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Abstract
INTRODUCTION: Chronic myeloid leukaemia (CIVIL) is a clonal myeloproliferative
disorder of the haemopoietic stem cell (HSC). It results from acquisition of the
Philadelphia (Ph) chromosome and expression of the oncogenic fusion protein
BCR-ABL. Imatinib mesylate (IM) is a tyrosine kinase inhibitor (TKI) which
competitively inhibits ATP binding to BCR-ABL,
downstream

signal

transduction

pathways.

resulting in inhibition of

Despite

inducing

a complete

cytogenetic response in the majority of CIVIL patients in chronic phase (CP), nearly
all patients treated with IM have detectable disease at the molecular level by
quantitative RT-PCR and, therefore, are unlikely to be cured. It has been
demonstrated that this molecular persistence results from a population of
quiescent CIVIL stem cells which are not effectively targeted by IM. In addition, a
minority of CML patients harbour BCR-ABL kinase domain mutations, rendering
them IM-resistant. We set out to investigate different therapeutic strategies for
targeting the quiescent CML stem cell population in vitro. These strategies were
treating with continuous or interrupted IM in combination with recombinant human
granulocyte-colony stimulating factor (rHu-G-CSF), comparing the efficacy of IM
with the novel, dual SRC/BCR-ABL TKI, dasatinib, and combining either IM or
dasatinib with the cytotoxic farnesyltransferase inhibitor (FTI), BMS-214662.
METHODS: CD34^ CML cells isolated from newly diagnosed CP CML patients,
normal CD34^ cells, total mononuclear cells (MNC) from blast crisis (BC) CML
patients and acute myeloid leukaemia (AML) patients, and wild-type and mutant
BCR-ABL-expressing Ba/F3 cells were cultured in the described conditions. To
assess efficacy against the primitive progenitor population, carboxy-fluorescein
diacetate succinimidyl diester (CFSE) was used to track cell division and caspase3 activity to assess apoptosis in primary cell samples. To determine the inhibitory
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effect of different agents on BCR-ABL kinase activity a flow-cytometry based CrKL
phosphorylation assay was developed and used. The relevance of SRC kinases in
the different phases of CML was assessed by measuring expression of
phosphorylated SRC (p-SRC) and BCL-2 at baseline and again following
treatment with different TKIs (IM, dasatinib and PP2). Previous studies have
indicated that alterations in BCL-2 expression may be linked to SRC family kinase
activity in CML cells in vitro. Long-term culture-initiating cell (LTC-IC) assays were
used to determine the efficacy of BMS-214662 against CML and normal HSC.
Tritiated thymidine proliferation assays were employed to assess concentrationresponse curves and determine the efficacy of BMS-214662 in Ba/F3 cell lines
with BCR-ABL kinase mutations.

Fluorescence in-situ hybridisation (FISH)

confirmed the proportion of BCR-ABL^ CD34^ cells at baseline and again after
culture in the different treatment conditions.
RESULTS; Interrupted IM therapy did not enhance the eradication of total viable
cells or non-proliferating CFSE"^^^ CD34^ CML cells compared to continuous IM.
The combination of continuous IM with intermittent rHu-G-CSF more effectively
reduced total viable cells than other IM/rHu-G-CSF combinations. Imatinib
mesylate had no significant effect on non-proliferating CFSE*^®^ CD34^ CML cells.
Intermittent rHu-G-CSF significantly reduced non-proliferating CFSE*^®^ CD34""
CML cells compared to either no rHu-G-CSF or continuous rHu-G-CSF by
increasing the number of cells which left the quiescent fraction by cell division. The
addition of IM did not enhance this effect.
At therapeutically achievable concentrations (5pM and 150nM, respectively) IM
and dasatinib had equivalent cytotoxicity on primary CD34^ CML cells. Compared
to no drug control, neither IM nor dasatinib reduced the non-proliferating CFSE"^®^
CD34^ CML cell population. Caspase-3 activity was not significantly increased in

4

the treatment arms, indicating that the cells exiting the undivided gate did so by
cell division and not apoptosis. Using the CrKL phosphorylation assay, dasatinib
was shown to be a more effective BCR-ABL kinase inhibitor than IM. Activated
SRC expression, measured by p-SRC and BCL-2 levels, was significantly
increased in CD34^ CML cells compared to normal CD34^ cells. There was a trend
for higher p-SRC, but not BCL-2 expression, in BC compared to CP CML. Further
results suggested that p-SRC expression was mediated by BCR-ABL, as IM or
dasatinib, but not the SRC-specific kinase inhibitor PP2, reduced p-SRC
expression; albeit only temporarily with IM.
BMS-214662 was very potent against CD34^ CML cells at clinically achievable
concentrations (250nM). When used in combination with IM or dasatinib, BMS214662 significantly enhanced overall cytotoxicity compared to either IM or
dasatinib alone. BMS-214662 targeted non-proliferating CFSE"^^^ CD34^ cells in
short-term culture experiments, and had minimal anti-proliferative effect. Apoptosis
studies

demonstrated

that

BMS-214662

increased

caspase-3

activity

in

proliferating and non-proliferating CFSE^^^ CD34^ CML cells. BMS-214662
overcame the anti-proliferative effects of IM or dasatinib to significantly reduce
non-proliferating CFSE"^®^ CD34^ cells present after treatment. The LTC-IC assays
confirmed that BMS-214662 was targeting primitive CML stem cells and provided
evidence of selectivity for CML versus normal HSCs. In 2 of 3 patients, FISH
confirmed that more than 90% of the cells surviving LTC-IC were Ph ; further
evidence for the selectivity of BMS-214662 for Ph^ cells. Preliminary experiments
presented here indicate that BMS-214662 is likely to be effective in BC CML,
patients with BCR-ABL kinase mutations resistant to TKIs and also AML.

CONCLUSIONS: Intermittent exposure to rHu-G-CSF can enhance the effect of
IM on CML cells by specifically targeting the non-proliferating CD34^ sub
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population. A pilot study to treat CP CML patients with IM and intermittent rHu-GCSF is currently underway to determine if this strategy will reduce molecular
persistence in vivo, Dasatinib was more effective than IM within the CML stem cell
compartment, however the most primitive quiescent CML cells appear to be
inherently resistant to both drugs, indicating that BCR-ABL and SRC kinases may
not be relevant targets in the most primitive quiescent CML stem cell population.
BMS-214662 is the first agent assessed using the CFSE method to show a
significant reduction in non-proliferating CFSE"^^^ CD34^ cells compared to the no
drug control in CML. LTC-IC confirmed that BMS-214662 was targeting CML stem
cells and highlighted specificity for Ph^ versus Ph' cells. Further studies are
ongoing to elucidate the mode of action of BMS-214662 which may have utility not
only in CML but also other malignancies in which cancer stem cells have been
identified.
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ABL
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APC
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BCR-ABL
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Acute lymphoblastic leukaemia
Allogeneic stem cell transplant
Acute myeloid leukaemia
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Adenosine triphosphate
Blast crisis
Bicinchoninic acid
Breakpoint cluster region gene
BCR-ABL fusion gene
BCR-ABL protein tyrosine kinase
Bovine serum albumin/insulin/transferrin serum substitute
Bovine serum albumin
Complete cytogenetic response
Cluster of differentiation; cell surface molecules recognised by
specific sets of antibodies
Centromere protein
Colony-forming cell assay
Carboxy-fluorescein diacetate succinimidyl diester
Granulocyte macrophage-colony forming unit
Complete haematologic response
Cytokine-induced SH2~containing family of proteins
Chronic lymphocytic leukaemia
Chronic myeloid leukaemia
Complete molecular response
Chronic phase
v-Crk avian sarcoma virus CT10 oncogene homolog-like
Chemokine (C-X-C motif) receptor 4
Donor lymphocyte infusion
Dulbecco's modified eagle medium
Dimethyl sulphoxide
Deoxyribonucleic acid
Deoxyribonuclease
Ethylenediaminetetraacetic acid
Epidermal growth factor
Epidermal growth factor receptor
Enzyme-linked immunosorbent assay
Fluorescence activated cell sorting
Focal adhesion kinase
Foetal calf serum
Fibroblast growth factor receptor
Fluorescence in-situ hybridisation
Fluorescein isothiocyanate
Fluorescence channel
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FSC
FT
FTI
Go
Gi
G2
G-CSF
G-CSF-R
G-CSF-R
G-proteins
GIMI
GM-CSF
GGT
GvHD
GvL
GSK-3P
HBSS-CMF
HLA
HSC
lAP
IC50
IFN-a
ig
IkK
IL
IM
IMDM
iNOS
IRIS
JAK
K562-R
kbp
kD
LAMA-R
LDAC
LSC
LTBMC
LTC-IC
M
MARK
MCR
mCR
MDR
MFI
mg
mL
MMoIR
MNC
MRC
MRD
mRNA
mTOR
MW
M9

Forward scatter
Farnesyltransferase
Farnesyltransferase inhibitor
Gap phase 0 (of cell cycle; quiescent)
Gap phase 1 (of cell cycle)
Gap phase 2 (of cell cycle)
Granulocyte-colony stimulating factor
Granulocyte-colony stimulating factor receptor gene
Granulocyte-colony stimulating factor receptor protein
Guanine nucleotide binding proteins
G-CSF with Imatinib Mesylate Intermittently
Granulocyte macrophage-colony stimulating factor
Geranylgeranyltransferase
Graft versus host disease
Graft versus leukaemia
Glycogen synthase kinase-3p
Hank’s buffered salt solution - calcium and magnesium free
Human leukocyte antigen
Haemopoietic stem cell
Inhibitor of apoptosis protein
Inhibitory concentrationso
Interferon-a
Immunoglobulin
IkB kinase
Interleukin
Imatinib mesylate
Iscove’s Modified Dulbecco’s Medium
Inducible nitric oxide synthase
International study of Interferon versus STI571
Janus kinase
IM-resistant K562 cell line
Kilobase pairs
KiloDalton
IM-resistant LAMA cell line
Low dose cytosine arabinoside
Leukaemic stem cell
Long term bone marrow culture
Long term culture-intitiating cell assay
Mitosis phase (of cell cycle)
Mitogen-activated protein kinase
Major cytogenetic response
Minor cytogenetic response
Multidrug resistance protein
Mean fluorescence intensity
Milligrams
Millilitres
Major molecular response
Mononuclear cell
Medical Research Council
Minimal residual disease
Messenger ribonucleic acid
Mammalian target of rapamycin
Molecular weight
Micrograms
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mm

NA
NCI
NCRN
ND
NF-KB
ng
nM
NK cells
NO
NOD
P
PAGE
PBS
PCR
PDGF-R
PE
PFS
Ph
PI
PI3K
PMSF
PTEN
PTPases
qRT-PCR
Ras-GAP
Ras-GDP
Ras-GTP
rHu-G-CSF
RISCT
ROS
RPM
RT-PCR
S
SCF
SCID
SCT
SDF-1
SDS
SEM
SFM
SFM + 5GF
SH
sIRNA
SKI
SOCS
SOS
SSC
STAT
STI
t
TDZD-8
TG buffer

Micromolar
Not applicable/not available
National Cancer Institute
National Cancer Research Network
Not determined
Nuclear factor- kB
Nanograms
Nanomolar
Natural killer cells
Nitric oxide
Non-obese diabetic
Phosphorylated
Polyacrylamide gel electrophoresis
Phosphate buffered saline
Partial cytogentic response
Platelet-derived growth factor receptor
Phycoerythrin
Progression free survival
Philadelphia chromosome
Propidium iodide
Phosphatîdylinositol-3-kinase
Phenoxymethylsulphonylfluoride
Phosphatase and tensin homolog
Protein tyrosine phosphatases
Quantitative real-time RT-PCR
Ras-GTPase activating protein
Ras-guanidine diphosphate
Ras-guanidine triphosphate
Recombinant human G-CSF
Reduced intensity stem cell transplant
Reactive oxygen species
Revolutions per minute
Reverse transcriptase polymerase chain reaction
Synthesis phase (DNA; of cell cycle)
Stem cell factor
Severe combined immunodeficiency
Stem cell transplant
Stromal-derived factor-1
Sodium dodecyl sulphate
Standard error of the mean
Serum free medium
Serum free medium supplemented with a 5 growth factor
cocktail (IL-3, IL-6, Flt-3 ligand, G-CSF, SCF)
SRC homology domain
Short interfering RNA
SRC kinase inhibitor
Suppressors of cytokine signalling family of proteins
Son of sevenless
Side scatter
Signal transducers and activators of transcription
Signal transduction inhibitor 571
Translocation
4-benzyl, 2-methyl, 1,2,4-thiadiazolidine 3,5-dione
Tris/glycine buffer
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TGS buffer
TKI
VEGF-R
WCC
WHO
WT
Y

Tris/glycine/SDS buffer
Tyrosine kinase inhibitor
Vascular endothelial growth factor receptor
White cell count
World Health Organisation
Wild type
Tyrosine
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1

Introduction

1.1 Haemopoietic stem cells and normal haemopoiesis
Stem cells are defined as cells that can differentiate into multiple different cell
types and have the ability to self-renew. There are two broad categories of stem
cells: (1) the pluripotent stem cell which can differentiate into endoderm,
mesoderm and ectoderm, e.g. embryonic stem cells; and (2) multi potent stem cells
which are lineage-specific and include haemopoietic stem cells (HSC). The HSC is
a relatively rare cell within the bone marrow, and it is estimated that there are
between 3x10^ and 4x10® HSC in the human, based on studies using limiting
dilution analysis in NOD-SCID mice (Wang et al., 1997) and long-term cultureinitiating cell (LTC-IC) assays (Pettengell et al., 1994). Further studies indicate that
each HSC divides approximately 70 times during its lifetime (Vickers et al., 2000)
so its self-renewal capacity is finite. By this process of cellular amplification, it is
estimated that if one stem cell divides 20 times then 1x10® mature cells are
produced.
Haemopoiesis is the process of blood cell production. As the majority of mature
blood cells only live for a short time in the circulation (a few hours in the case of
granulocytes) before destruction by the spleen, it is necessary for the bone
marrow to produce up to 10^® cells per day to maintain the haemopoietic system.
The process of haemopoiesis begins with the multipotent HSC which has self
renewal capacity and the ability to differentiate into all types of mature blood cell
(myeloid, erythroid, lymphoid etc) through a range of lineage-committed progenitor
cells (Figure 1-1).
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Figure 1-1. Diagrammatic representation of the HSC and the cell lines produced from it. Only
long-term and short-term stem cells undergo self-renewal. The multi potent progenitors do
not undergo self-renewal, but give rise to common myeloid and common lymphoid
progenitors, which through several proliferation and differentiation steps, give rise to the
mature cells of the haemopoletic system.

The ability of HSCs to self-renew is heterogeneous and studies on mouse bone
marrow cells indicate that 0.05% of bone marrow cells are multipotent progenitors.
This HSC population can be divided into three distinct maturational sub
populations: long-term self-renewing HSCs that produce mature haemopoietic
cells for the lifetime of the mouse; short-term self-renewing HSCs; and multipotent
progenitors which have lost the ability to self-renew, reconstitute lethally irradiated
mice for less than eight weeks and have increased mitotic activity (Morrison et al.,
1997).
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It is believed that, in steady state, only a minority of HSCs reconstitute the
haemopoietic system, with the vast majority of HSCs existing in a quiescent state
(i.e.in Go; out of the cell cycle). This extended period in Go allows the resting HSCs
time to repair any DMA damage and maintain their genetic integrity (Lajtha, 1979).
Evidence for the existence of HSCs in a quiescent state came from culture studies
in which primitive human progenitor cells remained as single cells for as long as
two weeks and only began proliferation after stimulation with a cytokine cocktail
(Leary et al., 1989; Leary et al., 1992).
Potential human HSCs are characterised as CD34^lin"CD38' (Miller et al., 1999)
and these cells have the ability to repopulate SCID mice. However, for clinical and
the majority of research purposes, HSCs tend to be isolated on the basis of CD34
expression only, resulting in a heterogeneous population of which only a small
proportion are multipotent HSCs. The CD34 antigen is a transmembrane
glycoprotein and member of the sialomucin family (Simmons et al., 2001).
Although its precise function is unknown, CD34 is believed to be involved in cell
adhesion.
The in vitro study of HSCs is difficult for a number of reasons. Firstly, these are
rare cells with only relatively small numbers present in any individual. Secondly, in
vitro culture results in varying degrees of expansion and differentiation of these
cells depending on the culture conditions. This results in the loss of stem cell
phenotype as the cells mature and acquire lineage-specific markers, and the stem
cells become diluted by their more mature progeny. Thirdly, despite extensive
studies into the functional and phenotypic properties of HSCs (Weissman, 2000),
the mechanisms which control self-renewal versus proliferation and differentiation
remain unexplained. The HSC achieves both these functions via asymmetric cell
division in which one new HSC is produced along with one daughter which then
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undergoes symmetrical division and differentiates. However, HSCs can also
undergo symmetrical cell division to produce two daughter cells. It is believed that
stem cell fate is decided by, as yet unidentified, factors in the stem cell niche.
Following the identification and characterisation of the HSC, comparisons were
drawn with the behaviour of cancer cells, in particular leukaemias, with the first
evidence for the ‘cancer stem cell’ being described in acute myeloid leukaemia
(AML), (Bonnet and Dick, 1997). The leukaemic stem cell (LSC) shares a number
of properties with normal HSC including self-renewal capacity, similar phenotype
(i.e. CD34^38 ) and the ability to reconstitute NOD-SCID mice, with the recipient
mice developing leukaemias of the same phenotype as the transplanted cells. It is
now believed that the LSC is derived from an HSC following one or more
leukaemogenic events (Figure 1-2). Chronic myeloid leukaemia (CML) and acute
lymphoblastic leukaemia (ALL) have also been described as HSC disorders
(Eaves et al., 1998; Cobaleda et al., 2000).

Leukaemogenic
event(s)

r

Self-renewal

HSC

LSC

Self-renewal

m

Clonogenic
leukaemic
progenitors

Non-clonogenic
leukaemic blast cells

Figure 1-2. Schematic diagram of the transformation of an HSC to a LSC which also retains
the capacity to self-renew. Following a number of intermediate progenitor stages, the
leukaemic blast cells are produced and these blast cells form the vast majority of leukaemic
cells present.
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1.2 Chronic myeloid leukaemia (CML)
Chronic myeloid leukaemia develops when a single, multipotent HSC acquires the
Philadelphia (Ph) chromosome (Figure 1-3) which is an abnormal, shortened
chromosome 22 that results from a reciprocal translocation between the long arms
of chromosomes 9 and 22 and is designated t(9;22)(q34;q11) (Rowley, 1973). In
the 1980s, it was shown that this translocation resulted in the ABL proto
oncogene, normally on chromosome 9, becoming juxtaposed with the breakpoint
cluster region (BCR) on chromosome 22 (Bartram et al., 1983; Groffen et al.,
1984), resulting in production of the unique fusion gene product BCR-ABL, a
210kD oncoprotein, often referred to as

which is a constitutively

active tyrosine kinase (Lugo et al., 1990). The Ph chromosome appears in the
myeloid, erythroid, megakaryocytic and lymphoid cells of CML patients.

Normal chromosome 9
Chromosome 9 with derivative from 22
Philadelphia chromosome
Q

j

5 3 0 *0

Normal chromosome 22

Figure 1-3. The Philadelphia (Ph) chromosome results from a reciprocal translocation
between the long arms of chromosome 9 and 22, t(9;22)(qS4;q11). The Ph chromosome Is
the shortened chromosome 22 and results In production of the fusion gene product BCRABL which has unregulated tyrosine kinase activity. A reciprocal fusion, ABL-BCR, Is
formed on the long arm of chromosome 9; however, this is not thought to play a role In the
pathogenesis of CML. In addition to the Ph chromosome, a minority of patients (~15%) have
deletions on the long arm of chromosome 9 which occur at the time of the reciprocal
translocation, Involve the derivative chromosome 22 and are associated with a poor
prognosis (Huntly et al., 2001).
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Chronic myeloid leukaemia is a myeloproliferative disorder and accounts for 1520% of all leukaemias in adults (Faderl et al., 1999). The incidence of CML is
constant worldwide at 1.0 to 1.5 per 100,000 of the population. The median age of
onset is 40-60 years; however, it may occur in children and the very old. There is a
slight male predominance (1.4:1). The risk of CML is slightly increased by
exposure to high doses of irradiation as seen in atomic bomb survivors and
patients irradiated for ankylosing spondylitis. Most cases of CML are sporadic and
no predisposing factors or familial predispositions have been identified.
Chronic myeloid leukaemia has three stages: chronic phase (CP); accelerated
phase (AP); and blast crisis (BC). It is usually diagnosed in CP, which is
characterised

by

a

leucocytosis

due

to

increased

granulopoiesis

with

hepatosplenomegaly as a result of leukaemic infiltration and can last from several
months to several years. In 50% of patients, the disease evolves gradually,
through an intermediate stage, AP, which may last for months or occasionally
years before frank BC. In the remaining 50%, the CP transforms unpredictably and
abruptly to BC. In AP there is an increase in the number of immature cells in the
bone marrow or peripheral blood and it may be associated with additional
cytogenetic abnormalities (i.e. clonal evolution). Blast crisis may be of myeloid or
lymphoid lineage and behaves like an acute leukaemia; it carries a very poor
prognosis. The WHO criteria for the diagnosis of AP and BC CML are shown in
Table 1-1 (Vardiman et al., 2002).
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AP CML
Diagnosis if one or more of the following present:
Blasts 10-19% of peripheral white cell count (WCC) or bone marrow cells;
Peripheral blood basophils ^ 20%;
Persistent thrombocytopenia (< 100x10^/L) unrelated to therapy, or persistent
thrombocytosis > 1000x10^/L unresponsive to therapy;
Increasing spleen size or WCC unresponsive to therapy;
Cytogenetic evidence of clonal evolution.
BC CML
Diagnosis if one or more of the following present:
Blasts ^ 20% of peripheral WCC or bone marrow cells;
Extramedullary blast proliferation;
Large clusters or foci of blasts in bone marrow trephine.
Table 1-1. Criteria for the diagnosis of AP and BC CML.

The peripheral blood and bone marrow in CP CML usually have a distinct
morphological appearance. There is a leucocytosis, usually > 50x10®/L, but
occasionally > 500x10®/L with a complete spectrum of myeloid cells present in the
peripheral blood. The white cell differential count is characteristic with myelocytes
and mature neutrophils predominating. Blast cells and promyelocytes are
increased to a lesser extent. Nearly all patients have a basophilia and the majority
also have an eosinophilia. There is often an associated normochromic normocytic
anaemia. The platelet count may be normal, increased or decreased. The bone
marrow is usually very hypercellular with marked granulocytic hyperplasia and the
myeloid:erythoid ratio often exceeds 10:1. Occasionally there may be associated
megakaryocyte hyperplasia or marrow fibrosis at presentation.

1.2.1 BCR-ABL and its mechanisms of action
The fusion gene product, BCR-ABL, has a central role in the pathogenesis of CML
and this makes it an attractive target for drug therapy. A number of features of
BCR-ABL are essential for cellular transformation. In BCR these include the
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coiled-coil motif present in amino acids 1-63, the tyrosine at position 177 (Y177),
and phosphoserine-threonine-rich sequences between amino acids 192-242 and
298-413; and in ABL, the SHI, SH2, and actin-binding domains (Pendergast et al.,
1991; McWhirter et al., 1993; Pendergast et al., 1993). The most important
functional domains of BCR and ABL proteins are shown in Figure 1-4.
Autophosphorylated

BCR-ABL tyrosine kinase phosphorylates a range of

substrates and activates a range of intracellular signalling pathways which alter
the behaviour of CML stem cells in a number of ways. Substrates of BCR-ABL can
be grouped into three broad categories (1) adaptor molecules such as CrKL and
p6 2 ° 0 Cj (2) proteins associated with the cell membrane and cytoskeleton such as
talin and paxillin and (3) proteins with catalytic function such as Ras-GAP and
phospholipase Cy (Deininger et al., 2000). Figure 1-5 shows the main pathways
activated by BCR-ABL in CML cells.

NH,

C-C^'
moUf

Y177

Ser/Thr kinase

GAP

COOH

BCR protein

NH,

SH2
ABL protein

SHI

NLS

DNA
binding

m

COOH

Figure 1-4. The important functional domains of BCR and ABL proteins. In BCR, the colledcoll (C-C) motif Is at the amino (NH2 ) terminus. This Is followed by the tyrosine at position
177, and phosphoserlne-threonlne-rlch sequences between amino acids 192-242 and 298413. The serlne-threonlne rich kinase domain of BCR contains an SH2 binding domain and
can bind the SH2 domain of ABL In a non-phosphotyroslne-dependent manner. BCR also
has a GTPase-actlvatIng protein (GAP)-homology domain and a pleckstrin (PH) domain at
the carboxy (COOH) terminus. In ABL, there are SH3, SH2 and SHI domains towards the
amino terminus followed by a nuclear localisation site (NLS). At the carboxy terminus there
are DNA and actin binding domains. C-C, colled coll; Y177, tyrosine 177; Ser/Thr kinase,
serlne-threonlne rich kinase domain; GAP, GTPase-actlvatIng protein; PH, pleckstrin
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homology; SH, Src homology domain; NLS, nuclear localisation site. Adapted from
Holyoake (Holyoake, 2001).

BCR-ABL

PI3K
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mTOR

NFkB
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p53
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MEK

ERK 1

Mitochondrion
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Figure 1-5. Schematic diagram of the three main signal transduction pathways (PI3K-AKT,
Ras-Raf-MEK-ERK and JAK-STAT) activated by BCR-ABL in CML cells. In normal HSC,
these pathways are activated by the cytokine interleukin-3 (IL-3) and promote survival,
growth and differentiation. However, BCR-ABL activates these pathways in the absence of
IL-3, resulting in increased proliferation and prolonged survival by inhibiting apoptosis
(Steelman et ai., 2004).

BCR-ABL has transforming activity both in vitro and in vivo which was originally
demonstrated in a mouse model (Daley et a!., 1990). Briefly, in these studies,
murine bone marrow was infected with a retrovirus encoding

and

transplanted into irradiated syngeneic recipients. The transplant recipients
developed haematological malignancies, including a CML-like myeloproliferative
disorder in the majority.
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In vitro cell culture studies (Eaves et al., 1986; Eaves et al., 1987) have shown that
BCR-ABL results in marked clonal expansion (i.e. proliferation) in association with
increasing differentiation. However, this is heterogeneous, with proliferation rates
varying between patients. In addition, in CML, the mechanisms which normally
maintain the majority of HSCs in a quiescent state are deregulated, contributing to
the increased proliferation, although a deeply quiescent population of CML stem
cells has been identified (Holyoake et al., 1999). Further evidence for an increased
proliferation rate in CML versus normal progenitor cells comes from studies of
telomere dynamics which showed that there was accelerated replicationdependent telomere shortening in Ph^ versus Ph' leucocytes (Brummendorf et al.,
2000). In addition, very short telomeres predicted early progression to BC,
suggesting a link between the CML stem cell, genetic instability and disease
progression. An alternative hypothesis for the cell expansion seen in CML called
the ‘discordant maturation hypothesis’ has also been proposed in which the most
mature proliferating cells in CP CML are responsible for expansion of the Ph^
population (Strife et al., 1988). However, further studies have demonstrated that
the myeloid expansion observed in CML is far more likely to be a result of
increased numbers of primitive CML progenitor cells (Marley et al., 1996).
The increased proliferation and abnormal circulation of primitive CML progenitors
can, in part, be explained by abnormal adhesive interactions between the bone
marrow microenvironment and the CML cells. Studies have shown that CML
progenitors fail to adhere to normal stromal layers (Gordon et al., 1987; Verfaillie
et al., 1992) and that this may be related to abnormal function of adhesion
molecules. Further studies using LTC-IC and colony forming cell (CFC) assays
have demonstrated that treatment with interferon-a (IFN-a) restores normal
adhesive interactions between CML cells and the bone marrow stroma in a
concentration-dependent manner (Dowding et al., 1991; Bhatia et al., 1994). In
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addition, in CML cells, restoration of normal adhesive properties in the presence of
IFN-a was inhibited by antibodies to

04,

as and (3i integrins. These integrins are

present at normal levels on CML progenitors and the levels are unchanged by
IFN-a treatment (Bhatia et al., 1994). This indicates that abnormal adhesion
between CML progenitors and bone marrow stroma may result from defective a4 (3 i
and aspi integrin receptor function which results in a failure in the transmission of
signals that inhibit proliferation from the bone marrow microenvironment to the
primitive CML progenitors. Normalisation of progenitor-stromal interactions by IFNa in CML may result in normal progenitor proliferation and partly explain the
therapeutic efficacy of IFN-a in CML.
In addition to the deregulation of cell proliferation in CML, there is an imbalance
between the rate of cell production and cell death. As shown in Figure 1-5, BCRABL triggers multiple signal transduction pathways including the PI3K-AKT, RasRaf-MEK-ERK and JAK-STAT pathways (Steelman et al., 2004) which inhibit
apoptosis and prolong growth factor-independent survival of CML cells (Bed! et al.,
1994). Inhibition of BCR-ABL by antisense oligonucleotides reversed this antiapoptotic effect resulting in increased cell death in response to serum deprivation
or treatment with cytotoxic agents (Bedi et ai., 1994; McGahon et al., 1994).
Further studies have shown that the anti-apoptotic effect of BCR-ABL is
associated with prolongation of cell cycle arrest at the G2 M checkpoint (Bedi et al.,
1995). In this study, BCR-ABL"" Ba/F3 cells were exposed to ionising radiation and
cell cycle distribution was assessed. The irradiated Ba/F3 cells remained viable
and had a prolonged G2 arrest compared to non-irradiated cells. It was
hypothesised that this transient delay at the G2 checkpoint promoted cell survival
by permitting repair of otherwise lethal DNA damage caused by cytotoxic agents,
thus allowing successful completion of DNA replication and explaining, at least in
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part, the resistance to chemotherapeutic agents seen in CML. These repaired
CML cells were then capable of proliferating through subsequent cell divisions.
1.2.1.1 Phosphatidylinositol-3 kinase-AKT pathway
Phosphatidylinositol-3 kinase (PI3K) activity is associated with cell division,
glucose

transport/metabolism,

cytoskeletal

organisation

and

inhibition

of

apoptosis. In CML, BCR-ABL forms a complex with PI3K, Cbl and the adaptor
molecules Crk and CrKL via which PI3K is activated (Battler and Salgia, 1998).
AKT exerts it anti-apoptotic effects through phosphorylation of downstream target
molecules. The first downstream target of AKT to be identified was the BCL-2
family member protein BAD (Datta et al., 1997; Andreeff et al., 1999). The
phosphorylation of BAD by AKT resulted in the association of BAD with 14-3-3
proteins, which enhanced cell survival by inhibiting the binding of BAD to BCL-2
and B C L x l , thus allowing B C L xl to bind pro-apoptotic BAX molecules and
preventing the formation of pro-apoptotic BAX homodimers. Studies have shown
that BAD-dependent and independent anti-apoptotic pathways are active in CML
(Neshat et al., 2000).

AKT also phosphorylates IkB kinase (IkK ), which induces degradation of the
nuclear factor-xB (N F -k B ) inhibitor IkB. NF-kB is a transcription factor that inhibits
apoptosis and may also regulate cellular transformation (Romashkova and
Makarov, 1999). Expression of BCR-ABL, via up-regulation of AKT, leads to
activation of NF-xB-dependent transcription by causing nuclear translocation of
NF-KB and increasing the trans-activation function of the RelA/p65 subunit of NFkB

(Figure 1-6). This activation is dependent on the tyrosine kinase activity of

BCR-ABL and partially requires Ras (Reuther et al., 1998). The mechanism by
which Ras activates N F -kB is not known, but may be through AKT which is
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downstream of Ras as well as BCR-ABL. However, inhibition of Ras blocks NF-kB
activation.

BCR-ABL

Ras
IkK ^ Activation of IkK via AKT
Phosphorylation of IkB
NF-kB

Ik B

Nucleus

Figure

1-6.

Schematic

NF-kB

diagram

'^Degradation of Ik B by 26S proteasome

Proliferation
Inhibition of apoptosis
Invasion
Control of differentiation

of the upregulation

of NF-kB by BCR-ABL. AKT

phosphorylates IkK, resulting in the subsequent phosphorylation and degradation of IkB.
Without the inhibitory effect of IkB, NF-kB is activated and translocated to the nucleus
where it exerts effects on proliferation, inhibition of apoptosis, tumour invasion and control
of differentiation. The mechanism of activation of NF-kB by Ras is unknown.

Further downstream targets of AKT include MDM2 and mammalian target of
rapamycin (mTOR). MDM2 is a negative regulator of the function of the tumour
suppressor gene p53 that targets p53 for degradation by the proteasome (Mayo
and Donner, 2001). Studies have shown that BCR-ABL activates MDM2 resulting
in increased MDM2 expression and enhanced resistance to apoptosis (Trotta et
al., 2003). The serine threonine kinase mTOR is a central regulator of cell growth
and recent studies have shown that BCR-ABL induces expression of vascular
endothelial growth factor via the PI3K pathway and mTOR, contributing to the
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increased angiogenesis seen in CML (Mayerhofer et al., 2002; Mayerhofer et al.,
2005).
1.2.1.2 Ras-Raf-MEK-ERK pathway
The Ras proteins are a group of guanine nucleotide binding proteins (G-protelns)
that, following isoprenylation in the cytosol, associate with the inner plasma
membrane of the cell and transduce external signals to the interior of the cell.
They belong to the protein group termed the ‘Ras superfamily of monomeric
GTPases’ which also contains the Rho and Rab protein families which are
involved in the signal transduction between cell-surface receptors and the actin
cytoskeleton and regulation of intracellular transport vesicles, respectively. The
Ras protein superfamily are substrates for post-translational modification and
undergo prénylation via farnesyItransferase (FT) and geranylgeranyltransferase
(GGT). Ras proteins exist in specific isoforms (H-Ras, K-Ras and N-ras) that differ
in their affinity for specific isoprenyl groups and are either in an active form (RasGTP) or inactive form (Ras-GDP) which is tightly regulated (Figure 1-7). The RasRaf-MEK-ERK pathway, which is often referred to as the mitogen-activated protein
kinase (MAPK) pathway, transmits signals from cell surface receptors to
transcription factors in the nucleus and is able to interact with other signal
transduction pathways including PI3K-AKT and JAK-STAT. Activation of Ras by
cytokines such as IL-3 leads to recruitment of the serine-threonine kinase Raf to
the cell membrane which results in a signalling cascade through MEK1/2 and ERK
culminating in the activation of gene transcription (Marais et al., 1995; Cahill et ai.,
1996). It is believed that when mutated, Ras is no longer under the control of its
regulators such as the positive regulator Son of sevenless (SOS; a guanine
nucleotide exchange factor) (Figure 1-7), resulting in constitutive activation of
Ras-GTP (Lowy and Willumsen, 1993).
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Figure 1-7. Schematic diagram of Ras-medlated signalling. Ras Is farnesylated In the
cytoplasm

by

fa rn esy Itra nsfe rase

(FT)

and

this

process

can

be

Inhlbted

by

farnesyltransferase Inhibitors (FTIs). Farnesylated Ras (Ras-F) then translocates to the cell
membrane where It Interacts with the regulatory proteins GAP and SOS. Farnesylated Ras
cycles between active GTP-bound and Inactive GDP-bound forms. Activated farnesylated
Ras-GTP stimulates the Raf-MEK-ERK effector pathway resulting In alterations In the
transcriptional control of cell growth, proliferation and differentiation. The association of
BCR-ABL with the Grb-2/SOS complex stabilises Ras In Its activated GTP-bound form
resulting In Increased cell growth and proliferation.

