with this, analysis of the 96 inv(16)-specific genes using DAVID
database (http://david.abcc.ncifcrf.gov/) and IPA detected Wnt/B-catenin as a significant
pathway with p=0.022 and p=0.0073 respectively. Wang et al (Wang, et al/ 2010) have
recently reported that for some oncogenes [-catenin activation is essential for transformation
and the gene expression analysis outlined here, using data from primary AML samples,

suggests that activation of B-catenin maybe a particularly prominent feature CBF AML sub-

group.

To investigate whether the FLT3-TKD has an impact on clinical outcome in inv(16) patients,
we used the clinical outcome of overall survival and event-free survival provided in the study
by Figueroa et al (Figueroa, et al 2010). The clinical characteristics for t(8;21) and inv(16)
are summarised in Table 3.3. We observed there is no significant difference in overall
survival and event-free survival of FLT3-TKD in inv(16) (Appendix C). However, the

analysis is limited by the small sample size.

3.3.2 Gene expression and prognostic analysis of FLT3 mutations in normal

karyotype AML blasts

3.3.2.1 Experimental design and patient selection

We wanted to examine the differences in gene expression associated with the two FLT3
mutants in AML blasts. Differences have been reported in signalling by FLT3-ITD and
FLT3-TKD (Choudhary, et al 2005, Grundler, et a/ 2005), however gene expression profiling

has not been compared directly in normal karyotype (NK) AML. We focused on NK AML,
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Table 3.3. Patient clinical characteristic in CBF leukaemia.

I N T

Total

Mutation
FLT3-ITD
FLT3-TKD
NPM]
RAS
CEBPA
EVII

FAB
MO
M1
M2
M3
M4
M5

26 24
0 3
4 1
0 0
9 4
0 0
0 0
0 0
0 1
3 21
0 0

22 2
1 0
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as the gene expression differences would not be influenced by major karyotypic changes.
This is also the most frequent subtype of adult AML occurring at a frequency of 40-49%
(Mrozek, et al 2007) while FLT3 mutations occur in this subtype at a frequency of 28-33%
(Bullinger, et a/ 2008). In addition to FLT3 mutants, AMLs within this group can have
mutation in CEBPA (10%), WTI, and NPMI which are known to influence outcome
(Grimwade and Hills 2009, Lowenberg 2008). Although a number of studies have described
the gene expression associated with FLT3-ITD in AML patients with NK (Bullinger, et a/
2008, Radmacher, et a/ 2006), and gene expression associated with FLT3-TKD in NK AML
(Whitman, et a/ 2008), these studies have not directly compared gene expression between
FLT3-ITD and FLT3-TKD. We used the microarray dataset (GSE6891) study by Verhaak et
al (461 total adult AML) (Verhaak, et a/ 2009), and focused on AML patients with normal
karyotype harbouring FLT3-ITD or FLT3-TKD mutations. The selection of these patients
was independent of the NPMI mutation but patients with other mutations (EVII, K-RAS, N-
RAS, CEBPA, and double mutation FLT3-ITD/FLT3-TKD) were excluded to reduce the
complexity associated with other molecular mutations. This approach has not been described
previously. The study by Whitman et al identified a FLT3-TKD signature in NK AML
(Whitman, ef al 2008) but NPMI1 mutations were not excluded as the FLT3-TKD mutation is
almost exclusively associated with the NPMI mutation, consistent with previous reported
studies (Schnittger, et al 2005, Whitman, ef al 2008). To exclude the differences that may
due to NPMI, we also included FLT3-WT AML that either has NPMI mutation or is NPM]I
WT. As a result of this selection, there were a total of 68 normal karyotype AML patients
with FLT3-ITD, 14 AML with FLT3-TKD and 60 FLT3-WT. The clinical characteristic of

these three groups of AML is summarised in Table 3.4.
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Table 3.4. The patient clinical characteristic of normal karyotype AML based on
FLT3 mutations category.

FLT3-WT FLT3-ITD FLT3-TKD

Total: 60 68 14

Median age
(range): 50 (18-60) 47 (18-59) 45 (26-59)
Gender:

Male 32 30 4
Female 28 38 10
NPM1:

pos 28 53 13
neg 32 15 1
FAB:
MO 1 0 1
Ml 16 21 0
M2 14 14 2
M3 1 1 0
M4 10 11 2
M5 12 19 9
M6 2 1 0
RAEB 1 0 0
RAEB-t 2 0 0

unknown 1 1 0
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3.3.2.2 Prognosis of FLT3 mutations in NPMI" NK AML

We determined the overall survival and event-free survival associate with NPMI mutation.
We obtained the clinical information of a subset of these patients as provided in Figueroa et
al study (Figueroa, et al 2010). For patients with NPM1 mutation, there is a significant
decrease in overall survival in FLT3-TKD compared to FLT3-WT patients (Figure 3.1).
When combined with the Valk ef al study (to increase the sample size) (Valk, et al 2004), we
observed the same trend with greater significance. We observed a similar effect on event-free
survival for FLT3-TKD compared to FLT3-WT. We used FLT3-ITD as a comparison as it is
known to be an independent poor prognostic outcome independent to the NPMI mutation
(Grimwade and Hills 2009). However, Whitman et al/ also observed significant worse
prognosis of disease-free survival but not overall survival when compared FLT3-TKD vs
FLT3-WT (Whitman, et a/ 2008). Again their approach is different as this study used FLT3
mutations with NPMI mutation to compare the overall survival and the event-free survival

with FLT3-WT NK AML.

3.3.2.3 Gene expression profiling of FLT3 mutation in NK AML

Gene expression differences for FLT3-ITD and FLT3-TKD were determined relative to the
expression in NK AML with FLT3-WT regardless of NPMI mutation status as described in
Section 3.2.2.1. There were 33 up-regulated probes and 14 down-regulated probes (greater
than 2 fold-change and FDR p<0.05) in FLT3-ITD relative to FLT3-WT NK AML. In FLT3-
TKD relative to FLT3-WT, there were more 272 up-regulated probes and 78 down-regulated
probes. Of these, there were 5 commonly up-regulated probes and 19 commonly down-

regulated probes in both types of FLT3 mutations relative to FLT3-WT.
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Figure 3.1. Effect of FLT3 mutations in NPM* NK AML on overall survival and
event-free survival. The overall survival and event-free survival for Verhaak et al
study FLT3-ITD (n=35), FLT3-TKD (n=10) and FLT3-WT (n=18) and Combined data
(Verhaak et al and Valk et al) FLT3-ITD (n=53), FLT3-TKD (n=15) and FLT3-WT
(n=33). The statistical significance was assessed by Log-rank (Mantel-Cox) test.
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As shown in Figure 3.2, in the common FLT3 mutations group, HOXB3 was significantly
up-regulated. HOXB3 expression has previously been correlated with FLT3 activating
mutations (Roche, et a/ 2004). In the commonly down-regulated group, we observed multiple
genes that are associated with erythrocyte lineage as shown in Figure 3.3A. We also
observed there is significant overlap with GATAI target genes based on gene expression
profiling and transcription binding site consensus by gene-set enrichment analysis (GSEA)
using hypergeometric statistics as shown in Figure 3.3B. This feature has not been
previously reported. The transcription factor GATAI is important for the megakaryocyte-
erythrocyte-basophil or mast-cell-eosinophil development continuum and regulates the
Globin enhancer (Ceredig, et al 2009, Koschmieder, et al 2005). Consistent with the GSEA
result, [PA also derived the GATAI network when the top 1 and 2 networks were merged
together (Figure 3.4). This result suggests that both FLT3 mutations might inhibit GATA [
pathways and drive myeloid lineage development. FLT3 up-regulation is important in
sustained lymphoid-primed multipotent progenitor (LMPP — a progenitor common for the
GM and lymphoid), granulocyte-monocyte progenitor (GMP) potential, and common
lymphoid progenitor (CLP) potential, but not megakaryocyte-erythrocyte progenitor (MEP)

potential (Adolfsson, et al 2005).

In the FLT3-ITD group, up-regulation of SOCS2 was notable. SOCS? is a known target gene
which is up-regulated by FLT3-ITD (Mizuki, ef a/ 2003). In addition, we also identified BIC
(MIR155HG), a primary transcript (pri-miRNA) encoding miR-155, as over-expressed in the
FLT3-ITD group. While this miR-155 has been reported to be over-expressed in FLT3-ITD

group in NK AML, its regulation appears to be a least partly independent of FLT3-ITD

114



Figure 3.2. The gene expression differences of FLT3-ITD
and FLT3-TKD compared to FLT3-WT in normal
karyotype AML. Differential gene expression selectively
regulated by FLT3-ITD and/or FLT3-TKD relative to FLT3-
WT in normal karyotype AML is demonstrated in heatmap
format. For the FLT3-TKD specific genes, only the top 100
genes based on FDR p-value are shown. Red and green
colour indicates up-regulated and down-regulated genes
respectively. The Venn diagram shows the number of
differentially expressed probes by FLT3-ITD and/or FLT3-
TKD compared to FLT3-WT. ** indicated gene discussed in
the text. “---" indicates unannotated probe.
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Figure 3.3. Both FLT3-ITD and FLT3-TKD repress GATAI target genes. A. The
FLT3-ITD and FLT3-TKD commonly down-regulated genes were used to interrogate
cell lineage specific gene expression data from mouse haemopoietic cells (Chambers
et al, 2007). Each cell lineage was compared to the haemopoietic stem cell (HSC).
Red colour indicates genes are up-regulated in the given cell lineage and green colour
indicates genes are down-regulated in the given cell lineage. CD4N/CD8N = naive T
cells, CD4A/CD8A = Activated T cells, NuEry = nucleated erythrocyte, NK = natural
killer, mono = monocyte, gran = granulocyte, B = B cells B. The commonly down-
regulated genes show significant enrichment with GATA! transcription binding sites
and other published datasets using Broad Institute GSEA (MSigDB) ranked by the p-

value (hypergeometric statistics).
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Figure 3.4. The network of the commonly up- and down-regulated
genes by both FLT3-ITD and FLT3-TKD compared to FLT3-WT in
NK AML. The top 2 networks derived from IPA were merged and filtered
to remove indirect associations. Red indicates up-regulation in both FLT3

mutations and Green indicates down-regulation in both FLT3 mutations
compared to FLT3-WT.
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(Garzon, et al 2008). Recently, HOXA9 has been reported to regulate miR-155 expression
(Hu, et al 2010). To further understand the network of the differentially expressed genes, we
used IPA to identify the network that is dysregulated by FLT3-ITD. As shown in Figure 3.5,
IPA identified a network centred on Myc, NFkB and Fos suggesting that deregulation of
these pathways may be important to FLT3-ITD. Kim ez al reported that FLT3-ITD cell lines
and patient cells showed over-expression of MYC (Kim, et a/ 2007). Knockdown of MYC
expression by siRNA in a constitutively activated FLT3-ITD human cell line (MOLM-14)
leads to decrease in cell proliferation suggesting the importance of Myc in providing cell

proliferation signals from FLT3-ITD (Kim, et al 2007).

In the FLT3-TKD group, TRIBI was significantly up-regulated. 7ribl and Trib2 have been
shown to induce AML in a mouse bone marrow transplant model (Dedhia, et al 2010),
however up-regulation associated with FLT3 mutants has not been reported previously. A
possible role for TRIBI downstream of FLT3-TKD is discussed further in the Section
3.3.7.3. Furthermore, we also identified CSF2RA (encoding the GM-CSF receptor alpha-
subunit) and CD68 (monocytic-macrophage marker) as significantly up-regulated in the
FLT3-TKD NK AML group suggesting these may be markers for FLT3-TKD. Interestingly,
we also identified CD/4 (macrophage marker) and MAFB (monocytic transcription factor)
up-regulated in FLT3-TKD. This may suggest that FLT3-TKD and FLT3-ITD influence the

lineage characteristics of the AML cells.

As shown in Figure 3.6, the network that was formed by FLT3-TKD is larger than FLT3-
ITD as FLT3-TKD had more differentially expressed genes. Some of the FLT3-TKD central

networks are the NFkB and C/EBPa networks. Both FLT3-ITD and FLT3-TKD have been
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previously reported to induce constitutive activation of NFxB in Ba/F3 cells expressing
FLT3 mutants (Griessinger, et al 2007). Activation of NFxB is important for cell survival
and therapeutic drug resistance (Karin 2006). As shown in Figure 3.6, H-Ras is part of
FLT3-TKD network and Ono et a/ showed that FLT3-TKD is more sensitive to MEK
inhibitor (U0126) than FLT3-ITD in the murine myelomonocytic cell line (HF6) expressing
FLT3 mutants (Ono, ef al 2009). This result suggests that FLT3-TKD might use
RAS/MAPK/ERK pathway predominantly for transformation. With regard to C/EBPa,
Choudhary et a/ showed that FLT3-ITD but not FLT3-TKD and FLT3-WT repress protein
levels of C/EBPa (Choudhary, ef al 2005). As shown in Figure 3.6, the expression for most
of the genes that are linked to CEBPA is up-regulated suggesting the activation of C/EBPa in
FLT3-TKD. Taken together, these gene expression results support that there are differences

between FLT3-ITD and FLT3-TKD signalling.

3.3.3 Gene expression profiling of FLT3-ITD in NK acute myeloid leukaemia

stem cell (LSC)

With a view to investigating the basis of disease in the NK group, we have analysed the gene
expression profiles for the LSC from NK AML compared to normal HSC. The LSC AML
dataset (Affymetrix HGU133plus2) available from NCBI GEO with accession number
GSE17054 (Majeti, et al 2009) was reanalysed for this study. We focused on identification of
genes in LSC that are differentially expressed in normal karyotype AML (n=6) compared to
HSC (n=4). The patient details that were used in this analysis are shown in Figure 3.7A.
However, in the Majeti et al study, the authors used meta-analysis to combine the LSC array
data from University of Michigan (HGUI133A or HGUI133B) and Stanford University

(Affymetrix HGU133plus2), and compared to HSC arrays from both side (University of
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A.
m Age/Gender Karyotype FLT3-ITD

SU001 S9/F normal negative
SU004 47/F normal positive
SU008 64/M normal positive
SU014 S9'M normal positive
SUO018 21/M normal positive
SU032 47/M normal negative
SU006 S51/F unknown negative
SU028 53/M Complex positive
SUO031 31/F inv(16) negative
B. Majeti et al
Standford University
+ Vs. HSC
University of Michigan
This study
Stanford
University Vs. HSC (n=4)
(only normal
karyotype LSC)

Figure 3.7. The microarray strategy to identify genes regulated by FLT3-ITD and/
or FLT3-WT LSC in normal karyotype AML. A. Patient characteristics from our
study (highlighted in red text) vs. Majeti et al study who used 9 LSC and 4 HSC from
Stanford University, and 7 LSC and 3 HSC from University of Michigan. B. Microarray
analysis strategy of our study and Majeti et al. The approach we use was different from
Majeti et al as we focused on normal karyotype LSC relative to HSC. Please see text
for more details.
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Michigan, n=3; Stanford University, n=4) (Figure 3.7B) (Majeti, et al 2009). This is a
complex analysis using different array platforms, and the isolation of LSC using different
markers from University of Michigan are different from Stanford University. While, the
University of Michigan isolates LSC with Lin'CD34'CD38CD123" and HSC (Lin
CD34'CD38°CD90"), the Stanford University isolates LSC with Lin CD34'CD38° CD90" and
HSC (Lin'CD34'CD38 CD90") (Majeti, et al 2009). We normalized the raw data of NK LSC
and HSC from Stanford University with RMA, and differentially expressed genes were
identified using the empirical Bayes moderated t-statistics and LIMMA incorporating array
quality weights (Smyth 2004). The FDR was controlled for multiple testing using Benjamini-
Hochberg (BH) methods. We filtered the genes/probsets requiring at least a 2-fold change

and a FDR p-value < 0.05.

We identified 3307 probes that are differentially expressed in NK LSC compared to HSC.
There are 1319 probes that were identified in the previous analysis by Majeti et al (Majeti, et
al 2009). We hypothesise that the additional 1988 probes identified by us may be specific for,
or more pronounced in the NK AML group (data not shown). Of the genes that were
identified in both analyses, known LSC marker genes or genes with known function that are
critical for LSC (IL3RA, CD96, CD47 and ALOX5) were identified as commonly up-
regulated in NK LSC relative to HSC (Figure 3.8). The genes encoding the surface proteins
(CDY99 and CDI109), also displayed a significant association with NK LSC (Figure 3.8).
These CDY9 and CD109 genes have also been identified as differentially expressed genes in
Majeti et al study suggesting that CD99 and CD109 are commonly dysregulated in LSC
compared to HSC (Majeti, et al 2009). The expression of CD99 is up-regulated while CD109
is commonly down-regulated. Interestingly, /L3R4 and CD99 are closely linked at the

pseudo-autosomal region Xp22.3 (Yp11.3). CDY9 encodes a cell surface glycoprotein, is
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Figure 3.8. Commonly dysregulated genes in NK LSC AML. Known LSC
genes such as IL3RA, CD47, CD96 and ALOX5 have been identified as
differentially expressed genes (2 fold change and FDR p-value < 0.05) in LSC
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identified associated with NK LSC.
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involved in leukocyte migration and T-cell adhesion and has reported to be expressed in
AML using immuno-histochemistry (Zhang, et al 2000). CDI09 is a
glycophosphatidylinositol (GPI)-anchored membrane glycoprotein and is expressed at low
levels on very primitive progenitor cells (Rappold, ef al 1997). However, the expression or
the functional role of CD99 and CDI09 in AML LSC has not been investigated.
Interestingly, we identified that expression of the Src family kinase HCK (out of 1988 probes
as previously described above) is significantly (FDR p-value < 0.05) up-regulated (at least 16
fold change compared to HSC) in NK LSC. This most likely relates to the selected patient
groups (NK AML vs all AML) and suggests that HCK expression is restricted to FLT3-ITD

and/or NK LSC.

3.3.3.1 Focus of HOX genes that associated with FLT3-ITD in NK LSC

There are a number of HOX genes displaying differential expression specifically in NK LSC
compared to HSC and interestingly identification of this differential HOX gene expression
was not reported from the earlier comparison of LSC to HSC (Majeti, et al 2009). To
investigate whether this differential HOX gene expression was related to the presence of
FLT3 mutations in normal karyotype AML we further analysed this data to define differential
expression associated with the FLT3-ITD (n=4) or FLT3 wild-type (FLT3-WT) (n=2) AML
relative to HSC. The sample size in this analysis was small, nevertheless, using the approach
above, we were still able to identify a number of LSC-associated genes displaying altered
expression specifically in FLT3-ITD" or FLT3-WT NK AML in comparison to HSC (Figure
3.9A). A limitation in this analysis relates to the representation of the NK FLT3-WT group
with only 2 FLT3-WT samples, however this analysis suggests the possibility that there is

differential expression of several of the HOX which may be selectively up-regulated in
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Figure 3.9. Differential expression of multiple HOX genes in FLT3-mutant
LSC. A. Venn diagram shows total number of significant (FDR p-value < 0.05 and
at least 2 fold change) probes in FLT3-ITD and/or FLT3-WT LSC compared to
HSC. B. HOX genes (FDR p< 0.05 and fold change >2) that are dysregulated in
FLT3-ITD NK LSC. C. HOX genes (FDR p< 0.05 and fold change >2) that are
dysregulated in FLT3-WT NK LSC.
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FLT3-ITD LSC. For example the HOX genes, HOXA6, HOXA4, HOXAS5, HOXB2, HOXA7,
HOXB4 and HOXB6 (Figure 3.9B) show selectively high expression in the FLT3-ITD group
relative to LSC from FLT3-WT AML and HSC. The increased expression of selected HOX
genes in NK AML may be associated with the presence of nucleophosmin (NPMT) mutations
as NPMI is associated with normal karyotype AML and associated with high HOX gene
expression (Mullighan, ef al 2007). In this analysis we could not confirm the status of NPM1I,
as it is not defined in this dataset, however it is clear that the presence of FLT3-ITD in
normal karyotype AML is independent of the presence of NPMI mutation (Grimwade and

Hills 2009).

3.3.3.2 Genes selectively up-regulated in HSC and FLT3-ITD NK LSC

We also found that a number of HOX genes were commonly up-regulated in FLT3-ITD LSC
and HSC compared to FLT3-WT LSC (Figure 3.9C). The selective high concordant
expression of MEISI, HOXA9, HOXA10, HOXA3 and HOXB3 in FLT3-ITD LSC and HSC
suggests that FLT3-ITD" AML may be derived from primitive progenitor or HSC, while
FLT3-WT NK AML may initiate in a later progenitor or harboured CEBPA mutation
(characterised by down-regulation of HOXA genes) (Kohlmann, et a/ 2010). This would be
consistent with the high level expression of HOXA9 and MEISI in HSC and primitive cells of
the myeloid lineage and CD34°CD38 LSC (compared to bulk AML cells) (Moore, et al
2007). Andreeff et al reported that low expression level of HOXA and HOXB genes is
associated with favourable cytogenetic AML (Andreeff, et al 2008). Interestingly, by using
the HOX gene family expression in LSC and Euclidean matrix hierarchical clustering, we can

show that the FLT3-ITD group is readily separated from the FLT3-WT AML (Figure 3.10).
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Figure 3.10. Hierarchical clustering of HOX gene family expression in LSC and
HSC. All the LSC from Majeti et al (Stanford University) including AML other than
normal karyotype were included in this analysis. The gene expression for each gene was
median-centred. Hierarchical clustering with average linkage was used to cluster the
genes and samples. Red indicates the expression is higher than the median-centred
expression and green indicates the expression is lower than the median-centred

expression.
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This result confirms that with respect to HOX gene expression, FLT3-ITD LSCs are more

closely related to HSC than FLT3-WT LSC AML.

3.3.3.3 HOX expression pattern in FLT3-ITD resembles normal HSC

We used Chambers et al gene expression data (Chambers, et a/ 2007) to identify the HOX
gene expression patterns associated with normal haemopoietic cell differentiation. We
identified that HOXAY9, MEIS1, HOXA2, HOXAS5, HOXA10, HOXBS5 and HOXB3 are down-
regulated in all mature lineages assayed compared to HSC (Figure 3.11). HOXA3, HOXB4,
HOXA4 and HOXA1 were also down-regulated in mature lineages but not to he same degree.
This is consistent with a role for this subset of HOX family genes maintaining the primitive
phenotype, enhancing proliferation and expansion (Argiropoulos and Humphries 2007). The
majority of HOXA, HOXB and HOXC genes are expressed in HSC and in immature
progenitors (Argiropoulos and Humphries 2007). Thus, it is possible that FLT3-WT NK
AML involves a distinct mechanism independent of HOX gene activation consistent with
differential patterns of HOX gene expression being able to distinguish the FLT3-ITD from
FLT3-WT NK LSC. Particular characteristics associated with these two groups, including

differential response to therapy, may be related to this differential HOX gene expression.

3.3.3.4 Signalling pathways associated with NK LSC

To elucidate the pathway that is associated with NK LSC, we used IPA to analyse the
differentially regulated genes. The top canonical pathways associated with the common LSC
signature in NK AML were insulin-like growth factor 1 (IGF-1) signalling, phosphatase and

tensin homolog (PTEN) signalling, and IL-3 signalling as shown in Table 3.5. Interestingly,
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Figure 3.11. The gene expression pattern of the HOX gene family in mouse
haemopoietic cell lineages. The gene for each cell lineage was compared to
haemopoietic stem cell (HSC). The hierarchical clustering with average linkage was
used to cluster the genes and samples. Red indicates the gene expression is higher in
the lineage than in HSC and green is vice-versa. CD4N/CD8N = naive T cells,
CD4A/CD8A = Activated T cells, NuEry = nucleated erythrocyte, NK = natural
killer, mono = monocyte, gran = granulocyte, B = B cells.
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Table 3.5. Top significant canonical pathways regulated by LSC
compared to HSC.

Top canonical pathways LSC p-value

IGF-1 signalling 9.5x107
PTEN signalling 1.2x104
IL-3 Signalling 1.7x10+
value

Antigen presentation pathway 1.7x10+
Role of NFAT in regulation of the 2.0x10°3
immune response

ATM signalling 4.6x1073

Top canonical pathways regulated in NK LSC (top) and FLT3-ITD LSC
(bottom) compared to HSC. The pathways were derived from IPA.
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autocrine IGF-1/IGF-1R signalling has been shown to result in constitutive PI3K/AKT
activation in 70% of AML at the blast cell level (Chapuis, et al 2009, Park, et al 2009) and
our data suggests that this signal may initiate at the level of the LSC. Furthermore, the
identification of PTEN signalling may indicate that LSC from NK AML have constitutive
activation of the PI3K/AKT pathway which possibly contributes to survival and resistance to
therapy (Grandage, et al 2005). The network that was derived from IPA pathway analysis
indicates that the NK LSC differentially expressed genes are centrally linked to MLL, GRB2,
miR-124 and miR-1 (Figure 3.12). Whereas for FLT3-ITD LSC, the top canonical pathways
derived from IPA are the antigen presentation pathway, role of nuclear factor of activated T-
cells (NFAT) in regulation of the immune response, and ataxia telangiectasia mutated (ATM)
signalling (Table 3.5). With ATM signalling, we found that there are 7 LSC genes that are
dysregulated. Of these, 6 of those genes (CCNBI, CCNB2, CDC2, CREBI, MDM4 and NBN)
were down-regulated while only 1 gene (ATF2) is up-regulated suggesting that ATM
signalling in LSC is down-regulated. This ATM signalling pathway is also identified by
Majeti et al as one of the top 10 down-regulated pathways in LSC when compared to HSC
(Majeti, et al 2009). The contribution of ATM signalling to AML will be discussed in the
Section 3.3.7.5. Additionally, the networks analysis indicates that the FLT3-ITD NK LSC
differentially expressed genes are centrally linked to AKT, MAPK, miR-124, miR-1, CREB,
histoneH3 and histoneH4 (Figure 3.13). Interestingly, in this network, we identify the over-
expression of the histone methyltransferase DOTIL. Krivtsov et al showed that inhibition of
DOTIL by shRNA inhibits H3K79me2 resulting in reduced expression of HOXAS5 and

HOXA9 in human MLL-AF4 cell lines (Krivtsov, et al 2008).
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Figure 3.12. The network pathways derived from genes differentially
expressed in NK LSC. The NK LSC top 5 networks (networkl-5) that were
derived by IPA were merged together and filtered to remove indirect associations.
Red indicates genes up-regulation in NK-LSC and green indicates genes down-

regulation in NK LSC compared to HSC.
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Figure 3.13. The network pathways derived from genes differentially expressed in
FLT3-ITD NK LSC. The FLT3-ITD NK LSC top 5 networks and a network 7 that
were derived by IPA were merged together and filtered to remove indirect associations.
Red indicates genes up-regulation in FLT3-ITD NK-LSC and green indicates genes
down-regulation in FLT3-ITD NK LSC compared to HSC.
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3.3.4 Role of FLT3 mutants in the differentiation block in AML

3.3.4.1 FDBI1 cells expressing FLLT3 mutants or GMR-V449E are blocked in

differentiation

To establish a model of FLT3 signalling, we generated FDBI1 cells expressing either ITD
(REYEYDL duplication) or TKD (D835Y) mutants of FLT3. To demonstrate that these
FLT3 mutants are able to confer factor-independent growth in FDB1 cells, we performed cell
proliferation assays with IL-3, GM-CSF, or in the absence of growth factor over a 5-day
period. Parental FDBI1 cells do not express endogenous FLT3 and do not respond to FLT3
ligand (FL) (range from 0 to 200 ng/ml) (data not shown). All the FLT3 and GMR-V449E
FDBI cell populations grew without growth factor indicating that all mutants were able to
confer factor-independent growth. These results have been published in Perugini et al (see

Appendix D Figure 1C and (Perugini, et a/ 2009).