A number of associations between BCR-ABL and Ras have been identified.
Autophosphorylation of BCR-ABL on Y177 allows direct interaction with the
adaptor molecule Grb-2 (Pendergast et al., 1993). This enables Grb-2 to bind SOS
and stabilise Ras in its activated GTP-bound form. The adaptor molecules She
and CrKL can also activate Ras (Oda et al., 1994; Pelicci et al., 1995; Senechal et
al., 1996). In CML, BCR-ABL activates Ras, and inhibition of Ras results in arrest
of cell growth. This was demonstrated in cell line models in which the introduction
of a dominant-negative Ras into BCR-ABL-transfected cells inhibited malignant
transformation (Sawyers et al., 1995). Further studies have shown that disrupting
the Grb-2/SOS complex inhibits Ras-mediated cell proliferation in BCR-ABL
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expressing cell lines and primary CML cells (Kardinal et al., 2001). Therefore, the
Ras-Raf-MEK-ERK axis appears to be important in the pathogenesis of BCR-ABL^
leukaemias and inhibition of this pathway may represent a valuable treatment
option for patients with CML (Section 1.3.3.1).
1.2.1.3 JAK-STAT pathway
The JAK-STAT pathway is activated by cytokines such as IL-3, IFN-a and
granulocyte macrophage-colony stimulating factor (GM-CSF). The Janus kinases
(JAKs) are a class of tyrosine kinases which phosphorylate and activate a group of
transcription factors called the signal transducers and activators of transcription
(STATs). The STATs are then translocated to the nucleus where they up regulate
the transcription of specific genes which are predominantly associated with the
regulation of cell survival, proliferation and differentiation. The JAK-STAT pathway
is regulated by the suppressors of cytokine signalling (SOCS) and cytokineinduced SH2-containing (CIS) family of proteins. To date, four different JAK (JAK
1-3 and TYK1), seven different STAT (STAT 1, 2, 3, 4, 5a, 5b, and 6) and six
different SOGS/CIS (SOCS 1-5 and CIS1) molecules have been described
(Kisseleva et al., 2002). The STATs are constitutively phosphorylated in CML cells
and appear to contribute to the malignant transformation seen in CML (Chai et al.,
1997; de G root et al., 1999). The constitutive activation of STAT5 is not always
associated with the activation of JAK, indicating that BCR-ABL may be able to
directly activate STAT5 (Chai et al., 1997). The effect of STAT activation on BCRABL-transformed

cells

is

predominantly

anti-apoptotic

and

involves

transcriptional activation of B C L xl (Horita et al., 2000; Siliaber et al., 2000).

the
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1.2.2 Growth factor independence in CML
1.2.2.1 Interleukin-3 (IL-3)
Interleukin-3 is a highly glycosylated 26kD cytokine. It binds to the IL-3 receptor
which is a member of the cytokine receptor gene family. Activation of the IL-3
receptor induces the activity of the JAK-STAT, PI3K-AKT and Ras signalling
pathways promoting survival, growth and differentiation of HSCs (Steelman et al.,
2004).
1.2.2.2 Granulocyte-colony stimulating factor (G-CSF)
Like IL-3, granulocyte-colony stimulating factor (G-CSF) is a 25kD glycoprotein
that acts as a cytokine. It binds to the G-CSF receptor (G-CSF-R), another
member of the cytokine receptor gene family, resulting in ligation of the
extracellular domain of the G-CSF-R. The G-CSF-R is expressed by all cells in the
granulocyte series, including HSCs (McKinstry et al., 1997). In addition, the GCSF-R is also expressed on endothelial cells, placental cells, activated T
lymphocytes and many non-haemopoietic tumour cell lines (Roberts, 2005).
Granulocyte-colony

stimulating

factor

affects

survival,

proliferation

and

differentiation of all cells of myeloid lineage, from HSCs to mature neutrophils
through activation of downstream signal transduction pathways including JAKSTAT, PI3K-AKT and Ras as well as the SRC family of proteins. Stimulation with
G-CSF alone is sufficient for committed myeloid progenitors to proliferate and
differentiate. However, for normal HSC proliferation, additional stimulation with
other cytokines is also required. Further functional roles for G-CSF include
speeding up the maturation of metamyelocytes, enhancing the function of mature
neutrophils

by

increasing

superoxide

production,

bacteriocidal

killing

and

phagocytosis, mobilisation of HSCs from the bone marrow into the peripheral

Mhairi Copland, 2007

Chapter 1, 39

blood and, possibly regulation of immune responses (Roberts, 2005). All tissues in
the body are capable of producing G-CSF after stimulation, in particular,
macrophages, endothelial cells, fibroblasts, other mesenchymal cells and bone
marrow stroma.
In humans, the serum concentration of G-CSF is very low (1.4±0.7 pg/mL) in
healthy subjects (Jorgensen et al., 2003). However, levels significantly increase in
response to infection or inflammation and fall again with recovery (Kawakami et
al.,

1990;

Jorgensen

et al.,

2003).

Inflammatory stimuli

such

as

IL-1,

lipopolysaccharide and tumour necrosis factor-a increase the production of G-CSF
by macrophages, fibroblasts and endothelial cells (Roberts, 2005). Interleukin-17
is thought to be a major upstream regulator of G-CSF production, particularly by
bone marrow cells and, in vitro, results in a concentration-dependent increase in
G-CSF expression (Fossiez et al., 1996). In vivo, in a murine model deficient in
leucocyte adhesion molecules which resulted in abnormal haemopoiesis and
neutrophilia, inhibition of IL-17 reduced serum G-CSF concentrations and
neutrophil count, thereby providing evidence for a feedback loop between IL-17
and G-CSF (Forlow et al., 2001).
Recently, SOCS-3 was shown to be rapidly up-regulated in response to G-CSF in
mature neutrophils and the myeloid cell line U937 (Hortner et al., 2002). SOCS-3
negatively regulates STAT activation. In addition, this study showed that
recruitment of SOCS-3 to the G-CSF-R was phosphorylation dependent and
pY729 was the major recruitment site on the G-CSF-R for SOCS-3. An in vivo
mouse model in which the haemopoietic cells had a SOCS-3 deletion confirmed
that SOCS-3 was an important negative regulator of G-CSF signalling in myeloid
cells (Croker et al., 2004). When given exogenous G-CSF, these mice developed
neutrophilia, splenomegaly and inflammatory disorders.
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1.2.2.3 The roles of autocrine IL-3 and G-CSF production in CIVIL
Research in the late 1980s first demonstrated that the production of autocrine
growth factors in myeloid malignancies resulted in autonomous growth (Young et
al., 1987; Oster et al., 1989). Studies in murine bone marrow transplantation
models showed that in mice, in whom the bone marrow cells had either been
retrovirally transduced or transgenically engineered to produce IL-3, there was
development of a myeloproliferative disorder with leukaemic transformation of
primitive progenitors (Chang et al., 1989; Wong et al., 1989; Just et al., 1993).
Further in vitro studies have demonstrated that continuous expression of BCRABL in cytokine-dependent cell lines resulted in growth factor-independent
proliferation in association with autocrine production of IL-3 and GM-CSF (Li et al.,
1999; Li et al., 2001; Peters et al., 2001b). In addition, in one of these studies,
transplant of these cells into a mouse model induced a fatal leukaemia (Peters et
al., 2001b). However, the other study showed that IL-3 and GM-CSF were not
required for induction of a CML-like myeloproliferative disorder in mice by BCRABL (Li et al., 2001), but may be required for disease maintenance. Research has
also shown that primitive CD34^ CML stem cells produce IL-3 and G-CSF via an
autocrine mechanism which results in increased STAT5 phosphorylation that is
highly dependent on IL-3 but not G-CSF (Jiang et al., 1999; Jiang et al., 2000b). It
is believed that this contributes to their resistance to apoptosis by prolonging the
growth factor independent survival of CML progenitors. This hypothesis was
further corroborated by in vitro studies which showed that, after prolonged culture,
IL-3""" mouse bone marrow cells transduced with BCR-ABL required rescue with
an IL-3 transgene to maintain growth factor-independence and STATS activation,
in addition, these BCR-ABL-transduced cells lacked in vivo leukaemogenic activity
(Jiang et al., 2002). These data are also supported by results from an in vivo
mouse model which used a murine retroviral stem cell vector to transduce the
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BCR-ABL oncogene into mouse bone marrow cells (Zhang and Ren, 1998). A
myeloproliferative disorder resembling human CP CML was induced in 100% of
transplanted mice in association with excess production of IL-3. Overall, these
studies suggest that the combined expression of BCR-ABL and IL-3 may be vital
to leukaemia stem cell survival in CML. However, the role of G-CSF is less clear.
It was first demonstrated in 1990 that G-CSF transcripts were increased in CML
(Klein et al., 1990). This study also showed that the G-CSF produced from these
cells was functional, as supernatants taken from cultures of these cells were
capable of stimulating growth of granulocyte-forming colonies from normal bone
marrow cells. Additionally, the growth of colonies obtained from these CML cells
could be inhibited by neutralising G-CSF antibodies. Therefore, this study
concluded that CML-derived progenitors secrete autocrine G-CSF which drives
terminal cell divisions. Further studies have confirmed that purified populations of
CD34^ CML cells can survive and proliferate in vitro in the absence of exogenous
growth factors, however, normal CD34^ cells rapidly die under the same culture
conditions (Bedi et al., 1994; Maguer-Satta et al., 1998). Jiang et al have also
shown that when CD34^ cells differentiate and become CD34’, IL-3 and G-CSF
production decrease, and the cells lose their growth factor independence in vitro,
despite the continued expression of BCR-ABL (Jiang et al., 1999). In addition,
these autonomously proliferating CD34^ CML cells are capable of producing
clonogenic progenitors in vitro for all the lineages (erythroid, granulocytemacrophage and megakaryocyte) that normal CD34^ cells generate in vivo in the
presence of haemopoietic growth factors (Jiang et al., 2000b). These findings
highlight the role of autocrine growth factor production in the multi-lineage
expansion of CD34'*' CML cells that occurs in vivo.
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1.2.3 Quiescent LSCs in CML
Cells with a mechanism of autocrine IL-3 production would be expected to have
Increased cell cycle activity which would make them susceptible to eradication by
conventional chemotherapy agents. However, CML is incurable using repeated
AML-type chemotherapy (Kantarjian et al., 1991) suggesting that there is a pool of
quiescent CML stem cells which are resistant to treatment. Studies have now
confirmed the existence of a highly quiescent population of LSC in CML (Holyoake
et al., 1999). Viable BCR-ABL^ Go cells were isolated using Hoescht 33342 and
Pyronin Y staining from total CD34^ CML cells by fluorescence activated cell
sorting (FACS) and were demonstrated to have in vitro progenitor activity by LTCIC assay and the capability of engrafting immunodeficient mice. The ability of
these quiescent CML stem cells to produce leukaemic progeny also illustrates the
reversibility of this quiescent state. Further research showed that the entry of BCRABL^ progenitors into a quiescent state in vivo was greatest in the most primitive
leukaemia cell populations. This was associated with down-regulation of IL-3 and
G-CSF gene expression, and spontaneously reversed in association with up
regulation of IL-3 expression and entry of cells into a continuously cycling state
(Holyoake et al., 2001). The phenomenon of quiescence in CML is important
because it would be predicted that the growth factor-independent quiescent CML
stem cells would have a proliferative advantage over normal quiescent HSCs
when the concentration of cytokines is low.

1.2.4 The historicai treatment of CML
There have been great advances in the management of CML over the past half
century. Prior to this, a range of therapies including arsenic, benzene, radiotherapy
and splenectomy were used as palliative treatment in small numbers of patients
with limited success (Geary, 2000). From the 1950s to the 1980s, patients with CP
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CML were treated with the oral alkylating agent busulphan as this was relatively
specific for haemopoietic tissue (Galton, 1953). However, this frequently resulted
in permanent sterility and bone marrow failure, and was later reserved for
progressive disease.
In the 1980s, IFN-a, and the ribonucleotide reductase inhibitor hydroxycarbamide
(formerly hydroxyurea), were introduced for the management of CML. Interferon-a
is given by subcutaneous injection and is effective at reducing the leukocyte count
and reversing the clinical and laboratory features of CML. In addition, it has been
observed that 5-15% of patients receiving IFN-a sustain a very significant
reduction in Ph^ marrow metaphases (cytogenetic response) with restoration of
Ph' 'normal' haemopoiesis (Talpaz et al., 1986). However, IFN-a is not without
side effects; almost all patients experience rigors, fevers, muscle aches and
general 'flu-like' symptoms on commencing therapy. These symptoms usually last
1-2 weeks and can be relieved by paracetamol, but they recur whenever the dose
is increased. A significant proportion of patients are unable to tolerate IFN-a as a
result of lethargy, malaise, weight loss, depression and other psychological
disorders.
Hydroxycarbamide targets relatively mature myeloid progenitors. It is given orally
and the leukocyte count begins to fall within a few days of commencing therapy.
Hydroxycarbamide therapy can be continued indefinitely, but does not induce a
cytogenetic response and has no effect on the natural history of the disease, with
patients eventually progressing to more advanced phases of CML (Kantarjian et
al., 1993). Hydroxycarbamide has relatively few side effects.
The 1980s also saw the introduction of allogeneic stem cell transplantation
(alloSCT) which, for the first time, offered the possibility of cure for younger CML
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patients (<50-55 years of age) with HLA-matched donors (Goldman et at., 1986).
This accounts for approximately 20% of CML patients’; however, the procedure is
associated with significant morbidity and a mortality of between 20 and 40%, most
commonly resulting from opportunistic infections and graft-versus-host disease
(GvHD) (Sawyers, 1999; Silver et al., 1999). For those patients’ who receive an
alloSCT, a leukaemia-free survival rate of up to 70% is achieved (Clift and
Anasetti, 1997). The success of alloSCT in CML is related to the power of the
“graft-versus-leukaemia” (GvL) effect in addition to myeloablation. The GvL effect
is greatest in those patients who have post-transplant GvHD, with GvL and GvHD
being driven by major and minor HLA mismatches between donor and recipient
(Spierings et al., 2004), although donor T lymphocytes may also recognise and
destroy as yet unidentified leukaemia-specific antigens (Barrett and van Rhee,
1997). Donor T cell responses to minor histocompatibility antigen differences may
contribute up to 35% of the total GvL response in leukaemic patients (Kloosterboer
et al., 2004).
For patients that relapse after alloSCT, donor lymphocyte infusions (DLI) are given
in incremental doses with the aim of harnessing the GvL effect. A response to DLI
can be expected between 3 and 12 months post-infusion. The success rate of DLI
for relapse of CML post-transplant is at least 70% for patients with haematologic
relapse and as high as 90% in patients with molecular relapse only (Kolb et al.,
1995).
With the success of alloSCT/DL! in curing CML by exploiting the GvL effect,
interest in the late 1990s focused on reduced intensity “mini” stem cell transplant
regimens (RISCT). These less intensive transplant conditioning regimens allow
transplantation of older patients (up to age 70) and reduce regimen-related
toxicities compared to standard alloSCT (Slavin et al., 1998; Champlin et al.,
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2000). A recent study (Or et ai., 2003) showed that of 24 patients with CML who
received a RISCT in first CP, 21 remained alive and disease free after a median of
42 months follow up. The GvL effects of donor immunocompetent lymphocytes
eradicated all host haemopoietic cells, as evidenced by molecular testing.
Because only a minority of patients are suitable for alloSCT, interest in the 1990s
focused on autologous SCT. It was hoped that autografting would result in durable
Ph' haemopoiesis and, in 2000, the Medical Research Council (MRC) in the UK
initiated one study comparing autografting with IFN-a therapy (The MRC CML
2000 trial), and another trial (the CML IV trial) to define the relative roles of IFN-a,
autologous and alloSCT in the younger patient. However, with the introduction of
the BCR-ABL tyrosine kinase inhibitor (TKI) imatinib mesylate (IM; Glivec™;
Gleevec™, formerly STI571, Novartis Pharmaceuticals, Basel, Switzerland), these
trials were abandoned as patients opted to commence IM treatment rather than
start or continue on IFN-a therapy or undergo autologous SCT. Even the role of a
potentially curative alloSCT has been called into question in the IM era.

1,2.5 The development of IM
1.2.5.1 Early studies of protein TKls
The first step towards development of a useful TKI was synthesis of compounds
called tyrphostins which were low molecular weight TKls that blocked epidermal
growth factor (EGF)-dependent cell proliferation (Yaish et al., 1988). It was later
reported that two tyrphostins, AG568 and AG1112, which inhibited the ABL protein
tyrosine kinase, inhibited p210^^^'^^^ tyrosine kinase activity in the BC-derived
CML cell line, K562, in association with erythroid differentiation (Anafi et al., 1993).
Following this, it was suggested that these compounds would be useful for purging
Ph'*' cells in preparation for autologous SCT. Another tyrphostin, AG957, was
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reported to restore (3i integrin-mediated adhesion and inhibitory signalling in
primary CML (CD34^) stem cell cultures (Bhatia et al., 1998), suppress Ph^ colony
growth in a concentration-dependent manner and induce apoptosis in combination
with an anti-Fas receptor antibody (Carlo-Stella et al., 1999).
Parallel studies showed that the benzoquinonoid ansamycin antibiotic herbimycin
A also had inhibitory activity against v-ABL and the SRC family of protein tyrosine
kinases and reversed the transformation of susceptible cell lines with a reduction
in phosphotyrosine content (Uehara et al., 1988). Herbimycin A was also reported
to inhibit the growth and tyrosine phosphorylation of K562 cells and induce
erythroid differentiation (Honma et al., 1989). In addition, herbamycin A induced
growth inhibition in a variety of p210^*^'^'^^' transformed cell lines but did not inhibit
the growth of a broad spectrum of Ph" haemopoietic cell lines (Okabe et al., 1992)
and prolonged survival in a SCID mouse model with a disease resembling human
Ph"*” ALL (Honma et al., 1995). Taken together, these studies using tyrphostins and
herbimycin A suggested that the development of an agent with the potential to
specifically inhibit BCR-ABL would be of therapeutic benefit in Ph^ leukaemias.
1.2.5.2 The pre-clinical development of IM
The studies leading to the development of IM began in the early 1990s. A large
number of adenosine triphosphate (ATP)-competitive 2-phenylaminopyrimidine
compounds were synthesized and screened for protein tyrosine kinase inhibitory
activity. One of these compounds, CGP57148 (CG = Ciba-Geigy), was found to be
a potent inhibitor of ABL, c-KIT and platelet-derived growth factor receptor (PDGFR) acting via competitive inhibition of the protein kinases with respect to ATP
(Druker et al., 1996). The structure of this molecule is shown in Figure 1-8.
CGP57148 was evaluated for its effects on cells containing the BCR-ABL fusion
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protein. Cellular proliferation and tumour formation by BCR-ABL-expressing cells
were specifically inhibited by this compound. In the CFC assays of peripheral
blood or bone marrow from patients with CML and non-CML controls, there was a
92-98% decrease in the number of BCR-ABL"*" colonies formed from CML cells,
but only 15-20% inhibition of normal colony formation, and it was concluded that
this compound might be useful in the treatment of BCR-ABL^ leukaemias. In
addition, a mouse model demonstrated a concentration-dependent inhibition of
tumour growth in BCR-ABL-inoculated animals treated with CGP57148, with no
effects

on

animals

inoculated

with

a non-BCR-ABL-expressing

cell

line.

CGP57148 later became known as STI571 (Signal Transduction Inhibitor 571) or
imatinib mesylate and is now marketed as Glivec™ in Europe and Gleevec™ in
the USA by Novartis Pharmaceuticals, a company formed in 1996 by the merger
of the Swiss life sciences companies Ciba-Geigy and Sandoz.
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Figure 1-8. Structure of IM (Glivec™, Gleevec™; formerly CGP57148 and STI571).

The selective inhibition of BCR-ABL tyrosine kinase is mediated via interaction
between IM and the amino acids that constitute the ATP binding cleft of BCR-ABL.
IM is a competitive inhibitor of ATP at its specific binding site in the kinase domain
of the BCR-ABL protein (Deininger et al., 2000). When ATP binds to its specific
binding site in the kinase domain, tyrosine phosphorylation of downstream target
proteins occurs. However, when the synthetic ATP mimic IM is bound, it blocks the
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tyrosine phosphorylation of target proteins downstream of BCR-ABL, inhibiting
effector pathways. IM has an inhibitory concentrationso

(IC 5 0 )

of 0.25 pM on BCR-

ABL kinase activity (Druker et a!., 1996). The IC50 can be measured as either
inhibition of biochemical kinase activity or cellular proliferation. The

IC 5 0

is

the

concentration of drug which results in 50% inhibition of either kinase activity
(biochemical IC50) or cellular proliferation (cellular IC50) compared to a no drug

control. These initial results were swiftly confirmed in a number of other studies
(Carroll et al., 1997; Deininger et al., 1997; le Coutre et al., 1999). Importantly, le
Coutre et al compared dosing nude mice previously injected with BCR-ABL""
human leukaemia cells once, twice and three times daily with IM over an 11-day
period (le Coutre et al., 1999). In the mice dosed three times daily, there was an
87-100% cure rate; however, mice dosed once or twice daily were not cured of
their Ph"" leukaemia. This study supported the hypothesis that continuous therapy
was likely to be necessary for IM to be effective in patients with Ph"" leukaemias.
Preliminary toxicity testing of the oral IM compound revealed occasional renal
calcification and mild bladder mucosal hyperplasia in rats at a dose of

6

mg/kg,

and liver toxicity, vomiting, diarrhoea, anaemia and pancytopenia in dogs at the
highest dose of 100 mg/kg (Druker and Lydon, 2000).

1.2.6 The introduction of IM into ciinical trials
Phase 1 dose escalating trials of IM were undertaken in patients with CP CML who
had failed IFN-a and patients with BC CML or Ph"" ALL (Druker et al., 2001a;
Druker et al., 2001b). Serious adverse events were minimal; the most common
side effects seen were nausea, myalgia, oedema and diarrhoea. Doses of up to
lOOOmg/day were given; however, a maximum tolerated dose was not reached. In
patients with CP CML who had failed IFN-a, complete haematologic responses
(CHR) were seen in 53 of 54 patients treated with daily doses greater than SOOmg
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(Druker et al., 2001b). See Table 1-2 for definitions of response. In addition,
cytogenetic responses were seen in 29 of the 54 treated with more than SOOmg
per day and, of these, 7 patients achieved a complete cytogenetic response
(CCR). In patients with myeloid BC CML responses were seen in 21 of 38 patients
of which 4 had a CHR and, in patients with lymphoid BC or Ph"" ALL, 14 of 20
patients responded , including a further 4 patients who had a CHR (Druker et al.,
2001a). However, in more advanced disease, responses were not durable, with
the majority of patients relapsing within 6 months of commencing therapy. These
studies concluded that IM was well tolerated and had significant anti-leukaemic
activity in all phases of CML. In addition, these studies demonstrated the essential
role of BCR-ABL tyrosine kinase activity in CML and highlighted the potential for
the development of anti-cancer drugs based on a specific molecular abnormality.

Response

Definition

Complete haematologic
response (CHR)

Reduction of the WCC to less than 10 x 10®/L and
platelet count to less than 450 x 10®/L, with no immature
cells in the peripheral blood and disappearance of all
symptoms and signs related to leukaemia including
splenomegaly, maintained for at least 4 weeks

Complete cytogenetic
response (CCR)

No Ph"" cells detectable by cytogenetics in the bone
marrow

Partial cytogenetic
response (PCR)

1-34% of bone marrow cells have a detectable Ph
chromosome

Major cytogenetic
response (MCR)

Includes those that have achieved a CCR or PCR (i.e <
35% cells Ph"*

Minor cytogenetic
response (mCR)

35-90% of bone marrow cells have a detectable Ph
chromosome

Complete molecular
response (CMoIR)

Either BCR-ABL undetectable by qRT-PCR or > 4.5 log
reduction in BCR-ABL transcript levels compared to
starting value

Major molecular
response (MMoIR)

Either > 3 log reduction in BCR-ABL transcript levels or
a BCR-ABL transcript level < 0.1% by qRT-PCR
compared to starting value

Table 1-2. Definitions of response to IM therapy In CML
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Imatinib mesylate progressed rapidly through Phase 2 clinical trials in which the
efficacy and good toxicity profile of the drug were confirmed (Kantarjian et al.,
2002; Ottmann et al., 2002; Sawyers et al,, 2002; Talpaz et al., 2002). In these
studies, the standard dose of IM was established as 400mg/daily for CP CML, but
its favourable toxicity profile allowed IM to be used at higher doses (600-800mg
daily) with the standard dose in AP and BC CML increasing to 600mg/daily and
the possibility of combining IM with other chemotherapeutic interventions
emerged. However, the appearance of the clinical phenomenon of IM resistance,
particularly in lymphoid BC and Ph"" ALL was concerning (Ottmann et al., 2002).
Following the success of the Phase 1 and 2 trials of IM in all phases of CML, a
prospective, multicentre, open-label, Phase 3, randomised study was designed
called the IRIS trial (International Randomised Study of Interferon versus STI571).
This study set out to compare the efficacy of IM with that of IFN-a combined with
low dose cytosine arabinoside (LDAC) in newly diagnosed CP CML patients and
determine the haematologic and cytogenetic response rates, toxicity and rates of
progression. Crossover between the two arms was allowed for lack of response,
loss of response or intolerance to treatment. Interferon-a in combination with
LDAC was chosen for the control arm because this combination was shown to
result in superior rates of cytogenetic response (Guilhot et al., 1997; Baccarani et
al., 2002) and possibly survival compared to IFN-a alone (Guilhot et al., 1997).
However, the combination of IFN-a plus LDAC required daily subcutaneous
injection of both drugs with frequent and troublesome side effects.
The rate of MCR at 18 months was 87.1% in the IM group compared with 34.7% in
the IFN-a plus LDAC group (P<0.001) (O'Brien et al., 2003). The rates of CCR
were 76.2% and 14.7% respectively (P<0.001). In addition, at 18 months,
progression free survival (PFS) in the IM arm was 96.7% compared to 91.5% in
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the control arm. IM was also better tolerated than IFN-a plus LDAC (Hahn et al.,
2003). At the most recent update of this study, the CCR and MCR rates in the IM
arm were 87% and 92%, respectively, with a PFS of 93% at 60 months (Druker et
al., 2006). Only 3% of patients commenced on IFN-a plus LDAC continued on this
arm compared to 69% of patients who initially commenced IM. Therefore, this trial
demonstrated the superiority of IM to IFN-a plus LDAC in terms of disease
response, PFS and tolerability. During the course of this study, molecular
responses were assessed at regular intervals by qRT-PCR of peripheral blood
leucocytes for BCR-ABL transcripts (Hughes et al., 2003). Patients responding to
IM had a 3-4 log reduction in transcript levels compared to their starting value.
Therefore, other than alloSCT, IM induced a much higher rate of CCR than any
other licensed therapy and, indeed, has brought the role of alloSCT in CML into
question. However, alloSCT remains the only proven curative option for CML as,
after successful alloSCT, the majority of patients are BCR-ABL" by qRT-PCR.
Conversely, even patients who have an optimal response to IM, i.e. achieve CCR,
continue to have low levels of BCR-ABL transcripts detectable by qRT-PCR. In
addition, there is increasing evidence for disease resistance at the stem cell level
(Graham et al., 2002); a phenomenon termed molecular persistence, and the
emergence of IM resistance, particularly in advanced disease.

7.2.7 Imatinib mesylate resistance
Although more common in AP and BC, resistance to IM may also be seen in CP
CML. This phenomenon has resulted in IM being less successful in advanced
disease (Druker et al., 2001a; Ottmann et al., 2002; Sawyers et al., 2002; Talpaz
et al., 2002). Some patients in AP do respond well, and although many patients
treated in BC achieve some haematological improvement, these benefits are not
maintained, with the majority of patients in the advanced stages of CML
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developing resistance to IM. Resistance can be primary, i.e. no response to IM
after initial therapy, and is defined as failure to achieve CHR within 3 months and
failure to achieve MCR by 6 months or CCR by 12 months, or acquired, i.e. loss of
established

haematological,

cytogenetic or molecular response to

IM or

progression to AP or BC.
There are 2 broad categories of IM resistance: BCR-ABL-independent and BCRABL-dependent. In BCR-ABL-independent resistance, the leukaemia cells are no
longer reliant on BCR-ABL to drive proliferation; their growth being dependent on
additional oncogenic mutations (Donato et al., 2004) and this represents clonal
evolution. Thus, in these cells, BCR-ABL is no longer a relevant target for IM and
any specific BCR-ABL inhibitor would be ineffective in this situation. This may
occur in primary or acquired resistance.
Acquired resistance in Ph"' leukaemias is usually BCR-ABL-dependent and is the
result of restoration of BCR-ABL kinase activity. This can occur via three different
mechanisms. The first of these is BCR-ABL amplification which was first described
in a landmark publication by Gorre et al in 2001 (Gorre et al., 2001). In this study,
dual-colour fluorescence In-situ hybridisation (FISH) was performed to determine if
BCR-ABL gene amplification could be implicated in IM resistance in primary CML
samples. In a number of patients with advanced phase disease, multiple copies of
the BCR-ABL gene were detected. It is presumed that, in the presence of BCRABL amplification, there is insufficient IM present in the leukaemic cell to inhibit the
increased level of BCR-ABL protein.
In addition, this study by Gorre et al (Gorre et al., 2001) was one of the first to
consider the possibility that mutations in BCR-ABL might result in IM resistance.
Indeed, this was the first study to report the single nucleotide substitution (C to T)
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at position 315 of ABL, resulting in replacement of a threonine residue with
isoleucine (T315I). To date, more than 40 different BCR-ABL kinase domain
mutations which result in intrinsic changes in the kinase that can affect drug
binding or kinase activity have been reported (Branford et al., 2002; Shah et al.,
2002; von Bubnoff et al., 2002; Branford et al., 2003). These mutations may
involve the ATP-binding site (P-loop), the activation loop or the carboxy terminus
of the BCR-ABL molecule. However, the T315I mutation remains the most
clinically significant as it is resistant to high concentrations of IM and also the
second generation inhibitors described later (Section 1.3.2).
Recent studies suggest that BCR-ABL protein conformation is absolutely critical
for IM binding and function (Shah et al., 2002). Active BCR-ABL exists in an open
(non-accessible) conformation and inactive BCR-ABL in a closed (accessible)
conformation; thus sensitivity to IM in CML is presumed to result from a dynamic
switch between open and closed conformations possibly linked to cell cycle
progression. Indeed, IM has been shown to bind to the closed conformation of
BCR-ABL and results in a number of structural changes to the protein after binding
(Schindler et al., 2000). Therefore, in the presence of BCR-ABL kinase domain
mutations, it is thought that IM is unable to bind due to either interruption of critical
contact points between IM and BCR-ABL or induction of an inaccessible BCR-ABL
conformation (Shah et al., 2002). The clinical significance of BCR-ABL kinase
domain mutations is variable. Apart from the T315I mutation, those affecting the Ploop are associated with the poorest outcomes (Branford et al., 2003). In addition,
studies have shown that some mutations confer only a moderate degree of IM
resistance which can be overcome by increasing the dose of IM (Corbin et al.,
2003).
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The ciinical significance of the T315I mutation is related to its position in the BCRABL molecule and it is described as a ‘gatekeeper’ of the ATP binding site. This is
because it separates the ATP binding site from an internal cavity and the nature of
the gatekeeper molecule is a vital determinant of inhibitor specificity (Liu et al.,
1999; Schindler et al., 1999). Threonine^^^ forms critical hydrogen bonds with IM,
and the absence of the oxygen molecule provided by the side chain of threonine^^^
prevents the formation of a vital hydrogen bond with IM (Gorre et al., 2001). In
addition, compared to threonine, isoleucine contains an extra hydrocarbon group,
resulting in a steric clash with IM and preventing IM binding to BCR-ABL.
The third proposed mechanism of BCR-ABL-dependent IM resistance is that
intracellular levels of IM are reduced. This may occur via multidrug resistance
proteins, e.g. MDR1 overexpression which increases drug efflux (Mahon et al.,
2003; Thomas et al., 2004) and alpha-1-acid glycoprotein which reduces the
availability of the drug in vivo (Gambacorti-Passerini et al., 2002). Further studies
have shown that expression levels of the cellular transporter OCT-1 are low in
some patients with CML on IM, resulting in low intracellular concentrations of IM
(Thomas et al., 2004; White et al., 2005). The role of other transporter molecules
is more contentious, in particular the role of ABCG2 with some groups showing IM
to be a substrate of ABCG2 (Burger et al., 2004) and others an inhibitor (Houghton
et al., 2004; Jordanides et al., 2006); although there is now increasing evidence
that IM is an ABCG2 inhibitor.
In clinical practice, the most common mechanism of IM resistance is mutation of
the BCR-ABL kinase domain that interferes with IM binding (P-loop mutations)
and, in some patients, these mutations have been shown to be present prior to
commencing treatment with IM (Roche-Lestienne et al., 2002; Kreuzer et al.,
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2003). A major focus of current research interest is overcoming IM resistance and
inducing CML stem cell apoptosis.

1.2.8 Molecular persistence
Despite an impressive rate of CCR in CP CML, the majority of patients have
persistent detectable disease at the molecular level by qRT-PCR (Hughes et al.,
2003; Branford et al., 2004). It is hypothesised that this minimal residual disease
(MRD) is due to a dual population of primitive leukaemic cells. The first is a subset
of CML cells which undergo cell cycle arrest and accumulate in G0/G 1 in vitro in
the presence of IM or other anti-proliferative agents, including conventional
chemotherapy agents (Jorgensen et al., 2005a). Theoretically, these cells can be
eradicated by giving pulsed sequential therapies to encourage the cells back into
cycle. The second, and more significant population, postulated to contribute to
MRD is the quiescent stem cell population (Holyoake et al., 1999) as, in vitro,
quiescent CML stem cells were shown to be completely insensitive to IM at
concentrations up to 10 times higher than those achievable in vivo (Graham et al.,
2002), while proliferating cells remained exquisitely sensitive. In addition, an in
vivo study to assess presence of BCR-ABL"" cells by FISH and levels of BCR-ABL
mRNA by qRT-PCR demonstrated that samples from different CML patients
collected at different time points displayed persistence of BCR-ABL"" progenitors
despite continued IM therapy (Bhatia et al., 2003). This was further indication that
IM did not eliminate malignant primitive progenitors in CML patients. Further
clinical studies have shown that, over time, in patients who have achieved a CCR,
BCR-ABL transcript levels slowly continue to decrease (Goldman et al., 2005).
This finding supports the hypothesis that CML stem cells are less sensitive than
more mature CML progenitors to IM in vivo. The quiescent CML stem cell
population is gradually reduced as these cells enter the cell cycle and proliferate.

Mhairi Copland, 2007

Chapter 1, 56

becoming IM-sensitive and undergoing apoptosis. As the quiescent CML stem cell
population diminishes, the BCR-ABL transcript level falls. Therefore, despite its
impressive clinical efficacy in CML, particularly CP, due to the quiescent CML
stem cell population, IM does not cure CML.

One possible explanation for the relative insensitivity of quiescent CML stem cells
to IM is the conformation of the BCR-ABL kinase domain in the quiescent versus
proliferating stem cells (Shah et al., 2002). The switch between open (nonaccessible) and closed (accessible) conformations may not be triggered in
quiescent CML stem cells; hence IM may not be the optimal choice of agent to
eradicate this population. Other proposed explanations for insensitivity of CML
stem cells to IM include BCR-ABL amplification or increased BCR-ABL transcripts
within the stem cell compartment and altered levels of drug influx and efflux pumps
on the cell membrane of CML stem cells.
In some patients, no residual BCR-ABL transcripts were detected after prolonged
treatment with IM (Kantarjian et al., 2004; Rosti et al., 2004; Cortes et al., 2005b).
However, the reported frequency of this was very variable (4% to 34%), probably
due to the different sensitivities of the test methods used and available technical
skills (Baccarani et al., 2006). In a few patients who stopped IM after achieving a
CMoIR, disease rapidly recurred further highlighting the clinical importance of
quiescent CML stem cells (Cortes et al., 2004b; Mauro et al., 2004). Despite this,
IM has altered the natural history of the condition by increasing PFS in those
patients who respond to it and therefore the overall median survival (Druker et al.,
2006). However, the long term efficacy of IM remains unknown and the side
effects of long term IM exposure remain to be assessed. A recent study brought
attention to an Increased risk of cardiac morbidity and mortality in patients treated
with IM (Kerkela et al., 2006). It was reported that ten patients presented with

Mhairi Copland, 2007

Chapter 1, 57

congestive cardiac failure while on IM therapy and, in addition, mice treated with
IM developed left ventricular contractile dysfunction. This was found to be related
to the endoplasmic reticulum stress response in cardiac myocytes which can be
mediated by ABL. Therefore, cardiotoxicity may be an unexpected side effect of IM
inhibition of ABL. However, this finding is controversial as there was no significant
increase in cardiac morbidity or mortality reported in the IRIS trial (Druker et al.,
2006).
Thus, in view of the potential for long term side effects and also the potential for
molecular relapse, which may be due to the emergence of BCR-ABL kinase
mutations, all CP CML patients, and particularly those with molecular persistence
need to be clinically assessed regularly and monitored for signs of molecular
relapse by qRT-PCR for BCR-ABL.

1.2.9 Assessment of BCR-ABL kinase activity
While measurement of BCR-ABL transcripts by qRT-PCR provides a valuable
estimation of disease burden and how a patient is responding to treatment
(Branford et al., 1999; Hughes et al., 2003; Hughes et al., 2006), it does not
provide a direct assessment of the efficacy of a treatment against BCR-ABL
kinase activity. In addition, there may be a discrepancy between BCR-ABL
transcript and protein expression levels. Therefore it is important to be able to
directly measure BCR-ABL kinase activity both in vitro and in vivo. The most direct
measure of this would be determination of phosphorylated BCR-ABL protein
expression which, although measurable in cell lines (Konopka et al., 1985; Clark et
al., 1987), is difficult to measure in clinical specimens because BCR-ABL is
subject to rapid degradation when conventional lysis buffer is used (Maxwell et al.,
1987). This is because lysis of mature CML MNCs releases an enzyme, which is
now thought to be an acid-dependent hydrolase (Patel et al., 2006), that
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selectively destroys BCR-ABL and ABL, but not other proteins. Therefore, it is now
accepted that measurement of phosphorylated CrKL, an adaptor molecule which
is phosphorylated by BCR-ABL is an adequate surrogate (Nichols et al., 1994;
Oda et al., 1994; ten Hoeve et al., 1994; Hochhaus et al., 2001). CrKL directly
binds BCR-ABL and links BCR-ABL with downstream effector pathways (Senechal
et al., 1996), playing a functional role in transformation. Phosphorylated CrKL can
be measured reproducibly and quantitatively in clinical samples by Western
blotting. In addition, it has been shown that CrKL phosphorylation is inhibited in a
concentration-dependent fashion when CML cells were treated with IM, and this
strongly correlated with inhibition of BCR-ABL phosphorylation (Gorre et al., 2001).
Therefore assessment of CrKL phosphorylation status can be used to assess the
degree and concentration-dependence of inhibition of BCR-ABL kinase activity by
different TKIs in both cell lines and clinical samples.

1.3 Potential strategies to overcome IM resistance and
molecuiar persistence
A number of potential strategies exist to overcome IM resistance and molecular
persistence seen in CML both in vitro and in vivo. The three which I will
concentrate on for the remainder of this thesis are (1) attempting to reverse the
quiescent state and Gq/Gi cell cycle arrest seen in primitive CML cells after
treatment with IM; (2) the use of potent dual SRC/BCR-ABL TKIs; and (3)
combining IM with other chemotherapeutic agents.

1.3.1 The rationale for reversing quiescence in CML stem cells
Studies have already shown that increasing the dose of IM does not eliminate
CML cells in vitro (Graham et al., 2002) or in vivo. In fact, while IM effectively
reduced dividing CML cells in vitro, it resulted in an increase in the number of non-
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dividing (quiescent) CML cells due to a marked anti-proliferative effect (Graham et
al., 2002) which was not anticipated and the mechanism behind it remains to be
elucidated. In addition, many drug combinations do not eliminate quiescent CML
cells in vitro (Holtz et al., 2005; Jorgensen et al., 2005a) resulting in the molecular
persistence seen in vivo. Thus, reversal of the quiescent state may restore IM
sensitivity in CML stem cells.
Cytokines, including G-CSF can trigger normal quiescent primitive progenitors to
enter the cell cycle (Ogawa, 1993). In addition, exogenous G-CSF has been
shown to promote rapid progression into S-phase of initially quiescent, primitive (ckit"", Sca-1^, lin") progenitors in a murine model (van Pelt et al., 2003). Further
studies have shown that G-CSF-R transcript levels are two-fold higher in cycling
(G1/S/G 2/M phases) normal human bone marrow cells in comparison to quiescent
(Go)

cells (Jorgensen et al., 2006) . Of specific relevance, haemopoietic growth

factors have been shown to stimulate AML cells in vitro, and the simultaneous
administration of chemotherapy with growth factors resulted in increased
cytotoxicity in AML, in particular with the cell cycle-specific agent cytosine
arabinoside (Ara-C) (Cannistra et al., 1989; Bhalla et al., 1991; te Boekhorst et al.,
1993). In addition, there are case reports of occasional patients with leukaemia
achieving remission when treated with recombinant human G-CSF (rHu-G-CSF)
alone (Nimubona et al., 2002).
A recent clinical trial examined the effect of priming with rHu-G-CSF in
combination with conventional chemotherapy including Ara-C in the induction
therapy phase on the outcome of AML (Lowenberg et al., 2003). The results
demonstrated that although there was no significant difference in response rate
after induction therapy, after a median follow-up of 55 months, the disease-free
survival rate was higher in those patients receiving rHu-G-CSF with their
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chemotherapy compared to those who did not receive rHu-G-CSF (42% versus
33%: P=0.02). In addition, chemotherapy including rHu-G-CSF showed a trend
towards improved overall survival (P=0.016). However, in the subgroup of patients
with poor risk AML, the administration of rHu-G-CSF did not improve outcome.
Therefore, induction therapy including rHu-G-CSF with Ara-C improved overall and
disease-free survival in standard risk AML (Lowenberg et al., 2003). Importantly,
this study provided proof of the principle that combining haemopoietic growth
factors to sensitise leukaemia cells with conventional chemotherapy was a valid
potential therapeutic strategy for improving the response to therapy.
Recombinant human G-CSF has also been safely and successfully used for
peripheral blood stem cell mobilisation in healthy donors (Goldman et al., 2006)
and CML patients treated with IM with no significant rise in BCR-ABL transcript
levels by qRT-PCR (Drummond et al., 2003; Hui et al., 2003). Furthermore, it is
current practice to use rHu-G-CSF in combination with IM in CML patients with IMinduced neutropenia because myelosuppression during IM therapy is associated
with a poorer cytogenetic response (Marin et al., 2003a; Sneed et al., 2004). It has
been suggested that the improved cytogenetic responses observed in these
patients result from an increased exposure to IM (Heim et al., 2003; Marin et al.,
2003b; Quintas-Cardama et al., 2004).

However, another possible action of G-

CSF in this situation may be to promote re-entry of quiescent CML stem cells into
the cell cycle and hence increase their sensitivity to IM (Jorgensen et al., 2005b).
Previous studies had shown that, in vitro, Ph"" CML cells lost LTC-IC activity when
cultured regardless of the presence of growth factors (Udomsakdi et al., 1992;
Petzer et al., 1997). However, at the same time, CFC numbers were amplified and
there was accumulation of increasingly differentiated cells of mixed lineages
(Maguer-Satta et al., 1998; Jiang et al., 1999). These results indicate that the rapid
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loss of LTC-IC activity seen in CML cells in vitro may be due to an enhanced
propensity for primitive CML progenitors to differentiate into more mature cells
which no longer have multipotent stem cell potential. Therefore, it may be possible
to increase the differentiation of CML progenitor cells by the addition of rHu-GCSF in vitro or in vivo to force quiescent cells to enter the cell cycle. In effect, is it
possible to eradicate CML by forcing all the quiescent CML stem cells to
proliferate, differentiate and lose their stem cell properties?
If this hypothesis is correct, it may be possible to induce cell cycle activation in
quiescent CML stem cells with rHu-G-CSF, thereby escaping the IM-insensitive
quiescent state. Additionally, continuous IM resulted in accumulation of IMinsensitive quiescent CML stem cells in Go (Graham et al., 2002), so it may be
possible to bring the cells back into cycle by interrupting IM therapy, a so called
'IM holiday’. It is possible that combining these two approaches may be synergistic
in eradicating quiescent CML stem cells. Thus, by inducing cell cycle activation
with rHu-G-CSF and/or interruption of IM therapy, the aim is to reverse quiescence
and sensitise cells to IM, thereby eliminating disease.

1.3.2 The rationale for using potent dual SRC/BCR-ABL TKIs
A significant minority of patients, particularly those with advanced disease become
resistant to IM through the development of BCR-ABL kinase domain mutations
which interfere with the binding of IM to the ATP binding pocket of BCR-ABL
(Gorre et al., 2001; Branford et al., 2002; Shah et al., 2002; von Bubnoff et al.,
2002; Branford et al., 2003). In addition, the mechanisms which contribute to the
molecular persistence present in CML patients after treatment with IM are unclear
(Hughes et al., 2003; Branford et al., 2004). Therefore, there is a requirement for
the development of new agents which are more powerful inhibitors of BCR-ABL
and bind to BCR-ABL regardless of conformational status, reducing the likelihood
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of developing resistance. A new generation of combined SRC/BCR-ABL kinase
inhibitors that do not appear to be conformation sensitive and are at least 10-20fold more potent than IM are now available (Nagar et al., 2002). These novel
agents are active against many of the frequently observed kinase domain
mutations that cause resistance towards IM (von Bubnoff et al., 2003). Dasatinib
(Sprycel™;

formerly

BMS-354825,

manufactured

by

Bristol-Myers

Squibb,

Princeton, NJ, USA) is one such agent and was the first of these compounds to
enter clinical trials in Ph"" leukaemias. The structure of dasatinib is shown in
Figure 1-9.
CHa
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Figure 1-9. Structure of dasatinib (SpryceF"; formerly BMS-354825).

1.3.2.1 Dasatinib
Dasatinib was selected from a panel of substituted 2-(aminopyridyl) and 2(aminopyrimidinyl) thiazole-5-carboxamides which were all shown to have
substantial anti-proliferative activity against haematological and solid tumour cell
lines, including the BC CML cell line K562 (Lombardo et al., 2004). Dasatinib was
chosen on the basis of broad-spectrum anti-proliferative activity and suitable
circulating plasma levels following oral dosing in a mouse screening assay with
only moderate plasma protein interactions and maintained blood levels. Threedimensional X-ray crystallography studies showed that ABL kinase complexed
with dasatinib in an active conformation with the presence of three hydrogen
bonds between dasatinib and ABL (Lombardo et al., 2004). These specific
hydrogen bonds between dasatinib and ABL may account for the activity of

Mhairi Copland, 2007

Chapter1, 63

dasatinib against mutant BCR-ABL kinases (except T315I). A similar pattern of
binding was observed between dasatinib and SRC kinases.
A kinase selectivity panel showed that dasatinib was a potent competitive inhibitor
of ATP binding to SRC (IC50 ~0.5nM) and BCR-ABL (IC50 < lOnM) as well as
PDGF-R-p (IC50 28nM) and c-KIT (IC50 6nM)(Lombardo et al., 2004). (n vivo
activity against wild-type BCR-ABL was evaluated using a K562 xenograft assay in
nude mice (Lombardo et al., 2004). After the establishment of detectable tumour
burden, daily treatment with dasatinib resulted in complete disappearance of
tumour cells with no observed toxicity in the animals, showing, for the first time the
potency of dasatinib in vivo and the favourable toxicity profile, at least in animal
models of CML.
Further in vitro and in vivo experiments were undertaken to determine the efficacy
of dasatinib in overcoming IM resistance caused by BCR-ABL kinase domain
mutations (Shah et al., 2004). Firstly, using a cell-based assay, this study
confirmed that dasatinib was more effective than IM at inhibiting wild-type BCRABL. Further cell-based assays using the murine pro-B cell line Ba/F3 which had
been engineered to express different clinically significant mutant BCR-ABL
kinases showed BCR-ABL inhibition and suppression of growth when dasatinib
was used in the low nM range. Interestingly, even within this very low
concentration range, there were differences in the sensitivities of selected BCRABL mutants (Shah et al., 2004; O'Hare et al., 2005). However, the T315I
expressing Ba/F3 cell line was resistant to dasatinib, even in the pM range.
To assess therapeutic potential of dasatinib in IM-resistant Ph"^ leukaemias, SCID
mice were inoculated with Ba/F3 cells expressing different BCR-ABL kinase
mutations (Shah et al., 2004). Assessment of BCR-ABL activity by determination
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of CrKL phosphorylation status on splenocyte lysates from the affected mice
showed

inhibition of CrKL phosphorylation for up to seven hours after

administration of dasatinib. Another cohort of mice were treated with dasatinib for
two weeks beginning three days after inoculation with Ba/F3 cells. The untreated
control mice developed progressive disease as did those treated with dasatinib but
inoculated with cells containing the T315I mutation. However, mice inoculated with
cells expressing wild-type BCR-ABL or the IM-resistant mutant M351T remained
healthy. Further in vitro studies using human bone marrow progenitor cells were
undertaken to further assess the efficacy and safety of dasatinib. Dasatinib at a
concentration of 5nM failed to inhibit the growth of CFCs from healthy donors.
However, CFCs were inhibited by 60-80% in bone marrow progenitor cells taken
from patients with either wild-type or mutant BCR-ABL (Shah et al., 2004). Based
on the results of these studies, it was hypothesised that a significant number of
patients with IM-resistant Ph"" leukaemias would benefit from dasatinib if it could
be given safely in the low nM range. Thereafter, dasatinib progressed rapidly to
clinical trial.
Other dual SRC/BCR-ABL kinase inhibitors including PD173955, PD166326 and
SKI-606 have been shown to be potent at picomolar concentrations in both cell
line (Nagar et al., 2002; Golas et al., 2003; Huron et al., 2003; von Bubnoff et al.,
2003; Konig et al., 2006) and animal models (Golas et al., 2003; Wolff et al.,
2003). In addition, newer agents such as INNO-406, a BCR-ABL/LYN TKI are
currently under evaluation (Kimura et al., 2005; Yokota et al., 2006). However, as
yet, only SKI-606 and INNO-406 have entered phase 1 clinical trials (Cortes et al.,
2006).
The results of a Phase 1 dose-escalation study using dasatinib in patients with Ph""
leukaemias who had either IM-resistance or IM-intolerance have recently been
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published (Talpaz et ai., 2006). Dasatinib was administered orally at doses of 15 to
240mg per day in monthly treatment cycles. Thirty seven of 40 patients (92.5%)
with CP CML achieved a CHR, and a major haematologic response (< 5% blasts)
was seen in 31 of 44 patients (70%) with advanced disease (AP, BC or Ph"’ ALL).
The MCR rate was 45% in CP and 25% in advanced disease. These responses
were sustained in 95% of CP patients and 82% of AP patients. However, nearly all
patients with lymphoid BC or Ph"^ ALL relapsed within six months. The main side
effects seen were reversible myelosuppression, pericardial effusion, and oedema.
Dasatinib is currently completing Phase 2 clinical trials (Guilhot et al., 2005;
Hochhaus et al., 2005; Ottmann et al., 2005; Talpaz et al., 2005) and has recently
been licensed for use in the UK and the US.
Another agent also in clinical trials in IM-resistant Ph"" leukaemias is nilotinib
(Tasigna™; formerly AMN107, manufactured by Novartis). Nilotinib is a rationally
designed selective inhibitor of BCR-ABL, which was based on the crystal structure
of the ABL kinase domain in complex with IM (Weisberg et al., 2005). In vitro,
nilotinib is approximately 20-fold more potent than IM against wild-type BCR-ABL
and is also effective against the majority of BCR-ABL kinase domain mutations
(except T315I) (O'Hare et al., 2005). In a phase 1 dose-escalation study, nilotinib
was active in IM-resistant CML with a reasonable safety profile (Kantarjian et al.,
2006). The commonest side effects were rash, gastrointestinal disturbances,
hyperbilirubinaemia and reversible myelosuppression.
While dasatinib and nilotinib are effective against the majority of BCR-ABL kinase
mutations, their major limitation is the inability to target the relatively common
mutation T315I which is increasingly being seen (Shah et al., 2002), particularly in
advanced disease. The small molecule aurora kinase inhibitor MK-0457 (VX-680;
manufactured by Merck and Co., Inc, Blue Bell, PA, USA) has in vitro activity
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against cells expressing wild type and mutant BCR-ABL including T315I (Giles et
al., 2006) and has been shown to block cell cycle progression and inhibit
apoptosis in different human tumours (Harrington et al., 2004). Aurora kinases are
essential for the regulation of mitotic chromosome separation and cytokinesis. In
addition, MK-0457 has been used in three patients with Ph"" leukaemias
associated with the T315I mutation (Giles et al., 2006). All three patients had
clinical responses and no significant adverse events were reported, providing the
first observation of response in patients with T315I mutations. Clinical trials with
MK-0457 in patients with T315I mutations are currently underway.
1.3.2.2 The role of SRC kinases in normal haemopoiesis
The SRC kinases are a family of eight non-receptor protein tyrosine kinases (SRC,
LYN, HCK, LCK, FYN, BLK, FGR and YES) which are expressed in haemopoietic
and non-haemopoietic cells (Korade-Mirnics and Corey, 2000). SRC kinases are
involved in a range of cellular processes including cell migration, adhesion,
proliferation, survival, DNA synthesis, the cell cycle and phagocytosis. These
responses are mediated via the Ras, PI3K and focal adhesion kinase (FAK)
pathways. SRC kinase activity is modulated by post-translational changes in
phosphorylation status and ubiquitination (Oda et al., 1999). The SHI domain of
SRC molecules forms the catalytic domain, consisting of -250 amino acids at the
carboxy terminus. Within the catalytic domain are a positive autophosphorylation
site (Y416) which becomes phosphorylated during enzyme activation and a
negative autophosphorylation site (Y527) which negatively regulates tyrosine
kinase activity (Cooper and Howell, 1993). Dephosphorylation of Y527 results in a
conformational change, increasing enzyme autophosphorylation and kinase
activity.
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LYN, HCK and FGR are the SRC kinases which have been shown to be
expressed in myeloid cells (Korade-Mirnics and Corey, 2000). In myeloid cell
development,

SRC

kinases

promote

growth

factor-dependent

cell

cycle

progression, and the presence of LYN has been described as being necessary for
induction of DNA synthesis and hence proliferation by G-CSF in haemopoietic
cells (Corey et al., 1998). In addition, SRC kinases may also contribute to the
differentiation of myeloid cells, improve neutrophil adhesion and migration,
increase phagocytosis and prolong survival by preventing apoptosis (KoradeMirnics and Corey, 2000).
1.3.2.3 Evidence for abnormal function of SRC kinases in CML
SRC kinases play a major role in the development, growth, progression and
metastasis of a range of human cancers (Frame, 2002) and increased SRC kinase
activity and protein expression have been demonstrated in a variety of cancer
types including colon, breast, pancreas, lung and brain. SRC kinases affect signal
transduction through a number of oncogenic mechanisms including EGF-R,
Her2/neu, PDGF-R, FGF-R and VEGF-R. Therefore it would be anticipated that
inhibiting SRC kinase activity would be effective at blocking the abnormal
pathways that stimulate oncogenic transformation of cells.
The first evidence for the activation for SRC kinases in leukaemia came from a
study which showed that LYN was specifically activated in myeloid leukaemia cell
lines in response to IL-3 (Torigoe et al., 1992), indicating that LYN may be
important in IL-3 signalling cascades, at least, in some myeloid leukaemias. A later
study demonstrated that proliferation of the myeloid leukaemia cell line M07e in
response to GM-CSF was decreased by a LYN antisense oligonucleotide or
culture in the presence of the TKI PD166285 (Roginskaya et al., 1999). More
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pertinent was a study which showed that the SRC kinases LYN and HCK were
activated in a number of cell lines expressing

(Danhauser-RiedI et a!.,

1996).
In normal haemopoiesis, CXCR-4, the G protein-coupled receptor of stromalderived factor (SDF)-I, stimulates LYN and activates the PI3K pathway with
effects on cell motility and migration. It has been demonstrated that binding of
phosphorylated BCR-ABL to LYN results in constitutive activation of LYN and
PI3K. In addition, these kinases become completely unresponsive to SDF-1 in the
presence of phosphorylated BCR-ABL (Ptasznik et al., 2002). Moreover, inhibition
of BCR-ABL with IM restored the regulation of LYN by SDF-1. This highlights a
LYN-dependent mechanism via which BCR-ABL disrupts G protein-coupled
receptor signalling and function and indicates that BCR-ABL disrupts normal LYN
function, altering chemokine signalling and chemotaxis, resulting in altered cell
motility and migration. Further studies have reported that in vitro, the IM-resistant
cell line, K562-R, displays BCR-ABL independence in association with over
expression of LYN kinase (Donato et al., 2003). In addition, samples taken from
patients with advanced phase CML who became IM-resistant showed similar
levels of LYN kinase expression to the K562-R cell line (Donato et al., 2003). Upregulation of BCL-2 by LYN has also been implicated as a potential mechanism of
BCR-ABL-independent resistance in CML (Dai et al., 2004), although this study
was conducted in cell lines only and may have been flawed as the phosphorylated
LYN antibody used was targeted against the negative regulatory site (Y507) and
not the activation site (Y411). These studies suggest that, in some cases, acquired
IM-resistance may be associated with BCR-ABL independence and increased
expression of additional tyrosine kinases, resulting in up-regulation of downstream
signal transduction pathways.
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HCK has also been implicated in the signalling pathways downstream of BCRABL. HCK is activated by BCR-ABL and studies have shown that the growth factor
independence exhibited by BCR-ABL"’ cell lines is suppressed by a kinasedefective HCK (Lionberger et al., 2000). More recently, HCK has been implicated
in a novel BCR-ABL-HCK-STAT5 signalling pathway, involved in transformation of
myeloid cells by BCR-ABL (Klejman et al., 2002).
Taken together, these results indicate that SRC kinases are likely to be important
in modulating signal transduction pathways downstream of BCR-ABL. In addition,
there is evidence that activation of SRC kinases may result in BCR-ABLindependent IM-resistance in some patients. Therefore, dasatinib, which is 325
times more potent than IM at inhibiting BCR-ABL and also has the ability to inhibit
SRC kinases may be useful for targeting quiescent CML stem cells.

1.3.3 The rationale for combining IM with other chemotherapeutic
agents
To date, a wide range of conventional and novel agents (e.g. hydroxycarbamide,
Ara-C, IFN-a, arsenic trioxide and FTIs) have been combined with IM in vitro to
overcome IM resistance and eliminate CML cells (La Rosee et al., 2002; Topaly et
al., 2002; Druker, 2003). The majority of in vitro data come from experiments with
CML cell lines and not primary CML cells. Many of these studies showed
significant in vitro responses in proliferating cells, however, they did not target the
IM-insensitive quiescent stem cell population. Although many of these studies
have been informative, none have addressed cytotoxicity at the stem cell level. A
recent study (Jorgensen et al., 2005a) showed that many drug combinations
inducing apoptosis in CML cell lines were ineffective in primary CML cells and,
indeed, there was a trend towards further accumulation of quiescent stem cells in
response to combination therapy. Indeed, in this study by Jorgenson et al
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(Jorgensen et al., 2005a), the only combination to show superiority to IM alone on
the quiescent stem cell population was the combination of IM with the FTl
lonafarnib (formerly SCH66336; Schering-Plough, Kenilworth, NJ, USA), however,
the results failed to reach statistical significance. Farnesyltransferase inhibitors
have been used extensively in clinical trials of myeloid leukaemias including CML.
Interestingly, a novel cytotoxic FTl, BMS-214662, has been described which has
activity against non-proliferating cells in vitro (Lee et al., 2001).
1.3.3.1 The mode of action of FTIs
A critical pathway activated by BCR-ABL is the Ras pathway, and although not
fully specific for Ras, a range of FTIs have been developed which inhibit Ras. The
FTIs are also potent inhibitors of MDR1 (Wang et al., 2001). The signalling
functions of both normal and oncogenic Ras are dependent on the membrane
association of Ras which is achieved by post-translational processing of cytosolic
Ras and involves three enzymatic steps. Firstly, there is farnesylation of a cysteine
four residues from the C-terminus; secondly, hydrolysis of the C-terminal
tripeptide; and, thirdly, methyl estérification of the new C-terminal farnesylcysteine
(Hunt et al., 2000). The key step in this process is the farnesylation of Ras by the
enzyme FT and, based on this finding, a number of FTIs have been developed for
clinical use because, although Ras undergoes a number of post-translational
modification steps, only farnesylation is necessary for membrane localisation and
cell-transforming activity (Heimbrook and Oliff, 1998). In addition to Ras, a number
of other intracellular proteins are substrates for prénylation by FT including RhoB,
Rac and lamin (Rowinsky et al., 1999). In CML, the importance of Ras is as an
obligatory signalling molecule downstream of BCR-ABL, and inhibitors of Ras may
have potent anti-proliferative effects.
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Ras proteins exist in the farnesylated form only in the absence of FTIs. The
isoforms K-Ras and N-Ras, but not H-Ras, undergo geranylgeranylation when
farnesylation is inhibited resulting in failure to completely inhibit Ras processing
and it is hypothesised that the K-Ras resistance to FTIs explains the failure to
inhibit growth or induce significant toxicity in normal cells as well as the relatively
poor responses achieved in solid tumours (Reuter et al., 2000; Daley, 2003).
Treatment of Ras transformed cells with FTIs selectively inhibits Ras-dependent
signalling, including Ras processing resulting in the accumulation of unprenylated
(inactive) Ras and inhibition of the Ras-Raf-MEK-ERK pathway.
However, the observed anti-tumour effects of FTIs are not solely due to Ras
inhibition as these agents are also effective in Ras'^^" and Ras mutant cells
(Nagasu et al., 1995; Sepp-Lorenzino et al., 1995; End et al., 2001; Rose et al.,
2001); they may also act by inhibiting farnesylation of other proteins (Cox and Der,
1997; Lebowitz and Prendergast, 1998; Ashar et al., 2000; Prendergast and Rane,
2001); (Discussion 7.3). In addition, FTIs have also demonstrated preclinical
activity in the treatment of eukaryotic pathogens such as plasmodium falciparum
and trypanosomiasis brucei by inhibition of FT (Eastman et al., 2006). They may
also have a role in the treatment of the Hutchinson-Gilford progeria syndrome
which has recently been found to be associated with accumulation of an abnormal
farnesylated form of prelamin A (Young et al., 2006). However, FTIs have yet to
enter clinical trial for treatment of these conditions.
1.3.3.2 The use of FTis in CML
Research has shown that lonafarnib inhibits the proliferation of IM-sensitive and
resistant BCR-ABL"" cell lines (Peters et al., 2001a; Hoover et al., 2002), is active
against

BCR-ABL-induced

murine

leukaemia

(Peters

et al.,

2001a)

and
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suppresses haemopoietic colony formation from peripheral blood samples of CML
patients resistant to IM (Hoover et al., 2002). In addition, lonafarnib enhances IMinduced apoptosis in IM-sensitive cells (Hoover et al., 2002; Nakajima et al., 2003)
and, in patients with IM-resistance due to gene amplification cooperates with IM to
induce apoptosis (Hoover et ai., 2002). Tipifarnib (ZARNESTRA™; formerly
R115777; Johnson and Johnson, Titusville, NJ, USA), another FTl in clinical use,
has also been shown to act synergistically with IM to increase apoptosis and
induce cell cycle arrest in BCR-ABL"* cell lines (Miyoshi et al., 2005). However, in
this study the problem of persistence of Gi arrested leukaemia cells was
highlighted as a potential barrier to the complete eradication of disease. In some
cell lines (KCL22 and KCL22/SR) there was accumulation of cells in Gq/G i ;
however, other cell lines (K562, K562SR, KU812 and KU812SR) showed a
decrease in Gq/G i cells after treatment with IM plus tipifarnib, and it was
hypothesised that apoptosis of these cells occurred before cell cycle arrest.
Phase 1 clinical trials of tipifarnib as a single agent have been conducted in CML
(Cortes et al., 2003; Gotlib et al., 2003). In the first study of 22 patients with CML,
7 (6 CP and 1 AP) achieved a complete or partial haematologic response with 4 of
these achieving a mCR (Cortes et al., 2003). However, the responses were
transient with a median duration of 9 weeks.

In the second study, of the 12

patients (11 AP and 1 BC) recruited, only 6 were evaluable at the time of interim
analysis and of these, 3 had a haematological response (Gotlib et al., 2003).
Therefore, tipifarnib was well tolerated and demonstrated moderate efficacy in IMresistant patients. A pilot study has also demonstrated the safety and modest
efficacy of lonafarnib as a single agent in IM-resistant CML (Cortes et al., 2002).
More recently, studies combining both tipifarnib and lonafarnib with IM after failure
of IM therapy demonstrated efficacy and a tolerable safety profile (Cortes et al.,
2004a; Cortes et al., 2004c). However, the only data available on these studies
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are interim analyses and final results remain unpublished. Nonetheless, taken as a
group, these studies provide a rationale for examining other, more potent FTIs to
treat IM-resistant CIVIL and attempt to eradicate the quiescent CIVIL stem cell
population.
1.3.3.3 BMS-214662
BMS-214662 (manufactured by Bristol-Myers Squibb) is an atypical nonpeptidomimetic FTI with a benzodiazepine core (Hunt et a!., 2000) which inhibits
H-Ras and K-Ras in the low nM range and is approximately 1000-fold selective for
FT compared to GGT 1 (Rose et al., 2001). Figure 1-10 details the structure of
BMS-214662.

Figure 1-10. The structure of BMS-214662.

In preliminary experiments (Rose et at., 2001), BMS-214662 demonstrated
efficacy against a range of tumour cell lines in vitro including the BC CML cell line
K562 (ICso 160nM using an in vitro cytotoxicity assay). In vivo studies using a nude
mouse human tumour xenograft model demonstrated that BMS-214662 had
curative potential in a range of human tumours including colon, pancreas, lung and
bladder carcinoma (Hunt et al., 2000; Rose et al., 2001). More recently, BMS214662 has also shown activity in the haemopoietic disorders myeloma, chronic
lymphocytic leukaemia (CLL) and AML (Marzo et al., 2004; Cortes et al., 2005a;
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Gomez-Benito et al., 2005). Very interestingly and pertinent to this project, BMS214662 was also shown to preferentially target non-proliferating (quiescent) cells
in solid tumour models in vitro (Lee et al., 2001). This study demonstrated that
BMS-214662 was 20 times more potent in quiescent compared to proliferating
cells from five different solid tumour cell lines. Based on these results, two
potential therapeutic strategies incorporating BMS-214662 were investigated in
vivo in animal models. In the first of these, BMS-214662 was combined with the
chemotherapeutic agents,

paclitaxel and epothilone, that preferentially kill

proliferating cells and in the second, BMS-214662 was combined with manoeuvres
to induce tumour cell quiescence such as tamoxifen in oestrogen-dependent
breast cancer and surgical castration in androgen-dependent prostate cancer (Lee
et al., 2001). Both strategies demonstrated synergy with BMS-214662 and
significantly improved response and based on these findings, BMS-214662 was
entered into clinical trials in solid tumours alone and in combination with other
chemotherapeutic agents.
A number of Phase 1 dose-escalation clinical trials have been conducted in solid
tumours with BMS-214662 given as a single agent for either 1 hour or 24 hours by
intravenous infusion (Ryan et al., 2004; Papadimitrakopoulou et al., 2005;
Tabernero et al., 2005; Eder et al., 2006). The commonest side effects reported in
these studies were gastrointestinal disturbances, elevated liver transaminases,
renal toxicity, fatigue, electrolyte imbalances and myelosuppression.

However,

disappointingly, despite reaching the maximum tolerated dose in all four studies,
only one study demonstrated clinical benefit (Tabernero et al., 2005), and this was
only in a minority of patients (5 of 31). However, the patients recruited to these
studies had already failed standard treatments and in many cases had received
multiple chemotherapy regimens.
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Further Phase 1 studies were undertaken in which BMS-214662 was combined
with either cispiatin or carboplatin and paclitaxel (Mackay et al., 2004; Dy et al.,
2005). In combination with cispiatin, there were no objective responses, however
disease stabilisation was observed in 15 of 29 patients over several cycles of
treatment (Mackay et al., 2004). In combination with carboplatin and paclitaxel, 3
of 30 patients had a partial response and a further 8 had stable disease over
several months therapy (Dy et al., 2005). These combination studies using BMS214662 showed more promise than BMS-214662 as a single agent.
The only Phase 1 dose-escalation study undertaken in a bone marrow disorder
used BMS-214662 as a single agent in patients with relapsed of refractory AML
(n=19), ALL (n=3) or myelodysplastic syndrome (n=8)(Cortes et al., 2005a). Five
of 30 patients had evidence of anti-leukaemic activity including 2 CHR (with
incomplete platelet recovery) and, of these, one had a cytogenetic response. The
remaining 3 patients that responded had an incomplete response with reduced
bone marrow blast counts.
Therefore, BMS-214662 has demonstrated activity in HSC disorders (Cortes et at.,
2005a) and appears to be more effective when used in combination with other
therapies which target proliferating cells in solid tumours (Mackay et al., 2004; Dy
et al., 2005). With in vitro evidence of activity against quiescent tumour cells (Lee
et al., 2001), and the efficacy of other FTIs in combination with IM in CML (Cortes
et al., 2004a; Cortes et al., 2004c; Jorgensen et al., 2005a), BMS-214662
appeared a logical choice to assess in combination with IM or dasatinib. It was
hypothesised that IM or dasatinib would target the proliferating CML cells and
BMS-214662 the deeply quiescent and Gq/Gi arrested CML stem and progenitor
cells.
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1.4 Aims
Experiments were designed to address the following aims:
1.

To determine if pulsed IM is more effective than continuous IM at
eliminating CD34^ CML stem cells in vitro;

2.

To determine if the addition of rHu-G-CSF to either continuous or pulsed
IM enhances the elimination of CD34^ CML stem cells in vitro;

3.

To assess the efficacy of dasatinib compared to IM against CD34^ CML
cells and determine if dasatinib would eradicate quiescent CML stem
cells in vitro;

4.

To determine the relevance of SRC kinases and BCL-2 in CP CML;

5.

To determine the efficacy of BMS-214662 alone and in combination with
either IM or dasatinib on the quiescent CML stem cell population in vitro;

6.

To assess the efficacy of BMS-214662 in BC CML, cell lines expressing
BCR-ABL kinase mutations and AML in vitro.

These questions are dealt with sequentially within the relevant Results
Chapters. Each Results Chapter begins with a short introduction relevant to the
proceeding data and finishes with a summary of the findings. The discussion of
all the results and final conclusions is presented in a separate Discussion
Chapter (Chapter 7).
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Materials and Methods
2.1 Materials
2.1.1 Novel small molecule Inhibitors
Imatinib mesylate (MW 590) was provided as a white powder under a Materials
Transfer Agreement from Novartis Pharma (Basel, Switzerland). It was dissolved
in sterile H2O and stored as a lOOmM stock solution at 4°C. Dasatinib (MW 489),
BMS-214662 (MW 488) and BMS-225975 (MW 570) were provided as white
powders

under a Materials Transfer Agreement by Bristol-Myers Squibb

(Princeton, NJ, USA). Each compound was dissolved in dimethyl sulfoxide
(DMSO) to give a stock concentration of lOmg/mL and stored in multiple aliquots
at -20°C prior to use. PP2 in solution™’ (lOmM in DMSO) was purchased from
Calbiochem, Merck Biosciences Ltd, Nottingham, UK and stored at -20°C. All
small molecule inhibitors were made up fresh and diluted to the appropriate
concentration with PBS prior to use.