The FDB1 system allows an assessment of the block in GM-CSF induced differentiation
which is mediated by these activated receptor mutants. To examine differentiation, we
cultured FDBI cells expressing FLT3 mutants in GM-CSF for 5 days and determined the
expression of myeloid differentiation markers (Gr-1 and Mac1) by flow cytometry. Gr-1 is a
marker for granulocyte differentiation, however it is also detected transiently on
intermediates in the monocyte lineage (Fleming, ez a/ 1993). Mac-1 (CD11b) is a marker for
monocytes and granulocytes (Ault and Springer 1981, Springer, ef a/ 1979). All the mutants
prevented an increase in expression of Gr-1 and Mac-1 in GM-CSF while parental FDB1
cells underwent differentiation into macrophages and neutrophils associated with increased

Gr-1 and Mac-1 expression (Figure 3.14A) as reported previously
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Figure 3.14. Assessment of myeloid differentiation in FDB1 cells expressing
activated growth factor receptor mutants. A. Gr-1 (marker for granulocytes) and
Mac-1 (marker for monocytes and granulocytes) mean fluorescence intensity level was
determined by flow cytometry in FDB1 cells expressing FLT3-ITD, FLT3-TKD, GMR-
V449E or parental cells in the absence of factor or with IL-3 or GM-CSF at day 5. B.
The mRNA expression level of Cebpa quantitated by QPCR in FLT3 mutant FDB1
cells, cultured in the indicated conditions, at day 5. Data represent mean = SEM for at
least 2 independent experiments. *** p<0.001 determined by ANOVA compared to

FDBI1 in GM-CSF and corrected for multiple testing using Bonferroni. 136



(McCormack and Gonda 2000). In contrast, all the FLT3 mutants displayed low Gr-1 and
Mac-1 mean fluorescence intensity (MFI) level at day 5. The Gr-1 and Mac-1 expression for
all FLT3 mutants was comparable to parental FDBI1 cells cultured in IL-3. The morphology
of these FLT3 mutant cells was shown in Perugini et a/ Appendix D Figure 1B (Perugini, et
al 2009). To further confirm the block in differentiation in FLT3 mutant FDBI1 cells, we
investigated the expression of the master regulator of granulocyte differentiation, Cebpa. In
IL-3, all the mutants including parental FDB1 cells expressed low Cebpa expression (Figure
3.14B). As shown in Figure 3.14B, Cebpa expression is repressed by FLT3 mutants when
cultured in GM-CSF whereas parental FDBI1 cells induced Cebpa expression in the same
condition. Expression of Cebpa in the FLT3 mutant cells in the absence of factors remained
low with similar levels to cells in IL-3. Thus, the constitutive signalling induced by FLT3
mutants is associated with continuous growth and survival, and an effective block in GM-
CSF-induced differentiation. Similar effects of the FLT3-ITD and FLT3-TKD mutant
receptors have been reported in other murine cell lines (Hayakawa, et a/ 2000, Mizuki, et al
2003). As discussed in Chapter 1 Section 1.9.1, the FDB1 system provides an excellent tool
for dissecting GM-CSF induced differentiation and for analysing leukaemic pathways that
impact on this process. We next conducted experiments examining the pathways that may

contribute to the block in differentiation.

3.3.4.2 The ERK1/2 pathway contributes to survival and blocks differentiation of FLT3
mutants in FDB1 cells

As previously described in Section 1.7.2 and Section 3.1, constitutive activation of the

MAPK/ERK pathway inhibits granulocytic differentiation via suppression of C/EBPa

activity and we hypothesise that this may link in part to changes in Gadd45a expression. To
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determine the effect of the ERK1/2 pathway in granulocytic differentiation in the FDB1
myeloid system, we first analysed the role of the ERK1/2 pathway in FDBI cells expressing
FLT3 mutants and GMR-V449E using the MEK inhibitor (targeting MAPK/ERK pathway),
U0126 and its control U0124. We have previously shown that FDBI1 cells expressing FLT3
mutants or GMR-V449E show constitutive activation of ERK1/2 signalling and this is
associated with down-regulation of the key growth regulator Gadd45a (Perugini, et al 2009).
Here, we have characterised the viability and myeloid differentiation of FDBI1 cells
expressing FLT3 mutants and GMR-V449E after treatment with U0126, or the control

U0124, in the absence of growth factor for 48 hours.

As shown in Figure 3.15, in the absence of growth factor, FDBI cells expressing FLT3-TKD
and treated with U0126 were significantly reduced in cell viability at 24 hours. FDB1 GMR-
V449E cells were less sensitive than FLT3-TKD cells, but their viability was also
significantly reduced. At 48 hours, cell viability for all the mutants was significantly reduced
with no viable FLT3-TKD cells remaining (Figure 3.15). Thus, the ERK1/2 signalling

pathway is particularly important for survival in response to the FLT3-TKD mutant.

In addition to cell viability, we also examined differentiation of UO0126-treated FDBI
populations expressing FLT3 mutants or GMR-V449E at 48 hours using Gr-1 expression. In
the absence of growth factor, FDB1 cells expressing FLT3-ITD or GMR-V449E and treated
with U0126 significantly increased the Gr-1 mean fluorescence intensity (MFI) by more than
2 fold as shown in Figure 3.16A-B. Additionally, for both FLT3-ITD and GMR-V449E in
the presence of U0126, the morphology of the cells changed from immature (promyelocyte

appearance) to have features such as lobed nucleus, lower nuclear:cytoplasmic ratio and
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Figure 3.15. Effect of the MEK inhibitor, U0126, on cell viability. FDB1 cells, FLT3-
ITD, FLT3-TKD and GMR-V449E cells were treated with U0126 and its control U0124
in the absence of growth factor for 24 hr and 48 hr. Cell viability was assessed using
7AAD staining and flow cytometry. Data represent mean + SEM of at least 2
independent experiments. *** p < 0.001, ** p < 0.01, * p < 0.05 determined by two-
tailed student’s t-test compared to the control U0124.
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Figure 3.16. Treatment with U0126 induced Gr-1 myeloid differentiation on
FDB1 cells expressing FLT3 mutants and GMR-V449E. A. Gr-1 expression was
examined by flow cytometry on FLT3-ITD and GMR-V449E cells treated with the
MEK inhibitor U0126, or its control, U0124 for 48 hours in the absence of growth
factor. Grey indicates isotype control. Blue indicates cells treated with U0124. Red
indicates cells treated with U0126. B. Mean fluorescence intensity of Gr-1
expression. Data represent mean + SEM of at least 2 independent experiments.
*p<0.05, **p<0.01 determined by two-tailed student’s t-test compared to the control
U0124. C.The morphology of FLT3-ITD and GMR-V449E cells treated with U0126
for 48 hours. The cells were cytocentrifuged and stained with May-Grunwald-
Giemsa. Original magnification 400x.
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lighter cytoplasm (Figure 3.16C). These results are consistent with constitutive activation of
ERK1/2 inducing a block differentiation as suggested by Radomska et a/ (Radomska, et a/
2006). As FLT3-TKD cells were not viable at 48 hours, it was not possible to assess
differentiation status. There was no significance Mac-1 difference observed in the absence of
IL-3 after treatment with U0126 in any of the cell lines (data not shown). Thus, ERK1/2
signalling is contributing to viability and the differentiation block in response to FLT3

activated mutants and GMR-V449E in this FDB1 system.

3.3.5 The role of Gadd45a downstream of FLT3 activated mutants

The expression of Gadd45a is induced by pro-apoptotic signals, and during myeloid
differentiation. GADD454 is a tumour suppressor gene and is known to be mutated in some
solid cancers (pancreatic adenocarcinoma) (Soliman, et al 2006). GADD45A is also silenced
in cancers (e.g. breast cancer, osteosaroma and prostate cancer) through DNA methylation
(Al-Romaih, et al 2008, Ramachandran, et a/ 2009, Wang, et al 2005). Interestingly,
GADD454 expression has previously been shown to be repressed in response to sustained
ERK1/2 signalling (Yamamoto, et al 2006) and is a known target gene of CEBPA and MYC
(Constance, et al 1996, Tao and Umek 1999). Moreover, bone marrow from Gadd45a
knockout mice has increased blast cells and reduced granulocytes (Gupta, ef a/ 2006). These
findings suggest that Gadd45a has important roles in myeloid differentiation and may be
down-regulated by constitutively activated MAPK/ERK pathway either via suppression of
C/EBPa activity, or via stablisation of c-Fos and enhanced AP-1 binding (Radomska, et al
2006, Sharrocks 2006). Given that this potential FLT3-MAPK/ERK-GADD45A4 pathway
may be important in AML, we wished to explore the functional role of Gadd45a in the

myeloid system and its potential as a tumour suppressor in AML. These studies were
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performed in collaboration with Dr Michelle Perugini and were recently published in
Leukemia with myself as co-first author (Perugini, ef al 2009). Briefly, we identified the
expression of Gadd45a as being commonly down-regulated in both FLT3-ITD and GMR-
V449E leukaemic receptors through bioinformatic analysis and further confirmed by this Q-
PCR. We then focused on the role of this commonly down-regulated gene. We showed that
FLT3 mutants repress Gadd45a expression in the murine FDB1 cell line and in human AML
patient samples (see Appendix D Figure 2a and Figure 3a) (Perugini, et a/ 2009). The
expression of Gadd45a increased when treated with MEK inhibitor U0126 in FDB1 cells
expressing FLT3 or GMR-V449E mutants (see Appendix D Figure 2c-f) consistent with
Gadd45a expression being regulated by the MAPK/ERK pathway as reported by Yamamoto
et al (Yamamoto, et al 2006). Gadd45a over-expression and knockdown in FDB1 cells and
FLT3-ITD" AML cell lines also showed that Gadd45a expression is associated with
granulocytic differentiation, as measured by increased Gr-1 expression, and induced cell

survival respectively (see Appendix D Figure 4-5) (Perugini, e a/ 2009).

3.3.5.1 Role of Gadd45a in the differentiation block

Given the findings discussed above that Gadd45a suppresses growth and reduces survival of
FDBI1 expressing FLT3-ITD and GMR-V449E, and AML cell lines (see Appendix D Figure
5) (Perugini, et al 2009), we used our FDB1 model of FLT3 signalling to further examine the
role and mechanism of Gadd45a down-regulation in the differentiation block induced by
FLT3-ITD. We have reported previously that FLT3-ITD FDBI1 cells appear to be blocked at
a different stage of myeloid differentiation compared to cells expressing GMR-V449E
(Perugini, et al 2009). In contrast to GMR-V449E cells, transduction of these FLT3-ITD

FDBI cells with Gadd45a did not induce Gr-1 marker expression (see Appendix D Figure
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5d) (Perugini, et al 2009)) but there was a reduction in cell viability. To further investigate
the changes induced by Gadd45a in the presence of FLT3-ITD or GMR-V449E
differentiation block, we over-expressed the Gadd45a cDNA using the retroviral vector
pRuf-IRES-eGFP and determined the mRNA expression level of the differentiation genes:

Cebpe (granulocyte specific gene), Cebpa and Sfpil (Pu.1) by QPCR.

We first determined the gene expression changes in GMR-V449E cell populations. As shown
in Figure 3.17A, the expression level of Cebpa, Cebpe and Sfpil (Pu.1) increased following
retroviral expression of Gadd45a in cells expressing GMR-V449E. GMR-V449E cells
transduced with Gadd45a significantly increased Cebpa expression at day 0 but these
normalised at day 3. Most notably, Cebpe expression level was significantly increased at both
day 0 and day 3 after sorting for GFP (Figure 3.17A). In addition, Sfpil (Pu.l) expression
level increased 2 fold at day 0 and day 3 compared to empty vector control. These results are
consistent with the increase in Gr-1 expression upon Gadd45a over-expression (see above)
and provide strong evidence for induction of a granulocytic-monocyte differentiation

program.

Interestingly, in FLT3-ITD cells, Gadd45a over-expression did not induce expression of
Cebpa at day 0 but Cebpa expression level significantly increased at day 3 (Figure 3.17A).
There was no change in the expression level of Cebpe or Sfpil (Pu.1) at either day 0 or day 3
(Figure 3.17A). Thus, while over-expression of Gadd45a induced a significant increase in
Cebpa expression in FLT3-ITD FDBI1 cells, this was not sufficient to induce Cebpe or Gr-1
expression. In contrast, over-expression of Gadd45a in GMR-V449E FDBI1 cells was

associated with transient Cebpa expression and an increase in Cebpe and Sfpil (Pu.l)
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Figure 3.17. The effect of Gadd45a over-expression on the block in myeloid
differentiation in GMR-V449E and FLT3-ITD FDBI1 cells. A. GMR-V449E and
FLT3-ITD cells were transduced with either pRuf-IRES-eGFP (control) or pRuf-
mGadd45a-IRES-eGFP. Cells were enriched for GFP expression using flow
cytometry and cells cultured without growth factors. Gene expression profiling of
mouse Cebpa, Cebpe, and Sfpil(Pu.l) at day O or day 3 after cell sorting, in the
absence of growth factor. Data represent the mean + SEM of 2 independent
experiments. **p<0.01, *p<0.05 determined by two-tailed student’s t-test relative to
control. B-C. The morphology of GMR-V449E and FLT3-ITD cells 3 and 5 days
after GFP sorting. The cells were May-Grunwald-Giemsa stained. Arrows indicate
granulocytes. Original magnification 200x.
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consistent with the previously observed increase in Gr-1 expression and the granulocytic
morphology changes observed in these cells (Figure 3.17B). As shown in Figure 3.17C,
there was no apparent morphology change in FLT3-ITD cells transduced with Gadd45a. The
capacity of Gadd45a to induce differentiation (as measured by Gr-1 staining (Perugini, et al
2009) and gene expression) appears to be restricted to GMR-V449E FDBI cells suggesting
that the differentiation inducing activity of Gadd45a maybe stage-specific and/or require

specific co-factors.

3.3.5.2 Regulation of Gadd45a expression level in haemopoiesis

We have previously observed that Gadd45a expression is increased during FDBI
differentiation in response to GM-CSF (see Appendix D Figure 2a) (Perugini, et a/ 2009)
and Gadd45a deficient mice have reduced GM progenitors (Gupta, et al/ 2006). This data
suggested that Gadd45a is involved in myeloid differentiation and has regulated gene
expression. To investigate the regulation of Gadd45a in normal haemopoiesis, we performed
a detailed analysis of Gadd45a expression using published gene expression profiling data.
We used two published microarray datasets in which global gene expression changes were
measured in different haemopoietic populations (Chambers, et al 2007, Tonks, et al 2007b).
As shown in Figure 3.18A, in the human haemopoietic system (Tonks, et a/ 2007b), relative
to immature cells (CD34"), GADD454 expression level increases in granulocytes and
erythrocytes. For comparison, CEBPE expression was also determined in this dataset and as
expected, this increased selectively in granulocyte populations compared to CD34". We also
included other known lineage-associated genes (GFII - granulocytes, /IRF§ — monocytes,
GATAI - erythrocytes) and show their appropriate regulation providing further validation for

this microarray dataset. We also investigated Gadd45a expression in mouse haemopoietic
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Figure 3.18. The Gadd45a expression pattern at various stages of haemopoiesis. A.
Relative expression of GADD45A in indicated lineages compared to human CD34+*
cells. CEBPE expression was used as specific granulocyte marker in this dataset. B.
Relative expression of Gadd45a (asterisks) in indicated lineages compared to HSC.
Genes other than Gadd45a have been identified by Chambers et al for specific lineage
genes. CD4N/CD8N = naive T cells, CD4A/CD8A = Activated T cells, NuEry =
nucleated erythrocyte, NK = natural killer, mono = monocyte, gran = granulocyte, B =
B cells. C. The expression pattern of mouse Gadd45a in granulocyte development from
haemopoietic stem cell population (Sung et al). LT-HSC = long-term HSC, ST-HSC =
short-term HSC. D. The expression pattern of human GADD45A in granulocyte
development (Theilgaard-Monch et al). PM = promyelocyte, MY = Myelocyte,
bmPMN = bone marrow polymorphonuclear.
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lineages compared to HSC (Chambers, et al 2007). As shown in Figure 3.18B, increased
Gadd45a expression is observed in the myeloid/erythrocyte lineages with increased
expression relative to haemopoietic stem cell (HSC) observed in erythrocytes, granulocytes
and monocytes. Interestingly, Gadd45a expression was down-regulated in lymphocyte
populations relative to the HSC population. We again included the previously reported
lineage-associated genes CdJ, Irf8, Kirel, Gfil, Ptgsl, Cebpa, Cebpd, Clec2h, Cebpb, Ptgs2,
Gatal, Klfl and Cd34 in this microarray dataset to provide validation for each lineage
(Chambers, et al 2007). To further validate the increased expression of Gadd45a in the
granulocyte lineage, we used two granulocyte gene expression datasets (Sung, et al 2006,
Theilgaard-Monch, ef al 2005). As shown in Figure 3.18C, Gadd45a expression increases
more than 10 fold during mouse granulocyte differentiation (relative to HSC populations) in
the microarray dataset (GSE5677) from Sung et al (Sung, et al 2006) (Cebpa and Cd34
expression patterns are provided for comparison). Finally, the study by Theilgaard-Monch et
al (Theilgaard-Monch, et al 2005) investigating gene expression in human promyelocyte,
myelocyte and bone marrow polymorphonuclear cell populations shows a peak of GADD45A4
expression at the myelocyte stage, with GADD454 displaying a very similar profile to
CEBPE (Figure 3.18D). This expression pattern of GADD45A4 is consistent with a role in
promoting granulocyte differentiation of myeloid precursor cells, possibly with an additional
role at the myelocyte stage of differentiation. Such a role is consistent with the phenotype of
Gadd45a”™ mice where reduced mature granulocytes are observed together with increases in

blast cells in bone marrow compared to WT control mice (Gupta, et al 2006).
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3.3.6 The role of GADD45A as a tumour suppressor in AML

3.3.6.1 Repression of GADD45A expression is associated with MLL translocations in

AML

We previously reported that lower GADD45A expression is associated with FLT3-ITD AML
(Perugini, et al 2009). We next wished to examine the expression profile of GADD454
across different subtypes of AML patients. Thus, we investigated the expression of
GADD454 in AML gene expression datasets. For this, we downloaded microarray datasets
from Valk et al, Ross et al and Verhaak et al (Ross, et al 2004, Valk, et al 2004, Verhaak, et
al 2009). We have previously reported the GADD45A4 expression level (Perugini, et a/ 2009)
in the 16 distinct AML clusters defined from the gene expression profiling by Valk et al
(Valk, et al 2004). Here, we also determined the GADD45A4 expression in the 285 AML
patients from the Valk et a/ study (Valk, et al 2004) defined by karyotypic abnormality. This
showed that GADD45A4 expression level was significantly lower in the MLL translocation
group compared to NBM and normal CD34" controls (Figure 3.19A). Although the
GADD45A4 expression was not significant in other AML groups, there is a trend of lower
GADD45A4 expression in all groups compared to the normal controls. We also found that
there is significantly lower expression of GADD45A4 in the MLL group compared to other
karyotypes of AML in this dataset. Analysis of other AML microarray datasets was used to
validate this finding (Ross, et al 2004, Verhaak, et al 2009). We found that the GADD454
expression level in paediatric AML was also significantly lower in MLL subtypes compared
to other subtypes including adult AML (except for PML-RARa and T-ALL) (Figure 3.19B).
In another study of 461 adult AML samples by Verhaak et a/ (Verhaak, et al 2009)
GADD454 expression level was also significantly lower in the MLL group compared to other
AML subtypes, apart from complex karyotype (data not shown). Thus, in AML associated

with MLL translocations, there maybe selective silencing of GADD45A. This raises the
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Figure 3.19. Expression of GADD45A in AML subtypes defined by
karyotype. GADD45A expression was examined in AML with the indicated
karyotypes using A. 285 adult AML data from Valk et al, B. 150 paediatric
AML data from Ross et al. Horizontal line indicates the mean of expression. ***
p<0.001, * p<0.05 determined by two-tailed student’s t-test. ns indicates not
significant.
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possibility that in this subtype of AML, GADD454 is a target of CpG promoter methylation.
Alternatively GADD454 maybe a target of the MLL fusion protein, or be under repression by

HOX gene products which display elevated expression in this group of AML.

3.3.7 Discussion

3.3.7.1 FLT3-ITD and FLT3-TKD in CBF AML

The over-representation of FLT3-TKD in inv(16) AML but not t(8;21) AML in this study
suggests that differences in the gene expression induced by the CBFB-MYHI11 fusion
protein, compared to other Class I events, may be associated with cellular changes that
preferentially cooperate with FLT3-TKD as a ‘second hit’ mutation. This is consistent with
AML gene expression profiling studies showing that reciprocal translocations are associated
with unique gene expression patterns (see Chapter 1 Section 1.8.1). Differences in cellular
changes induced by the two different CBF AML fusions are also supported by in vivo studies
which show that while CBFB-MYHI1 transgenic mice spontaneously develop leukaemia
after 11-25 weeks (Kuo, et al 2006), transgenic mouse models of AMLI-ETO develop

leukaemia only in the presence of additional mutations (Muller, ez a/ 2008).

Although FLT3-ITD is under-represented in AML1-ETO, the FLT3-ITD mutant is clearly
still able to cooperate with this fusion oncoprotein in some contexts to block myeloid
differentiation and contribute to survival and proliferation signals (Schessl, et a/ 2005). It is
possible that the FLT3-TKD mutant provides a unique signal that cooperates with the cellular
changes induced by the CBFp-MYHI11 fusion protein. A candidate for this maybe STAT3

which has been reported to be selectively activated by FLT3-TKD (Frohling, e a/ 2007) and
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which is associated with enhanced cell proliferation and tumour growth in colorectal cancer
(Corvinus, et al 2005). Constitutive activation of STAT3 induces nuclear stabilisation of 3-
catenin in colorectal cancer and is associated with activation of Notch signalling in cancer
(Kawada, ef al 2006, Ma, et al 2009). Thus, STAT3 may provide critical signals in the
context of transformation by CBFB-MYHI11. In addition, the transcription co-activator MN1,
which is over-expressed selectively in inv(16) compared to t(8;21), interacts with CBP/p300
(involved in the B-catenin pathway, see Chapter 2 Discussion Section 2.4) inducing growth
or differentiation effects (Grosveld 2007). This suggests that inv(16) cells may have distinct
mechanisms to t(8;21) cells which result in modulation of the P-catenin pathway, for

example through STATS3 activation and/or MNI over-expression.

3.3.7.2 FLT3-ITD and FLT3-TKD mediated gene expression in NK AML

We have compared and contrasted FLT3-ITD and FLT3-TKD associated gene expression in
normal karyotype AML blasts to further understand the pathways that are associated with the
poor prognosis factor FLT3-ITD. Our approach to microarray analysis is different from
others as we excluded known mutations (RAS mutations, EVII over-expression, CEBPA
mutation) that influence prognostic outcome to reduce complexity (see Chapter 1 Section
1.1.1). We compared gene expression in FLT3-mutant blasts to that in blasts from FLT3-WT
AML. This revealed that there were many more genes differentially expressed associated
with FLT3-TKD than FLT3-ITD in normal karyotype AML. This finding is consistent with
the study by Verhaak et al who used a gene expression profiling approach with AML blasts
(including normal karyotype AML) harbouring the FLT3-TKD mutation (Verhaak, et al
2009). The significant difference in gene expression may explain why signalling provided

from these two alternatives activated FLT3 mutants preferentially cooperate with distinct
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AML subtypes. Furthermore, we found that FLT3-ITD AML blasts over-expressed the BIC
gene which encodes miR-155 that has been shown to down-regulate SP// (PU.1) expression,
or modulate its target genes such as TAB2, SHIP and CEBPB (Chen, et al 2009, Hu, et al
2010). Interestingly, sustained expression of miR-155 induced a MPD in vivo (O'Connell, et
al 2008). This suggests that FLT3-ITD up-regulation of miR-155 may act to repress the
expression of SPI/ (PU.1) and hence contribute to the MPD phenotype observed previously
in both FLT3-ITD knock-in and SP/I (PU.1) knockout mice (Li, et a/ 2008, Rosenbauer and

Tenen 2007).

Of note also the FLT3-TKD AML group displayed an up-regulation of 7R/B1 mRNA, which
displayed significantly higher expression in FLT3-TKD than in either the FLT3-ITD or
FLT3-WT groups. Over-expression of 7RIBI has been shown to induce AML in a mouse
model through degradation of C/EBPa and C/EBPP working through the MEKI1/ERK
pathway (Dedhia, et al/ 2010, Yokoyama, ef al/ 2010). Additionally, TRIBI inhibits
granulocytic differentiation in G-CSF-treated 32D cells differentiation through degradation

of C/EBPa (Dedhia, ef al 2010).

3.3.7.3 Gene expression in NK LSC

Analysis of gene expression in NK LSC showed that HCK is significantly up-regulated in
this group compared to HSC and this is independent of FLT3 mutation status. Mitina et al
reported that Hck is recruited to tyrosine residues 589/591 of FLT3 and impairs FLT3
receptor maturation (see Chapter 1 Section 1.6.2.1 for more details) through tyrosine
phosphorylation on the juxtamembrane region of FLT3 (Mitina, et a/ 2007). The impairment

of FLT3 maturation leads to a reduction in folding efficiency, and retention in endoplasmic
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reticulum with altered downstream signalling (Choudhary, ef al 2009, Schmidt-Arras, et al
2005). Indeed, the majority of AML blasts have constitutive activation of Src kinases such as
Lyn and Hck (Roginskaya, et al 1999) raising the possibility that this cooperates with FLT3
mutation to amplify or modify the signalling events associated with the constitutively active
receptors. Interestingly, suppression of Hck phosphorylation with anti-CD45RO that
activates CD45 tyrosine phosphatase activity resulting in inhibition of Hck tyrosine kinase
activity, or PP2 (Src inhibitor), down-modulates PI3K/AKT activation leading to inhibition
of cell proliferation (Suh, et a/ 2005). Thus, Hck activation, associated with increased
expression of HCK mRNA, may cooperate with FLT3 mutations and contribute to the altered

growth and survival properties of LSC in the NK AML group.