2.1.2 Tissue culture supplies (including CD34^ selection)
Abbott Diagnostics
Maidenhead, UK
Amersham Pharmacia Biotech Ltd
Buckinghamshire, UK
Barloworld-Scientific
Staffordshire, UK
Baxter Healthcare
Nottingham, UK
Becton Dickinson
Plymouth, UK
Bio-Rad
Hercules, CA, USA
Chugai Pharma
London, UK
Fisher Scientific
Loughborough, UK

LSI BCR-ABL Dual Colour FISH probe
Tritiated (^H) thymidine
Iwaki Type 1 Collagen coated 6-well
plates
Sterile water
Hypodermic needles
Luer lock syringes
Triton-X-100
Recombinant human G-CSF (rHu-GCSF)
Acetic acid
Methanol
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Greiner bio one
Gloucestershire, UK
Hendley
Essex, UK
Invitrogen
Paisley, UK

Miltenyi Biotech
Bisley, UK
Nalge Nunc International
Roskilde, Denmark

Perkin Elmer
Turku, Finland
Sartorius
Flannover, Germany
Scottish National Blood Transfusion
Service
Glasgow, UK
Sigma-Aldrich
Dorset, UK

75cm^ tissue culture flasks
96-well plates
FACS tubes
Pipette tips
Multispot microscope slides
2-Mercaptoethanol
Colcemid
Foetal calf serum (FCS)
L-glutamine 200mM (100X)
PBS
Penicillin-streptomycin solution
5000u/mL
RPMI 1640 medium
CliniMACS CD34 reagent
CliniMACS PBS/EDTA buffer
CliniMACS tubing set
35mm non-adherent tissue culture
dishes
75cm^ non-adherent tissue culture
flasks
Cryotubes
Cryofreezer container
Vacu bottles
Filter mats
Wax scintillant
Minisart 0.2pM sterile filters
2 0 % human albumin solution
4.5% human albumin solution (ALBA)

Ammonium chloride (NH4 CI)
Bovine serum albumin (BSA)
Dimethyl suiphoxide (DMSO)
Dulbecco's Modified Eagle Medium
(DMEM)
G418 disulphate salt solution
Hank's buffered salt solution - calcium
and magnesium free (HBSS-CMF)
Hygromycin B
Iscove’s Modified Dulbecco’s Medium
(IMDM)
Magnesium chloride (MgCL)
Poly-L-lysine
Potassium chloride (KCI)
Sodium azide
Trisodium citrate
Trypan blue
Trypsin-EDTA
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Bovine pancreatic deoxyribonuclease
(DNAse 1) 1mg/mL
Bovine serum albumin/insulin/transferrin
(BIT) serum substitute
Flt-3 ligand
Hydrocortisone 21-hemisuccinate
Interleukin-3 (IL-3)
Interleukin-6 (IL-6)
Methocult™
Myelocult™
Stem cell factor (SCF)
Pastettes
5mL, 10mL and 25mL disposable
pipettes
15 and 50mL sterile plastic falcon tubes
90mm Petri dishes

2.1.3 Flow Cytometry reagents
Becton Dickinson
Oxford, UK

Caltag Laboratories
Silverstone, UK
Molecular Probes
Eugene, OR, USA
Sigma-Aldrich
Dorset, UK
Upstate
Dundee, UK

7-aminoactinomycin D (7-AAD)
FACS flow
FACS clean
Human anti-active caspase-3-PE
Human anti-BCL-2-FITC kit
Human anti-CD34-PE
Human anti-CD34-APC
Human anti-CD38-PE
Human anti-Ki-67-FITC kit
IgG FITC isotype control
IgG PE isotype control
IgG PE-Cy5 isotype control
IgG APC isotype control
Fix and Perm A and B
Carboxy-fluorescein diacetate
succinimidyl diester (CFSE)
Anti-rabbit IgG-FITC conjugate
Propidium iodide (PI)
Formaldehyde
Human anti-p-Src family Alexa Fluor®
488 (Y416)

2.1.4 Molecular biology supplies
Amersham Pharmacia Biotech Ltd
Buckinghamshire, UK

ECL"^ Plus Western Blotting Detection
Reagents
Hyperfilm™ ECL™ (Xray film)
Rainbow marker (RPN756)
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Bio-Rad
Hercules, CA, USA

Calbiochem, Merck Biosciences Ltd
Nottingham, UK
Cell Signalling, New England Biolabs
Hitchin, UK

Chemicon International
Temecula, CA, USA
Fisher Scientific
Loughborough, UK
Perbio
Northumerland, UK
Sainsburys Supermarkets Ltd
London, UK
Sigma-Aldrich
Dorset, UK

4-15% Tris-HCl gradient gels
Laemmli sample buffer
Nitrocellulose membrane
Tris/Glycine/SDS running buffer
Tris/glycine transfer buffer
Triton-X-100
Tween
Phenoxymethylsulphonylfluoride
(PMSF)
Sodium orthovanadate
Anti-rabbit IgG horseradish peroxidaselinked secondary antibody
Human anti-p-CrKL antibody (rabbit)
Human anti-pan-actin antibody (rabbit)
Human anti-Mcl-1 antibody (rabbit)
Re-Blot"^ Plus Strong Antibody
Stripping Solution
Methanol
BCA kit
Non-fat dry milk powder
0.1% Ponceau S solution
Ethylenediaminetetraacetic acid (EDTA)
NP-40
Protease inhibitor cocktail
Sodium chloride
Sodium deoxycholate
Sodium fluoride
Tris (hydroxymethyl)aminomethane
hydrochloride (Tris-HCl)

2.2 Preparation of media and solutions
2.2.1 Tissue culture media
2.2.1.1

RPWir

RPMI 1640

500mL

FCS

50mL

L-glutamine

5mL

Penicillin/streptomycin solution

5mL
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2.2.1.2

Serum free medium (SFM)

BIT

25mL

L-glutamine

1.25mL

Penicillin/streptomycin solution

1.25mL

2-Mercaptoethanol

250pL

IMDM

97.25mL

Make up in a Vacu bottle and filter sterilise

2.2.1.3

Serum free medium supplemented with growth factor cocktail
(SFM + 5GF)

Serum free medium

50mL

IL-3 (50pg/mL)

20pL

IL-6 (50pg/mL)

20pL

G-CSF (50|jg/mL)

20pL

Flt-3 ligand (50pg/mL)

100pL

SCF (50pg/mL)

100pL

Filter sterilise through 0.22pM filter

2.2.1.4

RPMI for maintenance of stromal cell line M2-10B4 for LTC-IC

RPMI 1640

500mL

FCS

50mL

L-glutamine

10mL

Penicillin/streptomycin solution

10mL

2.2.1.5

DMEM for maintenance of genetically modified S I/S I fibroblast
cell line for LTC-IC

DMEM

500mL

FCS

75mL

L-glutamine

lOmL

Penicillin/streptomycin solution

lOmL

Chapter 2, 82

Mhairi Copland, 2007

2.2.1.6

Myelocult

Myelocult™

lOOmL

Hydrocortisone hemisuccinate (1x10"^M)

1mL

2.2.1.7

RPMIA/VEHI medium for Ba/F3 cell lines

RPMI

500mL

WEHI-3B conditioned cell medium

50mL

PCS

10mL

L-glutamine

5mL

Penicillin/streptomycin solution

5mL

2.2.2 Tissue culture solutions
2.2.2.1

PBS/2% FCS

PBS

490mL

FCS

iOmL

2.22.2

PBS/20% FCS

PBS

80mL

FCS

20mL

2.2 2.3

Ammonium chloride solution (lOx)

Ammonium chloride

(N H 4 C I)

Sterile water (dH2 0 )

8.33g
lOOmL

Filter sterilise through 0.22pM filter
Dilute stock solution 1:10 with dHaO for lysis to give 1x strength
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‘DAMP’
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solution

for

thawing

cryopreserved

unmanipulated cell aliquots from liquid nitrogen
vial

DNAse 11solution (1mg/mL)

1

Magnesium chloride (400X; 1M)

625|j L

Trisodium citrate (0.155M)

26.5mL

Human serum albumin (20%)

12.5mL

PBS (magnesium/calcium free)

208mL

2.2.2.S

4.5% human albumin solution/20% DMSO

4.5% human albumin solution (ALBA)

80mL

DMSO

20mL

2.2.2.6

PBS/BSA/Azide

PBS

500mL

BSA

5g

Sodium azide

0.5g

2.2.2.7

IMDM/2% FCS

IMDM

98mL

PCS

2mL

2-2.3 Flow cytometry solutions
2.2.3.1

PBS/0.4% formaldehyde
48mL

PBS
10%

formaldehyde solution

2mL

CD34^

or
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2.2.3.2

PBS/0.2% Triton-X-100

PBS

50mL

Triton-X-100

lOOpL

2.2.4 Molecular biology solutions
2.2.4.1

Lysis buffer for protein lysates

CIH2O

7.75mL

1.6M NaCI

Im L

1M Tris-HCl

0.5mL

150mM EDTA

333pL

NP-40

50pL

10%(w/v) Sodium deoxycholate

250|j L

Immediately prior to use, protease and phosphatase inhibitors
below added
Protease inhibitor cocktail

100pL

PMSF

100pL

Sodium fluoride

20pL

Sodium orthovanadate

20pL

2.2.4.2

Running buffer

10X TGS buffer

100m

PBS

900pL

2.2.4.3

l

Transfer buffer

10X TG buffer

80mL

PBS

720m l

Methanol

200m

l
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2.2.4.4

Wash buffer

PBS

lOOOmL

Tween

lOOjjL

2.2.4.S

Blocking buffer
lOOmL

PBS
Non-fat dry milk

lOOpL

Tween

2.2.4.G

Primary antibody buffer

PBS

lOOmL

BSA

5g

Tween

1 0 0 |j L

2.3 Methods
2.3.1 Cell culture
2.3.1.1

Collection of primary CML samples

All samples (peripheral blood and leucapheresis material) were collected using
written informed patient consent with approval from the Local Research and Ethics
Committee. See Appendix 1 for the biological characteristics of the patients from
whom the samples were collected.
2.3.1.2
Cell

Cell counting and assessment of cell viability

counts

and

assessment

of cell

viability

were

performed

using

a

haemocytometer with trypan blue exclusion. Trypan blue was diluted 1:10 with
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PBS and either 40 or 90pL of trypan blue was added to 10pL of cell suspension to
give a 1:5 or 1:10 dilution of cells. Eight microlitres of this mixture was transferred
to a haemocytometer and a minimum of

100

viable cells were counted with dark

blue-staining cells counted as non-viable. Further assessment of cell viability in
CD34^ CML cells after culture was performed using PI staining and FACS analysis
(Section 2.3.2).
2.3.1.3

Red cell lysis

Peripheral blood samples or, in some instances, leucapheresis collections
required lysis of red blood cells. Red cell lysis was performed using 0.083% NH4CI
solution at a ratio of 5mL sample to 45mL NH4CI at 37°C for 10 minutes. This step
was repeated to ensure complete red cell lysis. After completion of red cell lysis,
leucocytes were recovered by centrifugation (1000RPM for 10 minutes) and
resuspended in either PBS/2%FCS or 4.5% ALBA, for cryopreservation or CD34^
selection.
2.3.1.4

Cryopreservation of cells

CD34^ selected cells, total MNCs from BC CML and AML samples and leukaemia
cell lines were cryopreserved in liquid nitrogen until use. Briefly, 4x10® to 10® cells,
as appropriate, were aliquoted into nunc cryotubes. To this cell suspension, an
equal volume of 20% DMSO in 4.5% ALBA was added to give a final
concentration of 10% DMSO. The cryotubes were transferred to a cryofreezer
container and steadily cooled in isopropyl alcohol at -80°C before transfer to liquid
nitrogen for long-term storage.
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Recovery of frozen samples

Cell vials were removed from liquid nitrogen and thawed immediately at 37°C in a
water bath until all ice crystals had disappeared. Using a pastette, the cells were
then placed in a 15mL sterile tube (1 tube per vial of cells) and DAMP solution was
added dropwise over 20 minutes. This step was performed at room temperature to
enhance the activity of the DNAse II, with frequent agitation of the tubes to prevent
clumping of cells. The cells were then centrifuged at 1000RPM for 10 mins, the
supernatant discarded, and the pellet loosened by flicking the tube. The cells were
then washed a further twice in DAMP to ensure that all DMSO and cell debris had
been removed from the sample. Following this, the cells were resuspended in
PBS/2% FCS, and the cell count and viability were assessed.
2.3.1.6

CLINIMACS CD34^ cell selection

Samples were obtained from CML patients at diagnosis (n=22) who, as part of
their initial clinical management, underwent leucapheresis to reduce the peripheral
WCC and obtain CD34^ cells for potential use for an autologous SCT at the time of
disease progression. Further samples were obtained from patients with normal
bone marrow (n=5 ) undergoing autologous stem cell collection for either nonHodgkin’s lymphoma or multiple myeloma who had been mobilised with rHu-GCSF following chemotherapy and had excess CD34^ cells remaining after those
required for clinical use had been processed. All leucapheresis procedures were
performed using the Cobe Spectra continuous blood flow separator (Cobe
Laboratories, Quedgeley, UK). Samples were processed using the CliniMACS
clinical system for CD34^ cell selection within 24 hours of sample collection by
either Dr Graham Templeton or Miss Ashley Hamilton according to the
manufacturers’ instructions. Briefly, total MNC were incubated with specific anti-
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CD34 antibodies to which super-paramagnetic particles (~50nM in diameter) had
been conjugated. This cell suspension was then exposed to a high-gradient
magnet separation column and the CD34'" cell-antibody-particle complex was
captured and retained by the column. The CD34" cells which had not bound to the
antibody-particle complex were not retained and were eluted with the waste. The
retained CD34^ cells were then eluted and collected by removing the magnetic
field from around the column. The collected CD34^ cells were then made up to a
concentration of 1x10^/mL to 1x10®/mL with 4.5% ALBA and placed on ice prior to
cryopreservation. After CD34^ selection was completed an aliquot (-5x10'^ cells)
was removed for flow cytometry assessment of CD34 purity and confirmed that,
post-selection, all samples were >95% CD34^. Figure 2-1 shows an example of
CD34 purity of a patient sample before and after CliniMACS CD34^ cell selection.
An additional sample of 1x10® cells was removed for BCR-ABL assessment by
FISH.

98% CD34+

1.5%CD34

O
CO
CO

10 ^

10^

10

1q3

10^

CD34PE
Figure 2-1. An example of flow cytometry dot plots of CD34 purity before (in the left panel,
with CD34^ population highlighted) and after (right panel) CliniMACS CD34* cell selection.
SSC-H, side scatter.
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CFSE staining

After recovery from liquid nitrogen and assessment of cell count and viability,
CD34^ CML cells were stained with 1pM CFSE according to previously described
methods (Nordon et al., 1997; Holyoake et ai., 1999; Graham et al., 2002). Before
CFSE staining, an aliquot (~10%) of the CD34^ cells was removed and set up in
culture in SFM + 5GF as an unstained control. Carboxy-fluorescein diacetate
succinimidyl diester is an intracellular stain fluorescent in FL1 by flow cytometry,
the fluorescence intensity of which halves with each cell division. This allows high
resolution tracking of cell division. Carboxy-fluorescein diacetate succinimidyl
diester was dissolved in DMSO to a concentration of 5mM and stored in aliquots at
-20°C. Prior to use, the CFSE was diluted to 500pM with PBS/2% FCS. Ten
microlitres of this was then added to 5mL of cell solution to give a final
concentration of IpM. The cells were then incubated in a water bath at 37°C for 10
minutes exactly, after which the cells were removed and the CFSE was quenched
by adding 10X volume of PBS/20% FCS. The cells were centrifuged at 1000RPM
for 10 minutes and then washed once in PBS/2% FCS. The cells were then
cultured overnight in lOmL SFM + 5GF in large non-adherent (75cm®) tissue
culture flasks (1-2x10^ CD34^ cells/flask) at 37°C, 5% CO2 . The following morning
the CFSE-stained CD34^ cells were removed from the tissue culture flask and
placed into a sterile tube. The flask was then washed out with PBS/2% FCS and
this was also added to the tube. The cells were then centrifuged at 1000RPM for
10 minutes and washed again in PBS/2% FCS. Following this, the CFSE-stained
cells were resuspended in PBS/2% FCS and the cell count and viability were
determined. An aliquot of cells (-2x10"^) was removed for flow cytometry to assess
the position of the undivided (CFSE"^®^ CD34^) cell population prior to culture in
the different treatment conditions and an example of this is shown in Figure 2-2
For each experiment, a colcemid control was set up using CFSE-stained cells to
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determine the position of the undivided

peak after culture. The colcemid

stock (2mg/mL) was diluted 1:100 with PBS and then filter sterilised. Ten
microlitres of this was added per mL of tissue culture medium in the colcemid
control to give a final concentration of 200ng/mL.

o

o

CO

T-

o-

o

CFSE
Figure 2-2. Representative FACS dot plot showing the position of the baseline undivided
QPggmax QP3 4 + Q0 || population following overnight culture after staining with CFSE.

2.3.1.8

Culture of cell lines

The BC CML cell line K562 (BCR-ABL^) and the AML cell line HL60 (BCR-ABL ),
which were both available 'in-house', were cultured in RPMI^^ in tissue culture
flasks. The cells were counted and medium changed every 48 to 72 hours to
maintain the cell concentration between 0.4 and 1.2x10^ cells/mL. Ba/F3 cells
containing wild-type or BCR-ABL with kinase domain mutations (T315I, M351T
and H396P) were kindly provided under a Materials Transfer Agreement by
Professor Brian Druker, Oregon Health Sciences University, Portland, Oregon,
USA and Professor Junia Melo, Imperial College, London, UK. The cells were
maintained in RPMIAA/EHI medium which contained IL-3 from the WEH1-3B cells.
The cells were counted and medium changed every 96 hours to maintain the cell
concentration at -IxlO^/m L.
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Culture of CD34^ cells

After either recovery from liquid nitrogen or CFSE staining, cells were cultured in
SFM + 5GF in 35mm suspension dishes at an initial cell concentration of
-5x10^/mL for 3 to 12 days at 37°C, 5% CO2 . The exception to this were the
experiments using CD34^ CML cells in Chapter 3, in which the cells were cultured
in SFM only, to which an appropriate concentration of rHu-G-CSF was added.
Drugs were added to each experiment as appropriate to the described conditions.
The cells were harvested every 72 to 96 hours depending on the cycle length in
each experiment, washed in PBS/2% FCS, and aliquots were removed for
performing a cell count and FACS analysis. The remaining cells were re-set up in
culture according to the conditions described in each experiment and drug was
added as appropriate. At the end of the final cycle of each experiment, as well as
performing a cell count and FACS analysis, an aliquot of cells was prepared for
FISH to determine if the cells remaining after culture were BCR-ABL^.
2.3.1.10

Long-term culture-initiating ceii assay (LTC-iC)

Primitive haemopoietic cells with proliferative potential can be maintained in
culture for extended periods of time, typically several months. These culture
conditions have been called long-term bone marrow culture (LTBMC; (Coulombel
et al., 1983a). Briefly, LTBMC requires the formation of a supportive stromal layer
which

supplies

the

necessary

microenvironment

to

allow

the

primitive

haemopoietic cells to proliferate over time. An application of LTBMC is an assay
that measures the number of LTC-IC (Sutherland et al., 1991; Hogge et al., 1996).
In this assay, the cells of interest are overlayed on pre-established, irradiated
stromal layers. After 5 weeks culture the contents of each plate are set up in a
committed progenitor assay for a further two weeks. At the end of this time, the
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number of colonies formed is counted and this allows the frequency of LTC-IC to
be determined. Figure 2-3 shows a simplified schematic diagram for the method
used in the LTC-IC assay.

^

Cells cultured
with drug for 72h
SFM + 5GF

Feeder cells
established (M210B4) and then
Irradiated

/

Cells remaining
after 72h Rx
added to feeder
layers
Cultures maintained
with weekly %
medium changes for
5 weeks

^
^

Remaining cells
harvested and plated
Into methylcellulose

Total number of
colonies counted
after 14-16 days

Figure 2-3. Simplified schematic diagram for the method used to assess LTC-IC after culture
of CD34* cells In different conditions.

Two genetically-modified murine fibroblast cell lines, M2-10B4 and 81/81
fibroblasts (both kindly provided by the Terry Fox Laboratories, Vancouver, BC,
Canada) were used to provide the stromal support necessary for the LTC-IC. The
M2-10B4 cells have been genetically modified to express G-C 8 F and IL-3, and
81/81 fibroblasts

8

CF and IL-3. After thawing, these cell lines were maintained in

culture at 37°C, 5% CO2 . The cells were trypsinised and passaged when the
monolayer was semi-confluent to allow propagation of sufficient cells for LTC-IC.
To minimise the proliferation of untransduced wild-type cells, the cultures were fed
on alternate weeks with hygromycin B (final concentration 62.5pg/mL for M2-10B4
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and 125ijg/mL for S1/S1 fibroblasts) and G418 (final concentration 400pg/mL for
M2-10B4 and 800|jg/mL for S1/S1 fibroblasts).
Before the stromal layers were seeded with the test cells, it was necessary to
irradiate the stromal cells to render then incapable of proliferation. After irradiation,
equal numbers of the stromal cells (M2-10B4 and S1/S1 fibroblasts) were
resuspended

in Myelocult™ myeloid

long-term culture medium and then

inoculated onto Collagen Type 1 coated 6 -well microtitre plates to facilitate stromal
adherence. Over the next few days, these cells formed a monolayer onto which
the test cells could be inoculated.
Prior to irradiation, the stromal layers were trypsinised and counted. A total of
1.5x10® M2-10B4 and 1.5x10® SI/81 fibroblasts were required for each test well.
The stromal cell layers were then irradiated at 80Gy. Following this, the M2-10B4
cells and 81/81

fibroblasts were mixed and resuspended in Myelocult™

supplemented with hydrocortisone, to give a final cell concentration of 3x10®/mL.
Two millilitres of this stromal cell suspension was then aliquoted into the wells of
the Type 1 Collagen coated

6 -well

plate. The plates were then incubated at 37°C,

5% CO2 . After the stromal layers had been incubated for 24 to 48 hours, the test
cells, which were CD34^ CML cells treated under different drug conditions, were
inoculated onto the stromal layers. Briefly, equal numbers of CD34^ CML cells
were treated under the treatment condition described in Section 5.1.4. After 72
hours culture, the remaining cells were washed in PBS/2% FCS and then
resuspended in 310pL of PBS/2% FCS. Duplicate LTC-ICs were then set up with
5, 25 and 125pL of treated CD34^ cell suspension. The cells were then incubated
for 5 weeks at 37°C, 5% CO2 . Every week, Im L of Myelocult™ medium was
removed from each well and ImL of fresh Myelocult™ medium was added and this
constituted a half medium change.
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At the end of 5 weeks culture, the LTC-IC were harvested and set up in committed
progenitor assays. For each LTC-IC culture well, the culture supernatant
(containing non-adherent cells) was pipetted into a sterile 15mL centrifuge tube
(harvest tube). Two millilitres of HBSS-CMF was added to remove any serumcontaining Myelocult™ medium and the plate swirled gently before the HBSS-CMF
was transferred to the harvest tube. One millilitre of trypsin-EDTA was then added
to each well and swirled gently at intervals until all the adherent cells had detached
(up to 5 minutes). Detachment was facilitated by repeatedly pipetting the trypsinEDTA over the surface of the well and this also helped generate a single cell
suspension. The supernatant was transferred to the harvest tube. Immediately,
2mL of IMDM/2% FCS was added to the LTC-IC well and swirled gently and then
transferred to the harvest tube. A further 2mL of HBSS-CML was added to the well
and swirled gently before being transferred to the harvest tube. The harvest tubes
were then centrifuged at 1000RPM for 10 minutes. Following this, the supernatant
was gently poured off and the cells resuspended in the remaining supernatant.
The volume of remaining cell suspension was recorded and a cell count
performed.
Duplicate committed progenitor assays were set up for each cell volume of each
treatment condition at two different cell concentrations (1x10"^ and 2.5x1
cells/mL). The appropriate volume of cell suspension for duplicate wells was
added to 2mL of Methocult™ medium for committed progenitor assays. The cell
suspension and Methocult™ medium were thoroughly mixed and Im L of this was
aliquoted into a 35mm culture dish and then gently tapped so that the bottom of
the dish was completely coated. The culture dishes were then incubated for 14
days at 37°C, 5% CO2 and, at the end of this time, the number of viable colonies
was counted in each dish and this allowed a comparison of the LTC-IC present in
the different treatment conditions.
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Tritiated f H) thymidine proliferation assays

Tritiated (®H) thymidine proliferation assays were performed to determine the IC50
for the different small molecule inhibitors in cell lines and CD34^ CML cells. These
experiments were performed in 96 well plates and each well contained 90pL of cell
suspension and 10pL of drug (final volume 100pL). There were five replicates of
each drug concentration per experiment. Cell lines were seeded at a cell
concentration of 2x10® cells/mL in RPMT^ for K562 and HL60 cells and
RPMIAA/EHI medium for the Ba/F3 cell lines. CD34^ cells were seeded at a cell
concentration of 5x10® cel Is/m L in SFM only. Cell lines were cultured for 24 or 48
hours and CD34^ cells for 72 hours prior to assessment of proliferation. Tritiated
thymidine (37MBq per mL) was diluted 1:100 in medium and 20pL was added to
each experimental condition 5 hours prior to reading the plate in the cell line
experiments and 16 hours prior to reading the plate in the CD34^ cell experiments.
Beta counting was performed according to the manufacturers' instructions. Briefly,
the cells were harvested using a FilterMate Harvester (Perkin Elmer, Turku,
Finland) onto a filter mat, wax scintillant was melted onto the filter mat ready for
beta counting using the Micro beta TriLux (Perkin Elmer).
2.3.1.12

Dual-colour fluorescence in situ hybridisation (FISH)

Chronic myeloid leukaemia cells, pre- and post-culture, and colonies from LTC-IC
experiments were assessed for the presence of BCR-ABL by FISH. Aliquots of at
least 5000 cells were required. The CML cells or pooled colonies were firstly put
into a 5mL FACS tube and washed in PBS/2%FCS. The cells were then
resuspended in 500pL of hypotonic solution (0.075M potassium chloride),
transferred to a 1.5mL eppendorf and incubated at room temperature for 20
minutes.

One

hundred

microlitres

of freshly

made

fixative

was

added
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(methanol:acetlc acid [3:1]) and the cells incubated for a further 5 minutes at room
temperature. The cells were then centrifuged at 5000RPM for 5 minutes, the
supernatant removed and a further 500pL fixative added, the cells incubated for a
further 5 minutes and then centrifuged for 5 minutes. This step was repeated a
further twice. The cell pellet was finally resuspended in 50pL of fixative and then
stored at -20°C prior to further preparation for FISH.
Aliquots of 20pL of cell solution were placed in wells of a poly-L-lysine coated
multispot microscope slide and air-dried overnight. If the cells had been stained
with CFSE, this was bleached under a bright light prior to performing FISH. The
prepared slides were stored at -20°C wrapped in parafilm until FISH was
performed according to the manufacturers’ instructions using the LSI BCR-ABL
Dual Fusion probe. Interphase nuclei were evaluated using a Leica fluorescent
microscope with a triple-band pass filter for DAP I, Spectrum Orange and Spectrum
Green. All FISH slides were prepared and scored by Mrs Elaine Allan.

2.3.2 Flow cytometry
Flow cytometry also called FACS is used to sort cells according to their
fluorescence. A flow cytometer consists of one or more lasers for supplying
excitation energy and a series of filters and detectors for measuring the resultant
fluorescent emissions. A flow cytometer can also measure the size of a cell using
forward-angle light scatter (FSC) and the granularity of a cell using side-angle light
scatter (SSC). Thus, flow cytometry allows the characterisation of individual cells
using fluorochrome-labelled antibodies.
2.3.2.1

Surface antibody staining

All antibodies were titrated so that the minimum concentration which gave reliable
staining and clear separation of different cell populations was used. This was
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always less than the amount recommended by the manufacturer, thus reducing
cost and facilitating compensation when using multiple channel flow cytometry in
experiments. Prior to surface antibody staining, the cells were washed in PBS/2%
FCS. The cells were then resuspended in 200pL PBS/2% FCS and the
appropriate volume of antibody was used. The cells were then incubated in the
dark for 15 minutes and washed twice in PBS/2% FCS (1200RPM for 5 minutes).
If PI (Ipg/mL) was being used to exclude dead cells, Ip L of this was added with
the final wash. The cells were then analysed by FACS immediately. Appropriate
isotype controls were included for all experiments. All FACS analysis was
performed using the FACSCalibur flow cytometer (Becton Dickinson) with
compensation set as required using log-linear scale.
2.3 2.2

Intracellular antibody staining

For cells requiring both surface and intracellular antibody staining, the surface
staining was performed first. Propidium iodide could not be used in association
with intracellular antibody staining. After surface staining, if appropriate, at least
1x10® cells were resuspended in lOOpL of Fix and Perm® Medium A (fixation
medium) and incubated for 15 minutes (in the dark if also surface antibody
stained). The cells were then washed with PBS, the supernatant completely
removed using a graduated pipette and the cell pellet resuspended in 50pL Fix
and Perm® Medium B (permeabilisation medium). To this the appropriate volume
of intracellular antibody was added (Bcl-2-FITC, p-Src Alexa Fluor® 488 or antiactive-caspase-PE) and the cells incubated for 45 minutes at room temperature in
the dark. Finally the cells were washed twice in PBS (1200RPM for 5 minutes)
prior to FACS analysis.
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Intracellular staining for CrKL phosphorylation was performed as above with the
following modifications (Hamilton et al., 2006). All washes were performed using
PBS/BSA/azide. After fixing with 100pL of Fix and Perm® Medium A, the cells
were permeabilised with 25pL of Fix and Perm® Medium B, to which 2.5pL of pCrKL antibody was added and the cell/antibody solution mixed by vortexing. The
cells were then incubated at room temperature for 40 minutes. The cells were then
washed twice and resuspended in 100pL PBS/BSA/azide to which 2pL of
secondary antibody (anti-rabbit IgG-FITC conjugate) was added. The cells were
then vortexed and incubated for a further 30 minutes at room temperature in the
dark, washed twice and then analysed immediately by flow cytometry using the
FACSCalibur.
The amount of p-CrKL in an untreated CML sample was assessed as the
geometric mean fluorescence intensity (MFI) of the untreated CML sample minus
the geometric MFI for P-CrKL of normal CD34^ cells (negative control). The pCrKL status of drug treated samples was expressed as a percentage of the
untreated control (100%). To compare the amount of p-SRC or BCL-2 in a CML
versus normal cells at baseline, the following calculation was used:
p-SRC or BCL-2 = ([CML MFI - isotype MFI] / [normal MFI - isotype MFI])*100%
As with p-CrKL, the amount of p-SRC or BCL-2 in drug treated samples was
expressed as a percentage of the untreated control ( 1 0 0 %).
2.3.2.3

High resolution cell cycle analysis

Different culture and treatment conditions may alter progression of cells through
the cell cycle. Therefore, it was important to determine the effects of the different
treatment conditions on progression of CML cells though the cell cycle. High
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resolution cell cycle analysis was performed using the method described by
Jordan et al (Jordan et al., 1996) which combines staining using the nuclear
activation antigen Ki-67 (FITC) with 7-AAD staining of DMA. This method allows
discrimination between Go, G i and S/G2/M .
Approximately 1x10® cells were washed in PBS (1200RPM for 5 minutes), the
supernatant discarded and then resuspended in SOOpL of PBS/0.4% formaldehyde
for fixing and incubated for 30 minutes on ice. Following this, 500pL of PBS/0.2%
Triton-X-100 was added to permeabilise the cells and the cells were then
incubated overnight at 4°C. The following morning, the cells were washed once in
PBS and then resuspended in ImL PBS. The cell suspension was then divided
equally between two FACS tubes (SOOpL each) and either 20pL of Ki-67 FITClabelled antibody or 20pL of FITC isotype control was added to the tubes. The
cells were then vortexed and incubated for 40 minutes at room temperature in the
dark. After one further wash, the cells were resuspended in Im L of PBS and 5pL
of 7-AAD (Ipg/mL) was added and then incubated for at least

6

hours, but

preferably overnight, at 4°C prior to FACS analysis. Before FACS analysis, the
cells were washed once in PBS. Log-linear analysis was used in FL1 (Ki-67-FITC)
and linear analysis on FL3 (7-AAD). To separate cells from debris, the cell
population was gated on using FSC versus FL3. This gated cell population was
then analysed in FL1 versus FL3 and this allowed calculation of the relative
percentages of cells at each stage of the cell cycle. A minimum of

1 0 ,0 0 0

cell

events were collected.
2.3.2.4

FACS for CFSE experiments

Carboxy-fluorescein diacetate succinimidyl diester stained cells were surface
stained as described in Section 2.3.2.1. Flow cytometry analysis of CFSE-stained
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cells was performed at baseline to determine the position of the undivided peak
and confirm uniform staining of the cell population (which allowed resolution of the
peaks at subsequent analyses), and again at the time points stated for each set of
experiments. Isotype controls were used to correctly set the detectors so that the
negative isotype population was placed in the first log decade for each flow
cytometry channel. Propidium iodide staining in FL3 was used to identify the viable
cell population. CFSE and CD34 positive controls were then run and the
compensation adjusted. Because CFSE is a very bright fluorescent stain which
has substantial spectral overlap into other FACS channels, considerable levels of
compensation were required. To collect an adequate undivided CFSE^^ CD34^
cell population in each experimental condition, a minimum of 50,000 (and
preferably

1 0 0 ,0 0 0 )

Carboxy-fluorescein

cell events were collected.
diacetate

succinimidyl

diester

was

also

successfully

combined with anti-active caspase-3-PE and CD34-APC to allow assessment of
apoptosis in the undivided CD34^ cell population. Surface and intracellular
antibody staining were carried out as described (Sections 2.3.2.1 and 2.3.2 2,
respectively). As the cells were fixed and permeabilised, PI could not be used, and
the viable cell population was gated on FSC versus SSC to exclude debris and cell
aggregates.
2.3.2.5

Calculation of the undivided (CFSE"^^^) cell population

To determine the anti-proliferative effect of different treatment conditions and
assess the size of the non-proliferating primitive progenitor population, the
percentage recovery of viable CD34^ cells in the undivided population remaining
after culture was assessed. At each analysis time point, the number of viable cells
harvested from each culture condition was recorded, as was the percentage of
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CD34"' cells found in the undivided fraction (CFSE^^^ CD34"^). Percentage
recovery of input cells in the undivided peak could then be calculated by dividing
the absolute number of CFSE^^^ CD34^ cells by the total number of input CD34^
cells and multiplying by 100%. This allowed direct comparison of different
treatment conditions on the non-proliferating primitive progenitor population.

2.3.3 Western blotting
This protein detection technique, which is also known as immunoblotting, is used
to identify specific proteins. A specific protein can be identified after fractionation
on either one or two-dimensional gels, by exposing all the proteins present to a
specific antibody coupled to an easily detectable enzyme such as horseradish
peroxidase, a radioactive isotope or a fluorescent dye. This is done after the
proteins separated on the gel have been transferred or ‘blotted’ onto a sheet of
nitrocellulose paper as this is more robust than the gel.
2.3.3.1

Preparation of protein lysate

The lysis buffer (Section 2.2.4.1) was prepared immediately prior to use. Equal
cell numbers from different treatment condition were washed twice with ice cold
PBS (1200RPM for 5 minutes). The cells were then transferred to a 1.5mL
eppendorf and washed again in ice cold PBS (5000RPM for 5 minutes in a benchtop micro-centrifuge). The lysis buffer was added to the cells (1-2x10® cells/50pL
lysis buffer), mixed by pipetting up and down and incubated for 15 minutes on ice.
Following this, the cells were gently vortexed and then spun at 14000RPM for 10
minutes at 4°C to clarify the supernatant which was then saved as a detergent
lysate and stored at -80°C until use.
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Protein quantitation

Protein quantification was performed using the bicinchoninic acid (BCA) method
for colorimetric detection and quantification of total protein according to the
manufacturers’ instructions. This method utilises the reduction of Cu^^ to Cu^"^ by
protein in an alkaline medium (the biuret reaction) with the colorimetric detection of
the cuprous cation (Cu^^) using a reagent containing BCA (Smith et al., 1985). The
purple reaction product of this assay is formed by chelation of one cuprous ion
with two molecules of BCA. The water-soluble complex exhibits a strong
absorbance at 562nm that is nearly linear over a broad range of protein
concentrations (20-2,000pg/mL).
Firstly the BSA standards were prepared. BSA was dissolved in 0.9% saline to
give a concentration of 2mg/mL. Serial dilutions of this stock were then made to
produce a concentration gradient for the controls. Controls of the following
concentrations were prepared: 1500; 1000; 750; 500; 250; 125; 50; 25; 5pg/mL;
and a blank. These controls could be stored at -20°C for use on multiple
occasions. To prepare the assay, 25pL of each control was pipetted into the well
of a 96-well plate in duplicate. Protein lysate (2.5pL) was added to 22.5pL of PBS
in duplicate test wells. BCA solutions A and B were combined (50A:1B) and 200pL
of BCA solution A plus B was added to each well. The 96-well plate was then
incubated at 37°C for 25 minutes and then the plate was read using an ELISA
plate reader according to the manufacturers’ instructions. This allowed accurate
protein quantification so that equal amounts of protein could be used for Western
blotting.
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dodecyl

sulphate-polyacrylamide-gel

electrophoresis

(SDS-PAGE)
This technique has revolutionised protein analysis. It uses a highly cross-linked gel
as the inert matrix through which the proteins migrate. The proteins are in a
solution which includes sodium dodecyl sulphate (SDS), a negatively charged
detergent which binds to hydrophobic regions of the protein molecules, causing
them to unfold into long polypeptide chains and become freely soluble in the
solution. A reducing agent such as p-mercaptoethanol is also added to break any
disulphide bonds present in the proteins, so that all the constituent polypeptides
can be analysed separately. Each protein molecule binds many of the negatively
charged detergent molecules. This masks the protein’s inherent positive charge,
resulting in migration of the protein towards the positive electrode when a voltage
is applied. The speed of migration through the gel is dependent on the size of the
polypeptide, with smaller polypeptides travelling more rapidly through the gel. This
technique can be used to determine the approximate molecular weight of a
polypeptide as well as the subunit composition of a protein.
To perform SDS-PAGE, equal volumes of protein lysate and Laemmli 2 X sample
buffer were mixed together in a 1.5mL eppendorf and then heated to 95°C for 5
minutes. The samples were then loaded onto a 4 to 15% gradient gel. Ten
microlitres of rainbow ladder marker was loaded onto a lane of the gel to allow
determination of protein size. The gel was electrophoresed in IX TGS running
buffer for 90 minutes at 130V using the Bio-rad Mini-PROTEAN™ electrophoresis
system.
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Transfer to nitrocellulose membrane

The protein bands were then transferred from the gel to nitrocellulose membrane.
Sponges, blotting paper and nitrocellulose membrane were soaked in transfer
buffer. The gel was then removed from its holder, soaked in transfer buffer and the
transfer sandwich was prepared as shown in Figure 2-4 for wet transfer.
- cathode (black)
sponge
blotting paper
gel
nitrocellulose
blotting paper
sponge
+ anode (red)
Figure 2-4. Preparation of sandwich for wet transfer of protein from gel to nitrocellulose
membrane.

The sandwich then underwent electrophoresis for 1 hour at room temperature at
80V.
2.3.3.5

Immunolabelling

After transfer, the nitrocellulose membrane was stained with 0.1% Ponceau S for
30 to 60 seconds to assess protein transfer. The membrane was then de-stained
with distilled water and washed in PBS-T for 5 minutes. Following this, the
membrane was blocked in 5% non-fat dry milk in PBS-T at room temperature for 2
to 4 hours and then the blocking solution was discarded and the membrane
incubated with the primary antibody solution (H-Ras, Mcl-1 or Actin in PBS-T/5%
BSA) overnight at 4°C with gentle agitation. The H-Ras antibody was diluted
1:200, and the Mcl-1 and actin antibodies 1:1000 in PBS-T for immunolabelling.
The following morning, the nitrocellulose membrane was washed 4 times (15
minutes per wash) in PBS-T and then incubated with horseradish peroxidase-
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conjugated secondary antibody (anti-rabbit HRP 1:3000) in blocking solution for 1
hour at room temperature with gentle agitation. The membrane was again washed
4 times (15 minutes per wash) and then developed with the ECL plus™ kit
according to the manufacturers' instructions. Briefly, a solution of ECL plus™ A
and B (40A:1B) was prepared, and the membrane was soaked in this for 5
minutes. Excess ECL plus™ solution was then removed and the nitrocellulose
membrane placed in an X-ray box for exposure onto Hyperfilm™ ECL™. Films
were exposed for increasing lengths of time until satisfactory bands were seen.
The films were developed using the Kodak X-omat™.
2.3.3.G

Stripping and re-blotting

The Re-Blot™ Plus Strong stripping solution was diluted 1:10 with distilled water.
The nitrocellulose membrane was incubated in the stripping solution for 10 to 15
minutes and then washed twice in PBS-T for 10 minutes. The membrane was then
re-blocked for

1

hour, prior to being incubated with a different primary antibody.

This method allowed stripping and re-blotting of membranes 3 to 4 times.

2.3.4 Statistics
All statistical analyses were performed using the Student’s T-test on the Minitab
statistics software package. A level of P ^ 0.05 was taken to be statistically
significant.
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3 Results 1
3.1 Priming CD34* CML progenitor ceils with rHu-G-CSF
improves their eradication by IM in vitro
3.1.1 Introduction
In vitro studies have demonstrated that IM acts by inhibiting the growth of primitive
CML progenitors through reversal of abnormally increased proliferation (Holtz et
al., 2002). However, these growth arrested (quiescent) CML cells are not
eradicated by IM In vitro (Graham et al., 2002; Bhatia et al., 2003) or in vivo as
demonstrated by persistent detection of low level BCR-ABL transcripts by qRTPCR (Hughes et al., 2003; Branford et al., 2004). In addition, recent case reports
(Cortes et al., 2004b; Mauro et al., 2004) show that some patients who achieved a
molecular remission on IM, relapsed rapidly after IM was stopped, but responded
to re-institution of IM therapy. This disease behaviour is suggestive of an IMinsensitive LSC compartment.
In view of these observations, we decided to look for a treatment strategy which
would promote re-entry of these quiescent CML progenitor cells back into the cell
cycle, rendering them susceptible to eradication by IM. Two potentially successful
approaches for eliminating the quiescent CML stem cell population could involve
(1) interruption of IM therapy - an IM ‘drug holiday’; or (2) priming with rHu-G-CSF.
These therapeutic approaches could also be combined in vitro and in vivo. It is
proposed that interruption of IM therapy would reverse the observed anti
proliferative effect of IM at the G0/G 1 boundary, allowing these cells to re-enter the
cell cycle and priming with rHu-G-CSF would promote re-entry of quiescent CML
stem cells into the cell cycle, rendering them sensitive to IM.
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Therefore, the aims of this part of the study were two fold. Firstly, to determine if
interrupted (pulsed) IM therapy was more effective than continuous IM at
eradicating CML stem cells in vitro] i.e. would an ‘IM holiday' bring cells back into
cycle? Secondly to assess if priming with rHu-G-CSF alone or in addition to
interrupted or continuous IM therapy could improve eradication of CML stem cells
in vitro] i.e. could exogenous G-CSF induce cell cycle activation?

3.1.2 Assessment of G-CSF-R protein expression in CD34* CML
progenitor ceiis
Our collaborator, Dr Xiaoyan Jiang, had shown that G-CSF-R gene expression
was up-regulated in the cycling (G1/S/G2/M) compared to the quiescent (Go)
fraction of both CML and normal CD34'" progenitor cells by qRT-PCR.
Furthermore, G-CSF-R gene expression was also significantly higher in both the
quiescent (-2 fold) and cycling (~4 fold) fractions of CD34'" CML progenitors
compared to normal CD34^ cells (P<0.02) (Jorgensen et al., 2006). Therefore, the
aims of this experiment were to determine if G-CSF-R protein expression was
increased in CML versus normal CD34^ progenitor cells and if this expression was
further enhanced by the addition of rHu-G-CSF.
Flow cytometry was used to assess G-CSF-R protein expression in CML (n=2)
and normal (n=2) CD34^ progenitor cells at 0, 24, 48, and 72 hours culture in SFM
in the presence or absence of rHu-G-CSF at a concentration of 20 ng/mL (Figure
3-1). At baseline (0 hours), both CML and normal CD34^ cells had low levels of GCSF-R expression (-1% of cells G-CSF-R positive). After 24 hours culture, GCSF-R protein expression had started to increase in the CD34^ CML cells,
reaching a peak (-12%) at 48 hours and still maintained at a high level at 72 hours
culture (Figure 3-2). The addition of rHu-G-CSF did not affect G-CSF-R protein
expression in these cells. In normal CD34^ cells, G-CSF-R protein expression
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remained at a low level (< 2%) at all time points in the presence or absence of
rHu-G-CSF.

□ Normal; no G-CSF
M Normal + G-CSF
0 CML; no G-CSF
m CML + G-CSF

72

24
48
Time (hours)

Figure 3-1. G-CSF-R protein expression (percentage of total cells G-CSF-R positive) in CML
and normal CD34^ cells after 0, 24, 48 and 72 hours culture in the presence or absence of
rHu-G-CSF.

Baseline

0.87%

24 hours
1.96%

48 hours

11.79%

72 hours

10.83%

U_

(O

9
o

10''

■"lO"

CD38

Figure 3-2. Representative FACS dot plots of G-CSF-R expression in CD34^ CML cells at
baseline (0 hours), 24,48 and 72 hours culture in SFM only.
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Therefore, G-CSF-R protein expression was low in both CML and normal CD34^'
cells immediately after thawing (time =

0

hours; baseline) and increased rapidly in

the CML CD34^ cells in culture. This indicates that the high G-CSF-R transcript
levels seen in the cycling CML CD34^ cells does translate into increased G-CSF-R
protein expression. To confirm that the cell cycle profiles were similar in the CML
and normal CD34^ cells, Ki-67/7-AAD high resolution cell cycle analysis was
performed on CML and normal CD34^ cells after 72 hours culture in rHu-G-CSF
(20 ng/mL). This verified that the ratio of cycling to quiescent cells was comparable
in CML and normal CD34^ cells (Figure 3-3). Thus, higher G-CSF-R expression in
the CML cells was not due to a different cell cycle profile, with more cycling cells.
Normal

CML
28%

71%

Sd

-,
■

.

■

M

1%
200

400

600

600

1000

7-AAD
Figure 3-3. Representative FACS dot plots of Ki-67/7-AAD high resolution cell cycle
analysis. These confirm that there was no difference in cell cycle status between CML and
normal CD34^ cells after 72 hours culture in the presence of rHu-G-CSF {20 ng/mL). The
difference in appearance of the CML and normal FACS dot plots is for two reasons: firstiy,
the two samples were analysed on separate days and the FACSCalibur settings would have
been different as the voitages and compensation were set with fresh control samples each
time the FACSCalibur was used; and secondly, the CML sample was stained overnight with
7-AAD compared to the normal sample which was only stained for

6

hours.
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Next, we needed to determine if the G-CSF-Rs present on the CD34^ CML cells
were functional. This was done by determining the concentration-dependent ability
of rHu-G-CSF to enhance the growth of CD34^ CML progenitor cells in vitro.

3.1.3 Assessment of the proliferative response of CD34* CML
progenitor ceiis to rHu-G-CSF in vitro
This experiment set out to assess the proliferative response of CD34^ CML cells to
rHu-G-CSF and establish the optimum rHu-G-CSF concentration for further
experiments. CD34^ CML cells (n=2) were cultured for

6

days in medium

containing a range of rHu-G-CSF concentrations (0-200ng/mL) or with 5GF
(Figure 3-4). In the absence of any exogenous growth factors, the total number of
cells increased in the first 2 days (~3-fold) and then remained constant for the next
4 days indicating a constant rate of cell production which balanced but did not
exceed cell death, as expected from the known autocrine IL-3/G-CSF phenotype
of these cells (Jiang et al., 1999; Jiang et al., 2000b). The addition of rHu-G-CSF
did not significantly further enhance cell expansion during the first

2

days, although

the addition of either rHu-G-CSF 200 ng/mL or 5GF showed a trend towards
increased total viable cells on day 2. However, over the remaining 4 days, the
addition

of rHu-G-CSF

concentrations of 2 and

stimulated

an

10 ng/mL,

increase

in total

viable

cells.

At

rHu-G-CSF produced a sub-optimal

proliferative response. However, rHu-G-CSF concentrations of 20 to 200 ng/mL
produced equivalent proliferative responses in CD34’*' CML cells, with no benefit
gained from rHu-G-CSF concentrations above 20 ng/mL. A further increase in cell
output could be obtained by using 5GF, a growth factor combination optimised to
stimulate primitive normal haemopoietic cells (Petzer et al., 1996b; Nordon et al.,
1997). Based on these results, a rHu-G-CSF concentration of 20 ng/mL was
chosen for all subsequent experiments in this section.
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6

o

6
No O-CSF

4

•2ng/mL
10ng/mL
>20ng/mL

3

■SOng/mL
>100ng/mL
■200ng/mL

2

g

SQF

1

0

Num ber o f days in culture
Figure 3-4. Proliferation of CD34'^ CML cells in vitro in response to different concentrations
of rHu-G-CSF. Each well was seeded with 5 x 1 0 * CD34* CML cells in SFM supplemented
with 0, 2, 20 or 200 ng/mL rHu-G-CSF or 5GF. Total viable cell numbers were determined
after 1 , 2 , 3 and

6

days. The rHu-G-CSF concentration of 20 ng/mL, chosen for subsequent

experiments, has been highlighted (black line with circles).

3,1.4 Determination o f totai viabie ceii counts after rHu-G-CSF
priming in combination with continuous or interrupted iM
therapy
In this series of experiments (n=6 ), the effect of giving continuous, intermittent or
no rHu-G-CSF (20 ng/mL) in combination with continuous, interrupted or no IM on
total viable cell numbers was assessed in CD34^ CML cells. The IM concentration
used was 5 pM which is clinically achievable with standard doses of IM (Peng et
al., 2004). Each experiment consisted of 3 cycles of 96 hours. Intermittent rHu-GCSF was given for the first 24 hours of each 96 hour cycle and interrupted IM
therapy was given for the last 72 hours of each 96 hour cycle. To account for all
possible combinations of rHu-G-CSF with IM, there were 9 experimental arms
(Figure 3-5): (1) no rHu-G-CSF, no IM; (2) no rHu-G-CSF, IM 72 hours; (3) no
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rHu-G-CSF, IM 96 hours; (4) rHu-G-CSF 24 hours, no IM; (5) rHu-G-CSF 24
hours, IM 72 hours; (6 ) rHu-G-CSF 24 hours, IM 96 hours; (7) rHu-G-CSF 96
hours, no IM; (6 ) rHu-G-CSF 96 hours, IM 72 hours; and (9) rHu-G-CSF 96 hours,
IM 96 hours. So that all conditions were treated equally, after the first 24 hours of
each cycle, all experimental arms where washed three times in PBS and then re
set up ± IM and ± rHu-G-CSF for the remaining 72 hours.

No IM

&

IM 72h

&

IM 96h

&

No G-CSF

G-CSF 24h

G-CSF 96h

Figure 3-5. Schematic diagram of the nine possible combinations of rHu-G-CSF and IM used
in the experimental protocol. G-CSF, rHu-G-CSF; h, hours.

Total viable cell counts were performed at the end of each 96 hour cycle (i.e. after
4,

8

and 12 days culture) and the results are shown in Figure 3.6. Taken as a

group, the three experimental arms to which no IM was added showed the
expected higher total viable cell counts relative to the IM containing arms (P<0.001
compared to both the IM 72 hours and IM 96 hours arms at the end of three
treatment cycles). There were significantly fewer cells remaining after treatment
with continuous IM (96 hours) compared to interrupted IM (72 hours; P=0.038)
when no rHu-G-CSF was added. However, in the presence of either intermittent or
continuous rHu-G-CSF, there was no significant difference between continuous or
interrupted IM therapy.
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1000
No G-CSF, no IM
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100
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G-CSF 96h, no IM

10

G-CSF 96h, IM 72h
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Day 0

Cycle 1

Cycle 2

Cycle 3

Figure 3-6. Total viable cell counts after each treatment cycle (4,

8

and 12 days) for all

experimental conditions. Cells were cultured in SFM. Results are expressed as a percentage
of the starting cell number (± SEM) which was the same for all experimental arms in an
individual experiment. G-CSF, rHu-G-CSF.

As a group, the three arms to which continuous rHu-G-CSF (96 hours) was added
had significantly more cells present at the end of three treatment cycles compared
to the three arms containing either no rHu-G-CSF (P=0.036) or intermittent rHu-GCSF (24 hours; P=0.007). Unexpectedly, the arms with no rHu-G-CSF had
significantly more cells present than those to which intermittent rHu-G-CSF was
added (P=0.019). The effect of IM on total cell numbers was consistently greater
than that of rHu-G-CSF. This is because, even in the absence of rHu-G-CSF,
CD34"^ CML cells produce G-CSF through an autocrine mechanism (Jiang et al.,
1999), thus G-CSF is always present at a low level. Comparison of total viable
cells in the individual arms is shown in Figures 3-7A and 3-7B and demonstrates
significant differences in total viable cells between the different treatment arms.
Interestingly, the pattern of effect of IM (none, interrupted or continuous IM) on
total cell numbers was similar regardless of the presence of rHu-G-CSF (none,
intermittent or continuous) and vice versa. However, the effects were most marked
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in the intermittent rHu-G-CSF arms with a reduction in total viable cells (relative to
input) after 12 days (3 cycles) of ~5 fold and 50 fold in the interrupted and
continuous IM arms, respectively.

Figure 3-7. Comparison of total viable cells (n=6 ) In the Individual experimental arms
together with P values. (A) Three plots comparing the three arms with (I) no IM, (II)
Interrupted IM (ill) continuous IM. (B) Three plots comparing the three arms with (I) no rHuG-CSF, (II) Intermittent rHu-G-CSF and (III) continuous rHu-G-CSF. Results are expressed as
a percentage of the starting cell number and represent the mean (± SEM). G-CSF, rHu-GCSF; h, hours.
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3.1.5 Assessment o f non-proliferating CD34^ CML cells after
priming with rHu~G-CSF in combination with continuous or
interrupted IM therapy
After determination of total viable cell counts, we went on to assess the effects of
continuous and intermittent rHu-G-CSF and continuous and interrupted IM therapy
on the non-proliferating (quiescent) CD34^ cell sub-population after 3 cycles (12
days) culture. These experiments were performed using CFSE to track cell
division (Figure 3-8). A colcemid control was included to determine the location of
the non-proliferating CFSE"’®’' CD34^ cells during FACS analysis. CFSE"’®* CD34'"
cells were assessed at the end of each 4-day cycle. The absolute number of these
non-proliferating cells was calculated and then expressed as a percentage of non
proliferating cells present at the end of cycle 1 in the no rHu-G-CSF, no IM arm of
the experiment. This calculation was performed for all three cycles and the results
are shown in Figure 3-9. Representative FACS profiles for each of the
experimental arms are shown in Figure 3-10.

All experimental arms washed after 24 hours
culture, then re set up ± IM ± rHu-G-CSF as
appropriate
Day 0

Cycle 1

Cycle 2

Cycle 3

I
CFSE

i

Day 4 data

1

Day 8 data

1

Day 12 data

Figure 3-8. Schematic diagram of the protocoi to detect the non-proiiferating CFSE™* CD34*
sub-popuiation of CML cells (highlighted in rectangle) at the end of each treatment cycle ±
rHu-G-CSF ± IM.
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Figure 3-9. Relative size of non-proliferating CFSE™* CD34* CML ceil sub-population after
cycles 1-3 (4,

8

and 12 days) in the described treatment conditions. Results are expressed

as a percentage of the number of non-proliferating cells present at the end of cycle

1

in the

no rHu-G-CSF, no IM arm (± SEM). Taken as a group the intermittent rHu-G-CSF arms (*) had
significantly fewer undivided cells present at the end of 3 cycles compared to the no rHu-GCSF {#; P=0.01) and continuous rHu-G-CSF (t; P=0.003) arms with no significant differences
between the 3 individual intermittent rHu-G-CSF arms. IM alone had no significant effect on
the non-proliferating population.
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Figure 3-10.

Representative FACS plots of CML cells cultured for 12 days under the

different conditions of rHu-G-CSF and IM. Each panel shows a plot for the treatment arm
indicated. The non-proliferating CFSE™* CD34* CML cell population is highlighted In the
box in each panel and the significant reduction in this population with intermittent rHu-GCSF treatment is demonstrated. G-CSF, rHu-G-CSF; h, hours.

Taken as sets, there were no significant differences between the groups of three
experimental arms in which either no IM, interrupted or continuous IM were
present. These findings confirm those of previous experiments (Graham et ai..
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2002) which showed that IM did not target the non-proliferating sub-population of
CD34^ CML cells. In addition, interrupted IM therapy did not improve eradication of
the non-proliferating sub-population compared to continuous IM.
However, the results for rHu-G-CSF treatment were dramatically different.
Intermittent rHu-G-CSF (24 hours) significantly reduced the non-proliferating sub
population of CD34^ CML cells compared to the three arms containing no rHu-GCSF (P=0.01) and, perhaps surprisingly, the three continuous rHu-G-CSF (96
hours) arms (P=0.003). Interestingly, there was no difference between the no rHuG-CSF and continuous rHu-G-CSF arms. The addition of either interrupted or
continuous IM to rHu-G-CSF did not significantly enhance eradication of the non
proliferating sub-population. This suggests that intermittent treatment with rHu-GCSF may result in an enhanced initial mitogenic response in primitive CD34^ CML
cells which is not present in more mature myeloid cells.
In selected experiments, the cells remaining after 12 days culture were FACS
sorted to isolate the non-proliferating sub-population of CD34^ CML cells by Dr
Martin Barow. The cells were sorted directly onto a microscope slide, the cells
fixed, and FISH for the BCR-ABL fusion was kindly performed by Mrs Elaine Allan.
This confirmed that the vast majority (>95%) of non-proliferating cells present were
indeed BCR-ABL"^ after 12 days culture (Figure 3-11). Therefore, the insensitivity
of the non-proliferating cells to rHu-G-CSF and IM was not due to enrichment of
normal CD34^ cells.
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Figure 3-11. Representative FISH Images of BCR-ABL* cells. As treatment with continuous
rHu-G-CSF and IM was least effective In reducing non-prollferating CD34* cells relative to
the no rHu-G-CSF no IM control, this treatment arm was selected for FACS sorting of the
CFSE™* sub-population to provide sufficient cells for FISH analysis to determine Ph status
of the non-prollferating cell population. (A) The K562 BC CML cell line which has multiple
copies of BCR-ABL (positive control for FISH). (B) CML patient total CD34* cells prior to
treatment.

(C) CFSE™* Ph* Interphase nuclei recovered after in vitro treatment with

continuous rHu-G-CSF and IM. FACS sorting was performed by Dr Martin Barow and FISH
by Mrs Elaine Allan.

To determine if cells leaving the non-proliferating CFSE"’®* CD34^ sub-population
did so by apoptosis or cell division, active caspase-3 was assessed in combination
with CFSE and CD34 by flow cytometry in the different experimental arms at the
end of cycle 1. The non-proliferating CFSE"’®* CD34'^ cells remaining at the end of
cycle 1 were almost exclusively active caspase-3 negative, indicating that the cells
leaving the non-proliferating CFSE"’®* CD34"’ sub-population had done so by cell
division and not apoptosis (Figure 3-12). The addition of either rHu-G-CSF or IM
to the cultures did not significantly increase apoptosis.
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Figure 3-12. Representative FACS plots of active caspase-3 to measure apoptosis versus
CFSE to track cell division in (A) rHu-G-CSF 24 hours , no IM; (B) rHu-G-CSF 24 hours, IM 72
hours; and (C) rHu-G-CSF 24 hours, IM 96 hours arms which demonstrate that non
proliferating CFSE"’®’' CD34^ CML cells are not undergoing apoptosis. Active caspase-3 was
measured after the first cycle (4 days). Apoptosis only occurs once the cells are dividing
indicating that the cells leave the non-proliferating gate by cell division and neither rHu-GCSF nor IM increases the rate of apoptosis.

3,1,6 Summary and conclusions
Continuous IM was more effective than interrupted IM in reducing total viable CML
cells in the absence of rHu-G-CSF. In the presence of rHu-G-CSF, there was no
significant difference between the effects of continuous and interrupted IM on total
viable cells. IM most effectively reduced total viable cells when combined with
intermittent rHu-G-CSF. As expected, IM had no significant effect on the non
proliferating sub-population of CD34^ CML cells. However, intermittent rHu-G-CSF
significantly reduced the non-proliferating sub-population compared to either no
rHu-G-CSF or continuous rHu-G-CSF by increasing the number of cells which
leave this quiescent pool by cell division. The addition of IM did not significantly
enhance this effect.
These results suggest that the combination of intermittent rHu-G-CSF to stimulate
cells to divide and reduce the non-proliferating pool, combined with continuous IM
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to eradicate more mature myeloid cells may be particularly effective in treating
CIVIL and reducing the phenomenon of molecular persistence.
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4

Results 2

4.1 A comparison of the efficacy of dasatinib and iM
against quiescent primitive CIVIL progenitor cells in
vitro
4.1.1 Introduction
There is increasing evidence that, even after prolonged treatment, IM does not
eradicate CML stem cells in vivo. Previous research has shown that patients in
CCR after IM therapy continue to have detectable BCR-ABL^ CD34^ cells, CFCs
and LTC-ICs (Bhatia et at., 2003). Therefore, it is unlikely that IM will cure CML
and patients will require long-term monitoring of BCR-ABL levels by qRT-PCR.
This is also supported by the observed rapid relapses in a number of patients who
have stopped IM after a period of negative qRT-PCR results (Cortes et al., 2004b;
Mauro et al., 2004) and the persistence of IM-insensitive, non-proliferating
(quiescent) cells in vitro (Graham et al., 2002; Holtz et al., 2002). With continued
IM therapy, there is also the risk of developing IM resistance through BCR-ABL
kinase domain mutations (Shah et al., 2002), BCR-ABL amplification (Gorre et al.,
2001), BCR-ABL independence with the acquisition of additional mutations
(Donato et al., 2004) or reduced intracellular levels of IM (Mahon et al., 2003) as
previously discussed (Section 1.2.7).
Recent work by our group has aimed to examine the mechanisms of IM resistance
in non-proliferating (or quiescent) CD34^ CML cells (Copland et al., 2006). These
studies have shown that, before and after short term culture (72 hours) in the
presence of IM, the majority of CD34^ and the more primitive CD34^38" cells are
BCR-ABL^ and have only a single copy of BCR-ABL; i.e. do not show gene
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amplification. This research has also shown that CD34^ CML cells have higher
BCR-ABL transcript levels than the more mature total MNC population when
measured by qRT-PCR. In addition, phosphorylated BCR-ABL, tyrosine and CrKL
protein expression were highest in the most primitive CD34"'38‘ cell fraction, at an
intermediate level in the CD34^ population and expressed at a low level in total
MNCs from CML patients. Furthermore, mutation analysis confirmed that kinase
domain mutations were not detectable in the CD34^ cells taken from early CP
CML patients at diagnosis or in those cells surviving 5pM IM or 150nM dasatinib
(Copland et al,, 2006). Therefore, at present, the only confirmed explanation for
the insensitivity of CML stem cells to IM is increased BCR-ABL gene and protein
expression. Taken together, all these findings highlight the importance of finding a
therapy which targets the primitive CML stem cell population.

Dasatinib is a novel multi-targeted kinase inhibitor of the SRC family and BCRABL kinases (Shah et al., 2004) which is currently in Phase 3 clinical trials in IMresistant and IM-intolerant CML and Ph"" ALL patients (Talpaz et al., 2006). In
vitro, dasatinib is more potent (325 fold greater) than IM in cell lines and inhibits
the majority of BCR-ABL kinase mutations that result in IM resistance (except
T315I) (O'Flare et al., 2005). It is believed that the improved efficacy of dasatinib
against CML cells is due to increased potency against BCR-ABL and not directly
through the additional inhibition of SRC kinases (Donato et al., 2003; Donato et al.,
2004; Flu et al., 2004). Flowever, these studies have been conducted in cell lines
and mouse models and the importance of SRC kinases in primary CML cells has
not been directly assessed, in models of advanced phase CML, BCR-ABL has
been shown to activate LYN and FICK, the SRC kinases most prevalent in myeloid
cells (Corey and Anderson, 1999), and this contributes to the survival and
proliferation of BCR-ABL^ cells. Further in vitro studies have also shown that
increased levels of activated LYN may up-regulate the anti-apoptotic protein BCL-
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2 in IM-resistant BCR-ABL^ cells, contributing to the IM resistance seen (Donato et
a!., 2003; Dai et al., 2004).
Therefore, the aims of this study were, firstly, to determine if dasatinib was more
effective than IM in CD34'^ CML cells and if it would eradicate quiescent CML stem
cells in vitro. Secondly, to determine the relevance of SRC kinases and BCL-2 in
early CP CML.

4.1.2 Assessment of IC 5 0 for dasatinib in the K562 cell line and
primary CD34* CML cells
Concentration finding studies to determine the IC50 for dasatinib in K562 and
primary CD34^ CML cells were performed using

thymidine cell proliferation

assays and counting of total viable cells. K562 cells were assessed at 24 and 48
hours and compared to the BCR-ABL negative AML cell line HL60 to show the
specificity of dasatinib for BCR-ABL. Primary CD34^ CML cells were assessed
after 72 hours culture in SFM only. Using proliferation assays (n=4), the IC50 for
dasatinib in K562 cells was approximately 0.8nM at 48 hours culture (Figure 41A). These results were supported by total viable cell count results which showed
a reduction in total viable cells to 80% of no drug control at InM and 35% at 5nM
after 48 hours culture (Figure 4-1B). Dasatinib had no effect on proliferation or
total viable cell counts in the BCR-ABL negative cell line HL60 at any of the
concentrations assessed (Figure 4-1A and B). These results demonstrate that
K562 cells are highly sensitive to dasatinib and that the drug selectively targets
BCR-ABL expressing cells. Dasatinib had an IC50 of approximately 5nM as
demonstrated by proliferation assay and confirmed by total viable cell count in
primary CML cells (n=3; Figure 4-2A and B), indicating the potency of dasatinib in
primary CML cells.
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Figure 4-1. Determination of ICso for dasatinib by

thymidine proliferation assays and total

viable cell counts in K562 cells (n=4 experiments) and HL60 cells (n=2 experiments). (A)
thymidine proliferation assays after 24 and 48 hours in K562 and HL60 cell lines
demonstrate that dasatinib has an ICso of approximately 0.8nM at 48 hours in K562 cells and
has no effect on HL60 cells. Five replicates of each condition were performed in each
experiment. (B) Total viable cell counts in K562 and HL60 cells at 48 hours expressed as a
percentage of the no drug control confirm the results of the proliferation assays. Results
represent the mean ± SEM. h, hours.
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Figure 4-2. Determination of ICgo for dasatinib by

thymidine proliferation assays and total

viable cell counts in primary CD34^ CML cells (n=3 experiments). (A)

thymidine

proliferation assays were performed after 72 hours and demonstrate that dasatinib has an
ICso of approximately 5nM in primary CD34* CML cells cultured in SFM only. Five replicates
of each condition were performed in each experiment. (B) Total viable cell counts after 72
hours expressed as a percentage of the no drug control confirm the results of the
proliferation assays. Results represent the mean ± SEM.

In primary CD34^ CML cells, even at doses up to lOOnM, there was no further
reduction in proliferation or total viable cells compared to the 10nM dose. There
are two possible explanations for this. Firstly, that there is enrichment of a normal
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Ph" cell population which is not affected by dasatinib. However, FISH on these and
other patients samples after 6 days culture in the presence of dasatinib confirmed
that >95% of cells remaining after culture were BCR-ABL'*', thus excluding this
explanation. The second potential reason is that there is a population of cells
present which is resistant to dasatinib and, as in the case of IM, this may be the
primitive CML stem cell population.
These results for dasatinib are similar to those of other groups which have
reported an IC50 of 0.6 to 0.8nM for cell lines expressing wild type BCR-ABL (Shah
et ai., 2004; O'Hare et al., 2005) and 60 to 80% inhibition of growth of bone
marrow progenitors isolated from patients with IM-sensitive CML in CFU assays
(Shah et al., 2004) . However, in Phase 1 clinical trials with CML patients (Talpaz
et al., 2006), plasma concentrations of up to 180nM dasatinib have been achieved.
Therefore, a concentration of 150nM dasatinib was chosen for further experiments
as it more closely represented the clinical situation.

4.1.3 A comparison of IM and dasatinib in CD34* CML progenitor
cells in short term culture
4.1.3.1 Assessment of total viable cell counts
In this series of experiments (n=8), the effects of IM or dasatinib, dosed either as
single agents, sequentially or simultaneously on total viable cell counts was
assessed in CD34'*' CML cells in vitro. As previously, an IM concentration of 5pM
was chosen for these experiments, and dasatinib was used at 150nM as
discussed. The cells were cultured in SFM + 5GF for a total of 6 days. After 72
hours, an aliquot of cells was removed for counting; the remaining cells in all
treatment arms were washed and then re-set up in culture for a further 72 hours
under the following conditions: (1) No drug control; (2) IM 5pM; (3) dasatinib
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150nM; (4) IM for 72 hours then dasatinib for 72 hours; (5) dasatinib for 72 hours
then IM for 72 hours; and (6) simultaneous IM and dasatinib. Therefore, at 72
hours, there were only 4 experimental arms (no drug control, IM 5pM, dasatinib
150nM and simultaneous IM and dasatinib). The total viable cell counts for 72
hours and 6 days are shown in Figure 4-3 A and B, respectively.

P < 0.001 for all treatment arms
compared to no drug control

P=0.006

IM 5pM

No drug
control

Dasatinib
150nM

IM + Dasatinib

B
P = 0.001 for all treatment arms
(except Dasatinib 150nM; P=0.002)
compared to no drug controi

r

P=0.007-i

No drug
control

IM SpM

IM then Dasatinib Dasatinib
IM +
Dasatinib then IM
150nM
Dasatinib

Figure 4-3. Total viable cell counts after 72 hours (A) and

6

days (B) for all experimental

conditions. Cells were cultured in SFM + 5GF. Results are expressed as a percentage of the
no drug control (± SEM).
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At both time points, there was a significant reduction in total viable cells in all
treatment arms compared to the no drug control (P<0.001 for all treatment arms at
72 hours, and P=0.001 for all treatment arms at 6 days except dasatinib 150nM
which had a significance value of P=0.002). However, as the cells were cultured in
the presence of 5GF, there was marked proliferation and expansion of total viable
cells compared to the starting cell number in all treatment arms (Figure 4-4). The
CD34*^ CML cells were cultured in 5GF for these experiments to aid identification
of the quiescent progenitor population which has the greatest resistance to
activation in the CFSE experiments described next (4.1.3.2).
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Figure 4-4. Total viable ceils after 72 hours and

6

days culture of CD34^ CML cells in SFM +

5GF with the stated treatment conditions. There is expansion of cell numbers due to
proliferation in all treatment arms relative to the starting cell number at 3 days with further
expansion evident at

6

days. IM then dasatinib and dasatinib then IM have a 6 day time-point

only. Results are expressed as percentage starting cell number (± SEM).

There was no significant difference in total cells between the IM and dasatinib
arms at either time point (P=0.419 and P=0.118 for 72 hours and 6 days,
respectively), although there was a trend for total viable cells to be lower in the IM
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arm. The experimental arm which consistently had the lowest total viable cell
number was the simultaneous IM and dasatinib arm. At both time points this was
significantly lower than the dasatinib only arm (P=0.006 at 72 hours and P=0.007
at 6 days) and significantly lower than either of the sequential treatment arms (IM
then dasatinib or dasatinib then IM) at 6 days (P=0.002 for both). There was no
significant difference between the IM only and simultaneous IM and dasatinib
arms. These results confirm that IM and dasatinib, at high therapeutically
achievable concentrations, have equivalent efficacy on primary CD34^ CML cells
in vitro.
4.1,3.2 The effect of IM versus dasatinib on non-proliferating CD34* CML
progenitor cells
Having assessed total viable cell counts, the effects of IM and dasatinib, either as
single agents, as sequential therapy or given simultaneously on the non
proliferating (quiescent) CD34^ cell sub-population after 72 hours and 6 days was
studied. As in Chapter 3 (3.1.5), these experiments were performed using CFSE to
track cell division and, again, a colcemid control was included to identify the
position of the non-proliferating CFSE*^®^ CD34^ cells during FACS analysis. The
absolute number of these non-proliferating cells was calculated and then
expressed as a percentage of the starting cell number for each treatment condition
at 72 hours and 6 days. The results are shown in Figure 4-5A and B.
Representative FACS profiles for the no drug control, IM and dasatinib arms are
shown in Figure 4-6.
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Figure 4-5. Absolute number of non-proliferating CFSE"'®* CD34* cells remaining after 72
hours (A) and

6

days (B) for all experimental conditions. Cells were cultured In SFM + 5GF.

Results are expressed as a percentage of the starting cell number (± SEM).

Compared to the no drug control, there was a significant increase in non
proliferating CFSE"^®^ CD34^ CML cells in the IM and IM plus dasatinib arms at 72
hours (P=0.04 and P=0.05, respectively). However, this increase was not present
in the dasatinib arm (P=0.27). After 6 days culture, all treatment arms had
increased CFSE*^®^ CD34"' cells compared to the no drug control. There were no
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significant differences between the different treatment arms, although there was a
trend for the arms containing continuous IM (IM 5pM and simultaneous IM plus
dasatinib arms) to have the largest non-proliferating cell populations (P=0.22).
No drug control

imatinib 5pM

Dasatinib 150nM

Ill

Q.
Û

O

CFSE
Figure 4-6. Representative FACS dot plots of CML cells after 72 hours culture In the
presence of no drug control, IM 5pM or dasatinib ISOnM as indicated. The non-proliferating
CFSE"’®* CD34^ CML cell population is highlighted in the box in each panei. The piots
demonstrate the very iow number of undivided ceils remaining in the no drug controi
compared to the relatively large population remaining in the iM arm. The intermediate sized
CFSE"”®* CD34^ population remaining after treatment with dasatinib is also shown.