3.3.7.4 FLT3 mediated HOX gene expression in NK LSC

The HOX family genes are important for HSC self-renewal and differentiation inhibition in
AML (Pineault, et a/ 2002). In a small comparison of NK LSC and HSC we noted that
several HOXA and HOXB genes were up-regulated selectively in FLT3-ITD LSC compared
to normal HSC (Figure 3.9 and Figure 3.10). In particular, the expression of HOXB3 was
up-regulated in NK AML blasts with both classes of FLT3 mutations (Figure 3.2). We also
observed up-regulation of HOXB3 in FLT3-ITD LSC (1.9 fold-change, FDR p=0.01) but it
did not meet our criteria of 2-fold-change. Over-expression of HOXB3 induces a lymphoid
and myeloid disorder in a mouse model (Sauvageau, er a/ 1997) and this phenotype
resembles the phenotypes of FLT3-ITD and FLT3-TKD mouse models suggesting that
HOXB3 may contribute to the LSC properties associated with FLT3 mutations. Moreover,
the ability of HOXB4 and HOXB6 to expand HSC has been described (Fischbach, et al 2005)

and HOXB4 target genes have been identified (Lee, ef a/ 2010). A recent study by Bach et al
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closely examined the leukaemic potential of all the HOXA genes (HOXAI, HOXA2, HOXA3,
HOXA4, HOXAS5, HOXA6, HOXA7, HOXA9, HOXA10, HOXAll, and HOXA13) showing
that, except for HOXA2 and HOXAS, these blocked or delayed myeloid differentiation and
cooperated with MEIS] to transform and immortalise the primary haemopoietic cells from 8-
week-old BALB/C mice (Bach, et a/ 2010). The data in this study is consistent with
important roles for HOXA4, HOXA6, HOXA7, HOXB4 and HOXB6. Thus we suggest that in
some NK AML, activation of HOX gene expression may provide a proliferation signal and

differentiation block that cooperates with FLT3-ITD and other changes to induce leukaemia.

3.3.7.5 The association of ATM signalling pathway with FLT3-1TD LSC

The mechanism of genomic instability in AML is still unknown. Constitutive activation of
FLT3 mutations is thought to endorse the incidence of additional mutations by suppressing
the DNA damage response to mutagenic events (Weisberg, ef al 2010). Our pathway analysis
revealed down-regulation of ATM signalling pathways in FLT3-ITD LSC. ATM is involved
in repair of double-strand DNA damage which prevents chromosomal aberrations or
mutations. ATM has also been reported to mediate constitutive NFkB activation in AML
(Grosjean-Raillard, et a/ 2009). Our findings are consistent with those of Boehrer ez al who
reported that in AML, the DNA damage response is suppressed (Boehrer, ef a/ 2009). These
studies suggest that down-regulation of ATM and the DNA damage response may contribute
significantly to the LSC phenotype, possibly being important for the drug resistance and
progression of AML. To date, there is no other study reporting that ATM down-regulation is
selectively associated with FLT3-ITD and further studies of this pathway in NK LSC are

now warranted.
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3.3.7.6 Gadd45a and FLT3-ITD signalling

We showed that FLT3 mutants blocked granulocytic differentiation and enhance survival
through constitutive ERK1/2 activation (Figure 3.14 and Figure 3.15) associated with
decreased Gadd45a expression (see Appendix D Figure 2). Interestingly, Gadd45a over-
expression exerts growth inhibition effects selectively on FLT3-ITD but not FLT3-TKD.
This differential sensitivity reflects the significant signalling and gene expression differences
observed in FLT3-ITD and FLT3-TKD AML blasts (see Chapter 1 Section 1.6.2 and
discussion above Section 3.3.7), and again this may relate to the selective differential
activation of STAT3 by the FLT3-TKD mutant (Frohling, et al/ 2007), or due to TRIBI up-

regulation associated with this mutant.

FLT3-ITD signalling constitutively activates PI3K/AKT and hence causes repression of the
transcription factor FOX0O3A and pro-apoptotic BCL-2 family member BIM (Scheijen, et al
2004). This could subsequently deactivate GADD454, as GADD454 is a known target gene
of FOXO3A4 (Tran, et al 2002) and which has a number of functions that maybe important for
AML growth and survival (discussed further in Chapter 5 Section 5.1.2). We have shown
that GADD454 expression is reduced in FLT3-ITD" AML (see Appendix D Figure 3a) and
in another study examining gene expression downstream of FLT3-ITD in 32D cells,
hierarchical clustering showed there were 2 distinct groups of FLT3-ITD which corresponded
with alternative ITD variants (Pekova, et a/ 2009). These two groups of FLT3-ITD display
significantly different Gadd45a gene expression levels. Interestingly, by analysing the
difference in these two groups, we observed that the down-regulation of Gadd45a expression
is associated with the most frequently occurring FLT3-ITD mutant (YVDFREYEYDL)

which duplicates the segment from codon 591 to codon 601 (data not shown). This variant of
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FLT3-ITD is strongly associated with for STATS and MAPK/ERK activation, transformation
and proliferation (see Chapter 1 Section 1.6.2.1) (Meshinchi, ef a/ 2008). We have
demonstrated that MAPK/ERK contributes to repression of Gadd45a expression (Perugini, et
al 2009), however, whether STATS activation is involved in repression of Gadd45a is still

unknown.

3.3.7.7 Mechanism of Gadd45a repression or silencing in AML

GADD45A4 expression is lower in CD34" cells and in HSC and increased expression occurs
during granulocyte differentiation (Figure 3.20A) suggesting that GADD454 may be
important in regulating myeloid differentiation. Consistent with the immature phenotype of
AML blasts we observed GADD45A4 expression to be lower in AML compared to normal
CD34" cells or NBM. Furthermore we showed that the expression of GADD454 was
significantly lower in AML associated with MLL translocations (see Figure 3.19). The
mechanism for this is unknown; however, the possible mechanisms (see Figure 3.20B)
include regulation directly by MLL fusion proteins or HOX gene products. The reduced
expression of GADD454 in MLL AML may also be due in part to increased expression of
Meninl (MENI); MENI directly represses JUND expression (Gobl, et al 1999) and JUND
binds to the third intron of GADD454 leading to activation of GADD45A (Daino, et al 2006).

Further proposed mechanism of Gadd45a regulation is discussed in Chapter 5 Section 5.1.2.
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Figure 3.20. The proposed mechanism and expression pattern of Gadd45a in
AML and normal haemopoiesis. A. The proposed Gadd45a expression pattern in
normal haemopoiesis that is supported by the bioinformatics analysis of human
(compared to CD34*) and mouse haemopoiesis (compared to HSC) as described in
Figure 3.18. The myelopoiesis figure is adapted from adapted from Rosenbauer and
Tenen, 2007. B. The proposed mechanism and pathways that are regulated by
Gadd45a based on the literature and this study.
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Chapter 4: Use of bioinformatic approaches to determine key

pathways and specific therapeutic approaches in AML subgroups

4.1 Introduction

Treatment for all subtypes of AML currently involves combination chemotherapy, with
specific targeting of therapeutic agents limited to only one subtype, carrying the PML-RARa
translocation, that can be successfully treated with ATRA (see Chapter 1 Section 1.1.2)
(Nowak, et al 2009, Tallman 2008). Recent studies have used high throughput screening
approaches such as chemical libraries to screen a wide range of drugs, including many
approved by the US Food and Drug Administration (FDA), to identify new specific drugs for
AML. Corsello et al identified corticosteroids and dihydrofolate reductase (DHFR) inhibitors
through chemical genomics that specifically target AML cells and cell lines with the AMLI-
ETO translocation (Corsello, et al 2009). Wang et al also identified a GSK3p inhibitor as a
specific drug active on AML cells with MLL translocations (Wang, et a/ 2008). While these
approaches have provided promising leads, they are limited by access to large libraries and

associated with high cost (Stegmaier 2009).

The current bioinformatics technology, in combination with the rich resource of microarray
datasets that have been deposited in the public domain, makes it possible to use gene
expression profiles to identify drugs that are associated with gene expression patterns of
relevance to particular diseases. For instance, the CMAP that has been developed by Lamb e?
al (Lamb, et al 2006) has been used to identify potential drugs for cancer treatment

(Rosenbluth, ef al 2008, Sanda, et a/ 2009, Vilar, ef al 2009). Successes using this application
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include identification of specific compounds for acute lymphoid leukaemia and solid tumours
(Rosenbluth, ef al 2008, Sanda, et al 2009, Vilar, et al 2009). In this Chapter, we focus on
applying this approach to identify drugs that may act on AML associated with the major
translocations (PML-RARa t(15;17), AMLI-ETO t(8;21), CBF-MYHI11 inv(16), and MLL

11g23).

We also extend our bioinformatic approach to analysis of the major numerical chromosomal
abnormality in AML. Trisomy 8 (+8) is the most frequent chromosomal abnormally in AML
and is common in myeloproliferative neoplasm, myelodysplasic syndrome (MDS) and
chronic myelomonocytic leukaemia (CMML) (Paulsson and Johansson 2007). Trisomy 8 has
higher incidence in FAB subtype M5, is common in secondary AML and is associated with
intermediate prognosis (Paulsson and Johansson 2007). It has been reported that gain of the
extra copy of chromosome 8 does not necessarily confer higher gene expression for genes on
that chromosome. In fact, +8 AML is associated with down-regulated c-Myc expression
(Paulsson and Johansson 2007). Thus the contribution of +8 to AML pathogenesis is still
unclear. Here we describe an analysis of a large AML gene expression dataset which

revealed association between +8 and HOX gene expression.

4.2 Materials and Methods

4.2.1 Reagents

Pentoxyverine and Dequalinium choride were purchased from Sigma-Aldrich. The cytokines
such as FL, IL-3, IL-6, SCF, G-CSF and GM-CSF (Peprotech, Rocky Hill, NJ) were kindly

provided by Drs Jason Powell and lan Lewis. Pentoxyverine was reconstituted in sterile

159



water at 10 mM stock concentration. Dequalinium chloride was reconstituted in sterile water
at 10 mM stock concentration and pre-warmed at 37°C to dissolve the compound prior to

addition into cell medium. The stock solutions were stored at -20°C.

4.2.2 AML patient samples thawing and culturing

Cryopreserved bone marrow biopsies from AML patients, taken at diagnosis after informed
consent according to the Institutional Guidelines (Table below), were thawed in IMDM with
20% (v/v) FBS, 50 Unit/ml DNase, 1x PSG, washed and cultured at 37°C in a waterbath.
Viable mononuclear cells (MNC) were isolated by Ficoll-Hypaque density-gradient
centrifugation as previously described (Powell, et al 2009) and the viable cells at cell density
of 2x10° cells/ml were cultured (IMDM with 0.5% FBS and 1x PSG) with or without growth
factor cocktail (FL, IL-3, IL-6, SCF, G-CSF and GM-CSF, each 10 ng/ml) for downstream

experiment validation.

WBC

Patient Co;mt
no. |Gender | (10 /L) |% blast|Cytogenetic| Types |Relapse| FAB

inv16-1 M 171.00 35 invlé6 De novo Yes |Mdeo

MLL-1 F 6.21 ND 11923  |secondary] ND M4
ND=not determined

4.2.3 Apoptosis, cell counts and differentiation

Apoptosis was analysed using Annexin V conjugated with FITC (BD Pharmingen) as per the
manufacturers protocol. To examine differentiation, human CD11b and CD34 conjugated
with PE (BD Biosciences) were used and examined by using flow cytometry. Total viable

cell numbers were determined based on trypan blue exclusion or by APC-conjugated
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fluorescent beads (Flow counts beads, BD Biosciences) examined using flow cytometry
(Powell, et al 2009). To determine cell counts by APC-conjugated fluorescent beads, an
equal amount of beads (100 ul) was added to each sample prior to analysis by flow
cytometry. Viable cell number was assessed by using Flow-Count Fluorospheres (BD
Biosciences). Relative cell number was calculated as the number of cells enumerated relative

to a defined number of Flow-Count Fluorospheres (Powell, ez a/ 2009).

4.2.4 Microarray re-analysis

The raw microarray data from Valk et al (Valk, et al 2004) was downloaded from NCBI
GEO (GSE1159) and normalised with RMA that utilized probe level to fit a robust linear
model. A total of 76 AML (18 PML-RARa, 17 MLL, 22 AML1-ETO and 19 CBFg-
MYHI11) samples that carried either one of the four common translocation events were re-
analysed. Differential expression was determined by using empirical Bayes moderated t-
statistic and LIMMA that was available from Bioconductor open-source software project.
Each AML translocation group was compared to the NBM group. The FDR was adjusted for
multiple testing to control false discovery using Benjamini-Hochberg method. Each specific
translocation group gene-list was defined by genes with a significant FDR p<0.01 for the
specific translocation, but with FDR p>0.01 on other translocations. The analysis was done

using the R statistical software package (http://www.R-project.org) and in-house Perl scripts.

Heatmap was generated using MeV software (Saeed, ef al 2006).
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4.2.5 Connectivity Map analysis (CMAP)

The Affymetrix HGU133A ID extracted from the list for each specific translocation AML
compared to NBM was used to upload to the CMAP v2 database (Lamb, et al 2006). Each of
the top 200 up-regulated or down-regulated genes (FDR p-value < 0.01 and ranked based on
fold-change) for each specific translocation AML subgroups were uploaded to CMAP
database. Duplicated genes were removed based on FDR p-value ranking. For MLL
translocation group, only 172 up- or down-regulated genes were uploaded to CMAP due to
there being less than 200 up-regulated genes in MLL group (FDR p<0.01). Significant drugs

were selected based on a negative connectivity score > 0.4 and p-value < 0.05.

4.2.6 Statistical analysis

The statistical significance of a comparison between two sample groups was determined
using the 2-tailed student’s t-test or otherwise indicated in the text. Only p<0.05 was
considered as significant. The data is presented as mean + standard error measurement
(SEM) for technical duplicates. The data was generated using GraphPad Prism version 5.0

(GraphPad Software, http://www.graphpad.com).

4.3 Results

4.3.1 Rationale: Comparing AML gene expression to normal bone marrow

mononuclear cells (NBM)

In this study, we determined gene expression changes, relative to NBM, for AML samples

characterised by the key PML-RARa, AMLI-ETO, CBFB-MYHI11 and MLL translocations,
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regardless of other known molecular abnormalities (e.g. FLT3, EVII, RAS, CEBPA or NPM
mutations) or clinical features. This approach reduces the complexity of AML which is a
heterogeneous disease and focuses on genes in each subgroup associated with the block in
differentiation, increased self-renewal, increased survival and proliferative potential
associated with AML. We hypothesised further that drugs identified through CMAP which
show reversal of this expression pattern in a selective way may have specificity as therapy for

AML associated with particular translocations.

4.3.2 Identification of 4 specific AML translocation gene lists

Expression patterns were determined using data from the landmark gene expression profiling
study by Valk et al (Valk, et al 2004) which used the Affymetrix HGU133A array platform.
In this study, 285 adult AML patient samples were defined into 16 distinct clusters of AML
based on gene expression pattern similarity. This study was of great importance in that it was
one of the largest tumour gene expression arrays reported (see Chapter 1 Section 1.8.1). The
study included AML samples with substantial clinical characterisation and known karyotypic
abnormalities, as well as normal CD34" and NBM control samples. AML samples were
genotyped for FLT3, RAS, CEBPA mutations, and EVII over-expression (Valk, et al 2004)
and in a subsequent study samples were genotyped for NPMI mutations (Verhaak, et al
2009). This large and robust dataset has provided a unique opportunity to identify the
translocation-associated gene expression changes for use in the CMAP approach described

above.

Differentially expressed genes associated with each of the four major translocation events,

and genes displaying differential expression in multiple subtypes are shown in the Venn
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diagram (Figure 4.1A). Figure 4.1B shows heatmaps of the highest-ranked significant
differentially expressed genes (FDR p-value < 0.01) displaying differential expression
changes associated specifically with AML1-ETO and CBFB-MYHI1 relative to all other
indicated translocation groups. Moreover, to examine the expression of individual genes
across the whole cohort (285 patients) and to determine any association with the other major
karyotypic abnormalities (e.g. trisomy 8, -7/7q), we generated plots of the normalised gene
expression value in all AML samples, including samples with normal karyotype or defined
karyotypic abnormalities. Representative plots are shown in Figure 4.1C for ROBOI
(AMLI1-ETO specific gene) and MNI (CBFB-MYHI11 specific gene) respectively. The
selective expression patterns of these genes were also identified by Valk et al (Valk, et al
2004). This analysis across the whole cohort allows a closer examination of individual gene

expression profiles.

We performed the same analysis for the PML-RARa and MLL groups. In AML with PML-
RARa, FGFI3 and HGF were among the highest ranked up-regulated genes that
distinguished PML-RARa from the other translocations groups, as shown in Figure 4.2A.
This is consistent with the reports by Valk et al and Gutierrez et al who found that higher
expression of these genes is specific to PML-RARa (Gutierrez, et al/ 2005, Valk, et al 2004).

The representative plot of FGF13 is shown in Figure 4.2A.

The AML group with MLL translocations was characterised by high levels of expression of
HOXA9 and HOXA10 as previously reported (Krivtsov and Armstrong 2007). In addition to

HOXA genes, MEISI was also shown to be significantly up-regulated (p < 0.01) compared to
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Figure 4.1. Genes that are specific to each of the 4 AML translocation events. A.
Venn diagram showing genes differentially expressed in each specific translocation AML
group with a FDR p-value < 0.01. Genes with a FDR p-value > 0.01 are not considered
to be significant. B. Heatmap shows AML1-ETO and CBFB-MYH11 AML specific gene
list with p<0.01 and at least 2 fold change. Red indicates up-regulated gene expression
and green indicates down-regulated gene expression compared to NBM. C. ROBO/! and
MN1 expression level for individual patient across each indicated subtype of AML. *%*
indicates FDR p<0.01 compared to NBM. 165
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Figure 4.2. Identification of genes selectively regulated either in AML with PML-
RARa, MLL or common to all four translocations groups. A.Heatmap shows PML-
RARa AML specific gene list. FGF13 expression level for each patients across each
indicates subtypes of AML. B. Heatmap shows MLL AML specific gene list. HOXA9
expression level for each patients across each indicates subtypes of AML. C. Heatmap
shows AML commonly dysregulated gene list. FLT3 expression level for patients across
each indicated subtype of AML. ** indicates FDR p<0.01 compared to NBM. # indicates
all the AML karyotypes are significantly (FDR p<0.01) differentially expressed
compared to NBM. Red indicates up-regulated gene expression and green indicates
down-regulated gene expression compared to NBM. 166



other subtypes as shown in Figure 4.2B. This also has been reported previously (Krivtsov
and Armstrong 2007). This group of AML represents a poor prognosis group which may
relate to the high expression level of HOXA9 also as previously reported to be associated
with poor outcome (Andreeff, et al 2008). The representative gene expression for HOXAY is
shown in Figure 4.2B. In addition to high HOXA9 expression in MLL group, we also found
that the normal karyotype group has higher HOXA9 expression as previously reported
(Mullighan, ef al 2007). There are two groups with divergent expression of HOXA9 apparent
in the normal karyotype group (Kok, et al 2010); the patient samples with lower expression
of HOXAY in the normal karyotype group mainly harboured CEBPA mutations consistent
with the study reported previously (Dufour, ef a/ 2009, Kohlmann, ef a/ 2010). Interestingly,
we also identified high expression of HOXA9 in AML with trisomy 8 (see Section 4.4 for
more details). These expression differences for known subtype-specific genes provide
important validation for our analysis demonstrating that we have successfully identified

gene-sets representing translocation-specific expression profiles.

4.3.3 Identification of gene expression changes associated with multiple

translocations

4.3.3.1 Genes common to all 4 translocations

There are 255 genes commonly differentially regulated between AML and NBM (Quadrant
9) (Figure 4.1). This set of genes represent the general differences between immature AML
blasts compared to NBM. One such gene commonly up-regulated in AML blasts relative to
NBM was FLT3 (Figure 4.2C). Differential FLT3 up-regulation has previously been
reported to be associated with MLL (Krivtsov and Armstrong 2007) and AMLI1-ETO

(Dicker, et al 2007), and notably the MLL and AMLI-ETO AML groups displayed
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significantly (FDR p-value < 0.05) higher FLT3 expression than CBF-MYHI1 and PML-
RARa (Figure 4.2C). Interestingly we observed that expression of several erythroid lineage

genes were down-regulated (PKLR, EPOR, GYPA, MYHI0) consistent with the disease-

associated shift to myeloid cell characteristics.

4.3.3.2 Gene expression changes common to Core Binding Factor (CBF) AML

AML translocations with AMLI-ETO and CBFB-MYHI11 are known as CBF-associated
AML (see Section 3.1). There are several genes that we identified in this group of AML that
have previously been reported to have an association with CBF leukaemia. For example,
RUNX3 (Cheng, et al 2008), JUP and CD200 (Tonks, et al 2007a) (Figure 4.3). In addition
to these genes, we also identified CAPRIN?2 as one of the highest ranked significantly (FDR
p-value < 0.01) down-regulated genes in this CBF AML group (see Figure 4.3). Figure 4.4A
clearly shows the low CAPRIN2 expression in these two translocation groups using the data
from Valk et al (Valk, et al 2004). To further validate these finding, we used another three
previously published microarray datasets consisting of 461 adult AML (Verhaak, ef al 2009),
151 paediatric AML (Ross, ef al 2004) and 116 adult AML patients (Bullinger, et a/ 2004).
These studies were also consistent with the results above (Figure 4.4) indicating that the
expression of CAPRIN? is significantly down-regulated in CBF AML compared to other

subtypes of AML.

CAPRIN? is of interest because it is associated with apoptosis and enhanced canonical Wnt
signalling via LRP5/6 phosphorylation (Aerbajinai, et al/ 2004, Ding, et al 2008). CAPRIN2

expression has been studied in erythrocyte differentiation but not during myeloid
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Figure 4.3. Identification of genes that are selectively regulated in CBF AML.
A. Heatmap shows top 30 CBF leukaemia specific genes ranked based on FDR p-
value. CD200 expression level for patients across each indicated subtype of AML.
** indicates FDR p<0.01 compared to NBM. Red indicates up-regulated gene
expression and green indicates down-regulated gene expression compared to

NBM.
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Figure 4.4. The expression of Caprin2 in several AML microarray dataset. A. 285
adult AML patient microarray data from Valk et al, 2004. B. 461 adult AML patient
microarray data from Verhaak ez al, 2009. C. 151 paediatric AML patient microarray
dataset from Ross et al, 2004. D. 116 adult AML patient microarray data from Bullinger
et al, 2004. ** indicates FDR p<0.01 relative to NBM. # indicates Bonferroni corrected
multiple comparison test p<0.05 relative to PML-RARA.
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differentiation. Hence, we used publicly available microarray datasets to identify the gene
expression pattern of CAPRINZ2 in human erythrocyte, monocyte and granulocyte populations
relative to normal CD34" cells (Tonks, et al 2007b). Consistent with a previous report
(Aerbajinai, et al 2004), CAPRIN2 expression is significantly (FDR p-value = 0.004)
increased (2.8 fold-change) in erythrocyte populations compared to CD34" cells as shown in
Figure 4.5A. Interestingly, the CAPRIN2 expression level was also significantly (FDR p-
value = 0.002) increased in the monocyte population (2.6 fold-change) with no significant
change in gene expression in granulocyte population. We used CEBPE (granulocyte lineage),
IRF§ and SPII (PU.I) (monocyte lineage), and GATA! (erythrocyte lineage) gene expression
for comparison as shown in Figure 4.5A. We performed similar analysis using the raw data
from the Chambers et al dataset (Chambers, et al 2007). Interestingly, in mouse
haemopoiesis, Caprin2 expression is generally significantly down-regulated relative to
haemopoietic stem cells (HSC = Lin'Scal ckit’, side population and Hoescht33342)
(Chambers, et al 2007) suggesting that Caprin2 is highly expressed in HSC (Figure 4.5B).
This high level expression in HSC is not detected in the analysis using the CD34" cells, as
HSC are a small percentage of this population. We also determined the lineage specific
expression of the previously reported commonly regulated CBF genes, Runx3 and Cd200 in
haemopoiesis. We identified that Runx3 expression is significantly down-regulated in
monocyte, granulocyte and erythrocyte populations. Furthermore, this analysis revealed that
Cd200 expression is significantly down-regulated in monocyte and granulocyte populations
but increased expression in T and B cell populations. Again to validate the microarray
analysis, we used several genes known to have roles in specifying each lineage (see Figure

4.5B) (Chambers, ef al 2007).
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Figure 4.5. The expression pattern of CAPRIN2 in human and mouse myeloid
differentiation. A. The expression pattern of CAPRIN2 in normal myeloid differentiation
using microarray dataset derived from Tonks e al. Red indicates up-regulated expression
and green indicates down-regulated expression compared to CD34* cells. B. The
expression pattern of Caprin2 in normal myeloid differentiation using the microarray
dataset derived from Chambers et al. For more details of genes other than Caprin2,
please see text. Red indicates up-regulated gene expression and green indicates down-
regulated gene expression compared to HSC. CD4N/CD8N = naive T cells, CD4A/
CDS8A = Activated T cells, NuEry = nucleated erythrocyte, NK = natural killer, mono =
monocyte, gran = granulocyte, B = B cells. ** indicates CBF genes.
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4.3.4 Identification of specific compounds and drugs using translocation

signatures

We used the top 400 genes (FDR p-value < 0.01) associated with each specific AML
translocation to query the CMAP database with the aim of identifying small molecules or
drugs associated with reversal (i.e. a negative association) of the specific leukaemic signature
in each case (Lamb, ef al 2006). Validation of this approach was provided by our finding that
the PML-RARa gene signature displays a significant and negative association with the
ATRA signatures in CMAP as shown in Figure 4.6A. As discussed previously, ATRA is
used successfully as a treatment for AML associated with the t(15;17) PML-RARa
translocation (Tallman 2008). ATRA is a ligand that binds to retinoic acid receptors, releases
corepressors from PML-RARa and restoration of retinoic acid receptors responsive genes
such as CEBP¢ and SPI1 (PU.1), and hence terminal granulocytic differentiation of PML-
RARa AML cells (Nowak, et al 2009). Consistent with previous CMAP studies, this
approach detects the overlap of ATRA gene expression and our PML-RARa signature
regardless of cell lines, i.e. in CMAP array data is derived from the cell lines MCF7 (Breast
cancer), HL-60 (acute promyelocytic leukaemia), PC-3 (prostate cancer) and SKMELS
(melanoma) (Lamb, et al 2006). We observed the strongest overlap of the PML-RARa
signature with expression derived from HL-60 treated with ATRA. None of the cell lines in
the CMAP database express the PML-RARa fusion, however it is well known that ATRA
can have effects on non PML-RARa cell lines as well. For example, ATRA treatment of
MCF-7 induces growth arrest but not differentiation (Nobert, et al 2006, Yang, et al 1997).
We further validated the overlap of the ATRA-induced gene expression with our PML-

RARa signature by using a different GSEA approach. For this, we re-analysed the ATRA-
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Figure 4.6. Validation of CMAP analysis by identification of ATRA in PML-
RARa. A. Top 400 genes of PML-RAR« (equal number of up- and down-regulated
genes) were queried to CMAP. Bar plot shows the specificity of ATRA negatively
associated (red) with PML-RARa and AML1-ETO. Each of the ATRA experiments
comparisons (n = 22) is highlighted as a black bar on the bar plot, and colors
represent a negative (red), no connection (gray), or positive connection (green)
between the query signature and ATRA experiments for each array in the CMAP
database. B. GSEA of differentially regulated genes from HL-60 cells treated with
ATRA (top 150 genes based on FDR p-value) with AML translocation events using
Wilcoxon rank sum test. Each blue line corresponds to an individual probe
identified from the top 150 HL-60 treated HL-60 genes. The top 150 ATRA-treated
HL-60 genes (blue lines) cluster with top-ranked PML-RARa and AMLI1-ETO
significant genes (red region).
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treated HL-60 microarray data derived from Stegmaier et al (Stegmaier, et al/ 2004) and
examined overlap and enrichment of this data with the top 150 ATRA-responsive genes
against each of the 4 AML translocation gene-sets using the Wicoxon rank sum test. As
shown in Figure 4.6B, this ATRA-treated HL-60 gene-set was significantly enriched in the
PML-RARa gene-list that we derived from the data of Valk et al (Valk, et al 2004)
(p=0.0049). The ATRA-treated HL-60 gene-set was also enriched in the AMLI-ETO gene-
list (p=6.7x107)(further discussion below), a finding also observed with our CMAP analysis
(Figure 4.6A-B). The ATRA-treated HL-60 gene-set was not significantly enriched in the
MLL or CBFB-MYHI11 (p>0.05) gene expression data and CMAP analysis did not detect
ATRA association with these gene-lists (p>0.05). When acute promyelocytic leukaemic
(APL) cells are treated with ATRA, the cells differentiate to granulocytes. A similar effect
has also been reported with AML1-ETO AML cell lines and patient samples (Manfredini, et

al 1999, Tagliafico, et al 2006).

With these results providing validation, we used a similar CMAP approach for the other three
AML translocation signatures. Table 4.1 shows the summary of the compounds detected
with negative associations using this approach. In addition to ATRA, CMAP identified
several other compounds that target specifically to the PML-RARa translocation and the
other 3 specific translocation groups. Compounds were also detected that showed a
significant negative association with all translocation signatures. This group included 8-
azaguanine, 1,4-chrysenequinone, natamycin, and alpha-estradiol, as shown in Table 4.1. Of
these compounds, alpha-estradiol at 10 uM has been shown to differentiate HL-60
promyelocytic cells to neutrophils (Stegmaier, et a/ 2004). 8-azaguanine is a purine analogue

and has also been shown to induce granulocytic differentiation in the HL-60 cell line
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Table 4.1. Significant connectivity scores for the AML translocation gene signatures.

Connectivity score

alpha-estradiol

Compounds PML- AMLI- CBFp- MLL
RARa ETO MYHI1
Tretinoin (ATRA) 22 04 -0.3 —— -
verteporfin 3 0.7 - - S
lisinopril 3 0.6 - - ---
sitosterol 4 -0.6 --- - = |

chlorzoxazone 4 --- -0.6 --- -
ipratropium bromide 3 - -0.6 - —--
mecamylamine 3 --- 0.6 - .
pentoxyverine 4 - --- -0.6 o
ellipticine 4 0.6
gliclazide 4 -0.6
dequalinium chloride 4 - == --- -0.7
meptazinol 4 - == --= -0.7
etofenamate 4 == S --- -0.7
thioguanosine 4 --- -0.6 -0.6 —
norethisterone 4 - -0.6 -0.6 —

8-azaguanine 4 -0.7 -0.7 0.7 06

1 4-chrysenequinone 2 -0.6 -0.7 0.7 0.7

natamycin 4 -0.6 -0.6 -0.6 0.6

16 04 -0.4 04 04

All the compounds were significant (p<0.05) negatively associated with the relevant

AML signature and ranked based on connectivity score.

p>0.05.

3

--” indicates not significant
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(Kretz, ef al 1987). We also identified Ginkgolide A, Thioguanosine (anti-metabolites, cancer
treatment in CLL) (Vora, et al/ 2006) and Norethisterone (progestogen) as CBF AML specific

compounds (Table 4.1).

We next focused on drugs that are predicted to be selective for specific translocation
subgroups. We focused in particular on pentoxyverine (a.k.a Carbetapentane citrate), as this
is the highest ranked drug specific for the CBF-MYHI11 translocation in AML (Figure 4.7A
and Table 4.1) and Dequalinium chloride (DC), as the highest ranked specific drug for the
MLL translocation group as shown in Table 4.1 and Figure 4.7B. Pentoxyverine has not
been previously tested on AML or as an anti-tumour compound. DC is an anti-microbial drug
and induces loss of mitochondrial transmembrane potential and apoptosis (Sancho, er al

2007). The chemical structure for pentoxyverine and DC are shown in Figure 4.7C.

4.3.5 Experimental validation of CMAP results

4.3.5.1 The effects of pentoxyverine on AML patient blasts

a) CBFB-MYHI11 AML. We first performed pentoxyverine treatment on MNC from a

CBFB-MYHI1 patient (Patient inv16-1). Cells were either cultured with 10 ng/ml each of the
GFs (FL, IL-6, IL-3, SCF, G-CSF and GM-CSF), herein referred to as the GF cocktail (see
Section 4.2.2) or in the absence of growth factor. We analysed cell number, apoptosis, and
differentiation markers (CD11b, CD14, CD15 and CD34) over a 4-day culture period. AML
MNC cells were treated with either 10 uM (dose used in CMAP is 8§ uM), or 50 uM of
pentoxyverine, or vehicle control (water). As shown in Figure 4.8A-B, in the absence of the

GF cocktail, there was reduced viable cell number and decreased cell survival when inv(16)
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Figure 4.7. CMAP selectively identifies specific compounds for each AML
translocation group. A. CMAP identifies pentoxyverine as negatively associated with
the CBFB-MYHII gene signature. B. CMAP identifies dequalinium chloride as
negatively associated with the MLL gene signature. Each of the pentoxyverine or
dequalinium chloride experiments (n=4 for each compounds) is highlighted as a black
bar on the bar plot, and colors represent a negative (red), no connection (gray), or
positive connection (green) between the query signature and the compound experiments
for each array in the Connectivity Map database. C. The chemical structure of
pentoxyverine and dequalinium chloride.
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Figure 4.8. The effects of inv(16) patient MNC cells treated with pentoxyverine in
the absence of growth factor cocktail. The blast cells (MNC) from the patient inv16-1
were treated with pentoxyverine to examine A. cell survival using Annexin V staining,
B. total viable cell number, C. CD34 expression (n=1) and D. the expression of CD11b
myeloid differentiation marker (n=1) in the absence of growth factor cocktail (IL-3,
IL-6, SCF, FL, GM-CSF and G-CSF) at day 2 and day 4 after treatment with
pentoxyverine. The control used was water. Data represent mean + SEM for duplicates
except where indicated otherwise. *** p<0.001, **p<0.01, *p<0.05 (unpaired student’s
t-test). Pento indicates pentoxyverine.
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patient MNC cells were treated with pentoxyverine 50 uM. At 10 uM pentoxyverine, there

was a small but significant decrease in cell survival at day 4 compared to water control.

Treatment of this sample with pentoxyverine also affected differentiation markers. At day 4,
cells treated with 50 uM pentoxyverine in the absence of GF cocktail had decreased
expression of CD34 and increased expression of CD11b compared to control or 10 uM
pentoxyverine (Figure 4.8C-D). There were no obvious difference in staining for the
monocytic marker CD14 or the granulocytic marker CD15 when cells treated at 10 uM or 50

uM pentoxyverine were compared to control (data not shown).

In the presence of the GF cocktail, 50 uM pentoxyverine decreased the cell survival of
CBFB-MYHI11 MNC cells at day 4 (Figure 4.9A) with an associated decrease in cell number
only at 50 uM pentoxyverine at day 4 (Figure 4.9B). As described above, we again observed
decreased levels of CD34 (Figure 4.9C) and increased CD11b expression (Figure 4.9D) at
50 uM pentoxyverine compared to the control at day 4. There was no change in CD14 or
CD15 expression when cells were cultured with pentoxyverine (data not shown). Thus,
pentoxyverine had significant effects on survival and surface marker expression of this
primary AML, particularly at 50 puM pentoxyverine, whether in the presence or in the

absence of GFs.

b) MLL AML. To determine whether the effect of 50 uM pentoxyverine was selective to

CBFB-MYHI11 AML cells, we thawed an MLL patient sample (Patient MLL-1) and treated
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Figure 4.9. The effects of inv(16) patient MNC cells treated with pentoxyverine in
the presence of growth factor cocktails. The blast cells (MNC) from the patient
inv16-1 were treated with pentoxyverine to examine A. cell survival using Annexin V
staining, B. cell number, C. CD34 expression (n=1) and D. CDI11b myeloid
differentiation marker expression (n=1) in the presence of growth factor cocktail (IL-3,
IL-6, SCF, FL, GM-CSF and G-CSF) at day 2 and day 4 after treatment with
pentoxyverine. The control used was water. Data represent mean + SEM for duplicates
except where indicated otherwise. *** p<0.001, **p<0.01 (unpaired student’s t-test).
Pento indicates pentoxyverine.
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these cells with either 10 uM or 50 uM pentoxyverine or water control in the presence or
absence of GF cocktail as described above. In the absence of GF cocktail, as shown in
Figure 4.10A, there was a small decrease in cell survival at 50 pM pentoxyverine compared
to control, although these cells displayed generally low viability in all conditions. There was
also a small difference in cell number at 50 uM pentoxyverine compared to control at day 2
and day 4 (Figure 4.10B) suggesting that pentoxyverine may have a general affect on AML
cell growth and survival. However, we observed no decrease in CD34 or increase in CD11b

staining at either concentration of pentoxyverine when compared to control (Figure 4.10C-

D).

In the presence of GF cocktail, both concentrations of pentoxyverine showed reduced in cell
number compared to control. This reached significance at 50 uM day 4 but was not
associated with changes in cell survival (Figure 4.11A-B). There was a small decrease in
CD34 expression at both concentrations of pentoxyverine compared to control at day 4
(Figure 4.11C) and interestingly CD11b expression decreased at 50 uM pentoxyverine
compared to control at day 4 (Figure 4.11D). Thus, we have detected significant differences
in responses of these two patient samples to pentoxyverine, particularly with respect to
induction of differentiation markers. Consistent with selectivity of pentoxyverine for the
CBFB-MYHI11 AML cells as predicted by our bioinformatics analysis, we observed that 50
UM pentoxyverine displayed more pronounced effects on differentiation of primary inv(16)
cells compared to cells with an MLL translocation. This analysis is limited by the difference
in viability and growth of these primary samples and by the limited number of samples
available at the time. Further studies are therefore required using more primary AML

samples.
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Figure 4.10. The effects of MLL patient MNC cells treated with pentoxyverine in
the absence of growth factor cocktails. The blast cells (MNC) from the patient
MLL-1 were treated with pentoxyverine to examine A. cell survival using Annexin V
staining, B. total viable cell number using fluorescence-beads, C. CD34 expression and
D. CD11b myeloid differentiation marker expression in the absence of growth factor
cocktail (IL-3, IL-6, SCF, FL, GM-CSF and G-CSF) at day 2 and day 4 after treatment
with pentoxyverine. The control used was water. Data represent mean + SEM for
duplicates experiments. ** p<0.01, *p<0.05 (unpaired student’s t-test). Pento indicates
pentoxyverine.
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Figure 4.11. The effects of MLL patient MNC cells treated with pentoxyverine in
the presence of growth factor cocktails. The blast cells (MNC) from the patient
MLL-1 were treated with pentoxyverine to examine A. cell survival using Annexin V
staining, B. total viable cell number using fluorescence-beads, C. CD34 expression
and D. CD11b myeloid differentiation marker expression in the presence of growth
factor cocktail (IL-3, IL-6, SCF, FL, GM-CSF and G-CSF) at day 2 and day 4 after
treatment with pentoxyverine. The control used was water. Data represent mean +
SEM for duplicates experiments. ** p<0.01, *p<0.05 (unpaired student’s t-test). Pento
indicates pentoxyverine.
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4.3.5.2 The effects of dequalinium chloride on MLL AML patient blasts

We next tested the effects of DC, which was identified by CMAP (7.6 uM) as specific for
MLL AML on primary AML cells. We used the same MLL patient MNC cells from above
(Patient MLL-1) and treated with 10 uM or 50 uM DC in the presence or absence of GF
cocktail. In the absence of the GF cocktail, either 10 uM or 50 uM DC resulted in increased
apoptosis measured by Annexin V staining, and a dramatic reduction in total viable cell
number compared to the control (Figure 4.12A-B). Due to the extensive cell death, under

these conditions, myeloid differentiation markers could not be measured.

In the presence of the GF cocktail, both concentrations of DC reduced survival at day 4
compared to the control with a dramatic reduction in cell number at day 2 and day 4 (Figure
4.12C-D). The mechanism of growth reduction is unclear given that only a small difference
in survival at day 2 was detected using the APC-conjugated fluorescence beads and Annexin
V assay as described in Section 4.2.3. Hence, it is important now to determine the effects on
cell division, DNA replication and cell cycle. This could be achieved by using the
carboxyfluorescein diacetate succinimidyl ester (CFSE), and PI or Bromodeoxyuridine
(BrdU) staining assays respectively (Iglesias-Ara, ef a/ 2010). Further insights to investigate

the effects of this drug are discussed in the Discussion Section 4.5.
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Figure 4.12. The effects of MLL patient MNC cells treated with dequalinium
chloride in the absence or presence of growth factor cocktails. The blast cells
(MNC) from the patient MLL-1 were treated with dequalinium chloride to examine
cell survival using Annexin V staining and total viable cell number using fluorescence-
beads in the absence (A-B) and in the presence (C-D) of growth factor cocktail (IL-3,
IL-6, SCF, FL, GM-CSF and G-CSF) at day 2 and day 4 after treatment with
dequalinium chloride. The control used was water. Data represent mean + SEM for
duplicates experiments. ** p<0.01, *p<0.05 (unpaired student’s t-test). DC indicates
dequalinium chloride.
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4.4 HOXAY is over-expressed in Trisomy 8 AML

4.4.1 Results presented as manuscript format

As described above (section 4.3.2), we identified high HOXA9 expression in normal

karyotype AML, AML associated with MLL as reported previously (Krivtsov and Armstrong

2007, Mullighan, et al 2007) and also in trisomy 8 AML. Here we described further analysis

to investigate the contribution of trisomy 8 to leukaemogenesis. These results have been

accepted for publication in the journal of Leukemia (Kok, ez a/ 2010) (Appendix E). Briefly,

we identified trisomy 8 AML patients have high level of HOXA9, HOXA10 and HOXAI gene

expression and IPA analysis revealed the connection between gene expression of HOXA and

AKT/NFxB. Individual contributions of authors are summarised in the table below:

Name Contribution % Contribution types

Chung H Kok 40 Bioinformatics analysis, analysed the
data, wrote the manuscript

Anna L Brown 15 Critical review of the manuscript,
wrote the manuscript

Paul G Ekert 10 Contributed to the manuscript writing

Richard J D’ Andrea 35 Supervised and  designed  the

bioinformatics analysis, wrote the

manuscript
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4.4.1.1 Identification of compounds and drugs using a trisomy 8 signature

To identify compounds that are able to eliminate trisomy 8 AML cells, we utilised the CMAP
analysis with the similar approach as outlined in Section 4.2.5. Gene set enrichment using
version 2 of CMAP shows that the +8 gene signature displays significant negative
connectivity with the signature for Sanguinarine (Table 4.2), a natural plant product that has
been shown to be a potent inhibitor of NFxB activation in human myeloid ML-1a cells in
response to a number of agents, for example TNF, PMA and IL-1 (Chaturvedi, et al 1997).
Several other small molecules targeting the NFkB pathway such as Anabasine, Tyloxapol,
Flunisolide and Benfotiamine are included in CMAP and while these also display significant
negative connectivity with the +8 signature they failed to meet the specified mean cut-off
(data not shown). Activation of the NFkB pathway is widespread in AML and the acquisition
of +8 maybe one of several mechanisms resulting in increased NF«B activity that contributes
to AML cell survival and resistance to chemotherapeutic agents (see Discussion Section 4.5)
(Grandage, ef al 2005, Karin 2006). The gene set enrichment analysis using CMAP suggests
the possibility that Sanguinarine or other selected IkBKB or NFkB inhibitors may reverse

some changes associated with acquisition of chromosome 8 and have therapeutic benefit.

4.5 Discussion

An analysis of a large 285 AML gene-expression dataset, using karyotypic abnormality as a
primary criteria associated with gene expression, has identified unique signatures for each of
the major translocations and revealed new insights regarding the role of some of the key

players in AML such as HOXA9. There are other published studies which have reported the
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Table 4.2. Drugs and/or small molecules that are
negatively associated with the trisomy 8 AML
signature.

Drug Name Mean p-value

MS-275 -0.674 0.00251
sanguinarine -0.641 0.00875
dexpropranolol  -0.626 0.00863

rimexolone -0.596 0.00533
apramycin -0.586 0.00362
betahistine -0.567 0.00497
imidurea -0.549 0.03449
norethisterone -0.544 0.01605
piribedil -0.527 0.00633
carcinine -0.511 0.00959

metamizole sodium -0.509 0.00087
pseudopelletierine -0.508 0.00479
roxarsone -0.504 0.00195
zardaverine -0.501 0.03272

All drugs from the Connectivity Map that met the
criteria (mean < -0.5 and p<0.05) are listed. The list is
ranked by the mean (connectivity score). A higher
mean (regardless of the sign) indicates a better
correlation between the drug gene expression and the
query signature. A negative connectivity score indicates
that the corresponding agent reverses the expression of
the query signature.
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gene expression differences among different karyotypic subgroups in AML especially the
AML translocation subgroups (Bullinger, et al 2004, Valk, et al 2004). However, they have
compared each AML subgroup to other AMLs or compared to normal CD34" or normal
karyotype AML. In this study, we used a different approach by comparing AML subgroups
to NBM. Within the gene signatures we have identified individual genes that may be of
relevance to the pathogenesis of specific subtypes of AML. For example, we have shown that
CAPRIN?2 expression is selectively lower in CBF AML compared to other subtypes. This
finding has not been previously reported. The C-terminus of CAPRIN2 has homology to the
complement component Clq which is involved in clearance of damaged and/or harmful
apoptotic cells (Aerbajinai, et al 2004, Tsiftsoglou, et al 2009). CAPRIN2 mRNA 1is present
normally in haemopoietic cells, including erythroid progenitor cells (Aerbajinai, et al/ 2004).
Additionally, CAPRIN?2 expression is increased during mature erythroid differentiation from
normal CD34" cells (Aerbajinai, et al 2004). A study has reported that over-expression of
CAPRIN?2 during erythrocyte differentiation from CD34" cells induces apoptosis involving a
mitochondrial mechanism that may be involve down-regulation of the anti-apoptotic gene
BCL-2 (Aerbajinai, et al 2004). Another recent study in zebrafish reported that CAPRIN2
enhanced canonical Wnt signalling by regulating GSK3 mediated low-density lipoprotein
receptor-related protein (LRP5/6) phosphorylation. Furthermore, CAPRIN2 is able to
stabilise cytosolic B-catenin, increases LEF1/TCF reporter gene activity, and expression of
Wnt target genes such as CDX4 and TBX6 (Ding, et al 2008). It is not clear how these effects
of CAPRIN2 on apoptosis and Wnt signalling are related to its down-regulation in CBF
AML. In t(8;21) AML, increased or stabilised -catenin has been reported despite CAPRIN2
down-regulation (Muller-Tidow, et al 2004), suggesting that stabilised B-catenin observed in
t(8;21) is regulated through a mechanism other than increased expression of CAPRIN2. We

speculate that CAPRIN2 down-regulation may be as a consequence of the block in
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macrophage and erythrocyte differentiation that is induced by these two fusion proteins.
Further investigation of the functional role of CAPRIN2 in CBF leukaemia is required to

investigate.

The identification of specific AML translocation gene expression profiles, with reference to
the normal population of BM cells undergoing growth and differentiation, allowed us to
identify drugs or compounds by CMAP for each specific AML translocation and with
potential for therapeutic application; i.e. we predicted that compounds with a significant
negative association will induce growth suppression, differentiation and/or apoptosis. By
using the CMAP database, we have successfully associated each specific AML translocation
signature with drug responses. Identification of ATRA with the PML-RARa signature was
an important validation of this approach with the strongest match against the HL-60 APL cell
line treated with ATRA. We experimentally tested two of the compounds identified through
CMAP analysis and generated cell-based data that was consistent with the bioinformatic
analysis. The pentoxyverine exerted pronounced and selective effects particularly on
differentiation of a primary inv(16) AML sample. There was also some growth reduction on
MLL AML cells suggesting a possible general affect of pentoxyverine on growth. However,
more detailed measurements of differentiation markers and an increase in number of samples
are required to investigate the specificity and toxicity of pentoxyverine. The mechanism
associated with the effect of pentoxyverine on inv(16) cells is unknown although it is a
selective sigma receptor agonist (Wallace and Booze 1995). Sigma receptor ligand has been
shown to exhibit anti-tumour activity both in vifro and in vivo through inhibition of cell
proliferation (Berthois, et a/ 2003) and induces apoptosis through increases in intracellular
calcium levels in colon and mammary adenocarcinoma cells (Brent, et al 1996). However,

there have been no studies to investigate the effects of sigma receptor ligand or agonist on
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AML cells. It must also be considered that these compounds may be acting via off-target
effects. Thus, further investigation of inv(16) AML cells treated with pentoxyverine is
needed to investigate the mechanism of action. Some further insights may be gained from

gene expression profiling analysis and pathway analysis.

We also showed that DC effectively eliminated primary AML cells carrying the MLL
translocation. Treatment with DC induced cell apoptosis as measured by the Annexin V
marker and reduced viable cell number. It is now important to test the effect of DC on other
AML samples and normal CD34" cells. It is also important to increase the sample size of
MLL AML samples to test the effectiveness of this drug. To date, studies in our lab with
AML cell lines are consistent with a selective effect (apoptosis and growth inhibition) in the
MLL group (THP-1, MV4-11 and MOLM-13) compared to non-MLL group such as ME-1
and K562 cells (Salerno D, unpublished data). Studies with LSC from primary AML samples
and normal HSC also have shown that MLL AML LSC are significantly more sensitive to

DC than HSC (Powell J, unpublished data).

In contrast to the effect of pentoxyverine on AML cells, DC eliminated MLL cells by
inducing cell death. There are multiple potential mechanisms for the activity of DC on AML
MLL cells. There have been studies on myeloid leukaemic cell lines (NB4 and K562)
reporting that the cell death effect of DC is mediated through loss of mitochondria
transmembrane potential and apoptosis by the caspase3/9-dependent intrinsic pathway,
enhanced reactive oxygen species (ROS) production and ATP depletion (Galeano, et a/ 2005,
Sancho, et a/ 2007). While DC has also been reported to induce cell death on myeloid

leukaemia cell lines (NB4 and K562) other than MLL fusion positive cell line (Galeano, et al

192



2005), there is no direct comparison of relative sensitivity of these cell lines or studies in
primary AML samples. Elevated ROS levels may play a key role. Recently, elevation of ROS
by iron-chelation was shown to induce AML differentiation by promoting monocytic
differentiation of leukaemic cell lines, cultured AML blasts and LSC from patients, and
normal HSC from cord blood (Abdel-Wahab and Levine 2010, Callens, et a/ 2010). Based on
the studies above, it would be of interest to investigate ROS production by measuring the
intracellular accumulation of superoxide anion using the fluorescent probe dihydroethidium
(DHE) and flow cytometry analysis following treatment of AML cells (Sancho, et al 2007).
It is also of interest to investigate the effect on mitochondrial transmembrane potential which
could be done by the measurement of uptake and retention of rhodamine 123 (mitochondrial-
specific membrane potential probe) in the mitochondria and the fluorescent can be detected

by flow cytometry (Sancho, et al 2007).

Furthermore, DC has been reported to inhibit protein kinase C (PKC) in murine melanoma
cells (Sullivan, et al/ 2000). Given recent evidence that MCL-1 levels are critical for cell
survival of MLL-rearranged ALL cells (Stam, et a/ 2009), we propose that the mode of
action for DC may involve the pathways illustrated in Figure 4.13. Briefly, DC inhibits the
PKC pathway which is normally able to stabilise MCL-1 for cell survival. One mechanism
for this may be through PKC mediated phosphorylation of AKT and GSK3 which has been
shown to enhance cell survival through MCL-1 stabilisation (Baudot, et a/ 2009, Morel, et al
2009). Interestingly, high expression of MCL-1 is associated with prednisone resistance in
MLL ALL further suggesting that alteration of MCL-1 levels may be important for drug
effects on cells (Stam, e al 2009). Given the potential of DC as an anti-leukaemia therapy in
the MLL group, we are now investigating the effects of this drug on LSC from MLL AML

compared to normal HSC.
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NOTE:
This figure is included on page 194
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 4.13. The proposed mechanisms of action of dequalinium chloride.
Dequalinum chloride inhibits PKC which normally acts to phosphorylate AKT and
leads to stabilisation of MCL-1 and cell survival. Dequalinium chloride is also able to
enhance ROS production which is associated with LSC differentiation (Abdel-Wahab
and Levine, 2010).
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Using a +8 AML signature for IPA and CMAP analysis, we found there may be a link
between the pathway AKT-NF«xB and the HOXA9 expression. Indeed, Costa et al
demonstrated that HOXA9 expression was inhibited by the PI3K inhibitor LY294002 but not
Rapamycin (mTOR inhibitor) suggesting that the PI3K-AKT pathway regulates HOXA9
expression independently of mTOR in glioblastoma cells (Costa, et a/ 2010). In addition, De
Santa et al reported that NF«xB directly regulates JMJD3 expression and this resulted in
higher expression of HOXA9 in macrophages (De Santa, et a/ 2007). Phosphorylation of
AKT in the +8 AML group was observed using a proteomic study (Kornblau, et al 2009).
Together, these findings suggest that +8 AML might use a AKT-IxkBKB-HOXA9 pathway for
cell survival and chemo-resistance. Consistent with the prominence of a PI3K-AKT-NFkB
pathway in this subgroup, the gene set enrichment analysis using CMAP suggests the
possibility that Sanguinarine or other selected [IkBKB or NFkB inhibitors may reverse some
changes associated with acquisition of chromosome 8 and have therapeutic benefit. To date
only one IkBKB inhibitor has been tested in AML (Frelin, et a/ 2005). Further studies with
such compounds focused on +8 AML are needed to confirm our findings and these may
provide a targeted approach to improve the treatment outcome of this +8 AML group which

is an intermediate risk group (see Chapter 1 Table 1.3).

In summary, we have identified several features uniquely associated with AML subgroups.
Furthermore, the use of the CMAP tool has allowed identification of compounds that may be
specific and effective for AML translocation events. Further testing on AML samples and a
better understanding of the mechanism of action of pentoxyverine and DC in AML cells is

now required.
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Chapter 5: Final Discussion

AML is a heterogeneous disease in which there is a mix of leukaemic blast cells and stem
cell populations. Constitutive activation of receptor signalling pathways and aberrant
transcription factor activation leads to AML through aberrant self-renewal, increased cell

survival, proliferation, and a block in differentiation (see Chapter 1 Section 1.3).