The relatively large population of non-proliferating CFSE*^^^ CD34'*' CML cells
remaining after exposure to IM is due to the accumulation of cells arrested in
Gq/G i phase of the cell cycle. The intermediate sized non-proliferating CFSE"^^^
CD34^ CML cell population remaining after dasatinib treatment likely reflects the
less profound anti-proliferative effect of dasatinib, resulting in fewer cells
accumulating in the CFSE**^®’^ gate due to reversible Gq/G i arrest. This anti
proliferative effect is further demonstrated in Figure 4-7.
FISH was performed by Mrs Elaine Allan at baseline and again after 6 days culture
in the presence of IM or dasatinib and confirmed that, at both baseline and again
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at the end of treatment, >95% of the cells were BCR-ABL* with only single copy
BCR-ABL being detected.

No drug control v. IM 5pM

IM 5pM V. Dasatinib 150nM
— No drug control

— IM 5pM

10^

No drug control v. Dasatinib 150nM

IM 5pM V. IM + Dasatinib
— Dasatinib 150nM

— IM + Dasatinib

Figure 4-7. Representative FACS histogram plots which demonstrate the anti-proliferative
effects of IM and dasatinib. In the upper panels, IM and dasatinib treated cells have
progressed through fewer divisions (right shift) compared to the no drug control. In the
lower panels, the less anti-proliferative effect of dasatinib compared to IM is seen (left) and
the identical profiles for IM and simultaneous IM plus dasatinib administration are
demonstrated (right).

As clearly demonstrated here, none of the treatment conditions, including the
combined administration of IM and dasatinib, reduced the non-proliferating
CFSE'"®’' CD34^ CML cell population compared to the no drug control. This
suggests that neither IM nor dasatinib targets the most primitive quiescent CML
stem cells.

Mhairi Copiand, 2007

Chapter 4, 136

4.1.3.3 Assessment of apoptosîs in CD34^ CML cells after exposure to IM or
dasatinib
Previous work has shown that the most primitive CML cells do not readily undergo
apoptosis after treatment with IM (Graham et al., 2002; Holtz et al., 2002; Bhatia at
al., 2003; Jorgensen et al., 2005a), it is the more mature cells which apoptose.
Therefore, apoptosis was assessed in CD34^ CML cells (n=4) after treatment with
IM 5pM, dasatinib 150nM or a no drug control using an anti-active caspase-3-PE
FACS antibody. To enable assessment of apoptosis in the non-proliferating
fraction, the cells were stained with CFSE prior to culture as previously. In
preliminary experiments, caspase-3 activity was assessed at 48, 72 and 96 hours
culture in the presence of different treatment arms. Apoptosis was found to be
greatest at 72 hours, therefore in all subsequent experiments, caspase-3 activity
was assessed after 72 hours and the results are shown in Figure 4-8.
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Figure 4-8. Representative FACS dot plots which demonstrate increased caspase-3 activity
in the presence of either IM 5pM or dasatinib ISOnM compared to no drug control after 72
hours culture. Apoptosis was assessed using anti-active caspase-3 antibody (PE) in CD34^
CML cells. The cells were stained with CFSE prior to culture to allow assessment of
apoptosis in the non-proliferating (quiescent; boxed area) fraction. The dot plots Illustrate
that the majority of apoptosis occurs in the more mature progenitors which have already
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undergone several divisions, with the non-proliferating compartment being relatively
resistant to apoptosis.

Compared to the no drug control, there was a trend towards increased apoptosis
in both the IM and dasatinib arms (5.5% versus 7.9% for both IM and dasatinib) for
total cells remaining after 72 hours culture, but these results did not reach
statistical significance (P=0.067 and P=0.069 for IM and dasatinib, respectively),
due, in part, to inter-patient variability. In the non-proliferating population, there
were no significant differences in apoptosis between the 3 arms with very few
caspase-3 positive cell events (Figure 4-8). Therefore, dasatinib was no more
effective than IM at inducing apoptosis in primary CD34^ CML cells, and most
particularly, compared to IM, did not increase apoptosis in the non-proliferating
CFSE"^®^ CD34^ CML cell population. This result also confirms that the trend to
fewer cells remaining in the non-proliferating CFSE"^®^ CD34^ CML cell gate after
treatment with dasatinib, compared to IM, is due to the cells leaving this gate
through cell division and not apoptosis.
4.1.3.4 Assessment of CrKL phosphorytation as a marker of BCR-ABL
activity in primary CD34^ and more primitive CD34^38‘ CML cells after
treatment with IM or dasatinib
To further define the effects of IM and dasatinib on primary CML cells, a flow
cytometry method for measuring CrKL phosphorylation has been developed and
validated in our lab (Hamilton et ai., 2006). This FACS method allows
determination of CrKL phosphorylation status on relatively small cell numbers (<
1x10®) from which there would have been insufficient protein to perform Western
blotting. Our first finding was that CrKL phosphorylation was significantly increased
in the more primitive CD34^38" population compared to the total CD34^ population
(P=0.002; Figure 4-9A). Further experiments assessed the effect of IM at a dose
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of 5|j M on CrKL phosphorylation in total CD34^ and more primitive CD34'*'38‘ cell
populations (Figure 4-9B). Results showed that IM inhibited CrKL phosphorylation
at 16 hours but not 72 hours in total CD34^ cells, consistent with enrichment of an
IM-insensitive population (P=0.01 for 16 hours versus 72 hours). However, at both
time-points, in the more primitive CD34^38" cell population, IM failed to inhibit CrKL
phosphorylation, confirming the inherent insensitivity of these primitive cells to IM.
We then went on to compare the effects of either IM 5pM or dasatinib ISOnM on
the primitive CD34^38' cell population at 16 hour and 72 hour time-points (Figure
4-9C). At both time points, there was significant inhibition of CrKL phosphorylation
compared to IM (P=0.004 for 16 hours and P<Q.001 for 72 hours).
These results provide evidence that dasatinib is a more potent inhibitor of BCRABL than IM. However, they also suggest that BCR-ABL may be irrelevant in the
stem cell compartment as both IM and dasatinib have equivalent potency at
clinically achievable concentrations against CD34^ CML cells in vitro, despite the
superior inhibition of CrKL phosphorylation in the primitive CD34^38’ compartment
demonstrated here. This further suggests that either inhibition of BCR-ABL does
not lead to cell death or the enhanced inhibition CrKL phosphorylation
demonstrated here with dasatinib is mediated via SRC and not BCR-ABL. An
alternative explanation, although unlikely, is that CML cells require more than 72
hours after inhibition of CrKL phosphorylation before undergoing apoptosis.
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Figure 4-9. Assessment of CrKL phosphorylation (p-CrKL) In total 0034^ and the more
primitive 0034*38' cell populations before and after treatment with IM or dasatinib. (A)
Comparison of p-CrKL In total CD34* and CD34 38 cells at baseline. CD34*38 cells exhibit
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significantly greater p-CrKL than total CD34* cells (P=0.002). (B) p-CrKL In total CD34* and
CD34*38‘ cells after treatment with IM 5pM for 16 and 72 hours. IM Inhibited p-CrKL at 16
hours (P=0.01) but not 72 hours in the total CD34* cell population, suggesting enrichment of
an IM-lnsensitlve population. (C) Comparison of p-CrKL after treatment with IM 5pM or
dasatinib 150nM In CD34*38 cells after 16 and 72 hours. There was significant Inhibition of
p-CrKL at both time-points with dasatinib (P=0.004 at 16 hours and P<0.001 at 72 hours)
compared to IM. h, hours

4.1.4 Determination of the reievance of SRC kinases in CML
Recent research has shown that the SRC kinase LYN is over-expressed and
activated in the K562-R cell line (Donato et al., 2003) which is resistant to IM. This
cell line was developed by culturing K562 cells with increasing concentrations of
IM and then cloning the cells which were resistant to IM by limiting dilution. The
surviving cells were then cultured in the absence of IM and then re-assessed for
IM sensitivity. The cells which remained IM-resistant were termed K562-R cells.
Further experiments showed that inhibition of LYN with the SRC family-specific
inhibitor CGP76030 (Novartis) resulted in reduced proliferation and survival of
K562-R cells. Samples taken from patients with BC CML who had progressed on
IM also showed increased expression of activated LYN similar to the K562-R cell
line (Donato et al., 2003). In addition, specimens taken from BC CML patients
before and after IM failure suggested that expression of activated LYN and/or HCK
occurred during disease progression. The authors concluded from this research
that SRC kinases were highly expressed in BC CML and that this increased
expression correlated with disease progression or IM resistance. Further studies
using a mouse model have also shown that BCR-ABL activated the SRC kinases
LYN, HCK and FGR in B-lymphoid cells (Hu et al., 2004) and induced CML, but
not ALL, in LYN' HCK'-FGR-'- mice. The SRC inhibitor CGP76030 impaired
proliferation of B-lymphoid cells expressing BCR-ABL in vitro and prolonged
survival of mice with B-ALL, but not CML. In addition, in B-ALL, the combination of
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CGP76030 with IM was superior to IM alone (Hu et al., 2004). These studies
suggest that SRC kinases are not required for CML induction but are necessary
for Ph^ ALL and that SRC activation does not contribute to the proliferation or
survival of CML cells. Further research in the cell lines K562-R and LAMA-R which
exhibit BCR-ABL independent IM resistance has shown that activation of LYN
plays a functional role in the up-regulation of the anti-apoptotic protein BCL-2 (Dai
et al., 2004). Figure 4-10 shows the signalling pathways between BCR-ABL, the
SRC kinases and BCL-2.

SRC kinases
Ras

Raf

MEK

CM

ERK

Figure 4-10. Simplified schematic diagram of the signalling pathways showing the Indirect
relationship between the SRC kinases and the anti-apoptotic protein BCL-2.

In view of the results of these studies which have concentrated on SRC kinase
expression in CML cell lines and BC CML, I undertook further research to assess
levels of BCL-2, LYN and HCK in primary CML cells before and after treatment
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with IM or dasatinib in vitro to determine if SRC family kinases are a relevant
target in CP CML. I was assisted in some of these experiments by Miss Emma
Hamill. The aims of this research section were to answer the following questions:
1.

Is p-SRC (used to measure active LYN and HCK) and BCL-2 protein
expression increased in CD34^ CML cells at the different disease stages
(CP, AP, BC) compared to normal CD34^ cells?

2.

Does treatment with TKIs (IM, dasatinib or the SRC kinase inhibitor PP2)
alter expression of p-SRC or BCL-2?

3.

Is there a difference in p-SRC and BCL-2 expression in the different phases
of CML?

4.1.4.1 Expression of p-SRC and BCL-2 in CD34^ cells from the different
phases of CML compared to normal CD34* cells
Protein expression of p-SRC and BCL-2 was assessed in primary CD34^ CML
cells from patients in different phases of the disease using intracellular flow
cytometry techniques. A p-SRC antibody was used as this was capable of
measuring phosphorylation status of all members of the SRC kinase family (SRC,
LYN, HCK, FGR etc.) which are all phosphorylated on the same tyrosine residue
(Y416). Phosphorylated SRC and BCL-2 were measured in normal CD34^ cells
(n=3), CP (n=5) AP (n=2) and BC CML (n=5) CD34^ cells (Figure 4-11A and B).
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Figure 4-11. Assessment of p-SRC and BCL-2 protein expression in CD34^ ceiis from normal
donors and patients with CP, AP and BC CML. (A) p-SRC expression is increased in CD34^
CML ceiis compared to normai CD34^ ceiis (P=0.002 for CML versus normal). (B) BCL-2
expression is increased in the different phases of CML compared to normal CD34^ ceils
(P=0.029 for CML versus normai). Results are expressed as a percentage of p-SRC or BCL-2
expression in the normai CD34* ceils (average of 3 normai samples).

Compared to normal CD34^ cells, CP and BC CD34^ CML cells showed
significantly increased levels of p-SRC (P=0.02 and P=0.022, respectively: Figure
4-11 A). There was also a trend towards higher p-SRC levels in the BC compared
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to CP samples. Due to low sample numbers (n=2), AP 0034^ CML cells failed to
show statistical significance, but demonstrated a trend towards increased p-SRC
compared to normal CD34^ cells. There was a trend towards increased BCL-2
expression in each of the three phases of CML compared to normal CD34^ cells,
however results failed to reach statistical significance. As a group CD34'^ CML
cells showed increased BCL-2 expression compared to normal CD34'" cells
(P=0.029). There was marked inter-patient variability in expression of both p-SRC
and BCL-2. Figure 4-12A and B show FACS histograms for the different phases
of CML for p-SRC and BCL-2, respectively.

Isotype control

p-SRC

Normal 002
CP CML 166
APCML 185
BC CML 002

BCL-2
Figure 4-12. Representative FACS histogram plots of (A) p-SRC and (B) BCL-2 in CD34^ cells
from normal donors and patients with different phases of CML.

Using three-colour flow cytometry, I went on to assess the expression of p-SRC
and BCL-2 in the more primitive CD34^38 sub-population from CP, AP and BC
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CML cells compared to normal CD34‘^38‘ cells. The results are shown in Figure 413A and B.
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Figure 4-13. Assessment of p-SRC and BCL-2 protein expression in CD34^38‘ cells from
normal donors and patients with CP, AP and BC CML. (A) p-SRC expression is increased in
CD34*38 CML cells compared to normal CD34^38 cells (P=0.001 for CML versus normal).
(B) BCL-2 expression is increased in CD34^38 CML cells compared to normal CD34^38‘ cells
(P=0.004 for CML versus normal). Results are expressed as a percentage of p-SRC or BCL-2
expression in the normal CD34*38 cells (average of 3 normal samples).
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CML celle showed

significantly increased levels of p-SRC (P=0.032 and P=0.013, respectively;
Figure 4-13A) in comparison to normal CD34‘*'38‘ cells. Again, there was also a
trend towards higher p-SRC levels in the BC compared to CP samples. Due to low
sample numbers (n=2), AP CD34'"38“ CML cells failed to show statistical
significance, but demonstrated a trend towards increased p-SRC compared to
normal CD34^38‘ cells. In the primitive CD34^38‘ sub-population BCL-2 expression
was also significantly increased in CP and BC compared to normal CD34^38' cells
(P=0.012 for both; Figure 4-138). Once more, there was marked inter-patient
variability in expression of both p-SRC and BCL-2 in the CD34'^38' sub-population.
These results show, for the first time, that p-SRC expression is increased in CP
CML and may be a relevant target for therapy. However, it is unclear whether this
increase in activated SRC is BCR-ABL-dependent or independent because, as
well as acting as downstream modulators of BCR-ABL signalling, SRC family
kinases can also be directly activated by haemopoietic growth factors via cell
surface receptors (Corey and Anderson, 1999). In addition, these results indicate
that BCL-2 is up-regulated in CML cells and may be contributing to the antiapoptotic phenotype of CML.
Interestingly, compared to the total CD34^ cell population, absolute expression
levels were lower in the more primitive CD34'^38" sub-population in all sample
groupings (Figure 4-14A-C). However, both p-SRC and BCL-2 expression were
proportionately much higher in CD34'"38' CML cells compared to normal CD34^38'
cells (Figure 4-13 A and B). Overall, p-SRC was 3-fold and 6.4-fold increased and
BCL-2 was 1.7-fold and 2.8-fold increased in CD34^ and CD34^38" populations,
respectively, compared to normal CD34^ and CD34^38‘ CML populations. A
possible explanation for this is that p-SRC and BCL-2 are increased as a direct
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result of higher BCR-ABL levels in the primitive CD34*38' sub-population (Figure
4.9). This relative over-expression of p-SRC and BCL-2 in CD34‘^38* CML cells
compared to normal CD34^38" cells may contribute to their relative IM resistance.

0 0 3 4 *3 8 - cells

CD34-APC

B

Normal
N=3

CP CML
N=5

APCML
N=2

BC CML
N=5

CD34* cells
CD34*38-cells

Ü „
m 8

Normal
N=3

CP CML
N=5

AP CML
N=2

BC CML
N=5

Figure 4-14. Comparison of p-SRC and BCL-2 expression in total CD34^ cells and more
primitive CD34*38

cells. (A) Representative FACS dot plot highlighting the primitive

CD34*38 sub-population. (B) and (C) Histograms showing the higher p-SRC (B) and BCL-2
(C)

expression in total CD34^ compared to the more primitive CD34*38 sub-population. MFI,

mean fluorescence intensity.
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4.1.4.2 Assessment of the effects of IM, dasatinib or PP2 on p-SRC and BCL2 expression in CD34^ CML cells in CP and BO CIVIL
Having established that the expression of p-SRC kinases was increased in CML, I
went on to determine the effects of IM, dasatinib and the SRC specific kinase
inhibitor PP2 on the expression of p-SRC and BCL-2 in CP (n=4) and BC (n=2)
CML
4.1.4.2.1 Assessment of tCso for the SRC kinase inhibitor PP2 in CD34* CML
ceiis
PP2 has been described as a potent pyrrolo-pyrimidine inhibitor of the SRC family
of tyrosine kinases (Hanke et al., 1996). Concentration finding studies to
determine the IC50 for PP2 in primary CD34^ CML cells (n=3) were performed
using

thymidine cell proliferation assays and total viable cell counts with

assessment after 72 hours in culture in SFM only. PP2 had an
approximately 7pM as demonstrated by

IC 5 0

of

thymidine proliferation assay and

confirmed by total viable cell counts in primary CD34^ CML cells (Figure 4-15).
These results are similar to those obtained by another group (Wilson et al., 2002)
who reported an

IC 5 0

of lOpM in the K562 cell line, but did not undertake

experiments in primary CML cells.
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Figure 4-15. Determination of IC50 for PP2 using H thymidine proliferation assays and total
viable cell counts in primary CD34^ CP CML cells cultured in SFM only (n=3 experiments).
(A) 72 hour

proliferation assays demonstrate that PP2 has an IC 50 of approximately 7pM

in primary CD34* CML cells. Five replicates of each condition were performed in each
experiment. (B) 72 hour total viable cell counts confirm the proliferation assay results.
Results represent the mean ± SEM.

Based on these results, PP2 was used at a concentration of 10|jM in subsequent
experiments.
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4.1.4.2.2 Effect of IM, dasatinib and PP2 on p-SRC and BCL-2
expression in CD34* and CD34^38' CML cells
The effects of IM, dasatinib and PP2 on p-SRC and BCL-2 protein expression
were assessed by intracellular flow cytometry after 16 hours and 72 hours culture.
Compared to the no drug control (n=6), at 16 hours, both IM and dasatinib
significantly reduced p-SRC expression in CD34^ and the more primitive CD34''38'
CML cells (P=0.001 for no drug control versus IM in both CD34^ and CD34‘'38“
populations; and P<0.001 and P=0.003 for no drug control versus dasatinib in
CD34^ and CD34^38" cells, respectively; Figure 4-16A). At 72 hours, there was a
trend towards reduced p-SRC in the total CD34^ cells with both IM and dasatinib,
however this did not reach statistical significance. In the CD34^38' cells at 72
hours, only dasatinib significantly reduced p-SRC compared to no drug control
(P=0.001; Figure 4-16B). In CD34^ and CD34^38" CML cells at both 16 and 72
hours, PP2 had no significant effect on SRC phosphorylation status. This suggests
that the majority of activated SRC kinase expression in CML is being mediated via
BCR-ABL and is not BCR-ABL-independent. A possible explanation for the
inability of the SRC inhibitor PP2 to significantly reduce p-SRC Is that, if BCR-ABL
is stimulating p-SRC, then in the presence of high levels of BCR-ABL there may
simply be too much p-SRC being produced to be inhibited by PP2. In the future it
would be important to combine IM and PP2 to determine if the effect of this
combination is equivalent to that of the dual SRC/BCR-ABL inhibitor dasatinib on
p-SRC and BCL-2 expression in primary CML cells.
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Figure 4-16. The effect of IM, dasatinib and PP2 on p-SRC expression in (A) total CD34* and
(B) more primitive CD34*38 CML cells at 16 hours and 72 hours (n=6; 4 CP, 2 BC). Results
are expressed as a percentage of the no drug control (± SEM). There was no difference
between CP and BC CML in the samples assessed.

At both 16 and 72 hours, compared to no drug control, IM, dasatinib or PP2 did not
significantly inhibit expression of BCL-2 in CD34'^ CML cells (Figure 4-17A).
However, in the primitive CD34'"38' cells, there was a modest reduction in BCL-2
with all treatment arms compared to no drug control (Figure 4-17B). This was only
significant with dasatinib at 16 hours (P=0.021) but not 72 hours (P=0.061) and
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suggests that BCL-2 may be more relevant in the more primitive CD34^38‘ CML
cell population in keeping with the higher BCL-2 expression in these cells relative
to normal CD34^38' cells.

o 100
U

80

No drug control

IM SpM

Dasatinib ISOnM

PP2 lOpM

16 hours
72 hours

P=0.021

No drug control

IM SpM

Dasatinib ISOnM

PP2 lOpM

Figure 4-17. The effect of IM, dasatinib and PP2 on BCL-2 expression in (A) total CD34* and
(B) more primitive CD34*38 CML cells at 16 hours and 72 hours (n=6; 4 chronic phase, 2
blast crisis). Results are expressed as a percentage of the no drug control (± SEM). In total
CD34* cells, there were no significant differences between the experimental arms at either
16 or 72 hours. However in the CD34*38 cells, at 16 hours, any treatment (IM, dasatinib,
PP2) versus no treatment significantly reduced BCL-2 expression (P=0.002). No significant
differences in BCL-2 expression were present at 72 hours in the CD34*38 popuiation. There
was no difference between CP and BC CML in the samples assessed.
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The discrepancy between p-SRC and BCL-2 expression after treatment with IM or
dasatinib may suggest that, in CML, BCL-2 expression is not mediated by LYN as
previously proposed (Dai et ai., 2004). Alternatively, BCL-2 is known to have a
long half-life (Merino et al., 1994) and may be more stable and not degraded over
the culture period compared to p-SRC, which, because of its phosphorylated state
has a short half-life.

Furthermore,

In this study,

total

BCL-2 and

not

phosphorylated BCL-2 was assessed. Recent evidence suggests that the antiapoptotic functions

of BCL-2

may be controlled

by

its phosphorylation

(Blagosklonny, 2001), with phosphorylation of BCL-2 appearing to inhibit its antiapoptotic function (Haidar et al., 1995) The phosphorylation status of BCL-2 can
be altered by chemotherapeutic agents and cytokines, but was not assessed here.

4.1.5

Summary and conclusions

The multi-targeted kinase inhibitor, dasatinib has an IC50 of ~5nM in CD34^ CML
cells in vitro. Cell line studies confirm that dasatinib selectively targets BCR-ABL^
haemopoietic cells.
In vitro, IM and dasatinib have equivalent cytotoxicity on primary CD34^ CML cells
at

high

therapeutically

achievable

concentrations

(5pM

versus

ISOnM,

respectively). The simultaneous administration of IM and dasatinib further
enhances the cytotoxic effect. However, there is no advantage to sequential
treatment with these agents.
Neither IM nor dasatinib, alone or in combination, reduced the non-proliferating
CFSE^^: CD34^ CML cell population compared to the no drug control. However,
there was a trend for IM to be more anti-proliferative than dasatinib. Apoptosis
studies using caspase-3 activity demonstrated that those cells leaving the
undivided CFSE*^®^ CD34^ gate did so by cell division and not apoptosis. Further
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studies using p-CrKL expression to measure BCR-ABL activity demonstrated that
dasatinib was a more potent inhibitor of BCR-ABL than IM.
Activated SRC kinases as measured by p-SRC and BCL-2 expression were
significantly increased in CD34^ and CD34^38" CML cells compared to normal
CD34^ and CD34^38' cells. There was a tendency for p-SRC, but not BCL-2 to be
higher in BC than CP CML. Imatinib mesylate or dasatinib, but not PP2, reduced
p-SRC in CML; however as with p-CrKL expression, the effect was only transient
with IM, suggesting that p-SRC expression is mediated by BCR-ABL. Imatinib
mesylate, dasatinib and PP2 had only modest effects on BCL-2 expression,
suggesting that either BCL-2 expression may be independent of both BCR-ABL
and SRC kinases or BCL-2 is a more stable molecule and changes in BCL-2
expression take longer to become evident. In addition, in future studies, it would
be useful to assess BCL-2 phosphorylation as well as total BCL-2 levels to
determine the amount of active BCL-2 present and the importance of BCL-2
phosphorylation in CML.
However, as shown in Section 4.1.3.2, the most important finding of this study was
that, although dasatinib treatment resulted in a smaller non-proliferating CFSE'^^’^
CD34^ CML cell population than IM, it did not eradicate this population. Therefore,
in overall conclusion, these results suggest that neither BCR-ABL nor SRC
kinases are relevant targets in the most primitive stem cell populations in CP CML.
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Results 3

5.1 The novel FT! BMS-214662 targets quiescent CML
stem

and

progenitor cells

and

synergises with

imatinib or dasatinib in vitro
5.1.1 Introduction
Two main strategies to overcome IM resistance have emerged. The first is the
development of second generation TKIs such as dasatinib and nilotinib (Shah et
al., 2004; O'Hare et al., 2005; Weisberg et al., 2005; Kantarjian et al., 2006; Talpaz
et al., 2006) and the second, the use of IM in novel drug combinations (Holtz et al.,
2005; Jorgensen et al., 2005a).
The results of Chapter 4 demonstrated that, although dasatinib induced durable
inhibition of BCR-ABL tyrosine kinase activity in primitive CML cells as compared
to either IM or nilotinib which were significantly less effective (Copland et al., 2006;
Jorgensen et al., 2007), neither of these agents targeted the most primitive,
quiescent CML stem cell population. A wide range of drug combinations with IM,
including arsenic, Ara-C, the heat-shock protein-90 antagonist 17AAG, and the
PI3K inhibitor LY294002, have been investigated (Holtz et al., 2005; Jorgensen et
al., 2005a) in CD34^ CML progenitor cells. However, the only agent to enhance
the activity of IM against the quiescent CML stem cell fraction was the cytostatic
FTI lonafarnib (Jorgensen et al., 2005a), but the results failed to reach statistical
significance.
As discussed in the introduction (1.3.3.1), FTIs are a novel class of small
molecules developed to inhibit oncogenic Ras and have entered clinical trials in
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both solid tumours and acute leukaemias (Adjei et al., 2000; Cortes et al., 2003;
Cortes et al., 2005a; Tabernero et al., 2005). BMS-214662 is a cytotoxic FTI (Hunt
et al., 2000; Rose et al., 2001; Manne et al., 2004) that has produced potent
tumour regression and curative responses in selected human tumour xenografts
and transgenic tumour models, and differs from other cytostatic FTIs such as
lonafarnib and R115777 which had non-curative activity (Liu et al., 1998; End et
al., 2001). In addition, BMS-214662 has been shown to preferentially kill nonproliferating cells (Lee et al., 2001) and has anti-leukaemic activity in AML (Cortes
et al., 2005a).
In view of the cytotoxic effect of BMS-214662 on non-proliferating cells in tumour
models (Lee et al., 2001), and the promising results obtained previously with
lonafarnib (Peters et al., 2001a; Hoover et al., 2002; Nakajima et al., 2003;
Jorgensen et al., 2005a) and tipifarnib (Miyoshi et al., 2005), it was hypothesised
that this small molecule inhibitor might target the quiescent CML stem cell
population which has been shown to be resistant to IM, dasatinib and nilotinib
(Copland et al., 2006; Jorgensen et al., 2007) and, indeed, may synergise with
these drugs which induce potent anti-proliferative effects within the stem cell
compartment in CML. Therefore, the aims of this study were to determine the
effects of BMS-214662 alone and in combination with IM or dasatinib on the
primitive quiescent CML stem cell population in vitro. In addition, the cytotoxic
effects of BMS-214662 in BC CML and cell lines expressing BCR-ABL kinase
domain mutations were assessed.

5.1.2 Assessment of IC 5 0 for BMS-214662 in primary CD34* CML
cells
Concentration finding studies to determine the IC50 for BMS-214662 in primary
CD34^ CML cells were performed using ^H thymidine cell proliferation assays and
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counting of total viable cells. Results were assessed after 72 hours culture in SFM
alone. BMS-214662 had an IC50 of approximately 375nM after 72 hours culture in
CD34^ CML cells as determined by

thymidine proliferation assays (n=3; Figure

5-1 A). Interestingly, cell counting showed a 50% reduction in total viable cells at
the lower BMS-214662 concentration of 250nM (Figure 6.1 B). These results show
that BMS-214662, when used as a single agent, is extremely potent against
CD34^ CML cells. Based on these results, a dose of 250nM BMS-214662 was
chosen for all further experiments in this study. Previous in vivo studies have
shown that a BMS-214662 plasma concentration of 250nM is readily achievable in
patients (Tabernero et al., 2005; Eder et al., 2006).
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Figure 5-1. Determination of iCso for BIVIS-214662 by (A)

thymidine proliferation assay

(n=3) and (B) total viable cell counts performed after 72 hours culture in SFM.

thymidine

proliferation assays show an IC50 of approximately 375nM and total viable cell counts
250nM. Five replicates of each condition were performed in each experiment. Results
represent the mean (± SEM).
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5.1.3 Determination of the efficacy of BMS-214662 alone or in
combination with IM or dasatinib in CD34^ CML cells after
short-term culture
5.1.3.1 Assessment of total viable cell counts
To assess the cytotoxic effect of BMS-214662 atone and in combination with IM or
dasatinib, primary CD34^ CML cells (n=4) were cultured for 6 days in SFM + 5GF.
Once again, the GD34^ CML cells for these experiments were cultured in 5GF to
aid identification of the quiescent progenitor population in the CFSE experiments
described next (5.1.3.2). After 72 hours, an aliquot of cells was removed for
counting; the remaining cells were then washed and set up again in culture for a
further 72 hours. The conditions studied were: (1) No drug control; (2) BMS214662 250nM; (3) IM 5pM; (4) BMS-214662 250nM + IM 5pM; (5) dasatinib
ISOnM and (6) BMS-214662 250nM + dasatinib 150nM. The drug concentrations
for BMS-214662, IM and dasatinib were chosen on the basis that these were
concentrations which were clinically achievable.
After 3 days culture, there was a significant reduction in total viable cells in the
treatment arms compared to the no drug control (P=0.04; Figure 5-2A). Also, the
combination of BMS-214662 + dasatinib showed a significantly greater cytotoxic
effect than dasatinib alone (P=0.026) and the combination of BMS-214662 + IM
showed a trend towards increased cytotoxic effect (P=0.055) compared to IM
alone. After a total of 6 days in culture, there was a further significant reduction in
total viable cells in the treatment arms relative to the no drug control (P=0.001;
Figure 5-2B). Importantly, in addition, the combinations of BMS-214662 + IM and
BMS-214662 + dasatinib showed increased cytotoxic effect over either IM or
dasatinib alone (P=0.024 and P=0.034, respectively). Therefore, the addition of
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BMS-214662 to either IM or dasatinib significantly enhanced the effect of these
drugs in vitro by increasing overall cytotoxicity.
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Figure 5-2. Total viable cell counts after (A) 72 hours and (B) 6 days for all experimental
conditions (n=4). CD34^ CML cells were cultured in SFM + 5GF. Resuits are expressed as a
percentage of the no drug control (mean ± SEM).
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5.1.3.2 The effect of BMS-214662 alone and in combination with IM or
dasatinib on non-proliferating CD34* CML progenitor cells after
short-term culture
Previous studies (including those in Chapter 4) have shown that both IM and
dasatinib result in increased numbers of non-proliferating CD34^ CML cells
remaining after culture (Graham et al., 2002; Copland et al., 2006), in part due to
failure to induce apoptosis of CML stem cells and also as a result of their potent
anti-proliferative effects leading to reversible Gi arrest. Therefore, we assessed
the efficacy of BMS-214662 alone and in combination with IM or dasatinib in
primary CD34‘" CML cells in vitro, again using CFSE-based flow cytometry to track
cell division. After 3 days, there were no significant differences between the arms
(Figure 5-3A). However, by 6 days, while the IM and dasatinib arms showed
significant accumulation of non-proliferating CFSE"^^^ CD34^ CML cells over the no
drug control (P=0.04 and P=0.023, respectively), the arms containing BMS214662 with either IM or dasatinib showed a significant reduction in these primitive
cells to 40% and 27% of the no drug control (Figure 5-3B; P=0.023 and P=Q.005)
respectively. Despite reducing the non-proliferating CFSE^^'^ CD34^ cell population
to 48% of the no drug control, results with BMS-214662 alone just failed to reach
statistical significance (P=0.06).

In addition, the reduction in non-proliferating

CFSE*^^^ CD3 4 + Q|\/|L cells was highly statistically significant when either IM or
dasatinib alone was compared to the combination with BMS-214662 (P=0.01 and
P=0.043, respectively). Representative FACS plots for each of the experimental
arms are shown in Figure 5-4.
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Figure 5-3. Non-prollferating CFSE"’^* CD34* cells remaining after (A) 72 hours and (B) 6
days culture for all experimental conditions. Cells were cultured in SFM + 5GF. (A) There
were no significant differences in non-proliferating cell numbers after 72 hours. However, by
6 days (B), compared to either IM or dasatinib alone, the combinations with BMS-214662
showed a significant reduction in non-proliferating cells (P=0.01 and P=0.043, respectively).
In addition, compared to no drug control, BMS-214662 + IM and BMS-214662 + dasatinib
showed

a

significant

reduction

in

non-proliferating

cells

(P=0.023

and

P=0.005,

respectively). In these experiments, due to inter-patient variability in the size of the nonproiiferating CFSE"’^’' GD34^ cell population, the cells remaining after the culture period
were expressed as a percentage of the starting cell number normalised to the no drug
control. The absolute number of non-proliferating cell decreased over time;

non-
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proliferating cells in no drug control = 1.1% at 72 hours and 0.17% at 6 days. Results are
expressed as a percentage of the no drug control (mean ± SEM).
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Ü

No drug control

IM 5uM

Dasatinib 150nM
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BMS-214662 +
IM
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CFSE
Figure 5-4. Representative FACS dot plots after 6 days culture for each of the experimental
conditions. The non-proliferating CFSE"’®* CD34* CML cell population is highlighted in the
box in each panel. The plots demonstrate the very low number of undivided cells remaining
in the no drug control and BMS-214662-containing arms compared to the relatively large
populations remaining in the IM and dasatinib only arms.

The marked anti-proliferative effect of IM or dasatinib due to reversible Gi arrest is
demonstrated in Figures 5-5A and B, respectively. BMS-214662 had minimal anti
proliferative effect compared to no drug control (Figure 5-5A and B) and did not
overcome the anti-proliferative effect of either IM or dasatinib, indicating that BMS214662 is able to exert its cytotoxic effect on non-proliferating cells. There were no
significant differences in non-proliferating CFSE'^®^ CD34^ CML cells between the
BMS-214662-containing arms. Very significantly, these are the first drug
combinations tested using this CFSE-based method, which show a significant
reduction in non-proliferating cells remaining after culture to a level below that of
the no drug control (Jorgensen et al., 2005a).
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BMS-214662 + Dasatinib

Representative overlay flow cytometry histograms

demonstrating anti

proliferative effects of IM and dasatinib. (A) No drug control, BMS-214662, IM and BMS214662 + IM, and (B) no drug control, BMS-214662, dasatinib and BMS-214662 + dasatinib.
Compared to the no drug control, the cells treated with IM, BMS-214662 + IM, dasatinib and
BMS-214662 + dasatinib have progressed though fewer divisions (right shift) highlighting
the anti proliferative effects of both IM and dasatinib. This anti proliferative effect was not
overcome when either IM or dasatinib was combined with BMS-214662, demonstrating that
BMS-214662 exerts Its cytotoxic effect on non-prollferating cells. BMS-214662 alone had
minimal anti-proliferative effect compared to the no drug control.
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5.1.4 Determination of the efficacy of BMS-214662 aione or in
combination with iM or dasatinib in CD34* CML ceiis after
iong-term cuiture using LTC-iC assays
To further investigate the efficacy of BMS-214662 on functional CML stem cells,
LTC-IG assays were performed with both CP CML (n=3) and normal (n=3) CD34^
cells to determine drug selectivity. The CD34^ cells were treated for 72 hours
under the following conditions: (1) No drug control; (2) BMS-214662 250nM; (3) IM
5jjM; (4) BMS-214662 + IM; (5) dasatinib 150nM; (6) BMS-214662 + dasatinib,
before LTC-IC assay. Compared to the no drug control, CD34^ CML cells showed
increased Ph^ colony formation in the IM and dasatinib arms (191 and 175%,
respectively; Figure 5-6A; P-0.033 for IM and dasatinib arms versus no drug
control), indicating that these drugs exert a protective effect on CML stem cells in
culture via their anti-proliferative effect described previously (Graham et al., 2002;
Copland et al., 2006). The addition of BMS-214662 to either IM or dasatinib
significantly reduced the number of Ph^ colonies compared to either agent alone
(P=0.032 and P=0.027, respectively). Furthermore, the BMS-214662 only arm
showed a significant reduction in Ph"" colonies compared to either IM or dasatinib
atone (P=0.032 and P=0.028, respectively). All three BMS-214662-containing
arms showed a virtual elimination of colonies to <1% of the number in the no drug
control (P=0.033), with no significant difference between the arms. Figure 5-7
shows examples of the CFU-GM colonies produced in the committed progenitor
cell assays following LTC-IC.
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Figure 5-6. Results of LTC-IC assay for (A) CD34^ CML cells and (B) normal donor CD34^
cells treated under the experimental conditions described. (A) The addition of BMS-214662
to either IM or dasatinib significantly reduced the number of Ph^ colonies produced from
CD34^ CML cells compared to either drug alone (P=0.032 and P=0.027, respectively), BMS214662 alone also significantly reduced the Ph^ colonies compared to the no drug control
(P=0.033) and to either IM or dasatinib alone (P=0.032 and P=0.028, respectively). There were
no significant differences between the BMS-214662-containing arms. (B) Compared to the
no drug control, there was a non significant reduction in colonies produced from the normal
donor CD34"^ cells in the BMS-214662-containing arms.
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In normal CD34^ cells from healthy donors (n=3), there was a non-significant
reduction in LTC-IC in the BIVIS-214662-containing arms compared to the no drug
control (P=0.079-0.29; Figure 5-6B), with LTC-IC survival significantly higher for
normal compared to Ph"" CD34^ cells (P=0.001). Neither IM nor dasatinib alone
had a significant effect on colony formation from normal CD34^ cells compared to
the no drug control. These results confirm that BMS-214662 is targeting primitive
CML stem cells and provide evidence of selectivity for CML stem cells over normal
HSCs.
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Figure 5-7. Examples of CFU-GM colonies produced in the colony forming assays after LTCIC.
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5.1.5 Fluorescence in situ hybridization results for short-term
cuiture and LTC-iC experiments for

ceiis treated with

BMS-214662 alone or in combination with IM or dasatinib
FISH was performed at baseline and again after

6

days culture on the cells

remaining in selected arms at the end of the CFSE experiments and on the
colonies produced following the LTC-IC experiments. In the CFSE experiments,
FISH was carried out on selected treatment arms at the end of

6

days culture

(Table 5-1). All samples tested at either baseline or following culture were >90%
Ph^ by FISH confirming that the cells present were from the leukaemic clone, and
there was no evident enrichment for normal (Ph ) cells immediately after short term
drug treatment.

BCR-ABL^ / total cells (%)
UPN
170
189
215
218

Baseline
211/218
(97)
932/1003
(93)
104/109
(95)
233/236
(99)

Dasatinib
70/70
(100)
217/217
(100)
81/83
(98)
92/92
(100)

BMS214662
ND
187/196
(95)
115/118
(97)
111/111
(100)

BMS214662 +
Dasatinib
58/58
(100)
102/104
(98)
92/93
(99) _
131/131
(100)

Table 5-1. FISH results for CFSE experiments with CD34* CML samples. FISH was performed
on the cells remaining after after 6 days culture in selected treatment arms. UPN; unique
patient number, ND; not determined.

In the LTC-IC experiments (Table 5-2), all samples were >90% Ph"" at baseline.
However, after LTC-IC, only 1 of 3 samples (CML 166) remained Ph^ in the BMS214662-containing arms. This case illustrates the 10-15% of CP CML patients in
whom, even at diagnosis, LTC-IC are already exclusively Ph^ (Coulombel et al..
1983b; Petzeretal., 1996a).
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BCR-A BL* / total cells (%)
UPN
166
189
215

Baseline
439/463
(95)
932/1003
(93)
104/109
(95)

No drug
control
111/111
(100)
51/78
(65)
67/71
(94)

IM
ND
85/120
(71)
40/40
(100)

Dasatinib
74/74
(100)
181/291
(62)
63/66
(95)

BMS214662
97/99
(98)
12/145
(8)
6/134

(4)

BMS214662
+ IM
ND
8/88
(9)

ND

BMS214662 +
Dasatinib
62/62
(100)
0/335
(0)

ND

Table 5-2. FISH results for LTC-IC experiments with CD34^ CML samples. Colonies were
harvested after LTC-IC experiments, pooled for each treatment condition and then FISH was
performed on the cells from these colonies. UPN, unique patient number; ND, not
determined.

In the remaining samples (CML 189 and 215), following treatment with BMS214662, more than 90% of cells surviving LTC-IC were Ph', indicating that these
patients had residual normal Ph' haemopoiesis at the time of leucapheresis (Goto
et al., 1982; Coulombel et al., 1983b; Petzer et al., 1996a) and that these Ph' cells
had selectively survived exposure to BMS-214662 in vitro as compared to their
Ph^ counterparts which were eradicated. This further illustrates the degree of Ph^
versus Ph" selectivity for BMS-214662, suggesting quiescent cancer stem cells are
more susceptible than normal cells to BMS-214662.

5.1.6 Assessment of apoptosis in both proliferating and nonproliferating populations of CD34* CML progenitor cells in
the presence o f BMS-214662 alone or in combination with IM
or dasatinib
In order to determine the apoptotic effect of BMS-214662, active caspase-3
activity was assessed at 48, 72 and 96 hours culture in CD34^ CML cells (n=4).
Compared to the no drug control, apoptosis was increased in all treatment arms at
48, 72 and 96 hours, with maximal apoptosis seen at 72 hours (Figure 5-8). The
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greatest apoptosis was seen in the BMS-214662-containing arms with the BMS214662, BMS-214662 + IM and BMS-214662 + dasatinib arms having 14.6, 18.4
and 12.4% caspase-3 positive cells, respectively, compared to 5.5% in the no drug
control arm and 7.9% in both the IM and dasatinib only arms. Due to large
variations in levels of apoptosis between different primary CD34^ CML samples,
the results did not achieve statistical significance.
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Ü
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Figure 5-8. Assessment of apoptosis In total CD34* CML cells (n=4) after 72 hours culture
under the experimental conditions shown. Although there was a trend for Increased
apoptosis In the BMS-214662-containing arms, due to wide variations In the percentage of
caspase-3 positive cells between different primary CML samples, the results failed to reach
statistical significance (P=0.17). Results are expressed as the percentage of total cells
which were caspase-3 positive (mean + SEM).

Using CFSE stained cells allowed assessment of apoptosis in the quiescent
CFSE’^ax fraction (<5% of total CD34^ cells). At 48 and 72 hours there was an
increase in caspase-3 positive cells in the quiescent CFSE^^^x population. With IM
or dasatinib alone, a modest increase in apoptosis was seen (12.2 and 10.9%
CFSE"^ax CD3 4 + cells caspase-3 positive, respectively) compared to 8.3% in the
no drug control; however, the apoptotic effect was increased by the addition of
BMS-214662 (Figure 5-9A and B) with 22.0, 30.8 and 24.0% caspase-3 positive
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cells in the BMS-214662, BMS-214662 + IM and BMS-214662 + dasatinib arms,
respectively (P=0.045 for BMS-214662 containing versus non-containing arms).
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Dasatinib
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Figure 5-9. Assessment of apoptosis in non-proliferating CFSE"’“* CD34* CML cells (n=4)
after 72 hours culture under the experimental conditions shown. (A) Representative FACS
dot plots demonstrating the increased caspase-3 activity In the non-prollferating fraction of
cells treated with BMS-214662 + dasatinib compared to dasatinib only. (B) Apoptosis was
significantly Increased in the BMS-214662-contalning arms compared to the IM and
dasatinib only arms (P=0.045). Results are expressed as the percentage of total cells which
were caspase-3 positive (mean ± SEM).

These results demonstrate that BMS-214662 is causing apoptosis in CD34^ CML
cells, in particular in the non-proliferating sub-population, and show that in the
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presence of BMS-214662, although cells continue to leave the undivided gate
through cell division, increased numbers of non-proliferating cells leave the
undivided gate by apoptosis. The data presented here provide further evidence for
the selectivity of BMS-214662 for quiescent versus proliferating cancer cells.

5.1.7 Cell cycle analysis o f CD34* CML cells treated with BMS214662 alone or in combination with IM or dasatinib
To assess the effect of BMS-214662 on the cell cycle in CD34^ CML cells, high
resolution cell cycle analysis was performed using Ki-67 and 7-AAD (n=5). After 72
hours culture in the presence of the different treatment conditions, there was a
trend towards reduced Go cells in the BMS-214662-containing arms (BMS-214662
alone, BMS-214662 + IM and BMS-214662 + dasatinib) compared to the IM and
dasatinib only arms (P=0.08). Go cells represented 0.65% of total cells in the BMS214662-containing arms compared to 1.38% in the IM and dasatinib only arms
(Figure 5-10). Go cells represented 1.13% of total cells in the no drug control.
These results provide further evidence for the efficacy of BMS-214662 against
non-proliferating cells in CML.

No drug control

Dasatinib

BMS-214662

1.13%

7-AAD
Figure 5-10. Representative FACS plots for high resolution cell cycle analysis In CD34* CML
cells after 72 hours treatment In the stated conditions. There was a trend towards reduced
Go cells In the BMS-214662-contalnlng arms.
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5.1.8 Assessment of CrKL phosphorylation status to determine
the effect of BMS-214662 alone or in combination with IM or
dasatinib on BCR-ABL activity
To determine the effect of BMS-214662 on BCR-ABL kinase activity in CD34^
CIVIL cells, the CrKL phosphorylation FACS assay described in Section 2.3.2.2
and used in Section 4.1.3.4 (Hamilton et al., 2006) was performed after 16 and 72
hours culture under the following experimental conditions (n=6): (1) No drug
control; (2) BMS-214662 250nM; (3) dasatinib 150nM; (4) BMS-214662 +
dasatinib. As previously, dasatinib inhibited CrKL phosphorylation at both 16 and
72 hours compared to the no drug control (Figure 5-11). BMS-214662 alone had
no effect on CrKL phosphorylation status and, when used in combination with
dasatinib, did not significantly enhance the inhibitory effect of dasatinib on CrKL
phosphorylation. Therefore, these results demonstrate that BMS-214662 is not
acting through inhibition of BCR-ABL.

16 hours
72 hours

No drug
control

BMS-214662
250nM

Dasatinib
ISOnM

BMS-214662 +
Dasatinib

Figure 5 11. Assessment of CrKL phosphorylation status in total CD34* CIVIL cells after 16
and 72 hours treatment under the described conditions. BMS-214662 alone had no effect on
CrKL phosphorylation and did not enhance the effect of dasatinib when the two were used
in combination. Results are expressed as a percentage of CrKL phosphorylation in the no
drug control (mean ± SEM).
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5.1.9 Assessment o f efficacy of pulsed BMS-214662 regimens in
combination with continuous dasatinib
BIVIS-214662 has already entered Phase 1 clinical trials in solid tumours and AML
(Mackay et al., 2004; Ryan et al., 2004; Cortes et al., 2005a; Dy et al., 2005;
Papadimitrakopoulou et al., 2005; Tabernero et al., 2005). In clinical trials, BMS214662 was given as an intravenous infusion over either 1 hour or 24 hours, which
resulted in a plasma concentration of >250nM for at least 8 or 24 hours
respectively (Tabernero et al., 2005). In order to mimic the clinical scenario, we set
up a multi-armed experiment to look at the effect of treating primary CD34^ CML
cells with pulsed BMS-214662 for either 8 or 24 hours (equivalent to a 1 or 24 hour
infusion in patients respectively) combined with continuous dasatinib. The test
arms assessed in these experiments (n=4) were: (1) No drug control; (2) BMS214662 250nM for 8 hours; (3) BMS-214662 250nM for 24 hours; (4) dasatinib
150nM; (5) BMS-214662 for 8 hours + dasatinib 150nM; and (6) BMS-214662 for
24 hours + dasatinib 150nM. These experiments consisted of two 96 hour cycles.
In the arms containing BMS-214662 for 8 hours, the BMS-214662 was added after
24 hours in culture and in the arms containing BMS-214662 for 24 hours, the
BMS-214662 was added after 8 hours. All experimental arms were washed three
times in PBS after 32 hours in culture and re-set up in fresh culture medium.
Dasatinib was re-added to the dasatinib-containing experimental arms. After 8
days, total viable cells were significantly reduced in all the dasatinib-containing
arms compared to the no drug control (P=0.019, P=0.003 and P=0.002 for the
dasatinib, BMS-214662 for 8 hours + dasatinib and BMS-214662 for 24 hours +
dasatinib arms, respectively; Figure 5-12A). There was no significant difference in
total viable cells between no drug control and the pulsed BMS-214662 only arms.
Undivided CFSE'^®^ CD34^ CML cells were significantly increased in the dasatinib
arm compared to no drug control (P=0.037; Figure 5-12B). There was a trend
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CD34^ CML cells in the pulsed BMS-214662

only arms, but this did not reach statistical significance (P=0.1). The addition of
pulsed BMS-214662 to dasatinib reduced the undivided CFSE^^ CD34^ CML cell
population compared to dasatinib alone, but again, this did not reach statistical
significance (P=0.1). These results provide useful information for design of a
clinical trial for the combination of BMS-214662 with dasatinib in CML.
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Figure 5-12. Effect of pulsed BMS-214662 with dasatinib on (A) total and (B) nonproliferating CD34^ CML cells (n=4). (A) Total viable cells present after 8 days (two 96 hour
cycles) in the presence of different pulsed treatment regimens. There is a significant
reduction in total cells in the dasatinib-containing arms. Pulsed BMS-214662 alone had no
effect on total viable cells. (B) Non-proliferating CD34^ CML cells present after 8 days
culture. As previously, dasatinib alone significantly increased the non-proliferating fraction
remaining after culture compared to no drug control. The addition of pulsed BMS-214662
demonstrated a trend towards reducing this non-proliferating fraction, but was less
effective than continuous BMS-214662 in vitro. Only pulsed BMS-214662 alone reduced the
non-proliferating cell fraction to below the level seen in the no drug control, but again was
less effective than continuous BMS-214662. Results are expressed as a percentage of the
no drug control (mean ± SEM). h, hours.
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Comparison of the effects of BMS-214662 and BMS-

225975 on CD34" CML cells
Previous studies have shown that the cytostatic FTI lonafarnib does not
significantly reduce the number of quiescent CML stem cells relative to no drug
control (Jorgensen et al., 2005a). BMS-225975 is another cytostatic FTI, which is
structurally very similar to BMS-214662, the only difference being substitution of a
hydrogen ion for a methyl group at position 1. Both these compounds have similar
inhibitory effects on FT with BMS-214662 having an IC50 of 0.7nM and BMS225975

0.8nM

in

HGT-116

tumour

xenografts

(Frank

Lee,

personal

communication). Therefore, for the following experiments, like BMS-214662, a
concentration of 250nM BMS-225975 was chosen.
To determine if the effects of BMS-214662 in CML were due to inhibition of Ras,
we directly compared its activity with that of BMS-225975 in primary CD34^ CML
cells. CFSE-based flow cytometry was used to track cell division, and caspase-3
activity to measure apoptosis. The treatment conditions studied were: (1) No drug
control; (2) BMS-214662 250nM; (3) BMS-225975 250nM; (4) dasatinib 150nM;
(5) BMS-214662 + dasatinib; (6) BMS-225975 + dasatinib. After 6 days, total
viable cells were significantly reduced in all the treatment arms compared to the no
drug control (P<0.001; Figure 5-13A). BMS-214662 significantly reduced total
viable cells compared to BMS-225975 (P=0.028). There was no significant
difference between the combinations of BMS-214662 + dasatinib and BMS225975 + dasatinib on total viable cells. As previously, after 6 days culture, not
only had BMS-214662 significantly reduced undivided CFSE*^®^ CD34‘" CML cells
compared to the no drug control (P=0.018), but also compared to BMS-225975
containing arms (P=0.024). Undivided CFSE"^®^ CD34'*' CML cell numbers were not
significantly different in the no drug control and BMS-225975 arms (Figure 5-13B).
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Figure 5-13, Comparison of the effects of BMS-214662 with the cytostatic FTI BMS-225975
on (A) total viable cells and (B) non-proliferating CD34^ CML cells after 6 days culture (n=4).
(A) Although BMS-225975 significantly reduced total viable cells compared to no drug
control (P=0.001), BMS-214662 had a superior effect (P=0.028 compared to BMS-225975 and
P<0.001 compared to no drug control). (B) Once again, BMS-214662 significantly reduced
non-proliferating cells compared to no drug control (P=0.018). BMS-225975 did not
significantly alter the number of non-proliferating cells remaining after culture compared to
the no drug control. However, BMS-214662 significantly reduced non-proliferating cells
compared to BMS-225975 (P=0.024). Results are expressed as a percentage of the no drug
control (mean ± SEM).
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BMS-225975 did not increase caspase-3 activity compared to no drug control in
either the BMS-225975 or BMS-225975 + dasatinib arms in total CML cells or the
non-proliferating CD34^ fraction (Figure 5-14A and B). The dissimilar effects of
BMS-214662 and BMS-225975 suggest that the efficacy of BMS-214662 in CML
may not be via inhibition of the Ras pathway.
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Figure 5-14. Assessment of apoptosis by measuring caspase-3 activity in (A) total cells and
(B) non-proliferating CFSE"’^’* CD34* CML cells after 72 hours culture with BMS-214662 or
BMS-225975 alone or in combination with dasatinib. BMS-225975 alone or in combination
with dasatinib failed to increase apoptosis above the level seen in the no drug control.
Results expressed as percentage of cells which were caspase-3 positive (mean ± SEM).
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To further confirm that the effects of BMS-214662 are not through inhibition of
Ras, H-Ras activity was assessed using Western blotting (n=3) after 72 hours
culture in the presence of no drug control, BMS-214662, BMS-225975, IM or
dasatinib. The blots showed that there was equivalent inhibition of H-Ras with both
BMS-214662 and BMS-225975 with the appearance of an unprenylated band.
Imatinib mesylate or dasatinib had no effect on H-Ras activity. A representative
blot is shown in Figure 5-15. This result further implies that the activity of BMS214662 in CML is not mediated via Ras.
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Figure 5-15. Representative Western blot showing that BMS-214662 and BMS-225975 have
equivalent activity against H-Ras with similar sized unprenylated Ras bands (arrowhead)
appearing after treatment with these compounds in CD&F CML cells. IM and dasatinib have
no direct effect on Ras activity as illustrated here. A pan-actin control confirms equal
protein loading.

5.1.11

Assessment of Mcl-1 activity in CD34* CML cells

Recent in vitro studies in B-CLL (Marzo et al., 2004) and myeloma (Aichberger et
al., 2005) have identified inhibition of Mcl-1 in association with Bax or Bak
activation as potential modes of action for BMS-214662 in these haematological
malignancies. However, these conditions have not yet been shown to be stem cell
disorders and the mechanism of action may be different in CML. Western blotting
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was undertaken after 72 hours culture in the presence of: (1) No drug control; (2)
BMS-214662 250nM; (3) BMS-225975 250nM; (4) IM 5pM; (5) Dasatinib 150nM
(n=3). The resulting blots showed no evidence for inhibition of Mcl-1 in any of the
treatment arms indicating that, in CML, BMS-214662 is not acting via inhibition of
Mcl-1 (Figure 5-16).
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Figure 5-16. Representative Western blot demonstrating that BMS-214662 has no effect on
Mcl-1 activity in CD34^ CML cells. A pan-actin control confirms equal protein loading.

5.1.12

Assessment of BMS-214662 activity in BC CML and

ceils expressing BCR-ABL kinase mutations
Much of this study has focussed on CD34^ CML cells taken from patients with CP
CML and the role of the CML stem cell in molecular persistence after treatment
with IM or dasatinib. However, it is also very important to assess the effects of
novel agents such as BMS-214662 in advanced CML and in cells expressing
BCR-ABL kinase domain mutations as it will be those patients with advanced
disease or BCR-ABL kinase mutations, who are most likely, in the short-term to
benefit from novel therapies. In addition, these are the patients most likely to be
recruited to a Phase 1 clinical trial of BMS-214662 in CML.
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BMS-214662 activity in BC CML

Using CFSE to track cell division, BMS-214662 was assessed alone and in
combination with IM or dasatinib in BC CML (n=2; 1 lymphoid and 1 myeloid BC).
BMS-214662 had little effect on total viable cells (Figure 5-17A) in BC CML when
used alone, but when used in combination with either IM or dasatinib, overall
cytotoxicity was enhanced. BMS-214662 acted to reduce the number of non
proliferating CFSE"^^^ CD34^ CML cells (Figure 5-17B) compared to the no drug
control and acted synergistically with IM or dasatinib to reduce undivided CFSE^^^
CD34^ CML cells. These results show than BMS-214662 when used in
combination with IM or dasatinib may prolong remission and may prove useful as
a single agent if inhibition of tyrosine kinase activity with IM or dasatinib has failed.
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Figure 5-17. Assessment of BMS-214662 activity alone or in combination with IM or
dasatinib on BC CML (n=2). (A) Total viable cell counts were performed after 6 days culture.
(B) Determination of non-proliferating CFSE"’®’^ CD34* cells remaining after 6 days culture.
Blast crisis CML cells were cultured in SFM + 5QF, The absolute number of non-proliferating
cells decreased over time and were 1.62% at 72 hours and 0.7% at 6 days in no drug control.
Results are expressed as a percentage of the no drug control (mean ± SEM).

5.1.12.2

BMS-214662 activity In cells expressing

BCR-ABL kinase

mutations
The efficacy of BMS-214662 in Ba/F3 cells expressing different BCR-ABL kinase
mutations (WT BCR-ABL, T315I, M351T and H396P) was assessed using total
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viable cell counts and

thymidine proliferation assays. It was not possible to use

primary CD34'*' CML cells with kinase domain mutations as a bank of these cells
was not available. After 48 hours culture, BMS-214662 was equipotent in both WT
BCR-ABL and mutant BCR-ABL kinase expressing cells (Figure 5-18A and B),
indicating that BMS-214662 may be a useful therapeutic option in patients with
BCR-ABL kinase domain mutations.
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Figure 5-18. Assessment of efficacy of BMS-214662 in Ba/F3 ceils expressing different
kinase domain mutations (n=3 experiments) by (A)

thymidine proliferation assay and (B)

total viable cell count after 48 hours culture. Results show that BMS-214662 is equally
effective in Ba/F3 ceils expressing either wild type or mutant BCR-ABL. Five replicates of
each condition were performed in each experiment. Results represent the mean ± SEM.

Mhairi Copland, 2007

5.1.13

Chapter 5, 185

Summary and conclusions

The novel cytotoxic FTI, BMS-214662 has an IC50 of approximately 375nM when
assessed by

thymidine proliferation assay in CD34^ CML cells. However it had

a greater inhibitory effect on total viable cell counts with a 50% reduction in total
viable cells at a concentration of 250nM. BMS-214662 is very potent against
CD34^ CML cells at clinically achievable concentrations. When used in
combination with IM or dasatinib, BMS-214662 enhances overall cytotoxicity
compared to either IM or dasatinib alone, with no significant difference between
the combinations of BMS-214662 + IM or BMS-214662 + dasatinib.
BMS-214662 targets non-proliferating cells in short-term culture experiments. In
addition, it has minimal anti-proliferative effect and apoptosis studies demonstrate
that BMS-214662

increases caspase-3 activity in proliferating and, more

importantly, non-proliferating (quiescent) CD34^ CML cells. This is the first drug
tested using the CFSE method, either alone or in combination, to show a
significant reduction in non-proliferating cells compared to the no drug control. In
addition, when used in combination with either IM or dasatinib, BMS-214662
overcomes the anti-proliferative effects of these agents to significantly reduce non
proliferating cells remaining after culture. These results are further supported by
cell cycle analyses which also shown that non-proliferating cells (Go) are reduced
after treatment with BMS-214662.
Studies using LTC-IC assay of CD34^ CML cells confirm that BMS-214662 is
targeting primitive CML stem cells and provide evidence of selectivity for CML
stem cells versus normal HSCs. These data are further supported by FISH results
from the colonies remaining at the end of LTC-IC assay which showed that in 2 of
3 patients, more than 90% of the cells surviving LTC-IC were Ph". This is further
evidence for the selectivity of BMS-214662 for Ph^ versus Ph" cells.
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The mode of action of BMS-214662 remains elusive. BMS-214662 is not acting via
inhibition of BCR-ABL as evidenced by failure to inhibit CrKL phosphorylation. It is
unlikely that BMS-214662 is acting solely via inhibition of Ras in CML cells as
another FTI, BMS-225975 which is cytostatic and not cytotoxic, inhibits Ras to the
same extent, but lacks the efficacy of BMS-214662 against primitive quiescent
CML cells. Future studies will be directed at attempting to elucidate a mode of
action for BMS-214662 in CML.
Finally, preliminary studies presented here indicate that BMS-214662 is likely to be
effective in BC CML and also in patients with BCR-ABL kinase domain mutations,
who are resistant to BCR-ABL-directed TKIs. The activity of BMS-214662 against
the T315I mutation may prove to be particularly important.
Overall, the results presented here show very promising evidence for the utility of
BMS-214662 in CML. Further studies are ongoing to determine its mode of action
and design of a Phase 1 clinical trial in CML is underway (see discussion 7.3).

187

6

Results 4

6.1 Assessment of BMS-214662 activity in AML cells in
vitro
6.1.1 Introduction
The results presented in Chapter 5 demonstrate that BMS-214662 is highly
effective against CML stem and progenitor cells in vitro. The mode of action for
BMS-214662 is not via inhibition of BCR-ABL kinase activity, therefore, BMS214662 may be effective in other forms of leukaemia, particularly those which
have been shown to be stem cell disorders. Thus, the next logical step is to
assess BMS-214662 activity in AML. There are a number of reasons for this.
Firstly, like CML, AML is a myeloid neoplasm. Secondly, the only Phase 1 clinical
trial to date using BMS-214662 in leukaemia was undertaken in patients with AML
and myelodysplastic syndrome (Cortes et al., 2005a) and, despite being a Phase 1
study, this trial demonstrated efficacy for BMS-214662 in AML, although the mode
of action was uncertain. Thirdly, as with solid malignancies in vivo (Mackay et al.,
2004; Dy et al., 2005) and as shown here in CML in vitro, there is the possibility of
combining BMS-214662 with chemotherapeutic agents such as Ara-C in novel
therapeutic regimens for AML.

6.1.2 BMS“214662 activity in AML ceii line HL60
Concentration finding studies were undertaken to determine the IC50 for BMS214662 in the AML cell line HL60 using

thymidine cell proliferation assays and

total viable cell counts which were performed after 48 hours culture in the
presence of increasing concentrations of BMS-214662 (n=3; Figure 6-1 and B).
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Figure 6-1. Determination of IC50 for BMS-214662 In the AML cell line HL60. (A)

thymidine

proliferation assays (n=3) performed after 48 hours culture showed an ICgo of approximately
450nM and (B) total viable cell counts approximately 375nM. Five replicates of each
condition were performed in each experiment. Results represent the mean ± SEM.

The

IC 5 0

for BMS-214662 in HL60 cells was approximately 450nM by proliferation

assay. Like CML, BMS-214662 showed a greater reduction in total viable cells
than inhibition of proliferation with a 50% reduction in total viable cells at a
concentration of 375nM. These results demonstrate that BMS-214662 is effective
in the AML cell line HL60 with a similar

IC 5 0

to that seen in CML cells. Based on

these similar results, BMS-214662 was used at a concentration of 250nM in
further experiments with primary AML cells.
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6.1.3 Assessment of activity of BMS-214662 in primary AML ceiis
in vitro
6.1.3.1 Assessment of total viable cell counts in AML
In these experiments (n=2), the effect of BMS-214662 either given as a single
agent or in combination with Ara-C on total viable cells counts was assessed in
primary AML cells. Ara-C was used at a concentration of 0.5pM as this is a
concentration which is achievable in patients (Fleming et al., 1995) and has also
been used in similar in vitro experiments in CML in our laboratory (Jorgensen et
al., 2005a). The cells were cultured in SFM + 5GF (as for CD34^ CML cells) for 72
hours under the following conditions: (1) No drug control; (2) BMS-214662 250nM;
(3) Ara-C 0.5pM and (4) BMS-214662 250nM + Ara-C O.SpM. The total viable cell
counts are shown in Figure 6-2.
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Figure 6-2. Total viable cell counts after 3 days culture for all experimental conditions. Cells
were cultured in SFM + 5GF. Results are expressed as a percentage of the no drug control
(mean ± SEM).

There was a reduction in total viable cells in all treatment arms compared to the no
drug control, with the combination of BMS-214662 + Ara-C having the greatest
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effect. However, due to the low number of experiments (n=2) and variation
between the two patient samples used, the results did not reach statistical
significance. These results suggest that BMS-214662 has a cytotoxic effect in
AML and enhances the cytotoxic effect of Ara-C.
6.1.3.2 Effect of BMS-214662 on non-proliferating CFSE"’®’^ AML progenitor
cells
After assessment of total viable cell counts, the effect of BMS-214662 either alone
or in combination with Ara-C was assessed on the non-proliferating (quiescent)
AML cell sub-population after 72 hours in culture (n=2). Once again, these
experiments were performed using CFSE to track cell division, with a colcemid
control included to identify the non-proliferating CFSE"^®^ AML cell population
using flow cytometry. As for the CML experiments, the absolute number of non
proliferating cells was calculated and expressed as a percentage of those present
in the no drug control. The results are shown in Figure 6-3A with representative
FACS profiles for each experimental condition in Figure 6-3B. The potency of AraC on proliferating AML cells is clearly demonstrated with the majority of cells
remaining after culture in the presence of Ara-C being in the non-proliferating
population. This population is substantially reduced with the addition of BMS214662.
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Figure 6-3. Non-proliferating CFSE"’^’‘ primary AML ceils (n=2) remaining after 72 hours
culture for all experimental conditions in SFM + 5GF. (A) The absolute number of non
proliferating cells is expressed as a percentage of the no drug control (mean ± SEM). There
is a substantial reduction in the absolute number of non-proliferating CFSE"’®’^ cells in the
BMS-214662-containing arms compared to the no drug control and Ara-C only arms. (B)
Representative FACS histogram plots after 72 hours culture for each of the experimental
conditions. The plots demonstrate the very low number of undivided cells remaining (boxed
area) in the no drug control and BMS-214662 arms relative to the total cell numbers. The
non-proliferating CFSE""®* AML cell population is the only cell population remaining in the
Ara-C arms, with a very much reduced number in the BMS-214662 + Ara-C arm. Any dividing
AML cells have been eradicated by Ara-C, however, the majority of CFSE""®* AML cells
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remain undivided in the presence of Ara-C, clearly demonstrating its marked anti
proliferative effect. The addition of BMS-214662 to Ara-C eliminates the majority of these
undivided cells.

Non-proliferating CFSE"^^^ AML cells were reduced in the arms containing BMS214662 compared to the arms without BMS-214662 (P=0.039). However, due to
the low number of experiments, differences between individual experimental arms
did not reach statistical significance. Nonetheless, there was a trend towards
reduced non-proliferating cells in the BMS-214662 + Ara-C arm compared to the
Ara-C only arm (P=0.062). Despite the limited number of experiments due to
sample availability, these results suggest that BMS-214662 targets quiescent AML
cells and may be a useful addition to chemotherapy protocols in AML. Further
experiments are required to fully explore the potential of BMS-214662 in AML.