5.1 Receptor signalling in AML

5.1.1 Signaling from the GMR

Due to the complexity of leukaemic cell responses to oncogenic signalling pathways, an
understanding of the mechanisms of activation of these pathways and the associated
downstream events is required. This may provide new leads for targeted therapy. In Chapter

*% and Tyr’”’ residues of the GMR hpc in regulating the

2, we showed the importance of Ser
fates of myeloid cells as well as their survival and proliferation. Bioinformatic and functional
approaches to analyse Tyr’’’ signalling led to a focus on the role of mTOR and a review of
its association with AML. Guthridge et al suggested that the GMR could alternatively signal
via Tyr"” or Ser’® which function respectively as a binary switch to control cell survival and
proliferation; or cell survival-only (Guthridge, er al 2006). Our studies suggest that Tyr’’’
mediates cell growth via mTOR, while Ser’® survival-only signalling is associated with a
PI3K, mTOR-independent pathway. This Tyr/Ser motif may play important roles in
switching signalling pathways in normal progenitors in response to growth factors, with

regulation of this switch being dysregulated by an undefined mechanism in AML, thus

promoting aberrant survival (Guthridge, e a/ 2006).
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From our GSEA analysis we predict that AML with FLT3-ITD mutations will display
selective sensitivity to mTOR inhibitors while AML with RAS mutations are predicted to be
resistant. This finding is supported by the recent screening for drug sensitivity in more than
1000  genetically-characterised cancer cell lines at the Sanger Institute
(http://www.sanger.ac.uk/genetics/CGP/translation/); this showed that Rapamycin
induced cell death in cell lines with FLT3-ITD at lower ICsy compared to other cell lines, in
particular those cell lines with Ras mutations. There is wide range of responses to mTOR
inhibitors in AML (Khwaja 2010) and the mTOR/Tyr’"’ signature that we describe in the
Chapter 2 may be useful in predicting the responsiveness of AML patients to these
inhibitors. To further examine this we will use gene expression profiles from Rapamycin-
treated HL-60 cells (available from CMAP) to further refine the signature and incorporate
genes responsive to Rapamycin. This signature would then be tested using high-throughput
QPCR on our diagnosis AML patient samples, independent of karyotypic abnormalities or
mutations. To validate its accuracy and sensitivity, this expression data will be correlated

with in vitro sensitivity of AML blast to mTOR inhibitors.

5.1.2 Constitutive activation of FLT3 receptor and the role of Gadd45a

FLT3 mutations are important in AML as they are present in 20-30% of AMLs, and
contribute to a poor outcome (see Chapter 1 Section 1.6.2). In this study, we found
differences between FLT3-ITD and FLT3-TKD AML with regard to gene expression and
signalling pathways in AML blasts (see Chapter 3 Section 3.3.2). There may be cross-talk
between FLT3-ITD and GMR signalling as FLT3-ITD up-regulates expression of the GMR
(CSF2RB) compared to FLT3-WT in AML blasts (Riccioni, et a/ 2009), and FLT3-TKD up-

regulated the gene encoding GMRa. (CSF2RA) (see Chapter 3 Section 3.3.2.3).
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A significant focus of the work in this thesis has related to Gadd45a and its role on AML.
Down-regulation of Gadd45a by the constitutively activated receptors, and the link to the
MLL-translocation sub-group is discussed in Chapter 3. Gadd45a has been reported to have
several growth-inhibitory functions which may explain its down-regulation or silencing in
AML (Cretu, et al 2009). In particular, Gadd45a promotes apoptosis by inducing BIM
localisation to the mitochondria (Tong, et al/ 2005), and this maybe important for cell death in
response to FLT3 inhibitors (see below). Gadd45a also associates directly with NPMI
which has been reported to localise Gadd45a from cytoplasm to nucleus where it functions
with other co-factors to induce cell cycle arrest and apoptosis (Gao, et al 2005). NPMI
mutations are most frequently found in normal karyotype AML (Rau and Brown 2009), and
the Gadd450-NPM1 interaction maybe important for characteristics of this group of AML.
Gadd45a also regulates and/or reduces B-catenin levels (Hildesheim, et a/ 2004, Hildesheim,
et al 2005, Ji, et al 2007), and hence may reduce the growth of LSC. Importantly we have
shown that Gadd45a over-expression induces the expression of several differentiation genes
such as Cebpa, Cebpe and Sfpil (Pu.l) (Figure 3.17A). Whether Gadd45a regulates Cebpa
through a direct or indirect mechanism is unclear at this stage, however one possibility is that
activation of these genes occurs through Gadd45a-induced DNA demethylation; Barreto et al
showed that Gadd45a demethylates the tumour suppressor genes (e.g. pl6INK4a, pl9ARF)
through a mechanism associated with DNA repair (Barreto, et a/ 2007). Sen et al also
showed that Gadd45a promotes DNA de-methylation of skeletal muscle differentiation genes
such as skeletal actin (ACTAI), tropomyosin (TPM]I) and myosin heavy chain (MYHS) (Sen,
et al 2010). Thus in some subtypes of AML down-regulation or silencing of Gadd45a could
represent an important and novel mechanism of down-regulation for key tumour suppressor

genes.

198



Although Gadd45a is commonly down-regulated by the leukaemic GMR-V449E mutant and
both FLT3 mutations, the effect of Gadd45a overexpression in cells expressing the two FLT3
mutant receptors is different. There are several possible explanations for this observation. A
recently published study shows that the protein Bim is more critical than Puma in FLT3
inhibitor-induced apoptosis of FLT3-ITD" AML, consistent with reduced expression of
Gadd45a in this group (Nordigarden, ef a/ 2009). This could be further investigated with a

more detailed study of the pro-apoptotic gene Bim in FLT3-TKD AML cells or cell lines.

Through bioinformatic analysis of gene expression profiling, FLT3-ITD was found to
regulate MYC, NFkB, and ATM signalling in NK AML blasts and LSC. All of these
pathways are involved in cell proliferation, survival and drug resistance. Most of these
pathways are part of a network involving the AKT protein (see Figure 3.13), consistent with
the FLT3-ITD mutant being selectively and highly dependent on AKT signalling pathways
for cell survival (Brandts, ef a/ 2005) (Sadras T, unpublished data). Sanchez et al suggested
that genistein induced differentiation of HL-60 and NB4 AML cell lines through activation of
the RAF/MEK/ERK pathway, and subsequently lead to ATM activation (Sanchez, et al
2009). It is not known whether ATM activity is influenced by the AKT network in AML with
FLT3-ITD. However, a deficiency in ATM may generate genomic instability associated with

FLT3-ITD mutations and this may contribute to the poor outcome.

As discussed in Chapter 1 Section 1.6.2.2, FLT3-ITD but not FLT3-TKD becomes trapped

in ER, however, to date the mechanism associated with this has been unclear. We found that
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STON2, a protein responsible for receptor endocytosis (Martina, et al 2001), is selectively
overexpressed in FLT3-ITD NK AML blasts (see Chapter 3 Figure 3.2) and LSC (13 fold-
change, FDR p-value = 0.048). In addition, STON2 expression has been used as one of 86
probes that are able to accurately predict AML with FLT3-ITD expression (Bullinger, et al
2008). This suggests the possibility that the accumulation of FLT3-ITD in ER may be due to
the up-regulation of STON2 expression. Further functional studies on STON2 are required in
FLT3-ITD cells to validate this finding and determine the importance of STON2 to FLT3-

ITD responses.

As discussed in Chapter 3 Section 3.3.7.2, there are also unique features associated with
FLT3-TKD signalling. For example, TRIB1 which is selectively up-regulated in the FLT3-
TKD" group of AML blasts is a negative regulator of C/EBPa. and C/EBPP, and is a direct
target of the MEK1/ERK pathway. Importantly, we have shown that FLT3-TKD is more
sensitive to the MEK inhibitor (U0126) than FLT3-ITD (see Chapter 3 Section 3.3.4.2). It
is possible that FLT3-TKD uses a different mechanism to down-regulate C/EBPa. activity
and it will be important to determine whether there is differential phosphorylation of C/EBPa
Ser’' by the FLT3-ITD and FLT3-TKD mutants as this has been reported to be an important

mechanism of C/EBPa inhibition for the FLT3-ITD mutant (Radomska, et a/ 2006).

Thus, despite the fact that FLT3 mutations arise in the same receptor, both FLT3 mutations
have unique biological properties associated with differential signalling and transcription,
and this should be considered when deciding which inhibitors should be used to treat FLT3

mutations AML.
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5.2 Transcription factors in AML

5.2.1 CEBPA mutation

In addition to constitutive activation of signalling pathway from the receptors,
differentiation-associated transcription factors are also involved in AML development by
blocking the differentiation process. Our studies have highlighted an association between
signalling from the GMR (Ser’® and Tyr’”’) and AML with CEBPA mutations. The
association could be due to strong activation of the PI3K/AKT/mTOR signalling pathways in
CEBPA-mutant AML, or alternatively this association raises the possibility that mutations in
the gene encoding the GMR hfc (CSF2RB) occur in association with CEBPA mutations. This
cannot be excluded as this represents a small group of AML and to date there is only one
group which has screened CSF2RB in a small number of AML patients (fewer than 40
patients). While they did not find oncogenic mutations (Freeburn, ef al 1998, Freeburn, et al
1996, Freeburn, et al 1997) recent technology should be used in a more extensive study to

exclude this possibility.

5.2.2 Over-expression of HOX genes

Increased expression of HOX genes is associated with HSC and has been observed in several
AML subtypes, e.g. NK (Mullighan, et a/ 2007), +8 (this work and Appendix E) and the
MLL AML subgroup (Krivtsov and Armstrong 2007). Interestingly, HOXA9"™ mice have
impaired leukaemogenesis which is not observed in heterozygous HOXA9™" cells (Lawrence,
et al 1997). Moreover, our analysis of the HOX gene family in a small number of LSC

samples was able to discriminate the FLT3-ITD and FLT3-WT groups at least in NK LSC.
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The mechanisms for HOX gene up-regulation in the different subtypes possibly differ. For
example, up-regulation of HOX genes is associated with NPMI mutation in NK AML group
(Mullighan, et a/ 2007). In the +8 group we have speculated that increased expression may be
associated with PI3K/AKT/NFkB signalling pathways (see Appendix E). In AML with
MLL translocations, the fusion protein recruits the histone methyltransferase DOTIL
resulting in up-regulation of some HOXA genes through DNA methylation and associated
histone modifications (Shah and Sukumar 2010). In this study we observed up-regulation of
DOTIL and some of the HOX genes in FLT3-ITD" LSC. This may suggest that FLT3-ITD
up-regulates HOX gene expression via DOTIL and further investigation could determine if
targeting the specific methyltransferase DOTIL is an approach for therapy in the FLT3-ITD"

AML, possibly in conjunction with other targeted therapies.

5.3 CMAP

In AML, the most successful clinical treatment to date is ATRA which differentiates t(15;17)
AML blasts to granulocytes (see Chapter 1 Section 1.1.2). For other subgroups, there are no
FDA-approved drugs available. The development of new AML drugs that approved by FDA
is slow and often failed in Phase II and III clinical trials (Woosley and Cossman 2007),
requiring further testing in combination with standard chemotherapy regimens. We have
shown that by using the CMAP database it is possible to identify drugs that are predicted to
selectively act on tumour cell subtypes without harming normal cells. For example, our
studies with dequalinium chloride are consistent with a selective sensitivity of MLL AML
blasts and LSC to this compound with relative insensitivity of other translocation subtypes,
and HSC. This approach provides an alternative method to the traditional drug-based assay,

and is an inexpensive approach to finding drug leads that can be tested experimentally.
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Moreover, this approach can be applied to other settings such as solid tumours as
demonstrated by others (see Chapter 1 Section 1.8.2). In this thesis we have made extensive
use of publicly available microarray data and this continues to provide an increasing
resource. Together with the expansion of the CMAP drug database we believe this in silico
approach will be important for identification of drug-leads that efficiently and more

effectively treat AML.

203



Chapter 6: References

Abdel-Wahab, O. & Levine, R.L. (2010) Metabolism and the leukemic stem cell. J Exp Med,

207, 677-680.

Abu-Duhier, F.M., Goodeve, A.C., Wilson, G.A., Care, R.S., Peake, [.R. & Reilly, J.T.
(2001) Identification of novel FLT-3 Asp835 mutations in adult acute myeloid

leukaemia. Br J Haematol, 113, 983-988.

Adolfsson, J., Mansson, R., Buza-Vidas, N., Hultquist, A., Liuba, K., Jensen, C.T., Bryder,
D., Yang, L., Borge, O.J., Thoren, L.A., Anderson, K., Sitnicka, E., Sasaki, Y.,
Sigvardsson, M. & Jacobsen, S.E. (2005) Identification of Flt3+ lympho-myeloid
stem cells lacking erythro-megakaryocytic potential a revised road map for adult

blood lineage commitment. Ce/l, 121, 295-306.

Aerbajinai, W., Lee, Y.T., Wojda, U., Barr, V.A. & Miller, J.L. (2004) Cloning and
characterization of a gene expressed during terminal differentiation that encodes a

novel inhibitor of growth. J Biol Chem, 279, 1916-1921.

Al-Romaih, K., Sadikovic, B., Yoshimoto, M., Wang, Y., Zielenska, M. & Squire, J.A.
(2008) Decitabine-induced demethylation of 5' CpG island in GADD45A leads to

apoptosis in osteosarcoma cells. Neoplasia, 10, 471-480.

Andreeff, M., Ruvolo, V., Gadgil, S., Zeng, C., Coombes, K., Chen, W., Kornblau, S., Baron,
A.E. & Drabkin, H.A. (2008) HOX expression patterns identify a common signature

for favorable AML. Leukemia, 22,2041-2047.

204



Argiropoulos, B. & Humphries, R.K. (2007) Hox genes in hematopoiesis and

leukemogenesis. Oncogene, 26, 6766-6776.

Ault, K.A. & Springer, T.A. (1981) Cross-reaction of a rat-anti-mouse phagocyte-specific
monoclonal antibody (anti-Mac-1) with human monocytes and natural killer cells. J

Immunol, 126, 359-364.

Bach, C., Buhl, S., Mueller, D., Garcia-Cuellar, M.P., Maethner, E. & Slany, R.K. (2010)

Leukemogenic transformation by HOXA cluster genes. Blood, 115, 2910-2918.

Bacher, U., Haferlach, C., Kern, W., Haferlach, T. & Schnittger, S. (2008) Prognostic
relevance of FLT3-TKD mutations in AML: the combination matters--an analysis of

3082 patients. Blood, 111, 2527-2537.

Bacher, U., Kohlmann, A., Haferlach, C. & Haferlach, T. (2009a) Gene expression profiling

in acute myeloid leukaemia (AML). Best Pract Res Clin Haematol, 22, 169-180.

Bacher, U., Kohlmann, A. & Haferlach, T. (2009b) Current status of gene expression
profiling in the diagnosis and management of acute leukaemia. Br J Haematol, 145,

555-568.

Barreto, G., Schafer, A., Marhold, J., Stach, D., Swaminathan, S.K., Handa, V., Doderlein,
G., Maltry, N., Wu, W., Lyko, F. & Niehrs, C. (2007) Gadd45a promotes epigenetic

gene activation by repair-mediated DNA demethylation. Nature, 445, 671-675.

205



Baudot, A.D., Jeandel, P.Y., Mouska, X., Maurer, U., Tartare-Deckert, S., Raynaud, S.D.,
Cassuto, J.P., Ticchioni, M. & Deckert, M. (2009) The tyrosine kinase Syk regulates
the survival of chronic lymphocytic leukemia B cells through PKCdelta and

proteasome-dependent regulation of Mcl-1 expression. Oncogene, 28, 3261-3273.

Benekli, M., Baer, M.R., Baumann, H. & Wetzler, M. (2003) Signal transducer and activator

of transcription proteins in leukemias. Blood, 101, 2940-2954.

Bennett, J.M., Catovsky, D., Daniel, M.T., Flandrin, G., Galton, D.A., Gralnick, H.R. &
Sultan, C. (1976) Proposals for the classification of the acute leukaemias. French-

American-British (FAB) co-operative group. Br J Haematol, 33, 451-458.

Berthois, Y., Bourrie, B., Galiegue, S., Vidal, H., Carayon, P., Martin, P.M. & Casellas, P.
(2003) SR31747A is a sigma receptor ligand exhibiting antitumoural activity both in

vitro and in vivo. Br J Cancer, 88, 438-446.

Boehrer, S., Ades, L., Tajeddine, N., Hofmann, W.K., Kriener, S., Bug, G., Ottmann, O.G.,
Ruthardt, M., Galluzzi, L., Fouassier, C., Tailler, M., Olaussen, K.A., Gardin, C.,
Eclache, V., de Botton, S., Thepot, S., Fenaux, P. & Kroemer, G. (2009) Suppression
of the DNA damage response in acute myeloid leukemia versus myelodysplastic

syndrome. Oncogene, 28, 2205-2218.

Bonnet, D. & Dick, J.E. (1997) Human acute myeloid leukemia is organized as a hierarchy

that originates from a primitive hematopoietic cell. Nat Med, 3, 730-737.

206



Brandts, C.H., Sargin, B., Rode, M., Biermann, C., Lindtner, B., Schwable, J., Buerger, H.,
Muller-Tidow, C., Choudhary, C., McMahon, M., Berdel, W.E. & Serve, H. (2005)
Constitutive activation of Akt by FIt3 internal tandem duplications is necessary for

increased survival, proliferation, and myeloid transformation. Cancer Res, 65, 9643-

9650.

Brendel, C. & Neubauer, A. (2000) Characteristics and analysis of normal and leukemic stem

cells: current concepts and future directions. Leukemia, 14, 1711-1717.

Brent, P.J., Pang, G., Little, G., Dosen, P.J. & Van Helden, D.F. (1996) The sigma receptor
ligand, reduced haloperidol, induces apoptosis and increases intracellular-free
calcium levels [Ca2+]i in colon and mammary adenocarcinoma cells. Biochem

Biophys Res Commun, 219, 219-226.

Brown, A.L., Peters, M., D'Andrea, R.J. & Gonda, T.J. (2004) Constitutive mutants of the
GM-CSF receptor reveal multiple pathways leading to myeloid cell survival,

proliferation, and granulocyte-macrophage differentiation. Blood, 103, 507-516.

Brown, A.L., Wilkinson, C.R., Waterman, S.R., Kok, C.H., Salerno, D.G., Diakiw, S.M.,
Reynolds, B., Scott, H.S., Tsykin, A., Glonek, G.F., Goodall, G.J., Solomon, P.J.,
Gonda, T.J. & D'Andrea, R.J. (2006) Genetic regulators of myelopoiesis and
leukemic signaling identified by gene profiling and linear modeling. J Leukoc Biol,

80, 433-447.

207



Bullinger, L., Dohner, K., Bair, E., Frohling, S., Schlenk, R.F., Tibshirani, R., Dohner, H. &
Pollack, J.R. (2004) Use of gene-expression profiling to identify prognostic

subclasses in adult acute myeloid leukemia. N Engl J Med, 350, 1605-1616.

Bullinger, L., Dohner, K., Kranz, R., Stirner, C., Frohling, S., Scholl, C., Kim, Y.H., Schlenk,
R.F., Tibshirani, R., Dohner, H. & Pollack, J.R. (2008) An FLT3 gene-expression
signature predicts clinical outcome in normal karyotype AML. Blood, 111, 4490-

4495.

Burelout, C., Thibault, N., Levasseur, S., Simard, S., Naccache, P.H. & Bourgoin, S.G.
(2004) Prostaglandin E2 inhibits the phospholipase D pathway stimulated by formyl-
methionyl-leucyl-phenylalanine in human neutrophils. Involvement of EP2 receptors

and phosphatidylinositol 3-kinase gamma. Mol Pharmacol, 66, 293-301.

Cai, D., Wang, Y., Ottmann, O.G., Barth, P.J., Neubauer, A. & Burchert, A. (2006) FLT3-
ITD-, but not BCR/ABL-transformed cells require concurrent Akt/mTor blockage to
undergo apoptosis after histone deacetylase inhibitor treatment. Blood, 107, 2094-

2097.

Callens, C., Coulon, S., Naudin, J., Radford-Weiss, I., Boissel, N., Raffoux, E., Wang, P.H.,
Agarwal, S., Tamouza, H., Paubelle, E., Asnafi, V., Ribeil, J.A., Dessen, P., Canioni,
D., Chandesris, O., Rubio, M.T., Beaumont, C., Benhamou, M., Dombret, H.,
Macintyre, E., Monteiro, R.C., Moura, I.C. & Hermine, O. (2010) Targeting iron
homeostasis induces cellular differentiation and synergizes with differentiating agents

in acute myeloid leukemia. J Exp Med, 207, 731-750.

208



Cammenga, J., Horn, S., Bergholz, U., Sommer, G., Besmer, P., Fiedler, W. & Stocking, C.
(2005) Extracellular KIT receptor mutants, commonly found in core binding factor
AML, are constitutively active and respond to imatinib mesylate. Blood, 106, 3958-

3961.

Ceredig, R., Rolink, A.G. & Brown, G. (2009) Models of haematopoiesis: seeing the wood

for the trees. Nat Rev Immunol, 9, 293-300.

Chambers, S.M., Boles, N.C., Lin, K.Y, Tierney, M.P., Bowman, T.V., Bradfute, S.B.,
Chen, A.J., Merchant, A.A., Sirin, O., Weksberg, D.C., Merchant, M.G., Fisk, C.J.,
Shaw, C.A. & Goodell, M.A. (2007) Hematopoietic fingerprints: an expression

database of stem cells and their progeny. Cell Stem Cell, 1, 578-591.

Chapuis, N., Tamburini, J., Cornillet-Lefebvre, P., Gillot, L., Bardet, V., Willems, L., Park,
S., Green, A.S., Ifrah, N., Dreyfus, F., Mayeux, P., Lacombe, C. & Bouscary, D.
(2009) Autocrine IGF-1/IGF-1R signaling is responsible for constitutive PI3K/Akt
activation in acute myeloid leukemia: therapeutic value of neutralizing anti-IGF-1R

antibody. Haematologica, 95, 415-423.

Chaturvedi, M.M., Kumar, A., Darnay, B.G., Chainy, G.B., Agarwal, S. & Aggarwal, B.B.
(1997) Sanguinarine (pseudochelerythrine) is a potent inhibitor of NF-kappaB
activation, IkappaBalpha phosphorylation, and degradation. J Bio/ Chem, 272, 30129-

30134.

Chen, J., Odenike, O. & Rowley, J.D. (2009) Leukaemogenesis: more than mutant genes. Nat

Rev Cancer, 10, 23-36.

209



Cheng, C.K., Li, L., Cheng, S.H., Lau, K.M., Chan, N.P., Wong, R.S., Shing, M.M., Li, C.K.
& Ng, M.H. (2008) Transcriptional repression of the RUNX3/AML?2 gene by the
t(8;21) and inv(16) fusion proteins in acute myeloid leukemia. Blood, 112, 3391-

3402.

Choudhary, C., Olsen, J.V., Brandts, C., Cox, J., Reddy, P.N., Bohmer, F.D., Gerke, V.,
Schmidt-Arras, D.E., Berdel, W.E., Muller-Tidow, C., Mann, M. & Serve, H. (2009)
Mislocalized activation of oncogenic RTKs switches downstream signaling outcomes.

Mol Cell, 36, 326-339.

Choudhary, C., Schwable, J., Brandts, C., Tickenbrock, L., Sargin, B., Kindler, T., Fischer,
T., Berdel, W.E., Muller-Tidow, C. & Serve, H. (2005) AML-associated FIt3 kinase
domain mutations show signal transduction differences compared with FIt3 ITD

mutations. Blood, 106, 265-273.

Chu, S.H. & Small, D. (2009) Mechanisms of resistance to FLT3 inhibitors. Drug Resist

Updat, 12, 8-16.

Constance, C.M., Morgan, J.I.t. & Umek, R.M. (1996) C/EBPalpha regulation of the growth-

arrest-associated gene gadd45. Mol Cell Biol, 16, 3878-3883.

Corsello, S.M., Roti, G., Ross, K.N., Chow, K.T., Galinsky, 1., DeAngelo, D.J., Stone, R.M.,
Kung, A.L., Golub, T.R. & Stegmaier, K. (2009) Identification of AML1-ETO

modulators by chemical genomics. Blood, 113, 6193-6205.

210



Corvinus, F.M., Orth, C., Moriggl, R., Tsareva, S.A., Wagner, S., Pfitzner, E.B., Baus, D.,
Kaufmann, R., Huber, L.A., Zatloukal, K., Beug, H., Ohlschlager, P., Schutz, A.,
Halbhuber, K.J. & Friedrich, K. (2005) Persistent STAT3 activation in colon cancer is

associated with enhanced cell proliferation and tumor growth. Neoplasia, 7, 545-555.

Costa, B.M., Smith, J.S., Chen, Y., Chen, J., Phillips, H.S., Aldape, K.D., Zardo, G., Nigro,
J., James, C.D., Fridlyand, J., Reis, R.M. & Costello, J.F. (2010) Reversing HOXA9
oncogene activation by PI3K inhibition: epigenetic mechanism and prognostic

significance in human glioblastoma. Cancer Res, 70, 453-462.

Cretu, A., Sha, X., Tront, J., Hoffman, B. & Liebermann, D.A. (2009) Stress sensor Gadd45

genes as therapeutic targets in cancer. Cancer Ther, 7, 268-276.

D'Andrea, R., Rayner, J., Moretti, P., Lopez, A., Goodall, G.J., Gonda, T.J. & Vadas, M.
(1994) A mutation of the common receptor subunit for interleukin-3 (IL-3),
granulocyte-macrophage colony-stimulating factor, and IL-5 that leads to ligand

independence and tumorigenicity. Blood, 83, 2802-2808.

D'Andrea, R.J. & Gonda, T.J. (2000) A model for assembly and activation of the GM-CSF,
IL-3 and IL-5 receptors: insights from activated mutants of the common beta subunit.

Exp Hematol, 28, 231-243.

Daino, K., Ichimura, S. & Nenoi, M. (2006) Both the basal transcriptional activity of the
GADDA45A gene and its enhancement after ionizing irradiation are mediated by AP-1

element. Biochim Biophys Acta, 1759, 458-469.

211



Dash, A. & Gilliland, D.G. (2001) Molecular genetics of acute myeloid leukaemia. Bes?

Pract Res Clin Haematol, 14, 49-64.

de Groot, R.P., Coffer, P.J. & Koenderman, L. (1998) Regulation of proliferation,
differentiation and survival by the IL-3/IL-5/GM-CSF receptor family. Cell Signal,

10, 619-628.

De Santa, F., Totaro, M.G., Prosperini, E., Notarbartolo, S., Testa, G. & Natoli, G. (2007)
The histone H3 lysine-27 demethylase Jmjd3 links inflammation to inhibition of

polycomb-mediated gene silencing. Cell, 130, 1083-1094.

Dedhia, P.H., Keeshan, K., Uljon, S., Xu, L., Vega, M.E., Shestova, O., Zaks-Zilberman, M.,
Romany, C., Blacklow, S.C. & Pear, W.S. (2010) Differential ability of Tribbles
family members to promote degradation of C/EBP {alpha} and induce acute

myelogenous leukemia. Blood.

Dicker, F., Haferlach, C., Kern, W., Haferlach, T. & Schnittger, S. (2007) Trisomy 13 is
strongly associated with AML1/RUNX1 mutations and increased FLT3 expression in

acute myeloid leukemia. Blood, 110, 1308-1316.

Ding, Y., Xi, Y., Chen, T., Wang, J.Y., Tao, D.L., Wu, Z.L., Li, Y.P., Li, C., Zeng, R. & Li,
L. (2008) Caprin-2 enhances canonical Wnt signaling through regulating LRP5/6

phosphorylation. J Cell Biol, 182, 865-872.

Doepfner, K.T., Boller, D. & Arcaro, A. (2007) Targeting receptor tyrosine kinase signaling

in acute myeloid leukemia. Crit Rev Oncol Hematol, 63, 215-230.

212



Dowling, R.J., Topisirovic, 1., Alain, T., Bidinosti, M., Fonseca, B.D., Petroulakis, E., Wang,
X., Larsson, O., Selvaraj, A., Liu, Y., Kozma, S.C., Thomas, G. & Sonenberg, N.
(2010) mTORC1-mediated cell proliferation, but not cell growth, controlled by the

4E-BPs. Science, 328, 1172-1176.

Drexler, H.G. & Quentmeier, H. (2004) FLT3: receptor and ligand. Growth Factors, 22, 71-

73.

Dufour, A., Schneider, F., Metzeler, K.H., Hoster, E., Schneider, S., Zellmeier, E., Benthaus,
T., Sauerland, M.C., Berdel, W.E., Buchner, T., Wormann, B., Braess, J., Hiddemann,
W., Bohlander, S.K. & Spiekermann, K. (2009) Acute myeloid leukemia with
biallelic CEBPA gene mutations and normal karyotype represents a distinct genetic

entity associated with a favorable clinical outcome. J Clin Oncol, 28, 570-577.

Essaghir, A., Toffalini, F., Knoops, L., Kallin, A., van Helden, J. & Demoulin, J.B. (2010)
Transcription factor regulation can be accurately predicted from the presence of target

gene signatures in microarray gene expression data. Nucleic Acids Res, 38, ¢120.

Feldman, MLE., Apsel, B., Uotila, A., Loewith, R., Knight, Z.A., Ruggero, D. & Shokat,
K.M. (2009) Active-site inhibitors of mTOR target rapamycin-resistant outputs of

mTORCI1 and mTORC2. PLoS Biol, 7, €38.

Fenski, R., Flesch, K., Serve, S., Mizuki, M., Oelmann, E., Kratz-Albers, K., Kienast, J., Leo,
R., Schwartz, S., Berdel, W.E. & Serve, H. (2000) Constitutive activation of FLT3 in
acute myeloid leukaemia and its consequences for growth of 32D cells. BrJ

Haematol, 108, 322-330.

213



Figueroa, M.E., Lugthart, S., Li, Y., Erpelinck-Verschueren, C., Deng, X., Christos, P.J.,
Schifano, E., Booth, J., van Putten, W., Skrabanek, L., Campagne, F., Mazumdar, M.,
Greally, J.M., Valk, P.J., Lowenberg, B., Delwel, R. & Melnick, A. (2010) DNA
methylation signatures identify biologically distinct subtypes in acute myeloid

leukemia. Cancer Cell, 17, 13-27.

Fischbach, N.A., Rozenfeld, S., Shen, W., Fong, S., Chrobak, D., Ginzinger, D., Kogan, S.C.,
Radhakrishnan, A., Le Beau, M.M., Largman, C. & Lawrence, H.J. (2005) HOXB6
overexpression in murine bone marrow immortalizes a myelomonocytic precursor in
vitro and causes hematopoietic stem cell expansion and acute myeloid leukemia in

vivo. Blood, 105, 1456-1466.

Fleming, T.J., Fleming, M.L. & Malek, T.R. (1993) Selective expression of Ly-6G on
myeloid lineage cells in mouse bone marrow. RB6-8C5 mAb to granulocyte-
differentiation antigen (Gr-1) detects members of the Ly-6 family. J Immunol, 151,

2399-2408.

Freeburn, R.W., Gale, R.E. & Linch, D.C. (1998) Activating point mutations in the betaC
chain of the GM-CSF, IL-3 and IL-5 receptors are not a major contributory factor in

the pathogenesis of acute myeloid leukaemia. Br J Haematol, 103, 66-71.

Freeburn, R.W., Gale, R.E., Wagner, H.M. & Linch, D.C. (1996) The beta subunit common
to the GM-CSF, IL-3 and IL-5 receptors is highly polymorphic but pathogenic point
mutations in patients with acute myeloid leukaemia (AML) are rare. Leukemia, 10,

123-129.

214



Freeburn, R.W., Gale, R.E., Wagner, H.M. & Linch, D.C. (1997) Analysis of the coding
sequence for the GM-CSF receptor alpha and beta chains in patients with juvenile

chronic myeloid leukemia (JCML). Exp Hematol, 25,306-311.

Frelin, C., Imbert, V., Griessinger, E., Peyron, A.C., Rochet, N., Philip, P., Dageville, C.,
Sirvent, A., Hummelsberger, M., Berard, E., Dreano, M., Sirvent, N. & Peyron, J.F.
(2005) Targeting NF-kappaB activation via pharmacologic inhibition of IKK2-

induced apoptosis of human acute myeloid leukemia cells. Blood, 105, 804-811.

Friedman, A.D. (2002) Runx1, c-Myb, and C/EBPalpha couple differentiation to

proliferation or growth arrest during hematopoiesis. J Cell Biochem, 86, 624-629.

Frohling, S., Scholl, C., Levine, R.L., Loriaux, M., Boggon, T.J., Bernard, O.A., Berger, R.,
Dohner, H., Dohner, K., Ebert, B.L., Teckie, S., Golub, T.R., Jiang, J., Schittenhelm,
M.M., Lee, B.H., Griffin, J.D., Stone, R.M., Heinrich, M.C., Deininger, M.W.,
Druker, B.J. & Gilliland, D.G. (2007) Identification of driver and passenger mutations
of FLT3 by high-throughput DNA sequence analysis and functional assessment of

candidate alleles. Cancer Cell, 12, 501-513.

Gale, R.E., Hills, R., Pizzey, A.R., Kottaridis, P.D., Swirsky, D., Gilkes, A.F., Nugent, E.,
Mills, K.I., Wheatley, K., Solomon, E., Burnett, A.K., Linch, D.C. & Grimwade, D.
(2005) Relationship between FLT3 mutation status, biologic characteristics, and
response to targeted therapy in acute promyelocytic leukemia. Blood, 106, 3768-

3776.

215



Galeano, E., Nieto, E., Garcia-Perez, A.l., Delgado, M.D., Pinilla, M. & Sancho, P. (2005)
Effects of the antitumoural dequalinium on NB4 and K562 human leukemia cell lines.

Mitochondrial implication in cell death. Leuk Res, 29, 1201-1211.

Gao, H., Jin, S., Song, Y., Fu, M., Wang, M., Liu, Z., Wu, M. & Zhan, Q. (2005) B23
regulates GADD45a nuclear translocation and contributes to GADD45a-induced cell

cycle G2-M arrest. J Biol Chem, 280, 10988-10996.

Garzon, R., Garofalo, M., Martelli, M.P., Briesewitz, R., Wang, L., Fernandez-Cymering, C.,
Volinia, S., Liu, C.G., Schnittger, S., Haferlach, T., Liso, A., Diverio, D., Mancini,
M., Meloni, G., Foa, R., Martelli, M.F., Mecucci, C., Croce, C.M. & Falini, B. (2008)
Distinctive microRNA signature of acute myeloid leukemia bearing cytoplasmic

mutated nucleophosmin. Proc Natl Acad Sci U S A4, 105, 3945-3950.

Geijsen, N., Koenderman, L. & Coffer, P.J. (2001) Specificity in cytokine signal
transduction: lessons learned from the IL-3/IL-5/GM-CSF receptor family. Cytokine

Growth Factor Rev, 12, 19-25.

Giles, F.J., Keating, A., Goldstone, A.H., Avivi, [., Willman, C.L. & Kantarjian, H.M. (2002)

Acute myeloid leukemia. Hematology Am Soc Hematol Educ Program, 73-110.

Gilliland, D.G. & Griffin, J.D. (2002) The roles of FLT3 in hematopoiesis and leukemia.

Blood, 100, 1532-1542.

Gilliland, D.G., Jordan, C.T. & Felix, C.A. (2004) The molecular basis of leukemia.

Hematology Am Soc Hematol Educ Program, 80-97.

216



Gobl, A.E., Berg, M., Lopez-Egido, J.R., Oberg, K., Skogseid, B. & Westin, G. (1999)
Menin represses JunD-activated transcription by a histone deacetylase-dependent

mechanism. Biochim Biophys Acta, 1447, 51-56.

Gonda, T.J. & D'Andrea, R.J. (1997) Activating mutations in cytokine receptors:

implications for receptor function and role in disease. Blood, 89, 355-369.

Goswami, R.S., Sukhai, M.A., Thomas, M., Reis, P.P. & Kamel-Reid, S. (2009) Applications

of microarray technology to Acute Myelogenous Leukemia. Cancer Inform, 7, 13-28.

Grandage, V.L., Gale, R.E., Linch, D.C. & Khwaja, A. (2005) PI3-kinase/Akt is
constitutively active in primary acute myeloid leukaemia cells and regulates survival
and chemoresistance via NF-kappaB, Mapkinase and p53 pathways. Leukemia, 19,

586-594.

Griessinger, E., Imbert, V., Lagadec, P., Gonthier, N., Dubreuil, P., Romanelli, A., Dreano,
M. & Peyron, J.F. (2007) AS602868, a dual inhibitor of IKK2 and FLT3 to target

AML cells. Leukemia, 21, 877-885.

Griffith, J., Black, J., Faerman, C., Swenson, L., Wynn, M., Lu, F., Lippke, J. & Saxena, K.
(2004) The structural basis for autoinhibition of FLT3 by the juxtamembrane domain.

Mol Cell, 13, 169-178.

Grimwade, D. & Hills, R.K. (2009) Independent prognostic factors for AML outcome.

Hematology Am Soc Hematol Educ Program, 385-395.

217



Grosjean-Raillard, J., Tailler, M., Ades, L., Perfettini, J.L., Fabre, C., Braun, T., De Botton,
S., Fenaux, P. & Kroemer, G. (2009) ATM mediates constitutive NF-kappaB

activation in high-risk myelodysplastic syndrome and acute myeloid leukemia.

Oncogene, 28, 1099-1109.

Grosveld, G.C. (2007) MN1, a novel player in human AML. Blood Cells Mol Dis, 39, 336-

339.

Grundler, R., Miething, C., Thiede, C., Peschel, C. & Duyster, J. (2005) FLT3-ITD and
tyrosine kinase domain mutants induce 2 distinct phenotypes in a murine bone

marrow transplantation model. Blood, 105, 4792-4799.

Gulley, M.L., Shea, T.C. & Fedoriw, Y. (2009) Genetic tests to evaluate prognosis and

predict therapeutic response in acute myeloid leukemia. J Mol Diagn, 12, 3-16.

Gupta, S.K., Gupta, M., Hoffman, B. & Liebermann, D.A. (2006) Hematopoietic cells from
gadd45a-deficient and gadd45b-deficient mice exhibit impaired stress responses to

acute stimulation with cytokines, myeloablation and inflammation. Oncogene, 25,

5537-5546.

Gustafson, W.C. & Weiss, W.A. (2010) Myc proteins as therapeutic targets. Oncogene, 29,

1249-1259.

Guthridge, M. A., Barry, E.F., Felquer, F.A., McClure, B.J., Stomski, F.C., Ramshaw, H. &

Lopez, A.F. (2004) The phosphoserine-585-dependent pathway of the GM-CSF/IL-

218



3/IL-5 receptors mediates hematopoietic cell survival through activation of NF-

kappaB and induction of bcl-2. Blood, 103, 820-827.

Guthridge, M. A., Powell, J.A., Barry, E.F., Stomski, F.C., McClure, B.J., Ramshaw, H.,
Felquer, F.A., Dottore, M., Thomas, D.T., To, B., Begley, C.G. & Lopez, A.F. (2006)
Growth factor pleiotropy is controlled by a receptor Tyr/Ser motif that acts as a

binary switch. EMBO J, 25, 479-489.

Gutierrez, N.C., Lopez-Perez, R., Hernandez, J.M., Isidro, 1., Gonzalez, B., Delgado, M.,
Ferminan, E., Garcia, J.L., Vazquez, L., Gonzalez, M. & San Miguel, J.F. (2005)
Gene expression profile reveals deregulation of genes with relevant functions in the

different subclasses of acute myeloid leukemia. Leukemia, 19, 402-409.

Hackanson, B., Bennett, K.L., Brena, R.M., Jiang, J., Claus, R., Chen, S.S., Blagitko-Dorfs,
N., Maharry, K., Whitman, S.P., Schmittgen, T.D., Lubbert, M., Marcucci, G.,
Bloomfield, C.D. & Plass, C. (2008) Epigenetic modification of CCAAT/enhancer

binding protein alpha expression in acute myeloid leukemia. Cancer Res, 68, 3142-

3151.

Haferlach, C., Dicker, F., Kohlmann, A., Schindela, S., Weiss, T., Kern, W., Schnittger, S. &
Haferlach, T. (2010) AML with CBFB-MYHI11 rearrangement demonstrate RAS

pathway alterations in 92% of all cases including a high frequency of NF1 deletions.

Leukemia, 24, 1065-1069.

Haferlach, T. (2008) Molecular genetic pathways as therapeutic targets in acute myeloid

leukemia. Hematology Am Soc Hematol Educ Program, 400-411.

219



Hatzis, P., van der Flier, L.G., van Driel, M.A., Guryev, V., Nielsen, F., Denissov, S.,
Nijman, I.J., Koster, J., Santo, E.E., Welboren, W., Versteeg, R., Cuppen, E., van de
Wetering, M., Clevers, H. & Stunnenberg, H.G. (2008) Genome-wide pattern of

TCF7L2/TCF4 chromatin occupancy in colorectal cancer cells. Mol Cell Biol, 28,

2732-2744.

Hayakawa, F., Towatari, M., Kiyoi, H., Tanimoto, M., Kitamura, T., Saito, H. & Naoe, T.
(2000) Tandem-duplicated FIt3 constitutively activates STATS and MAP kinase and

introduces autonomous cell growth in IL-3-dependent cell lines. Oncogene, 19, 624-

631.

Heiss, E., Masson, K., Sundberg, C., Pedersen, M., Sun, J., Bengtsson, S. & Ronnstrand, L.
(2006) Identification of Y589 and Y599 in the juxtamembrane domain of FIt3 as
ligand-induced autophosphorylation sites involved in binding of Src family kinases

and the protein tyrosine phosphatase SHP2. Blood, 108, 1542-1550.

Hercus, T.R., Thomas, D., Guthridge, M.A., Ekert, P.G., King-Scott, J., Parker, M.W. &
Lopez, A.F. (2009) The granulocyte-macrophage colony-stimulating factor receptor:

linking its structure to cell signaling and its role in disease. Blood, 114, 1289-1298.

Hildesheim, J., Belova, G.I., Tyner, S.D., Zhou, X., Vardanian, L. & Fornace, A.J., Jr. (2004)
Gadd45a regulates matrix metalloproteinases by suppressing DeltaNp63alpha and

beta-catenin via p38 MAP kinase and APC complex activation. Oncogene, 23, 1829-

1837.

220



Hildesheim, J., Salvador, J.M., Hollander, M.C. & Fornace, A.J., Jr. (2005) Casein kinase 2-
and protein kinase A-regulated adenomatous polyposis coli and beta-catenin cellular

localization is dependent on p38 MAPK. J Biol Chem, 280, 17221-17226.

Hollink, I.H., van den Heuvel-Eibrink, M.M. & Zwaan, C.M. (2009) CEBPA resembles

Roman god Janus. Blood, 113, 6501-6502.

Hu, Y.L., Fong, S., Largman, C. & Shen, W.F. (2010) HOXAO9 regulates miR-155 in

hematopoietic cells. Nucleic Acids Res.

Ichikawa, H., Tanabe, K., Mizushima, H., Hayashi, Y., Mizutani, S., Ishii, E., Hongo, T.,
Kikuchi, A. & Satake, M. (2006) Common gene expression signatures in t(8;21)- and

inv(16)-acute myeloid leukaemia. Br J Haematol, 135, 336-347.

Iglesias-Ara, A., Zenarruzabeitia, O., Fernandez-Rueda, J., Sanchez-Tillo, E., Field, S.J.,
Celada, A. & Zubiaga, A.M. (2010) Accelerated DNA replication in E2F1- and E2F2-
deficient macrophages leads to induction of the DNA damage response and

p21(CIP1)-dependent senescence. Oncogene.

Irish, J.M., Hovland, R., Krutzik, P.O., Perez, O.D., Bruserud, O., Gjertsen, B.T. & Nolan,
G.P. (2004) Single cell profiling of potentiated phospho-protein networks in cancer

cells. Cell, 118, 217-228.

Jaiswal, S., Jamieson, C.H., Pang, W.W., Park, C.Y., Chao, M.P., Majeti, R., Traver, D., van

Rooijen, N. & Weissman, I.L. (2009) CD47 is upregulated on circulating

221



hematopoietic stem cells and leukemia cells to avoid phagocytosis. Cell, 138, 271-

285.

Jenkins, B.J., Blake, T.J. & Gonda, T.J. (1998) Saturation mutagenesis of the beta subunit of
the human granulocyte-macrophage colony-stimulating factor receptor shows
clustering of constitutive mutations, activation of ERK MAP kinase and STAT
pathways, and differential beta subunit tyrosine phosphorylation. Blood, 92, 1989-

2002.

Jenkins, B.J., D'Andrea, R. & Gonda, T.J. (1995) Activating point mutations in the common
beta subunit of the human GM-CSF, IL-3 and IL-5 receptors suggest the involvement
of beta subunit dimerization and cell type-specific molecules in signalling. EMBO J,

14, 4276-4287.

Ji, J., Liu, R, Tong, T., Song, Y., Jin, S., Wu, M. & Zhan, Q. (2007) Gadd45a regulates beta-
catenin distribution and maintains cell-cell adhesion/contact. Oncogene, 26, 6396-

6405.

Johannessen, C.M., Reczek, E.E., James, M.F., Brems, H., Legius, E. & Cichowski, K.
(2005) The NF1 tumor suppressor critically regulates TSC2 and mTOR. Proc Natl

Acad Sci U S 4, 102, 8573-8578.

Kalra, R., Dale, D., Freedman, M., Bonilla, M.A., Weinblatt, M., Ganser, A., Bowman, P.,
Abish, S., Priest, J., Oseas, R.S., Olson, K., Paderanga, D. & Shannon, K. (1995)
Monosomy 7 and activating RAS mutations accompany malignant transformation in

patients with congenital neutropenia. Blood, 86, 4579-4586.

222



Karin, M. (2006) Nuclear factor-kappaB in cancer development and progression. Nature,

441, 431-436.

Kawada, M., Seno, H., Uenoyama, Y., Sawabu, T., Kanda, N., Fukui, H., Shimahara, Y. &
Chiba, T. (2006) Signal transducers and activators of transcription 3 activation is
involved in nuclear accumulation of beta-catenin in colorectal cancer. Cancer Res,

66, 2913-2917.

Kelly, L.M., Kutok, J.L., Williams, I.R., Boulton, C.L., Amaral, S.M., Curley, D.P., Ley, T.J.
& Gilliland, D.G. (2002a) PML/RARalpha and FLT3-ITD induce an APL-like

disease in a mouse model. Proc Natl Acad Sci U S A, 99, 8283-8288.

Kelly, L.M., Liu, Q., Kutok, J.L., Williams, I.R., Boulton, C.L. & Gilliland, D.G. (2002b)
FLT3 internal tandem duplication mutations associated with human acute myeloid
leukemias induce myeloproliferative disease in a murine bone marrow transplant

model. Blood, 99, 310-318.

Khwaja, A. (2010) PI3K as a Target for Therapy in Haematological Malignancies. Curr Top

Microbiol Immunol.

Kim, K.T., Baird, K., Ahn, J.Y., Meltzer, P., Lilly, M., Levis, M. & Small, D. (2005) Pim-1
is up-regulated by constitutively activated FLT3 and plays a role in FLT3-mediated

cell survival. Blood, 105, 1759-1767.

223



Kim, K.T., Baird, K., Davis, S., Piloto, O., Levis, M., Li, L., Chen, P., Meltzer, P. & Small,
D. (2007) Constitutive Fms-like tyrosine kinase 3 activation results in specific

changes in gene expression in myeloid leukaemic cells. Br J Haematol, 138, 603-615.

Kimball, A., Burcu, M., O’Loughlin, K.L., Ford, L.A., Minderman, H. & Baer, M. (2008)
Rapamycin Causes Reversible Cell Cycle Slowing, Rather Than Cell Cycle Arrest, in
Myeloid and Lymphoid Cell Lines and in Acute Leukemia Cells. In: ASH abstract,

Vol. 112, p. 5021. Blood.

Kohlmann, A., Bullinger, L., Thiede, C., Schaich, M., Schnittger, S., Dohner, K., Dugas, M.,
Klein, H.U., Dohner, H., Ehninger, G. & Haferlach, T. (2010) Gene expression
profiling in AML with normal karyotype can predict mutations for molecular markers
and allows novel insights into perturbed biological pathways. Leukemia, 24, 1216-

1220.

Kok, C.H., Brown, A.L., Ekert, P.G. & D'Andrea, R.J. (2010) Gene expression analysis

reveals HOX gene upregulation in trisomy 8 AML. Leukemia, 24, 1239-1243.

Konieczna, 1., Horvath, E., Wang, H., Lindsey, S., Saberwal, G., Bei, L., Huang, W.,
Platanias, L. & Eklund, E.A. (2008) Constitutive activation of SHP2 in mice
cooperates with ICSBP deficiency to accelerate progression to acute myeloid

leukemia. J Clin Invest, 118, 853-867.

Kornblau, S.M., Tibes, R., Qiu, Y.H., Chen, W., Kantarjian, H.M., Andreeff, M., Coombes,
K.R. & Mills, G.B. (2009) Functional proteomic profiling of AML predicts response

and survival. Blood, 113, 154-164.

224



Kornblau, S.M., Womble, M., Qiu, Y.H., Jackson, C.E., Chen, W., Konopleva, M., Estey,
E.H. & Andreeff, M. (2006) Simultaneous activation of multiple signal transduction
pathways confers poor prognosis in acute myelogenous leukemia. Blood, 108, 2358-

2365.

Koschmieder, S., Halmos, B., Levantini, E. & Tenen, D.G. (2009) Dysregulation of the

C/EBPalpha differentiation pathway in human cancer. J Clin Oncol, 27, 619-628.

Koschmieder, S., Rosenbauer, F., Steidl, U., Owens, B.M. & Tenen, D.G. (2005) Role of
transcription factors C/EBPalpha and PU.1 in normal hematopoiesis and leukemia. /nt

J Hematol, 81, 368-377.

Kottaridis, P.D., Gale, R.E. & Linch, D.C. (2003) FIt3 mutations and leukaemia. Br J

Haematol, 122, 523-538.

Krause, D.S. & Van Etten, R.A. (2007) Right on target: eradicating leukemic stem cells.

Trends Mol Med, 13, 470-481.

Kretz, K.A., Katze, J.R. & Trewyn, R.W. (1987) Guanine analog-induced differentiation of
human promyelocytic leukemia cells and changes in queuine modification of tRNA.

Mol Cell Biol, 7,3613-3619.

Krivtsov, A.V. & Armstrong, S.A. (2007) MLL translocations, histone modifications and

leukaemia stem-cell development. Nat Rev Cancer, 7, 823-833.

225



Krivtsov, A.V., Feng, Z., Lemieux, M.E., Faber, J., Vempati, S., Sinha, A.U., Xia, X.,
Jesneck, J., Bracken, A.P., Silverman, L.B., Kutok, J.L., Kung, A.L. & Armstrong,

S.A. (2008) H3K79 methylation profiles define murine and human MLL-AF4

leukemias. Cancer Cell, 14, 355-368.

Kuo, Y .H., Landrette, S.F., Heilman, S.A., Perrat, P.N., Garrett, L., Liu, P.P., Le Beau,
M.M., Kogan, S.C. & Castilla, L.H. (2006) Cbf beta-SMMHC induces distinct

abnormal myeloid progenitors able to develop acute myeloid leukemia. Cancer Cell,

9, 57-68.

Lacayo, N.J., Meshinchi, S., Kinnunen, P., Yu, R., Wang, Y., Stuber, C.M., Douglas, L.,
Wahab, R., Becton, D.L., Weinstein, H., Chang, M.N., Willman, C.L., Radich, J.P.,
Tibshirani, R., Ravindranath, Y., Sikic, B.I. & Dahl, G.V. (2004) Gene expression
profiles at diagnosis in de novo childhood AML patients identify FLT3 mutations

with good clinical outcomes. Blood, 104, 2646-2654.

Lamb, J., Crawford, E.D., Peck, D., Modell, ].W., Blat, I.C., Wrobel, M.J., Lerner, J., Brunet,
J.P., Subramanian, A., Ross, K.N., Reich, M., Hieronymus, H., Wei, G., Armstrong,
S.A., Haggarty, S.J., Clemons, P.A., Wei, R., Carr, S.A., Lander, E.S. & Golub, T.R.

(2006) The Connectivity Map: using gene-expression signatures to connect small

molecules, genes, and disease. Science, 313, 1929-1935.
Lane, S.W. & Gilliland, D.G. (2009) Leukemia stem cells. Semin Cancer Biol, 20, 71-76.

Lawrence, H.J., Helgason, C.D., Sauvageau, G., Fong, S., [zon, D.J., Humphries, R.K. &

Largman, C. (1997) Mice bearing a targeted interruption of the homeobox gene

226



HOXADO9 have defects in myeloid, erythroid, and lymphoid hematopoiesis. Blood, 89,

1922-1930.

Lee, H.M., Zhang, H., Schulz, V., Tuck, D.P. & Forget, B.G. (2010) Downstream targets of
HOXBA4 in a cell line model of primitive hematopoietic progenitor cells. Blood, 116,

720-730.

Lee, S., Chen, J., Zhou, G., Shi, R.Z., Bouffard, G.G., Kocherginsky, M., Ge, X., Sun, M.,
Jayathilaka, N., Kim, Y.C., Emmanuel, N., Bohlander, S.K., Minden, M., Kline, J.,
Ozer, O., Larson, R.A., LeBeau, M.M., Green, E.D., Trent, J., Karrison, T., Liu, P.P.,
Wang, S.M. & Rowley, J.D. (2006) Gene expression profiles in acute myeloid
leukemia with common translocations using SAGE. Proc Natl Acad Sci U S A4, 103,

1030-1035.

Levis, M., Murphy, K.M., Pham, R., Kim, K.T., Stine, A., Li, L., McNiece, 1., Smith, B.D. &
Small, D. (2005) Internal tandem duplications of the FLT3 gene are present in

leukemia stem cells. Blood, 106, 673-680.

Li, L., Piloto, O., Nguyen, H.B., Greenberg, K., Takamiya, K., Racke, F., Huso, D. & Small,
D. (2008) Knock-in of an internal tandem duplication mutation into murine FLT3

confers myeloproliferative disease in a mouse model. Blood, 111, 3849-3858.

Liu, F., Wu, H.Y., Wesselschmidt, R., Kornaga, T. & Link, D.C. (1996) Impaired production
and increased apoptosis of neutrophils in granulocyte colony-stimulating factor

receptor-deficient mice. Immunity, 5, 491-501.

227



Lowenberg, B. (2008) Acute myeloid leukemia: the challenge of capturing disease variety.

Hematology Am Soc Hematol Educ Program, 1-11.

Lu, Y., Kitaura, J., Oki, T., Komeno, Y., Ozaki, K., Kiyono, M., Kumagai, H., Nakajima, H.,
Nosaka, T., Aburatani, H. & Kitamura, T. (2007) Identification of TSC-22 as a
potential tumor suppressor that is upregulated by FIt3-D835V but not Flt3-ITD.

Leukemia, 21, 2246-2257.

Luo, J., Manning, B.D. & Cantley, L.C. (2003) Targeting the PI3K-Akt pathway in human

cancer: rationale and promise. Cancer Cell, 4, 257-262.

Ma, J., Meng, Y., Kwiatkowski, D.J., Chen, X., Peng, H., Sun, Q., Zha, X., Wang, F., Wang,
Y., Jing, Y., Zhang, S., Chen, R., Wang, L., Wu, E., Cai, G., Malinowska-Kolodziej,
I., Liao, Q., Liu, Y., Zhao, Y., Xu, K., Dai, J., Han, J., Wu, L., Zhao, R.C., Shen, H.
& Zhang, H. (2009) Mammalian target of rapamycin regulates murine and human cell
differentiation through STAT3/p63/Jagged/Notch cascade. J Clin Invest, 120, 103-

114.

Majeti, R., Becker, M.W., Tian, Q., Lee, T.L., Yan, X., Liu, R., Chiang, J.H., Hood, L.,
Clarke, M.F. & Weissman, [.L. (2009) Dysregulated gene expression networks in

human acute myelogenous leukemia stem cells. Proc Natl Acad Sci U S A, 106, 3396-

3401.

Manfredini, R., Trevisan, F., Grande, A., Tagliafico, E., Montanari, M., Lemoli, R., Visani,

G., Tura, S. & Ferrari, S. (1999) Induction of a functional vitamin D receptor in all-

228



trans-retinoic acid-induced monocytic differentiation of M2-type leukemic blast cells.

Cancer Res, 59, 3803-3811.

Marcucci, G., Maharry, K., Wu, Y.Z., Radmacher, M.D., Mrozek, K., Margeson, D.,
Holland, K.B., Whitman, S.P., Becker, H., Schwind, S., Metzeler, K.H., Powell, B.L.,
Carter, T.H., Kolitz, J.E., Wetzler, M., Carroll, A.J., Baer, M.R., Caligiuri, M.A.,
Larson, R.A. & Bloomfield, C.D. (2010) IDH1 and IDH2 gene mutations identify
novel molecular subsets within de novo cytogenetically normal acute myeloid

leukemia: a Cancer and Leukemia Group B study. J Clin Oncol, 28, 2348-2355.

Martelli, A.M., Evangelisti, C., Chiarini, F., Grimaldi, C., Manzoli, L. & McCubrey, J.A.
(2009) Targeting the PI3K/AKT/mTOR signaling network in acute myelogenous

leukemia. Expert Opin Investig Drugs, 18, 1333-1349.

Martelli, A.M., Nyakern, M., Tabellini, G., Bortul, R., Tazzari, P.L., Evangelisti, C. &
Cocco, L. (2006) Phosphoinositide 3-kinase/Akt signaling pathway and its

therapeutical implications for human acute myeloid leukemia. Leukemia, 20, 911-928.

Martina, J.A., Bonangelino, C.J., Aguilar, R.C. & Bonifacino, J.S. (2001) Stonin 2: an
adaptor-like protein that interacts with components of the endocytic machinery. J Cell

Biol, 153, 1111-1120.

Martinez-Moczygemba, M. & Huston, D.P. (2003) Biology of common beta receptor-
signaling cytokines: IL-3, IL-5, and GM-CSF. J Allergy Clin Immunol, 112, 653-665;

quiz 666.

229



Masson, K. & Ronnstrand, L. (2009) Oncogenic signaling from the hematopoietic growth

factor receptors c-Kit and FIt3. Cell Signal, 21, 1717-1726.

McCormack, M.P. & Gonda, T.J. (1999) Myeloproliferative disorder and leukaemia in mice
induced by different classes of constitutive mutants of the human IL-3/IL-5/GM-CSF

receptor common beta subunit. Oncogene, 18, 7190-7199.

McCormack, M.P. & Gonda, T.J. (2000) Novel murine myeloid cell lines that exhibit a
differentiation switch in response to IL-3 or GM-CSF, or to different constitutively

active mutants of the GM-CSF receptor beta subunit. Blood, 95, 120-127.

Mead, A.J., Linch, D.C., Hills, R.K., Wheatley, K., Burnett, A.K. & Gale, R.E. (2007) FLT3
tyrosine kinase domain mutations are biologically distinct from and have a
significantly more favorable prognosis than FLT3 internal tandem duplications in

patients with acute myeloid leukemia. Blood, 110, 1262-1270.

Meric-Bernstam, F. & Gonzalez-Angulo, A.M. (2009) Targeting the mTOR signaling

network for cancer therapy. J Clin Oncol, 27, 2278-2287.

Meshinchi, S. & Appelbaum, F.R. (2009) Structural and functional alterations of FLT3 in

acute myeloid leukemia. Clin Cancer Res, 15, 4263-4269.

Meshinchi, S., Stirewalt, D.L., Alonzo, T.A., Boggon, T.J., Gerbing, R.B., Rocnik, J.L.,
Lange, B.J., Gilliland, D.G. & Radich, J.P. (2008) Structural and numerical variation

of FLT3/ITD in pediatric AML. Blood, 111, 4930-4933.

230



Metzeler, K.H., Hummel, M., Bloomfield, C.D., Spiekermann, K., Braess, J., Sauerland,
M.C., Heinecke, A., Radmacher, M., Marcucci, G., Whitman, S.P., Maharry, K.,
Paschka, P., Larson, R.A., Berdel, W.E., Buchner, T., Wormann, B., Mansmann, U.,
Hiddemann, W., Bohlander, S.K. & Buske, C. (2008) An 86-probe-set gene-
expression signature predicts survival in cytogenetically normal acute myeloid

leukemia. Blood, 112, 4193-4201.

Minami, Y., Yamamoto, K., Kiyoi, H., Ueda, R., Saito, H. & Naoe, T. (2003) Different
antiapoptotic pathways between wild-type and mutated FLT3: insights into

therapeutic targets in leukemia. Blood, 102, 2969-2975.

Mitina, O., Warmuth, M., Krause, G., Hallek, M. & Obermeier, A. (2007) Src family tyrosine
kinases phosphorylate FIt3 on juxtamembrane tyrosines and interfere with receptor

maturation in a kinase-dependent manner. Ann Hematol, 86, 777-785.

Miyajima, A., Mui, A.L., Ogorochi, T. & Sakamaki, K. (1993) Receptors for granulocyte-
macrophage colony-stimulating factor, interleukin-3, and interleukin-5. Blood, 82,

1960-1974.

Mizuki, M., Fenski, R., Halfter, H., Matsumura, 1., Schmidt, R., Muller, C., Gruning, W.,
Kratz-Albers, K., Serve, S., Steur, C., Buchner, T., Kienast, J., Kanakura, Y., Berdel,
W.E. & Serve, H. (2000) F1t3 mutations from patients with acute myeloid leukemia
induce transformation of 32D cells mediated by the Ras and STATS pathways. Blood,

96, 3907-3914.

231



Mizuki, M., Schwable, J., Steur, C., Choudhary, C., Agrawal, S., Sargin, B., Steffen, B.,
Matsumura, 1., Kanakura, Y., Bohmer, F.D., Muller-Tidow, C., Berdel, W.E. &
Serve, H. (2003) Suppression of myeloid transcription factors and induction of STAT

response genes by AML-specific FIt3 mutations. Blood, 101, 3164-3173.

Moore, J., Seiter, K., Kolitz, J., Stock, W., Giles, F., Kalaycio, M., Zenk, D. & Marcucci, G.
(2006) A Phase II study of Bcl-2 antisense (oblimersen sodium) combined with
gemtuzumab ozogamicin in older patients with acute myeloid leukemia in first

relapse. Leuk Res, 30, 777-783.

Moore, M.A., Dorn, D.C., Schuringa, J.J., Chung, K.Y. & Morrone, G. (2007) Constitutive
activation of FIt3 and STATS5A enhances self-renewal and alters differentiation of

hematopoietic stem cells. Exp Hematol, 35, 105-116.

Morel, C., Carlson, S.M., White, F.M. & Davis, R.J. (2009) Mcl-1 integrates the opposing
actions of signaling pathways that mediate survival and apoptosis. Mol Cell Biol, 29,

3845-3852.

Mrozek, K., Marcucci, G., Paschka, P., Whitman, S.P. & Bloomfield, C.D. (2007) Clinical
relevance of mutations and gene-expression changes in adult acute myeloid leukemia
with normal cytogenetics: are we ready for a prognostically prioritized molecular

classification? Blood, 109, 431-448.

Mullally, A. & Ebert, B.L. (2010) NF1 Inactivation Revs Up Ras in Adult Acute

Myelogenous Leukemia. Clin Cancer Res.

232



Muller, A.M., Duque, J., Shizuru, J.A. & Lubbert, M. (2008) Complementing mutations in
core binding factor leukemias: from mouse models to clinical applications. Oncogene,

27, 5759-5773.

Muller-Tidow, C., Steffen, B., Cauvet, T., Tickenbrock, L., Ji, P., Diederichs, S., Sargin, B.,
Kohler, G., Stelljes, M., Puccetti, E., Ruthardt, M., deVos, S., Hiebert, S.W.,
Koeffler, H.P., Berdel, W.E. & Serve, H. (2004) Translocation products in acute
myeloid leukemia activate the Wnt signaling pathway in hematopoietic cells. Mol

Cell Biol, 24, 2890-2904.

Mullighan, C.G., Kennedy, A., Zhou, X., Radtke, 1., Phillips, L.A., Shurtleff, S.A. &
Downing, J.R. (2007) Pediatric acute myeloid leukemia with NPM1 mutations is
characterized by a gene expression profile with dysregulated HOX gene expression

distinct from MLL-rearranged leukemias. Leukemia, 21, 2000-2009.

Naik, S.H., O'Keeffe, M., Proietto, A., Shortman, H.H. & Wu, L. (2009) CD8+, CD8-, and
plasmacytoid dendritic cell generation in vitro using flt3 ligand. Methods Mol Biol,

595, 167-176.

Naoe, T. & Kiyoi, H. (2004) Normal and oncogenic FLT3. Cell Mol Life Sci, 61, 2932-2938.

Neben, K., Schnittger, S., Brors, B., Tews, B., Kokocinski, F., Haferlach, T., Muller, J.,
Hahn, M., Hiddemann, W., Eils, R., Lichter, P. & Schoch, C. (2005) Distinct gene
expression patterns associated with FLT3- and NRAS-activating mutations in acute

myeloid leukemia with normal karyotype. Oncogene, 24, 1580-1588.

233



Neubauer, A., Shannon, K. & Liu, E. (1991) Mutations of the ras proto-oncogenes in

childhood monosomy 7. Blood, 77, 594-598.

Nicola, N.A., Wycherley, K., Boyd, A.W., Layton, J.E., Cary, D. & Metcalf, D. (1993)
Neutralizing and nonneutralizing monoclonal antibodies to the human granulocyte-

macrophage colony-stimulating factor receptor alpha-chain. Blood, 82, 1724-1731.

Nishioka, C., Ikezoe, T., Yang, J., Gery, S., Koeffler, H.P. & Yokoyama, A. (2009)
Inhibition of mammalian target of rapamycin signaling potentiates the effects of all-
trans retinoic acid to induce growth arrest and differentiation of human acute

myelogenous leukemia cells. Int J Cancer, 125, 1710-1720.

Nishioka, C., Ikezoe, T., Yang, J., Koeffler, H.P. & Yokoyama, A. (2008) Blockade of
mTOR signaling potentiates the ability of histone deacetylase inhibitor to induce
growth arrest and differentiation of acute myelogenous leukemia cells. Leukemia, 22,

2159-2168.

Nobert, G.S., Kraak, M.M. & Crawford, S. (2006) Estrogen dependent growth inhibitory
effects of tamoxifen but not genistein in solid tumors derived from estrogen receptor
positive (ER+) primary breast carcinoma MCF7: single agent and novel combined

treatment approaches. Bull Cancer, 93, ES9-66.

Nordigarden, A., Kraft, M., Eliasson, P., Labi, V., Lam, E.W., Villunger, A. & Jonsson, J.I.
(2009) BH3-only protein Bim more critical than Puma in tyrosine kinase inhibitor-
induced apoptosis of human leukemic cells and transduced hematopoietic progenitors

carrying oncogenic FLT3. Blood, 113, 2302-2311.

234



Nowak, D., Stewart, D. & Koeftler, H.P. (2009) Differentiation therapy of leukemia: 3

decades of development. Blood, 113, 3655-3665.

O'Connell, R.M., Rao, D.S., Chaudhuri, A.A., Boldin, M.P., Taganov, K.D., Nicoll, J.,
Paquette, R.L. & Baltimore, D. (2008) Sustained expression of microRNA-155 in
hematopoietic stem cells causes a myeloproliferative disorder. J Exp Med, 205, 585-

594.

Onishi, M., Nosaka, T., Misawa, K., Mui, A.L., Gorman, D., McMahon, M., Miyajima, A. &
Kitamura, T. (1998) Identification and characterization of a constitutively active

STATS mutant that promotes cell proliferation. Mo/ Cell Biol, 18, 3871-3879.

Ono, R., Kumagai, H., Nakajima, H., Hishiya, A., Taki, T., Horikawa, K., Takatsu, K., Satoh,
T., Hayashi, Y., Kitamura, T. & Nosaka, T. (2009) Mixed-lineage-leukemia (MLL)
fusion protein collaborates with Ras to induce acute leukemia through aberrant Hox

expression and Raf activation. Leukemia, 23, 2197-22009.

Pabst, T. & Mueller, B.U. (2009) Complexity of CEBPA dysregulation in human acute

myeloid leukemia. Clin Cancer Res, 15, 5303-5307.

Park, S., Chapuis, N., Bardet, V., Tamburini, J., Gallay, N., Willems, L., Knight, Z.A.,
Shokat, K.M., Azar, N., Viguie, F., Ifrah, N., Dreyfus, F., Mayeux, P., Lacombe, C. &
Bouscary, D. (2008) PI-103, a dual inhibitor of Class IA phosphatidylinositide 3-

kinase and mTOR, has antileukemic activity in AML. Leukemia, 22, 1698-1706.

235



Park, S., Chapuis, N., Tamburini, J., Bardet, V., Cornillet-Lefebvre, P., Willems, L., Green,
A., Mayeux, P., Lacombe, C. & Bouscary, D. (2009) Role of the PI3K/AKT and

mTOR signaling pathways in acute myeloid leukemia. Haematologica, 95, 819-828.

Parkin, B., Ouillette, P., Wang, Y., Liu, Y., Wright, W., Roulston, D., Purkayastha, A.,
Dressel, A., Karp, J., Bockenstedt, P., Al-Zoubi, A., Talpaz, M., Kujawski, L.,
Shedden, K., Shakhan, S., Li, C., Erba, H. & Malek, S.N. (2010) NF1 Inactivation in

Adult Acute Myelogenous Leukemia. Clin Cancer Res.

Paschka, P., Marcucci, G., Ruppert, A.S., Mrozek, K., Chen, H., Kittles, R.A.,
Vukosavljevic, T., Perrotti, D., Vardiman, J.W., Carroll, A.J., Kolitz, J.E., Larson,
R.A. & Bloomfield, C.D. (2006) Adverse prognostic significance of KIT mutations in
adult acute myeloid leukemia with inv(16) and t(8;21): a Cancer and Leukemia Group

B Study. J Clin Oncol, 24,3904-3911.

Paulsson, K. & Johansson, B. (2007) Trisomy 8 as the sole chromosomal aberration in acute

myeloid leukemia and myelodysplastic syndromes. Pathol Biol (Paris), 55, 37-48.

Pekova, S., Ivanek, R., Dvorak, M., Rueggeberg, S., Leicht, S., Li, X., Franz, T., Kozak, T.,
Vrba, J., Koza, V., Karas, M., Schwarz, J., Cetkovsky, P. & Prucha, M. (2009)
Molecular variability of FLT3/ITD mutants and their impact on the differentiation
program of 32D cells: implications for the biological properties of AML blasts. Leuk

Res, 33, 1409-1416.

Perugini, M., Brown, A.L., Salerno, D.G., Booker, G.W., Stojkoski, C., Hercus, T.R., Lopez,

A.F., Hibbs, M.L., Gonda, T.J. & D'Andrea, R.J. (2010) Alternative modes of GM-

236



CSF receptor activation revealed using activated mutants of the common beta-

subunit. Blood, 115, 3346-3353.

Perugini, M., Kok, C.H., Brown, A.L., Wilkinson, C.R., Salerno, D.G., Young, S.M.,
Diakiw, S.M., Lewis, [.D., Gonda, T.J. & D'Andrea, R.J. (2009) Repression of
Gadd45alpha by activated FLT3 and GM-CSF receptor mutants contributes to

growth, survival and blocked differentiation. Leukemia, 23, 729-738.

Phan, V.T., Shultz, D.B., Truong, B.T., Blake, T.J., Brown, A.L., Gonda, T.J., Le Beau,
M.M. & Kogan, S.C. (2003) Cooperation of cytokine signaling with chimeric
transcription factors in leukemogenesis: PML-retinoic acid receptor alpha blocks

growth factor-mediated differentiation. Mol Cell Biol, 23, 4573-4585.

Pineault, N., Helgason, C.D., Lawrence, H.J. & Humphries, R.K. (2002) Differential
expression of Hox, Meis1, and Pbx1 genes in primitive cells throughout murine

hematopoietic ontogeny. Exp Hematol, 30, 49-57.

Powell, J.A., Thomas, D., Barry, E.F., Kok, C.H., McClure, B.J., Tsykin, A., To, L.B.,
Brown, A., Lewis, I.D., Herbert, K., Goodall, G.J., Speed, T.P., Asou, N., Jacob, B.,
Osato, M., Haylock, D.N., Nilsson, S.K., D'Andrea, R.J., Lopez, A.F. & Guthridge,
M.A. (2009) Expression profiling of a hemopoietic cell survival transcriptome

implicates osteopontin as a functional prognostic factor in AML. Blood, 114, 4859-

4870.

Pratilas, C.A. & Solit, D.B. (2010) Targeting the mitogen-activated protein kinase pathway:

physiological feedback and drug response. Clin Cancer Res, 16, 3329-3334.

237



Radmacher, M.D., Marcucci, G., Ruppert, A.S., Mrozek, K., Whitman, S.P., Vardiman, J.W.,
Paschka, P., Vukosavljevic, T., Baldus, C.D., Kolitz, J.E., Caligiuri, M.A., Larson,
R.A. & Bloomfield, C.D. (2006) Independent confirmation of a prognostic gene-
expression signature in adult acute myeloid leukemia with a normal karyotype: a

Cancer and Leukemia Group B study. Blood, 108, 1677-1683.

Radomska, H.S., Basseres, D.S., Zheng, R., Zhang, P., Dayaram, T., Yamamoto, Y.,
Sternberg, D.W., Lokker, N., Giese, N.A., Bohlander, S.K., Schnittger, S., Delmotte,
M.H., Davis, R.J., Small, D., Hiddemann, W., Gilliland, D.G. & Tenen, D.G. (2006)
Block of C/EBP alpha function by phosphorylation in acute myeloid leukemia with

FLT3 activating mutations. J Exp Med, 203, 371-381.

Radomska, H.S., Huettner, C.S., Zhang, P., Cheng, T., Scadden, D.T. & Tenen, D.G. (1998)
CCAAT/enhancer binding protein alpha is a regulatory switch sufficient for induction
of granulocytic development from bipotential myeloid progenitors. Mol Cell Biol, 18,

4301-4314.

Ramachandran, K., Gopisetty, G., Gordian, E., Navarro, L., Hader, C., Reis, .M., Schulz,
W.A. & Singal, R. (2009) Methylation-mediated repression of GADD45alpha in
prostate cancer and its role as a potential therapeutic target. Cancer Res, 69, 1527-

1535.

Rappold, 1., Ziegler, B.L., Kohler, 1., Marchetto, S., Rosnet, O., Birnbaum, D., Simmons,
P.J., Zannettino, A.C., Hill, B., Neu, S., Knapp, W., Alitalo, R., Alitalo, K., Ullrich,

A., Kanz, L. & Buhring, H.J. (1997) Functional and phenotypic characterization of

238



cord blood and bone marrow subsets expressing FLT3 (CD135) receptor tyrosine

kinase. Blood, 90, 111-125.

Rau, R. & Brown, P. (2009) Nucleophosmin (NPM1) mutations in adult and childhood acute
myeloid leukaemia: towards definition of a new leukaemia entity. Hematol Oncol, 27,

171-181.

Recher, C., Beyne-Rauzy, O., Demur, C., Chicanne, G., Dos Santos, C., Mas, V.M.,
Benzaquen, D., Laurent, G., Huguet, F. & Payrastre, B. (2005) Antileukemic activity

of rapamycin in acute myeloid leukemia. Blood, 105, 2527-2534.

Redaelli, A., Botteman, M.F., Stephens, J.M., Brandt, S. & Pashos, C.L. (2004) Economic
burden of acute myeloid leukemia: a literature review. Cancer Treat Rev, 30, 237-

247.

Riccioni, R., Diverio, D., Riti, V., Buffolino, S., Mariani, G., Boe, A., Cedrone, M., Ottone,
T., Foa, R. & Testa, U. (2009) Interleukin (IL)-3/granulocyte macrophage-colony
stimulating factor/IL-5 receptor alpha and beta chains are preferentially expressed in

acute myeloid leukaemias with mutated FMS-related tyrosine kinase 3 receptor. Br J

Haematol, 144, 376-387.

Richmond, T.D., Chohan, M. & Barber, D.L. (2005) Turning cells red: signal transduction

mediated by erythropoietin. Trends Cell Biol, 15, 146-155.

Rieger, M.A., Hoppe, P.S., Smejkal, B.M., Eitelhuber, A.C. & Schroeder, T. (2009)

Hematopoietic cytokines can instruct lineage choice. Science, 325,217-218.

239



Roche, J., Zeng, C., Baron, A., Gadgil, S., Gemmill, R.M., Tigaud, 1., Thomas, X. &
Drabkin, H.A. (2004) Hox expression in AML identifies a distinct subset of patients

with intermediate cytogenetics. Leukemia, 18, 1059-1063.

Roginskaya, V., Zuo, S., Caudell, E., Nambudiri, G., Kraker, A.J. & Corey, S.J. (1999)
Therapeutic targeting of Src-kinase Lyn in myeloid leukemic cell growth. Leukemia,

13, 855-861.

Rosenbauer, F., Koschmieder, S., Steidl, U. & Tenen, D.G. (2005) Effect of transcription-

factor concentrations on leukemic stem cells. Blood, 106, 1519-1524.

Rosenbauer, F. & Tenen, D.G. (2007) Transcription factors in myeloid development:

balancing differentiation with transformation. Nat Rev Immunol, 7, 105-117.

Rosenbluth, .M., Mays, D.J., Pino, M.F., Tang, L.J. & Pietenpol, J.A. (2008) A gene
signature-based approach identifies mTOR as a regulator of p73. Mol Cell Biol, 28,

5951-5964.

Ross, M.E., Mahfouz, R., Onciu, M., Liu, H.C., Zhou, X., Song, G., Shurtleff, S.A., Pounds,
S., Cheng, C., Ma, J., Ribeiro, R.C., Rubnitz, J.E., Girtman, K., Williams, W.K.,
Raimondi, S.C., Liang, D.C., Shih, L.Y., Pui, C.H. & Downing, J.R. (2004) Gene
expression profiling of pediatric acute myelogenous leukemia. Blood, 104, 3679-

3687.

240



Rucker, F.G., Sander, S., Dohner, K., Dohner, H., Pollack, J.R. & Bullinger, L. (2006)
Molecular profiling reveals myeloid leukemia cell lines to be faithful model systems

characterized by distinct genomic aberrations. Leukemia, 20, 994-1001.

Saeed, A.IL., Bhagabati, N.K., Braisted, J.C., Liang, W., Sharov, V., Howe, E.A., Li, J.,
Thiagarajan, M., White, J.A. & Quackenbush, J. (2006) TM4 microarray software

suite. Methods Enzymol, 411, 134-193.

Sanchez, Y., Amran, D., de Blas, E. & Aller, P. (2009) Regulation of genistein-induced
differentiation in human acute myeloid leukaemia cells (HL60, NB4) Protein kinase

modulation and reactive oxygen species generation. Biochem Pharmacol, 77, 384-

396.

Sancho, P., Galeano, E., Nieto, E., Delgado, M.D. & Garcia-Perez, A.l. (2007) Dequalinium
induces cell death in human leukemia cells by early mitochondrial alterations which

enhance ROS production. Leuk Res, 31, 969-978.

Sanda, T., Li, X., Gutierrez, A., Ahn, Y., Neuberg, D.S., O'Neil, J., Strack, P.R., Winter,
C.G., Winter, S.S., Larson, R.S., von Boehmer, H. & Look, A.T. (2009)
Interconnecting molecular pathways in the pathogenesis and drug sensitivity of T-cell

acute lymphoblastic leukemia. Blood, 115, 1735-1745.

Sauvageau, G., Thorsteinsdottir, U., Hough, M.R., Hugo, P., Lawrence, H.J., Largman, C. &
Humphries, R.K. (1997) Overexpression of HOXB3 in hematopoietic cells causes
defective lymphoid development and progressive myeloproliferation. Immunity, 6,

13-22.

241



Scandura, J.M., Boccuni, P., Cammenga, J. & Nimer, S.D. (2002) Transcription factor

fusions in acute leukemia: variations on a theme. Oncogene, 21, 3422-3444.

Scheijen, B., Ngo, H.T., Kang, H. & Griffin, J.D. (2004) FLT3 receptors with internal
tandem duplications promote cell viability and proliferation by signaling through

Foxo proteins. Oncogene, 23, 3338-3349.

Schessl, C., Rawat, V.P., Cusan, M., Deshpande, A., Kohl, T.M., Rosten, P.M.,
Spiekermann, K., Humphries, R.K., Schnittger, S., Kern, W., Hiddemann, W.,
Quintanilla-Martinez, L., Bohlander, S.K., Feuring-Buske, M. & Buske, C. (2005)
The AML1-ETO fusion gene and the FLT3 length mutation collaborate in inducing

acute leukemia in mice. J Clin Invest, 115, 2159-2168.

Schittenhelm, M.M., Shiraga, S., Schroeder, A., Corbin, A.S., Griffith, D., Lee, F.Y.,
Bokemeyer, C., Deininger, M.W., Druker, B.J. & Heinrich, M.C. (2006) Dasatinib
(BMS-354825), a dual SRC/ABL kinase inhibitor, inhibits the kinase activity of wild-
type, juxtamembrane, and activation loop mutant KIT isoforms associated with

human malignancies. Cancer Res, 66, 473-481.

Schmidt-Arras, D., Bohmer, S.A., Koch, S., Muller, J.P., Blei, L., Cornils, H., Bauer, R.,
Korasikha, S., Thiede, C. & Bohmer, F.D. (2009) Anchoring of FLT3 in the

endoplasmic reticulum alters signaling quality. Blood, 113, 3568-3576.

Schmidt-Arras, D.E., Bohmer, A., Markova, B., Choudhary, C., Serve, H. & Bohmer, F.D.
(2005) Tyrosine phosphorylation regulates maturation of receptor tyrosine kinases.

Mol Cell Biol, 25, 3690-3703.

242



Schnittger, S., Kohl, T.M., Haferlach, T., Kern, W., Hiddemann, W., Spiekermann, K. &
Schoch, C. (2006) KIT-D816 mutations in AML1-ETO-positive AML are associated

with impaired event-free and overall survival. Blood, 107, 1791-1799.

Schnittger, S., Schoch, C., Kern, W., Mecucci, C., Tschulik, C., Martelli, M.F., Haferlach, T.,
Hiddemann, W. & Falini, B. (2005) Nucleophosmin gene mutations are predictors of
favorable prognosis in acute myelogenous leukemia with a normal karyotype. Blood,

106, 3733-3739.

Schoch, C., Kohlmann, A., Schnittger, S., Brors, B., Dugas, M., Mergenthaler, S., Kern, W.,
Hiddemann, W., Eils, R. & Haferlach, T. (2002) Acute myeloid leukemias with
reciprocal rearrangements can be distinguished by specific gene expression profiles.

Proc Natl Acad Sci U S A4, 99, 10008-10013.

Scholl, C., Gilliland, D.G. & Frohling, S. (2008) Deregulation of signaling pathways in acute

myeloid leukemia. Semin Oncol, 35, 336-345.

Schwable, J., Choudhary, C., Thiede, C., Tickenbrock, L., Sargin, B., Steur, C., Rehage, M.,
Rudat, A., Brandts, C., Berdel, W.E., Muller-Tidow, C. & Serve, H. (2005) RGS2 is
an important target gene of FIt3-ITD mutations in AML and functions in myeloid

differentiation and leukemic transformation. Blood, 105, 2107-2114.

Sen, G.L., Reuter, J.A., Webster, D.E., Zhu, L. & Khavari, P.A. (2010) DNMT1 maintains

progenitor function in self-renewing somatic tissue. Nature, 463, 563-567.

243



Shah, N. & Sukumar, S. (2010) The Hox genes and their roles in oncogenesis. Nat Rev

Cancer, 10,361-371.

Sharrocks, A.D. (2006) Cell cycle: sustained ERK signalling represses the inhibitors. Curr

Biol, 16, R540-542.

She, Q.B., Halilovic, E., Ye, Q., Zhen, W., Shirasawa, S., Sasazuki, T., Solit, D.B. & Rosen,
N. (2010) 4E-BP1 is a key effector of the oncogenic activation of the AKT and ERK

signaling pathways that integrates their function in tumors. Cancer Cell, 18, 39-51.

Smyth, G.K. (2004) Linear models and empirical bayes methods for assessing differential

expression in microarray experiments. Stat Appl Genet Mol Biol, 3, Article3.

Socolovsky, M., Lodish, H.F. & Daley, G.Q. (1998) Control of hematopoietic differentiation:
lack of specificity in signaling by cytokine receptors. Proc Natl Acad Sci U S A, 95,

6573-6575.

Soliman, A.S., Zhang, Q., Saleh, T., Zarzour, A., Selim, M., Abdel-Fattah, M. & Abbruzzese,
J.L. (2006) Pancreatic cancer mortality in Egypt: comparison to the United States

pancreatic cancer mortality rates. Cancer Detect Prev, 30, 473-479.

Spandidos, A., Wang, X., Wang, H. & Seed, B. (2009) PrimerBank: a resource of human and
mouse PCR primer pairs for gene expression detection and quantification. Nucleic

Acids Res, 38, D792-799.

244



Springer, T., Galfre, G., Secher, D.S. & Milstein, C. (1979) Mac-1: a macrophage
differentiation antigen identified by monoclonal antibody. Eur J Immunol, 9, 301-

306.

Stam, R.W., Den Boer, M.L., Schneider, P., de Boer, J., Hagelstein, J., Valsecchi, M.G., de
Lorenzo, P., Sallan, S.E., Brady, H.J., Armstrong, S.A. & Pieters, R. (2009)
Association of high-level MCL-1 expression with in vitro and in vivo prednisone

resistance in MLL-rearranged infant acute lymphoblastic leukemia. Blood, 115, 1018-

1025.

Stegmaier, K. (2009) Genomic approaches to small molecule discovery. Leukemia, 23, 1226-

1235.

Stegmaier, K., Ross, K.N., Colavito, S.A., O'Malley, S., Stockwell, B.R. & Golub, T.R.
(2004) Gene expression-based high-throughput screening(GE-HTS) and application

to leukemia differentiation. Nat Genet, 36, 257-263.

Stephenson, J., Lizhen, H. & Mufti, G.J. (1995) Possible co-existence of RAS activation and
monosomy 7 in the leukaemic transformation of myelodysplastic syndromes. Leuk

Res, 19, 741-748.

Stirewalt, D.L. & Radich, J.P. (2003) The role of FLT3 in haematopoietic malignancies. Nat

Rev Cancer, 3, 650-665.

245



Stolzel, F., Steudel, C., Oelschlagel, U., Mohr, B., Koch, S., Ehninger, G. & Thiede, C.
(2010) Mechanisms of resistance against PKC412 in resistant FLT3-ITD positive

human acute myeloid leukemia cells. Ann Hematol, 89, 653-662.

Stubbs, M.C., Kim, Y.M., Krivtsov, A.V., Wright, R.D., Feng, Z., Agarwal, J., Kung, A.L. &
Armstrong, S.A. (2008) MLL-AF9 and FLT3 cooperation in acute myelogenous
leukemia: development of a model for rapid therapeutic assessment. Leukemia, 22,

66-77.

Sudo, T., Nishikawa, S., Ogawa, M., Kataoka, H., Ohno, N., Izawa, A. & Hayashi, S. (1995)
Functional hierarchy of c-kit and c-fms in intramarrow production of CFU-M.

Oncogene, 11, 2469-2476.

Suh, H.S., Kim, M.O. & Lee, S.C. (2005) Inhibition of granulocyte-macrophage colony-
stimulating factor signaling and microglial proliferation by anti-CD45RO: role of Hck

tyrosine kinase and phosphatidylinositol 3-kinase/Akt. J Immunol, 174, 2712-2719.

Sullivan, R.M., Stone, M., Marshall, J.F., Uberall, F. & Rotenberg, S.A. (2000) Photo-
induced inactivation of protein kinase calpha by dequalinium inhibits motility of

murine melanoma cells. Mol Pharmacol, 58, 729-737.

Sun, Q., Woodcock, J.M., Rapoport, A., Stomski, F.C., Korpelainen, E.I., Bagley, C.J.,
Goodall, G.J., Smith, W.B., Gamble, J.R., Vadas, M.A. & Lopez, A.F. (1996)
Monoclonal antibody 7G3 recognizes the N-terminal domain of the human
interleukin-3 (IL-3) receptor alpha-chain and functions as a specific IL-3 receptor

antagonist. Blood, 87, 83-92.

246



Sung, L.Y., Gao, S., Shen, H., Yu, H., Song, Y., Smith, S.L., Chang, C.C., Inoue, K., Kuo,
L., Lian, J., Li, A., Tian, X.C., Tuck, D.P., Weissman, S.M., Yang, X. & Cheng, T.
(2006) Differentiated cells are more efficient than adult stem cells for cloning by

somatic cell nuclear transfer. Nat Genet, 38, 1323-1328.

Szilvassy, S.J. (2003) The biology of hematopoietic stem cells. Arch Med Res, 34, 446-460.

Tagliafico, E., Tenedini, E., Manfredini, R., Grande, A., Ferrari, F., Roncaglia, E., Bicciato,
S., Zini, R., Salati, S., Bianchi, E., Gemelli, C., Montanari, M., Vignudelli, T.,
Zanocco-Marani, T., Parenti, S., Paolucci, P., Martinelli, G., Piccaluga, P.P.,
Baccarani, M., Specchia, G., Torelli, U. & Ferrari, S. (2006) Identification of a
molecular signature predictive of sensitivity to differentiation induction in acute

myeloid leukemia. Leukemia, 20, 1751-1758.

Takahashi-Yanaga, F. & Kahn, M. (2010) Targeting Wnt signaling: can we safely eradicate

cancer stem cells? Clin Cancer Res, 16, 3153-3162.

Tallman, M.S. (2008) What is the role of arsenic in newly diagnosed APL? Best Pract Res

Clin Haematol, 21, 659-666.

Tamburini, J., Green, A.S., Bardet, V., Chapuis, N., Park, S., Willems, L., Uzunov, M., Ifrah,
N., Dreyfus, F., Lacombe, C., Mayeux, P. & Bouscary, D. (2009) Protein synthesis is
resistant to rapamycin and constitutes a promising therapeutic target in acute myeloid

leukemia. Blood, 114, 1618-1627.

247



Tao, H. & Umek, R.M. (1999) Reciprocal regulation of gadd45 by C/EBP alpha and c-Myec.

DNA Cell Biol, 18, 75-84.

Tartaglia, M., Martinelli, S., lavarone, 1., Cazzaniga, G., Spinelli, M., Giarin, E., Petrangeli,
V., Carta, C., Masetti, R., Arico, M., Locatelli, F., Basso, G., Sorcini, M., Pession, A.
& Biondi, A. (2005) Somatic PTPN11 mutations in childhood acute myeloid

leukaemia. Br J Haematol, 129, 333-339.

Tenen, D.G. (2003) Disruption of differentiation in human cancer: AML shows the way. Nat

Rev Cancer, 3, 89-101.

Theilgaard-Monch, K., Jacobsen, L.C., Borup, R., Rasmussen, T., Bjerregaard, M.D.,
Nielsen, F.C., Cowland, J.B. & Borregaard, N. (2005) The transcriptional program of

terminal granulocytic differentiation. Blood, 105, 1785-1796.

Tickenbrock, L., Hehn, S., Sargin, B., Choudhary, C., Baumer, N., Buerger, H., Schulte, B.,
Muller, O., Berdel, W.E., Muller-Tidow, C. & Serve, H. (2008) Activation of Wnt
signalling in acute myeloid leukemia by induction of Frizzled-4. Int J Oncol, 33,

1215-1221.

Tong, T., Ji, J., Jin, S., Li, X., Fan, W., Song, Y., Wang, M., Liu, Z., Wu, M. & Zhan, Q.
(2005) Gadd45a expression induces Bim dissociation from the cytoskeleton and

translocation to mitochondria. Mol Cell Biol, 25, 4488-4500.

Tonks, A., Hills, R., White, P., Rosie, B., Mills, K.I., Burnett, A K. & Darley, R.L. (2007a)

CD200 as a prognostic factor in acute myeloid leukaemia. Leukemia, 21, 566-568.

248



Tonks, A., Pearn, L., Musson, M., Gilkes, A., Mills, K.I., Burnett, A.K. & Darley, R.L.
(2007b) Transcriptional dysregulation mediated by RUNX1-RUNXIT1 in normal

human progenitor cells and in acute myeloid leukaemia. Leukemia, 21, 2495-2505.

Towatari, M., lida, H., Tanimoto, M., Iwata, H., Hamaguchi, M. & Saito, H. (1997)
Constitutive activation of mitogen-activated protein kinase pathway in acute leukemia

cells. Leukemia, 11, 479-484.

Toyota, M., Kopecky, K.J., Toyota, M.O., Jair, K.W., Willman, C.L. & Issa, J.P. (2001)

Methylation profiling in acute myeloid leukemia. Blood, 97, 2823-2829.

Tran, H., Brunet, A., Grenier, J.M., Datta, S.R., Fornace, A.J., Jr., DiStefano, P.S., Chiang,
L.W. & Greenberg, M.E. (2002) DNA repair pathway stimulated by the forkhead

transcription factor FOXO3a through the Gadd45 protein. Science, 296, 530-534.

Tsiftsoglou, A.S., Bonovolias, [.D. & Tsiftsoglou, S.A. (2009) Multilevel targeting of
hematopoietic stem cell self-renewal, differentiation and apoptosis for leukemia

therapy. Pharmacol Ther, 122, 264-280.

Valencia, A., Roman-Gomez, J., Cervera, J., Such, E., Barragan, E., Bolufer, P., Moscardo,
F., Sanz, G.F. & Sanz, M.A. (2009) Wnt signaling pathway is epigenetically
regulated by methylation of Wnt antagonists in acute myeloid leukemia. Leukemia,

23, 1658-1666.

Valk, P.J., Verhaak, R.G., Beijen, M.A., Erpelinck, C.A., Barjesteh van Waalwijk van

Doorn-Khosrovani, S., Boer, J.M., Beverloo, H.B., Moorhouse, M.J., van der Spek,

249



P.J., Lowenberg, B. & Delwel, R. (2004) Prognostically useful gene-expression

profiles in acute myeloid leukemia. N Engl J Med, 350, 1617-1628.

Vempati, S., Reindl, C., Kaza, S.K., Kern, R., Malamoussi, T., Dugas, M., Mellert, G.,
Schnittger, S., Hiddemann, W. & Spiekermann, K. (2007) Arginine 595 is duplicated
in patients with acute leukemias carrying internal tandem duplications of FLT3 and

modulates its transforming potential. Blood, 110, 686-694.

Vempati, S., Reindl, C., Wolf, U., Kern, R., Petropoulos, K., Naidu, V.M., Buske, C.,
Hiddemann, W., Kohl, T.M. & Spiekermann, K. (2008) Transformation by oncogenic
mutants and ligand-dependent activation of FLT3 wild-type requires the tyrosine

residues 589 and 591. Clin Cancer Res, 14, 4437-4445.

Verhaak, R.G., Wouters, B.J., Erpelinck, C.A., Abbas, S., Beverloo, H.B., Lugthart, S.,
Lowenberg, B., Delwel, R. & Valk, P.J. (2009) Prediction of molecular subtypes in
acute myeloid leukemia based on gene expression profiling. Haematologica, 94, 131-

134.

Vilar, E., Mukherjee, B., Kuick, R., Raskin, L., Misek, D.E., Taylor, J.M., Giordano, T.J.,
Hanash, S.M., Fearon, E.R., Rennert, G. & Gruber, S.B. (2009) Gene expression
patterns in mismatch repair-deficient colorectal cancers highlight the potential
therapeutic role of inhibitors of the phosphatidylinositol 3-kinase-AKT-mammalian

target of rapamycin pathway. Clin Cancer Res, 15, 2829-2839.

250



Vora, A., Mitchell, C.D., Lennard, L., Eden, T.O., Kinsey, S.E., Lilleyman, J. & Richards,
S.M. (2006) Toxicity and efficacy of 6-thioguanine versus 6-mercaptopurine in

childhood lymphoblastic leukaemia: a randomised trial. Lancet, 368, 1339-1348.

Wall, M., Poortinga, G., Hannan, K.M., Pearson, R.B., Hannan, R.D. & McArthur, G.A.
(2008) Translational control of c-MYC by rapamycin promotes terminal myeloid

differentiation. Blood, 112, 2305-2317.

Wallace, D.R. & Booze, R.M. (1995) Identification of D3 and sigma receptors in the rat
striatum and nucleus accumbens using (+/-)-7-hydroxy-N,N-di-n-[3H]propyl-2-

aminotetralin and carbetapentane. J Neurochem, 64, 700-710.

Walters, D.K., Stoffregen, E.P., Heinrich, M.C., Deininger, M.W. & Druker, B.J. (2005)
RNAi-induced down-regulation of FLT3 expression in AML cell lines increases

sensitivity to MLNS518. Blood, 105, 2952-2954.

Wang, D., D'Costa, J., Civin, C.I. & Friedman, A.D. (2006) C/EBPalpha directs monocytic

commitment of primary myeloid progenitors. Blood, 108, 1223-1229.

Wang, H., Lindsey, S., Konieczna, 1., Bei, L., Horvath, E., Huang, W., Saberwal, G. &
Eklund, E.A. (2009a) Constitutively active SHP2 cooperates with HoxA10

overexpression to induce acute myeloid leukemia. J Biol Chem, 284, 2549-2567.

Wang, W., Huper, G., Guo, Y., Murphy, S.K., Olson, J.A., Jr. & Marks, J.R. (2005) Analysis
of methylation-sensitive transcriptome identifies GADDA45a as a frequently

methylated gene in breast cancer. Oncogene, 24, 2705-2714.

251



Wang, X., Lupardus, P., Laporte, S.L. & Garcia, K.C. (2009b) Structural biology of shared

cytokine receptors. Annu Rev Immunol, 27, 29-60.

Wang, Y., Cai, D., Brendel, C., Barett, C., Erben, P., Manley, P.W., Hochhaus, A., Neubauer,
A. & Burchert, A. (2007) Adaptive secretion of granulocyte-macrophage colony-
stimulating factor (GM-CSF) mediates imatinib and nilotinib resistance in
BCR/ABL+ progenitors via JAK-2/STAT-5 pathway activation. Blood, 109, 2147-

2155.

Wang, Y., Krivtsov, A.V., Sinha, A.U., North, T.E., Goessling, W., Feng, Z., Zon, L.I. &
Armstrong, S.A. (2010) The Wnt/beta-catenin pathway is required for the

development of leukemia stem cells in AML. Science, 327, 1650-1653.

Wang, Z., Smith, K.S., Murphy, M., Piloto, O., Somervaille, T.C. & Cleary, M.L. (2008)
Glycogen synthase kinase 3 in MLL leukaemia maintenance and targeted therapy.

Nature, 455, 1205-1209.

Waskow, C., Liu, K., Darrasse-Jeze, G., Guermonprez, P., Ginhoux, F., Merad, M.,
Shengelia, T., Yao, K. & Nussenzweig, M. (2008) The receptor tyrosine kinase FIt3 is
required for dendritic cell development in peripheral lymphoid tissues. Nat Immunol,

9, 676-683.

Weisberg, E., Banerji, L., Wright, R.D., Barrett, R., Ray, A., Moreno, D., Catley, L., Jiang,
J., Hall-Meyers, E., Sauveur-Michel, M., Stone, R., Galinsky, 1., Fox, E., Kung, A.L.

& Griffin, J.D. (2008) Potentiation of antileukemic therapies by the dual PI3K/PDK-1

252



inhibitor, BAG956: effects on BCR-ABL- and mutant FLT3-expressing cells. Blood,

111, 3723-3734.

Weisberg, E., Sattler, M., Ray, A. & Griffin, J.D. (2010) Drug resistance in mutant FLT3-

positive AML. Oncogene.

Weiss, A. & Schlessinger, J. (1998) Switching signals on or off by receptor dimerization.

Cell, 94, 277-280.

Whitman, S.P., Ruppert, A.S., Radmacher, M.D., Mrozek, K., Paschka, P., Langer, C.,
Baldus, C.D., Wen, J., Racke, F., Powell, B.L., Kolitz, J.E., Larson, R.A., Caligiuri,
M.A., Marcucci, G. & Bloomfield, C.D. (2008) FLT3 D835/I836 mutations are
associated with poor disease-free survival and a distinct gene-expression signature
among younger adults with de novo cytogenetically normal acute myeloid leukemia

lacking FLT3 internal tandem duplications. Blood, 111, 1552-1559.

Woosley, R.L. & Cossman, J. (2007) Drug development and the FDA's Critical Path

Initiative. Clin Pharmacol Ther, 81, 129-133.

Yamaguchi, H., Hanawa, H., Uchida, N., Inamai, M., Sawaguchi, K., Mitamura, Y.,
Shimada, T., Dan, K. & Inokuchi, K. (2009) Multistep pathogenesis of leukemia via
the MLL-AF4 chimeric gene/F1t3 gene tyrosine kinase domain (TKD) mutation-

related enhancement of S100A6 expression. Exp Hematol, 37, 701-714.

253



Yamamoto, T., Ebisuya, M., Ashida, F., Okamoto, K., Yonehara, S. & Nishida, E. (2006)
Continuous ERK activation downregulates antiproliferative genes throughout G1

phase to allow cell-cycle progression. Curr Biol, 16, 1171-1182.

Yamamoto, Y., Kiyoi, H., Nakano, Y., Suzuki, R., Kodera, Y., Miyawaki, S., Asou, N.,
Kuriyama, K., Yagasaki, F., Shimazaki, C., Akiyama, H., Saito, K., Nishimura, M.,
Motoji, T., Shinagawa, K., Takeshita, A., Saito, H., Ueda, R., Ohno, R. & Naoe, T.
(2001) Activating mutation of D835 within the activation loop of FLT3 in human

hematologic malignancies. Blood, 97, 2434-2439.

Yang, J., Ikezoe, T., Nishioka, C., Ni, L., Koeffler, H.P. & Yokoyama, A. (2010) Inhibition
of mMTORC1 by RADO0O1 (everolimus) potentiates the effects of 1,25-
dihydroxyvitamin D(3) to induce growth arrest and differentiation of AML cells in

vitro and in vivo. Exp Hematol, 38, 666-676.

Yang, J., Shamji, A., Matchacheep, S. & Schreiber, S.L. (2007) Identification of a small-
molecule inhibitor of class Ia PI3Ks with cell-based screening. Chem Biol, 14, 371-

377.

Yang, L., Kim, H.T., Munoz-Medellin, D., Reddy, P. & Brown, P.H. (1997) Induction of
retinoid resistance in breast cancer cells by overexpression of cJun. Cancer Res, 57,

4652-4661.

Yeh, J.R., Munson, K.M., Elagib, K.E., Goldfarb, A.N., Sweetser, D.A. & Peterson, R.T.
(2009) Discovering chemical modifiers of oncogene-regulated hematopoietic

differentiation. Nat Chem Biol, 5, 236-243.

254



Yochum, G.S., McWeeney, S., Rajaraman, V., Cleland, R., Peters, S. & Goodman, R.H.
(2007) Serial analysis of chromatin occupancy identifies beta-catenin target genes in

colorectal carcinoma cells. Proc Natl Acad Sci U S A, 104, 3324-3329.

Yokoyama, T., Kanno, Y., Yamazaki, Y., Takahara, T., Miyata, S. & Nakamura, T. (2010)

Trib1 links the MEK1/ERK pathway in myeloid leukemogenesis. Blood.

Zhang, D.E., Zhang, P., Wang, N.D., Hetherington, C.J., Darlington, G.J. & Tenen, D.G.
(1997) Absence of granulocyte colony-stimulating factor signaling and neutrophil
development in CCAAT enhancer binding protein alpha-deficient mice. Proc Natl

Acad Sci U S A4, 94, 569-574.

Zhang, P.J., Barcos, M., Stewart, C.C., Block, A.W., Sait, S. & Brooks, J.J. (2000)
Immunoreactivity of MIC2 (CD99) in acute myelogenous leukemia and related

diseases. Mod Pathol, 13, 452-458.

Zheng, R., Friedman, A.D., Levis, M., Li, L., Weir, E.G. & Small, D. (2004) Internal tandem
duplication mutation of FLT3 blocks myeloid differentiation through suppression of

C/EBPalpha expression. Blood, 103, 1883-1890.

Zhou, J., Su, P., Wang, L., Chen, J., Zimmermann, M., Genbacev, O., Afonja, O., Horne,
M.C., Tanaka, T., Duan, E., Fisher, S.J., Liao, J. & Wang, F. (2009) mTOR supports
long-term self-renewal and suppresses mesoderm and endoderm activities of human

embryonic stem cells. Proc Natl Acad Sci U S A, 106, 7840-7845.

255



Chapter 7:

Appendix

7.1 Appendix A. Reagent Recipes

FACS WASH

PBS containing 5% FCS or Newborn Calf Serum, 0.2% Sodium Azide (w/v)**.

** made from 10% Sodium Azide stock, stored at 4°C

FACS FIX

PBS containing 2% glucose (w/v), 1% formaldehyde (v/v), 0.02% Sodium Azide

Modified RIPA Lysis Buffer

Tris-Hcl (pH. 7.4)
NP-40
Na-deoxycholate
NaCl

EDTA

Pefabloc
Complete Cocktail
Naz;VO,

NaF

50mM

1%

0.25%

150mM

ImM

1:50 dil of 100mM stock
1X

ImM

2mM
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7.2 Appendix B. Powell et al, 2009

Powell, J.A. et al. (2009) Expression profiling of a hemopoietic cell survival
transcriptome implicates osteopontin as a functional prognostic factor in AML.
Blood, v. 114 (23), pp. 4859-4870, November 2009

NOTE: This publication is included in the print copy of the thesis
held in the University of Adelaide Library.

It is also available online to authorised users at:

http://dx.doi.org/10.1182/blood-2009-02-204818




7.3 Appendix C. Effect of FLT3 mutations in CBF leukaemia on overall

survival and event-free survival
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Appendix C. Effect of FLT3 mutations in CBF leukaemia on overall survival and
event-free survival. A. The overall survival and event-free survival of inv(16) FLT3-
WT (n=22) and FLT3-TKD (n=4). B. The overall survival and event-free survival of
t(8;21) FLT3-WT (n=20) and FLT3-ITD (n=3) excluding the FLT3-TKD (n=1). C.
The overall survival and event-free survival of t(8;21) (n=20), inv(16) (n=22)
excluding all the FLT3 mutations. The statistical significance was assessed using log-
rank test. The clinical information extracts from the study Figueroa et al (Figueroa et

al,2010).
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7.4 Appendix D. Perugini et al, 2009

Perugini, M. et al. (2009) Repression of Gadd45a by activated FLT3 and GM-CSF
receptor mutants contributes to growth, survival and blocked differentiation.
Leukemia, v. 23, pp. 729-738, 2009

NOTE: This publication is included in the print copy of the thesis
held in the University of Adelaide Library.

It is also available online to authorised users at:

http://dx.doi.org/10.1038/leu.2008.349




7.5 Appendix E. Kok et al, 2010

Kok, C.H. et al. (2010) Gene expression analysis reveals HOX gene upregulation in
trisomy 8 AML.
Leukemia, v. 24, pp. 1239-1243, 2010

NOTE: This publication is included in the print copy of the thesis
held in the University of Adelaide Library.
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