6.1 A Summary and conclusions
BMS-214662 has an IC50 of approximately 450nM in the HL60 AML cell line by
assessment of ^H thymidine proliferation assays, although, as with CML, this
agent had a greater effect on total viable cells. The results presented here indicate
that BMS-214662 is cytotoxic to primary AML cells in vitro, and enhances the
effect of Ara-C. Importantly, BMS-214662 appears to target quiescent AML stem
and progenitor cells, resulting in an enhanced effect when BMS-214662 and Ara-C
are combined. Overall, these results suggest that BMS-214662 may be a very
effective therapy for AML and further investigation of its therapeutic potential in
AML is required.
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Discussion

7.1 Priming primitive CML progenitor cells with rHu-GCSF improves their eradication by IM in vitro
The aims of this chapter were to determine if using an ‘IM holiday’ (interrupted IM
therapy), or priming primitive CML progenitors with rHu-G-CSF would overcome
the inherent insensitivity of the most quiescent CML progenitors to IM (Graham et
al., 2002). The first experiments in this chapter set out to characterise G-CSF-R
protein expression and functionality in CD34^ CML progenitor cells in response to
rHu-G-CSF in vitro. Previous studies have shown that CD34^ cells from CP CML
patients can be maintained in culture in the absence of exogenous growth factors
via autocrine production of IL-3 and G-CSF (Jiang et al., 1999). This suggests that
proliferating CD34^ cells possess functional G-CSF-Rs. Here, we have shown that
G-CSF-R protein expression is increased in proliferating CD34^ CML cells
compared to normal CD34’*’ cells and that this increase is not further augmented
by the addition of rHu-G-CSF to culture (3.1.2). We then went on to confirm the
presence of functional G-CSF-Rs on CD34^ CML cells by demonstrating a
concentration-dependent response to rHu-G-CSF in these cells (Figure 3.4) which
was saturated at a rHu-G-CSF concentration of ~20ng/mL. This G-CSF
concentration is readily achievable in vivo and equates to a rHu-G-CSF dose of
approximately 5pg/kg in the patient (Stute et al., 1992). This is the standard dose
of rHu-G-CSF given for peripheral blood stem cell mobilisation (Drummond et al.,
2003; Hui et al., 2003), IM-induced neutropenia (Marin et al., 2003b; Sneed et al.,
2004) and growth factor priming in combination with cytotoxic chemotherapy in
AML (Cannistra et al., 1989; Bhalla et al., 1991; te Boekhorst et al., 1993). We
further demonstrated, indirectly, that the quiescent sub-population of CD34^ CML
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cells express functional G-CSF-Rs by showing that, in the presence of intermittent
rHu-G-CSF (first 24 hours of each 96 hour cycle), this population is significantly
reduced due to increased numbers of these cells leaving the undivided (quiescent)
gate through cell division.
In the absence of rHu-G-CSF, an ‘IM holiday' was less effective than continuous
IM therapy at reducing the total viable cell number. However, in the presence of
rHu-G-CSF, there was no significant difference between the two strategies, with
the combination of intermittent rHu-G-CSF with either interrupted or continuous IM
being most effective at reducing total viable cells. Furthermore, in the quiescent
sub-population, there was no significant difference in the size of the remaining
sub-population between continuous and interrupted IM therapy after 12 days in
culture. This suggests that in vivo, an ‘IM holiday’ alone is unlikely to reduce the
molecular persistence which occurs with continuous IM therapy. Conversely, the
addition of intermittent rHu-G-CSF (G-CSF priming) to either continuous or
interrupted IM therapy may be more effective.
The diverging results seen here with intermittent and continuous rHu-G-CSF
exposure in the quiescent sub-population suggests that treatment of these
primitive cells with intermittent rHu-G-CSF may activate a unique mechanism
which is not maintained in later progeny. One possible explanation is that, in the
quiescent fraction, initial exposure to rHu-G-CSF up-regulates G-CSF-R protein
expression. However, continuous exposure to supra-physiological doses of rHu-GCSF in this population serves to down-regulate functional G-CSF-R expression
removing the drive for these cells to proliferate. Each intermittent exposure to rHuG-CSF up-regulates the functional G-CSF-Rs and stimulates a proportion of the
quiescent cells to proliferate, but because high G-CSF levels are not present
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continuously, the cells do not become unresponsive or ‘resistant’ to the effects of
rHu-G-CSF.
The

effect

of

combining

different

chemotherapeutic

agents

such

as

hydroxycarbamide or Ara-C with rHu-G-CSF was not assessed in this study, and
these combinations could be equally effective at reducing total viable CML cells as
well as the quiescent CD34^ sub-population. However, to date, IM is the only
agent which has been shown to prevent progression to more advanced phases of
CML (Druker et al., 2006). BCR-ABL increases the production of ROS, inhibits
protein tyrosine phosphatases (PTPases) (Battler et al., 2000), and causes
inappropriate regulation of DNA repair pathways which results in unfaithful repair
of ROS-dependent DNA double strand breaks (Nowicki et al., 2004). These effects
may add to the mutator phenotype shown by BCR-ABL^ cells and are inhibited by
IM in vitro (Battler et al., 2000; Nowicki et al., 2004). It has recently been reported
that the production of ROB stimulated by BCR-ABL results in oxidative DNA
damage and increases the acquisition of BCR-ABL kinase domain mutations
associated with IM resistance in vitro (Koptyra 2006). Genotoxic stress such as
that induced by agents like Ara-C may further increase ROB and result in
additional kinase domain mutations which have previously been shown to exist
prior to IM therapy (Roche-Lestienne et al., 2002; Kreuzer et al., 2003). Therefore,
these agents may be less suitable than BCR-ABL TKIs for combination therapy in
CML. In addition, genomic instability may be related to BCR-ABL expression
levels. Therefore, in the primitive CD34^38‘ CML progenitor cells with high levels
of BCR-ABL expression (Copland et al., 2006), it is possible that mutations
resulting in IM-resistance will occur at the highest frequency. Caution should also
be taken if combining haemopoietic growth factors with IM as growth factors
including GM-CBF and IL-3 have been shown to increase ROB in vitro in
haemopoietic cell lines by increasing tyrosine phosphorylation (Battler et al..
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1999). Thus it would be important to monitor patients for BCR-ABL kinase domain
mutations if the BCR-ABL level is rising in a trial combining rHu-G-CSF with IM.
The treatment of BCR-ABL^ cells with antioxidants such as N-acetylcysteine or
vitamin E reduced accumulation of ROS, reactivated PTPases and resulted in
fewer BCR-ABL kinase domain mutations developing in both in vitro and in vivo
models (Battler et al., 2000; Koptyra et al., 2006). Very interestingly, the addition of
IM to an antioxidant had a superior anti-mutagenic effect compared to antioxidant
alone (Koptyra et al., 2006) and it will be important to determine if the addition of
an antioxidant to IM therapy reduces the incidence of IM-resistant BCR-ABL
kinase domain mutations in vivo.
As discussed, a further aim of this study was to determine if rHu-G-CBF priming of
CD34^ CML cells combined with IM therapy would reverse the anti-proliferative
effect of IM alone at the Gq/Gi interface, allowing these quiescent cells to re-enter
the cell cycle. These results confirm that intermittent exposure to rHu-G-CSF does
enhance the eradication of quiescent CD34^ CML cells, however, a sub-population
of deeply quiescent CML cells does persist, even after combined therapy with
intermittent rHu-G-CBF and either continuous or interrupted IM. In agreement with
the results of this study, Holtz et al have also recently shown that IM in
combination with a high concentration growth factor cocktail enhances elimination
of quiescent CD34^ CML cells (Holtz et al., 2004).
A number of observational case series have reported that patients with IM-induced
neutropenia obtain improved cytogenetic responses when also treated with rHu-GCSF (Heim et ai., 2003; Marin et al., 2003b; Quintas-Cardama et al., 2004). It has
been presumed that this is due increased and maintained continuous IM dosing
being achieved in the face of a rHu-G-CBF-supported neutrophil count. However,
while this may still be true, the results here would also support the alternative
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mechanism of action proposed in 3.1.1 - that intermittent exposure to rHu-G-CSF
promotes re-entry of quiescent CML cells into the cell cycle, which results in cell
division and renders the cells susceptible to the effects of IM in later divisions
(Jorgensen et al., 2005b).
We also demonstrated that when non-proliferating CD34^ CML cells treated with
IM ± G-CSF leave the undivided gate, they do so by cell division and not
apoptosis. This suggests that, in this quiescent CML sub-population, the antiapoptotic pathways which are activated and maintained by BCR-ABL and, in part,
responsible for the dys-regulated cell turnover seen in CML (Bedi et al., 1994), are
not inhibited by IM. Conversely, in dividing CML cells, our results and others (Holtz
et al., 2005), demonstrate that IM does induce apoptosis, resulting in reduced
numbers of total viable cells.
The results of this study have provided a powerful rationale for the design and
implementation

of

a

National

Cancer

Research

Network

(NCRN;

www.ukcrn.orq.uk) randomised clinical trial called G-CSF with Imatinib Mesylate
Intermittently (GIMI) which compares continuous IM, interrupted IM (21 of every 28
days) and pulsed rHu-G-CSF with interrupted IM (G-CSF on Monday, Wednesday
and Friday of the no IM week; Figure 7.1). The primary end points of this study
are to determine the safety of interrupting IM therapy and giving intermittent rHuG-CSF in combination with interrupted IM (Mitchell et al., 2006). Secondary
endpoints are to compare molecular response using qRT-PCR for BCR-ABL and
proportion of patients progressing in each of the 3 arms. The interventions
(intermittent IM or pulsed rHu-G-CSF plus intermittent IM) will be deemed
successful if these arms show no rise in BCR-ABL levels at the end of the study
compared to the continuous IM control arm. Patients are required to have
achieved a CCR for a minimum of 6 months on IM therapy as demonstrated by

Mhairi Copland, 2007

Chapter 7, 198

<2% BCR-ABL by qRT-PCR prior to study entry. Recruitment has recently been
completed in this multi-centre trial based in the UK and France. A total of 45
patients have been recruited, with 15 in each arm. Patients are receiving the
randomised intervention for one year with monthly monitoring of qRT-PCR levels
for BCR-ABL.

CIVIL

Start IM

1

OCR

I

Three way randomisation
15 patients per arm

Interrupted IIW +
rHu-G-CSF

Minimum of 6 months in OCR on IM
(<2% BCR-ABL by qRT-PCR)

Randomisation

1

Interrupted IM alone

Continuous IM
monotherapy

Figure 7-1. Schematic diagram of the protocol for the GIMi trial.

In conclusion, intermittent exposure to rHu-G-CSF enhances the effect of IM on
quiescent CD34'*' CML cells. However, an ‘IM holiday’ alone does not reduce the
quiescent CD34^ CML cell sub-population, but in combination with intermittent
rHu-G-CSF is as effective as continuous IM. This strategy, which is currently in
clinical trial, may offer a unique opportunity for improving molecular responses in
patients with CP CML by improving eradication of IM-insensitive quiescent CML
cells.
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7.2 A comparison of the efficacy of dasatinib and IM
against quiescent primitive CML progenitor cells in
vitro
As highlighted in the introduction (1.2.8), CML stem cells are relatively resistant to
IM (Graham et al., 2002; Holtz et al., 2002; Bhatia et al., 2003; Holtz et al., 2005;
Jorgensen et al., 2005a), and it is postulated that this CML stem cell insensitivity to
IM results in the molecular persistence seen even in patients responding well to
IM (Holtz et al., 2002). The mechanisms underlying the IM resistance seen in CML
stem

cells,

including

whether this

resistance

is

BCR-ABL-dependent or

independent remain to be determined. Our group has recently demonstrated that
primitive IM-resistant CML cells have only single-copy, non-mutated BCR-ABL, but
express significantly higher levels of BCR-ABL transcripts and protein than mature
CML cells (Copland et al., 2006), however, like other studies, we were unable to
determine whether BCR-ABL was a relevant target in these IM-resistant cells.
These results highlight the importance of investigating more potent BCR-ABL
kinase inhibitors and determining their effect on the quiescent CML stem cell
population. The multi-targeted kinase inhibitor, dasatinib, is one such inhibitor
which has been shown to be 325 times more potent than IM at inhibiting wild-type
BCR-ABL in cell line studies and also targets mutant BCR-ABL with the exception
of the T315I mutation (Shah et al., 2004; O'Hare et al., 2005). Therefore, the aims
of this chapter were to determine if dasatinib was more effective than IM in
primitive CML progenitor cells and whether dasatinib would eradicate quiescent
CML cells in vitro. A further aim was to investigate the relevance of SRC kinases
and BCL-2 in early CP CML as dasatinib is also a potent inhibitor of SRC kinases
(Lombardo et al., 2004) one of which, LYN, is believed to mediate the activity of
BCL-2 in CML (Dai et al., 2004).
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The data presented in this study demonstrate that, at high therapeutically
achievable concentrations (IM 5pM and dasatinib 150nM), IM and dasatinib had
equal cytotoxicity in primitive CML progenitor cells. Further studies to assess BCRABL kinase activity, using a novel intracellular flow cytometry assay which
determined CrKL phosphorylation status after treatment with either IM or dasatinib
showed that, after 72 hours treatment with IM, the surviving CD34^ CML cells had
fully phosphorylated CrKL, indicating that we had failed to inhibit BCR-ABL.
However, after 72 hours culture in the presence of dasatinib, both CD34^ and
more

primitive

CD34^38"

CML

cells

had

significant

inhibition

of

CrKL

phosphorylation, indicating that dasatinib was a more effective inhibitor of BCRABL than IM. However, these results do not provide evidence for the relevance of
BCR-ABL in the IM-resistant cells.
There are a number of possible explanations for the IM-resistance demonstrated
here and also, the superior effect of dasatinib in CML. Firstly, there may be
insufficient IM levels within the stem cell population to inhibit BCR-ABL kinase
activity. This may be related to gene amplification (Gorre et al., 2001), high
transcript levels (Jiang et al., 2003; Jiang et al., 2004), increased kinase activity
(Chu et al., 2004) or the balance between drug influx and efflux (Burger et al.,
2004; Thomas et al., 2004; Clark et al., 2005) within this primitive quiescent
population. The increased potency of dasatinib may overcome the increased
transcript levels and kinase activity demonstrated in the stem cell population here.
In addition, unlike IM, dasatinib is not a substrate for p-Glycoprotein, and this may
be another reason why it reaches further into the stem cell compartment (Lee et
al., 2005). A second possible explanation is that cells expressing kinase domain
mutations are enriched within the stem cell population (Shah et al., 2002). If this is
the case, then the majority of these would be inhibited by dasatinib. However, in
this study, mutation analysis demonstrated wild-type BCR-ABL only, although
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other studies have detected BCR-ABL kinase mutations at a low level in CD34^
cells from patients both pre- (Jiang et al., 2005) and post treatment with IM (Chu et
al., 2005). In this study, if the resistance to IM was due to BCR-ABL kinase domain
mutations, then the mutation would need to be present in the majority of the cells
to explain the resistance to IM in the CD34^38" population. We did not exclude a
low level of mutated BCR-ABL in these populations in this study as the sensitivity
of direct sequencing is insufficient to detect this. Other groups have shown that
BCR-ABL kinase domain mutations can be detected at low level using sensitive
techniques in stem cells such as bi-directional sequencing of individually cloned
complementary DNA from patient samples (Chu et al., 2005; Jiang et al., 2005). A
third explanation is that, in the stem cell compartment, BCR-ABL may tend to
remain in its active conformation to which IM cannot bind, thereby reducing the
affinity of IM for the ATP binding site of BCR-ABL (Nagar et al., 2002; Burgess et
al., 2005). This would also explain the superior inhibition of CrKL phosphorylation
seen with dasatinib as this drug is able to bind BCR-ABL in both active and
inactive conformations.
Assessment of CrKL phosphorylation status has been accepted as a robust
method to determine BCR-ABL activity as it is thought to be a specific marker for
BCR-ABL signalling and the CrKL phosphoprotein complex is relatively stable
(Hochhaus et al., 2001; White et al., 2005). However, a very recent study indicates
that the adaptor molecule CrKL may be a substrate of the SRC kinases (Qiao et
al., 2006). If this is the case, then CrKL phosphorylation status is likely to be
affected by a SRC kinase inhibitor (i.e. dasatinib). Therefore, the superior inhibition
of CrKL phosphorylation seen with dasatinib in CD34^ and CD34^38" CML cells
may be due to enhanced inhibition of SRC kinases and not BCR-ABL and, thus,
IM-resistance in the CML stem cell population may not be BCR-ABL-dependent. In
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addition, other BCR-ABL-independent mechanisms of IM resistance may be
present in CML stem cells.
It has been postulated that the increased efficacy of dasatinib compared to IM in
CML is mediated via BCR-ABL and not SRC kinases. Indeed, previous studies in
cell lines and animal models, but not primary CML cells, have failed to
demonstrate a role for the SRC kinases, LYN, HCK and FGR, which are most
commonly expressed on myeloid cells, in CP CML (Donato et al., 2003; Hu et al.,
2004). In this study, I have shown that the expression of activated SRC kinases (pSRC), is increased in all phases of CML compared to normal CD34^ and CD34^38"
cells. Of particular interest is the finding that, in the more primitive CD34’^38" CML
sub-population, compared to normal CD34^38" cells, expression of p-SRC was
relatively higher. However, the action of IM or dasatinib on p-SRC was very similar
to that seen with p-CrKL, suggesting that the effect is most likely mediated via
BCR-ABL and not direct SRC kinase activation. This was also supported by the
fact that the SRC-specific kinase inhibitor PP2 had no significant effect on p-SRC
compared to no drug control in CD34^ CML cells. In addition, BCL-2 expression
was also significantly increased in all phases of CML. However, I was unable to
demonstrate a direct link between p-SRC and BCL-2 expression as IM, dasatinib
and PP2 had only modest effects on BCL-2 levels in CD34^ CML cells. This would
tend to suggest that expression of BCL-2 may be independent of both BCR-ABL
and SRC kinases in CML. Alternatively, because BCL-2 has a longer half-life than
activated BCR-ABL or SRC, it may take longer for changes in BCL-2 expression
following drug treatment to become apparent.
The use of molecularly targeted therapies such as IM and dasatinib is rapidly
increasing in the treatment of malignant disease. As more cancers are being
identified as stem cell diseases, researchers are focussing their attention on the
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elimination of cancer stem cells as a potentially curative strategy. The importance
of LSCs and their resistance to IM has long been recognised in CML (Holyoake et
al., 1999; Graham et al., 2002). Therefore, in this study, I used a CFSE-based
assay which allows high resolution tracking of cell division and identification of the
quiescent (non-proliferating) primitive progenitor population in CML (Nordon et al.,
1997; Graham et al., 2002). These experiments demonstrated that, within the stem
cell compartment, there was a trend for dasatinib to be less anti-proliferative than
IM. Therefore, dasatinib is less likely to induce the reversible Gi arrest seen in
vitro and in vivo with IM. This is particularly important when combining cytotoxic
and/or cytostatic agents, the majority of which tend to cause cell cycle arrest.
However, despite its increased potency, dasatinib failed to eradicate the quiescent
stem cell population in vitro. Although compared to IM, dasatinib showed a trend
towards reducing the CFSE'^^’^ population, it still remained substantially higher
than the no drug control and failed to show a statistically significant reduction
compared to IM (Figures 4-5 and 4-6). This implies that, although dasatinib was
able to inhibit CrKL phosphorylation in the primitive CD34^38" population, like IM, it
failed to target the truly quiescent CML stem cells in culture.
Overall, these results indicate that dasatinib is a much more potent inhibitor of
BCR-ABL than IM and is able to target BCR-ABL^ cells deeper into the stem cell
compartment (Figure 7-2). Therefore, dasatinib would be expected to produce
lower levels of MRD in vivo in CML patients. However, it has been demonstrated
that quiescent CML stem cells appear intrinsically resistant to IM and dasatinib
and thus, dasatinib is unlikely to be curative in CML. The possibility that, in
quiescent CML stem cells, neither BCR-ABL nor SRC kinases are relevant targets
should be considered. This highlights the need to identify and develop new cancer
stem-cell directed therapies to effectively eradicate these primitive cancer initiating
cells in patients while sparing the normal stem cell compartment.
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Leukaemia stem cell
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Progenitor
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Mature
haemopoietic
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only
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Figure 7-2. Schematic diagram to show the effects of IM and dasatinib on the different
progenitor cell populations in CML. Although mature haemopoietic cells and the majority of
progenitor cells are sensitive to both IM and dasatinib, primitive CML progenitors (CD34^38 )
are resistant to IM, and the leukaemia stem cell compartment is resistant to both IM and
dasatinib through mechanisms which have still to be fully elucidated.

7.3 Assessment of the efficacy of the novel FT! BMS214662 against stem and progenitor ceils in myeloid
leukaemias in vitro
There is mounting evidence that strategies to target both quiescent stem cells and
proliferating cells are required to eradicate CML (Graham et al., 2002; Holtz et al.,
2002; Bhatia et al., 2003; Holtz and Bhatia, 2004; Holtz et al., 2005; Copland et al.,
2006). The combination of BMS-214662 with either IM or dasatinib may be one
such strategy. The data presented in Chapter 5 show that BMS-214662 is
cytotoxic to both quiescent and proliferating primary cells in CP as well as BC
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CML, and induces apoptosis, as evidenced by increased caspase-3 activity. Used
as a single agent, it has minimal anti-proliferative effect on CML progenitors. In
combination with either IM or dasatinib, BMS-214662 does not overcome the anti
proliferative effects of these agents, but kills the quiescent CML stem cells while
they remain either in Go or arrested in early Gi phase of the cell cycle. This is
demonstrated by greater caspase-3 activity in the undivided CFSE^^ CD34"'
progenitor fraction. LTC-IC assays showed that culture in the presence of BMS214662 virtually eliminated the ability of CML stem cells to form colonies. This
provides further evidence for efficacy of BMS-214662 against quiescent CML stem
cells by inhibiting their repopulating activity. BMS-214662 also demonstrated
preferential cytotoxicity for leukaemic versus normal stem cells as evidenced by
superior inhibition of colony formation in the CML LTC-IC assays compared to
normal donor cell LTC-IC assays. In addition, in 2 of 3 CML LTC-IC assays, in
which the CD34^ cells used to seed the assay were pre-treated with BMS-214662
for 72 hours, FISH performed on the colonies present at the end of 7 weeks
culture showed that the majority of these colonies were BCR-ABL'. These colonies
have come from residual normal haemopoiesis which was present in these
patients with early CP CML at the time of leukapheresis (Goto et al., 1982;
Coulombel et al., 1983b). In the third patient sample, in which FISH remained
BCR-ABL^ at the end of LTC-IC, it is likely that there was little normal
haemopoiesis remaining at the time of leukapheresis. Indeed, after commencing
IM, this patient required growth factor support and a reduced dose of IM to
manage the cytopenias resulting from IM therapy.
These results demonstrate that, in vitro, BMS-214662 is superior to cytostatic FTIs
such as lonafarnib (Jorgensen et al., 2005a) and BMS-225975 in eliminating
quiescent CML stem cells. The concentration of BMS-214662 used in these
experiments (250nM) is a clinically achievable plasma concentration (Tabernero et
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al., 2005). Although BMS-214662 has yet to enter clinical trial in CML, phase 1
trials in AML using BMS-214662 as a single agent have shown promising activity
(Cortes et al., 2005a). In a future clinical trial, which is currently under
development with Bristol-Myers Squibb and the National Cancer Institute (NCI), it
is likely that BMS-214662 would be given as a single weekly infusion in
combination with continuous therapy with dasatinib. Monitoring of these patients is
likely to include qRT-PCR to assess BCR-ABL levels and LTC-IC on bone marrow
samples taken pre-treatment and at regular intervals throughout therapy, with
FISH on the colonies produced to assess the effect of this combination therapy on
the stem cell compartment. In clinical trials in advanced solid tumours, intermittent
infusions of BMS-214662 have been successfully combined with cisplatin,
carboplatin and paclitaxel (Mackay et al., 2004; Dy et al., 2005). Preliminary
experiments done in this study show that, in vitro, intermittent exposure to BMS214662, in combination with either continuous IM or dasatinib, tended to enhance
the efficacy of these TKIs in CML with increased caspase-3 activity and a
reduction in primitive progenitor cells.
The activity of BMS-214662 in BC CML and cell lines expressing BCR-ABL kinase
mutations is also important. Patients with BC CML initially respond to IM but then
relapse (Druker et al., 2001a). A proportion of these IM-resistant patients will
respond to dasatinib or nilotinib but nearly all relapse within 6 months (Kantarjian
et al., 2006; Talpaz et al., 2006). Therefore, BMS-214662 in combination with a
TKI may increase the number of patients with BC CML who respond and also the
length of remission, possibly allowing time for other therapeutic strategies such as
alloSCT to be instituted. For those patients with BCR-ABL kinase mutations, the
majority will respond to either dasatinib or nilotinib (Kantarjian et al., 2006; Talpaz
et al., 2006), however, patients with the T315I mutation are resistant to these
drugs. These patients may benefit from single agent therapy with BMS-214662
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which we have shown to be equipotent in both wild type and mutant BCR-ABL
expressing cell lines including T315I.
The effect of BMS-214662 on non-proliferating cells was first identified in in vitro
models of solid tumours (Lee et al., 2001). However, despite extensive
investigation, to date, the mode of action of BMS-214662 remains elusive (Rose et
al., 2001; Manne et al., 2004). Multiple in vitro studies, including this one, have
demonstrated its pro-apoptotic action (Rose et al., 2001; Manne et al., 2004;
Marzo et al., 2004; Aichberger et al., 2005), but the pathway(s) leading to this has
yet to be elucidated. It is unlikely that BMS-214662 is acting via the Ras pathway
as it has been shown to be effective in Ras""" and Ras mutant cell lines (Rose et
al., 2001). In addition, this study demonstrates that the structurally similar
cytostatic FTI, BMS-225975, did not induce apoptosis and failed to eliminate CML
stem cells. Recent in vitro studies in B-cell CLL (Marzo et al., 2004) and myeloma
(Aichberger et al., 2005) have identified inhibition of Mcl-1 and activation of Bax
and Bak as potential modes of action in these haematological malignancies.
However, these conditions have not yet been shown to be stem cell disorders and
the mechanism of action may be different. Western blotting showed no evidence of
alterations in Mcl-1 levels in CD34^ CML cells after treatment with BMS-214662
either alone or in combination with IM or dasatinib.
Further work has investigated the role of the centromere-associated proteins
CENP-E and CENP-F in the activity of FTIs (Ashar et al., 2000). These proteins,
which are involved in the mitotic process, stabilise microtubule capture by
kinetochores required for complete chromosomal capture during metaphase and
are believed to be mediators of the G2/M checkpoint. FarnesyItransferase
inhibitors alter the association between CENP-E and the microtubules resulting in
cell cycle arrest with accumulation of cells prior to metaphase. However, this is an
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unlikely mode of action in CML as cell cycle analyses performed for this project
after treatment with BMS-214662 did not show cell cycle arrest.
Another study (Du and Prendergast, 1999) has focussed on the 21 kD G-protein
RhoB which regulates receptor trafficking and is believed to be a prénylation target
of FTIs. This study demonstrated that RhoB GTPase activity was increased in
some human cancer cell lines (predominantly epithelial) and that the accumulation
of RhoB GGT increased apoptosis, inhibited tumour cell proliferation, and resulted
in cell cycle arrest via multiple mechanisms, including alterations in cell adhesion.
In addition, in cancer cells which over-express AKT, FTIs induce apoptosis and
inhibit P13K/AKT-mediated

adhesion

and growth factor-dependent survival

pathways (Jiang et al., 2000a). It is possible that one of these proposed
mechanisms of action that alters cell adhesion could explain the dramatic results
seen in the LTC-IC assay experiments. The hypothesis would be that after
treatment with BMS-214662, the CML stem cells are unable to adhere to the
stromal layer, resulting in failure to form colonies. Again, these potential modes of
action need further investigation in CML.
An alternative recent study has shown that FTIs directly induce production of ROS
resulting in DNA damage in neoplastic cells (Pan et al., 2005; She et al., 2005).
However, the pathway by which FTIs induce ROS is not yet fully elucidated,
although it has been postulated that ROS are increased primarily by greater
generation (Pan and Yeung, 2005). Interestingly, additional recent research has
shown that FTIs increase inducible nitric oxide synthase (iNOS), resulting in higher
nitric oxide (NO) production and apoptosis in CD34^ CML cells (Selleri et al.,
2003). Furthermore, in this study, the Rho inhibitor C3 exoenzyme, significantly
increased iNOS expression in CML cells, indicating that FTIs may increase NO
production at least partly through FTI-mediated inhibition of Rho. These exciting
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studies provide further insights into the potential mechanisms of action through offtarget activities of BMS-214662 and highlight the importance of determining a
mode of action for BMS-214662 in CML. In future studies, it would be important to
measure RhoB and iNOS activity before and after treatment with BMS-214662 in
CD34+ CML cells.
A further recent study using a chemical genetics approach in the nemotode
Caenorhabditis elegans showed that several pro-apoptotic FTIs induced p-53independent apoptosis (Lackner et al., 2005). In addition, these FTIs also inhibited
the eukaryotic protein prenylase RabGGT in mammalian cancer cell lines.
Geranylgeranylation by RabGGT is responsible for the membrane localisation of
the Rab family of small GTPases which are involved in endosomal to lysosomal
trafficking. This study also showed that RabGGT was over-expressed in a sub-set
of human solid tumours (ovarian tumours, adenocarcimoma of colon, large cell
lung carcinoma and melanoma) and that short interfering RNA (siRNA) against
RabGGT

induced

apoptosis

in

3

human

cancer

cell

lines

(the

lung

adenocarcinoma cell line A549, the ovarian cancer cell line A2780, and the p-53
null prostate cancer cell line PC3). This is the first study to suggest a potential role
for RabGGT in apoptosis and cancer initiation or progression and identifies a novel
pathway for p-53-independent apoptosis and a potential post-translational mode of
action for FTIs, including BMS-214662. However, this study did not assess
RabGGT in any haematological malignancies, and in further work I would propose
determining if RabGGT is over-expressed in myeloid leukaemias. If it is, then I
would go on to assess whether RabGGT was inhibited by BMS-214662 in CD34^
CML or AML cells and, if so, whether inhibition of RabGGT with siRNA resulted in
increased apoptosis in order to determine if RabGGT is a relevant target in
myeloid leukaemias.
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Further studies, including gene expression profiling, a kinase screen and detailed
investigation of the Ras pathway have been undertaken by us in an attempt to
determine the mode of action of BMS-214662 in CML. At present, it is
hypothesised that BMS-214662 acts post-translationaiiy on CML cells. In support
of this post-translational role for BMS-214662, a comprehensive transcriptional
profiling experiment utilising the Affymetrix microarray platform and analysed by Dr
Francesca Pellicano showed no evidence for significant up- or down-regulation (by
greater than 1.3-fold) of genes in CML CD34^ cells following treatment with BMS214662 as compared with either BMS-225975 or no drug control. In addition,
Bristol Myers Squibb have performed a detailed kinase screen on the CML cell line
K562 which was entirely negative and excluded kinase inhibitory activity against
BCR-ABL and other kinases. However, one positive finding which is currently
under further investigation is that, in association with induction of apoptosis, BMS214662 resulted in near complete inhibition of phosphorylation of ERK and downregulation of the inhibitor of apoptosis protein (lAP), whereas BMS-225975 neither
induced apoptosis nor inhibited ERK phosphorylation or down-regulated lAP,
strongly suggesting that BMS-214662 acts post-translationally.
In addition to its potent effect on CML stem and progenitor cells, very preliminary
data, presented here in Chapter 6 indicate that BMS-214662 shows some efficacy
when used either alone or in combination with Ara-C in primary AML cells. This is
an important finding which requires further investigation. To this end, we are in the
process of developing a bank of primary samples taken from AML patients at
diagnosis which will allow us to undertake experiments similar to those performed
in CD34^ CML cells in this study. A Phase 1 trial of BMS-214662 has already been
performed in AML (Cortes et al., 2005a) and demonstrated some efficacy. Further
laboratory studies, in particular examining the effect of BMS-214662 alone and in
combination with other chemotherapeutic agents on AML stem cells, may provide
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a rationale for the development of a Phase 2 trial in AML as have already taken
place with tipifarnib (Harousseau et al., 2003; Lancet et al., 2003).
Finally, it will be important to investigate the activity of BMS-214662 on stem cell
malignancies such as breast, prostate and brain (Al-Flajj et al., 2003; Singh et al.,
2003; Collins et al., 2005). Previous studies in solid tumours have failed to show a
significant effect for BMS-214662, but these trials were undertaken in patients with
a range of malignancies, not all of which have been demonstrated to be of stem
cell origin, who had already received multiple chemotherapy regimens. In addition,
in these heavily pre-treated patients, side effects at higher doses of BMS-214662
proved to be a problem with haematological, renal, gastrointestinal and hepatic
toxicities

being

dose-limiting

(Mackay

et

al.,

2004;

Dy

et

al.,

2005;

Papadimitrakopoulou et al., 2005; Eder et al., 2006). These Phase 1 studies were
powered to assess safety and tolerability and not efficacy with only one study
showing significant clinical benefit from treatment, and in this study (Tabernero et
al., 2005), only 5 out of 31 patients had a response. This apparent lack of efficacy
led to further trials with BMS-214662 in solid tumours being abandoned. It is only
in recent months, based on the results presented here, that further clinical grade
BMS-214662 has been manufactured and there has been a resurgence in interest
in the potential use of BMS-214662 in stem cell malignancies. It is likely that
further research into the use of BMS-214662 in solid tumours will be much more
selectively focussed on tumours shown to be derived from stem cells such as
breast, prostate and brain.
It is only by understanding the mechanism of action of BMS-214662 that advances
can be made in using BMS-214662 in the clinic, resulting in increased efficacy and
reduced toxicity. In addition, by using BMS-214662 as a laboratory tool, it may be
possible to Identify new molecular targets in the treatment of myeloid leukaemias
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and other stem cell neoplasms leading to the development of novel therapeutic
agents.

7.4 Final discussion and conclusions
The importance of developing targeted cancer therapies is related to the toxicity of
conventional chemotherapy regimens to normal cells and the failure of these non
specific agents to target cancer stem cells, resulting in an inability to cure many
cancers. The development of molecularly targeted therapies allows specific
targeting of cancer cells without affecting normal cells, reducing toxicity and, in
most cases, improving patient quality of life. Although the introduction of IM for the
treatment of BCR-ABL^ malignancies is widely heralded as the first successful
molecularly targeted cancer therapy (Druker et al., 2001b), it was preceded by
others. Perhaps the first real targeted approach to cancer therapy was the use of
hormonal manipulation in the form of tamoxifen in breast cancer (Early Breast
Cancer Tria lists' Collaborative Group, 1998). Another was the use of monoclonal
antibodies such as the anti-CD20 agent rituximab (Mabthera™) in B cell disorders
(Coiffier et al., 2002). Currently, targeting signal transduction pathways is a major
strategy in the development of novel anti-neoplastic agents.
CML represents an excellent model for the study of cancer stem cells because it
results from a single genetic mutation {BCR-ABL) and is measurable by standard
laboratory techniques such as FISH and PCR (Kaeda et al., 2002). This also
makes CML an ideal disease in which to identify novel agents which target cancer
stem cells.
There have been major advances in the treatment of CML in recent years with the
development of IM (Druker et al., 1996; O'Brien et al., 2003) and, more recently.
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the oral, multi-targeted kinase inhibitor dasatinib (Talpaz et al., 2006) and the
second generation BCR-ABL kinase inhibitor, nilotinib (Kantarjian et al., 2006).
These newer compounds target IM-resistant mutations and, in the case of
dasatinib, reach further into the stem cell compartment (Copland et al., 2006).
However, despite inhibition of BCR-ABL, quiescent CML stem cells remain
insensitive to these compounds. Further, as shown here for the first time, in LTCIC experiments, IM and dasatinib would appear to exert a protective effect on the
CML stem cell compartment through their anti-proliferative action, although this
may be an in vitro culture artefact and has yet to be confirmed in vivo. Therefore,
strategies are required to target both quiescent and proliferating BCR-ABL^ cells.
The importance of cancer stem cells is a rapidly emerging area of research and
the ability of BMS-214662 to selectively target quiescent LSCs is shared by a very
few novel anti-cancer agents (Guzman et al., 2002; Guzman et al., 2005). Studies
are planned to determine if this property is applicable to other malignancies with
quiescent stem cells (breast, brain and prostate cancer etc). However, the study of
quiescent primary cancer stem cells is complex as it is difficult to separate this
small

sub-population

of

cells

from

the

proliferating

majority,

making

characterisation of these cells difficult. Studies in fibroblasts (Coller et al., 2006),
which

artificially

induced

quiescence

by

different

mechanisms

(mitogen

withdrawal, contact inhibition and loss of adhesion), showed that although there
was a cohort of genes universally expressed in quiescent states, the expression of
many other genes varied depending on the mechanism inducing quiescence. In
addition, it is unclear which of these mechanisms are active in primary cells.
If differences in gene and protein expression between quiescent normal and
cancer stem cells can be found, then it is possible that these differences could be
exploited to develop cancer-specific therapies which avoid damage to normal
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BMS-214662 exhibits some toxicity to normal primitive

progenitor cells, it is far more toxic to leukaemia progenitor cells. Thus BMS214662 may prove to be such a cancer-specific therapy or perhaps a tool for
developing other approaches to targeting the cancer stem cell.
Recently, two different dynamic models of CML have been proposed (Michor et
al., 2005; Roeder et al., 2006) which arrive at different conclusions. The first model
suggests that although IM is a potent inhibitor of differentiated CML cells, it does
not reduce the CML stem cell population (Michor et al., 2005). In CML, BCR-ABL
transcripts exhibit a biphasic decline in patients responding to IM, but even after
years of therapy, the majority of patients have persistent disease at the molecular
level (Hughes et al., 2003; Branford et al., 2004). The biphasic decline in BCRABL transcripts consists of an initial rapid decline which represents the death of
differentiated CML cells followed by a much slower decrease representing the
death of more primitive CML progenitors in response to IM. In support of this first
hypothesis, in a proportion of patients that discontinued IM after prolonged
treatment and had achieved a CMoIR, the number of BCR-ABL transcripts rapidly
increased over the following three months to at least pre-treatment levels (Cortes
et al., 2004b; Mauro et al., 2004). This indicates that IM does not deplete the CML
stem cell population which is driving the disease, and supports the hypothesis that
CML stem cells are resistant to IM and other agents (Graham et al., 2002; Holtz et
al., 2005; Jorgensen et al,, 2005a; Copland et al,, 2006). This model further
proposes that, as CML progresses, the number of LSCs rises and the probability
of a patient having a resistance mutation also increases as a result of this larger
population of CML stem cells (Michor et al., 2005). In addition, it is suggested that
the time to treatment failure as a result of acquired resistance is dependent on the
growth rate of the CML stem cells. Therefore, based on the theories put forward in
this study, IM is extremely unlikely to cure CML patients, and over time, the
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majority of patients will develop acquired resistance as the stem cell population
gradually expands. Thus, the development of strategies, such as BIVIS-214662, to
target the LSC population will be vital for the eventual eradication of CML.
The hypothesis proposed in the second study is rather more positive for CML
patients (Roeder et al., 2006). It suggests that the clinically observed biphasic
pattern of BCR-ABL transcript dynamics may be explained by a selective effect of
IM on proliferating CML stem cells. This model makes two main assumptions.
Firstly, it assumes that IM inhibits proliferative activity and induces death of
proliferating CML stem cells and secondly, it assumes that there is a large
population of quiescent CML stem cells which are resistant to IM due to their
quiescent state as previously demonstrated (Graham et al., 2002). However, these
quiescent CML stem cells retain the potential for proliferation and are responsible
for the rapid relapses seen after stopping IM (Cortes et al., 2004b; Mauro et al.,
2004). This model predicts that, over time, as quiescent CML stem cells gradually
enter the cell cycle, they will proliferate and become sensitive to IM. Therefore,
levels of MRD will continue to fall over prolonged periods of IM treatment as
suggested by clinical data (Branford et al., 2004), and complete disease
eradication may be possible if patients do not develop resistance mutations. The
model also proposes that promoting quiescent CML stem cells to enter the cell
cycle by using additional agents in combination with IM may enhance the
eradication of MRD in CML. This hypothesis was tested in Chapter 3 of this thesis
which used priming with intermittent exposure to rHu-G-CSF in an attempt to force
the quiescent CML stem cells to proliferate with promising results. As discussed, a
clinical trial (GIMI trial) to test this potential therapeutic strategy in vivo is currently
underway (Mitchell et al., 2006).
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Although these two different hypothetical models of CML dynamics arrive at
different conclusions, they both highlight the importance of developing drug
combination strategies with IM or the newer agents (dasatinib, nilotinib and others)
to eliminate the quiescent CML stem cell population.
Another hypothesis leading to much debate at present is the concept that CML
stem cells may not be dependent on BCR-ABL; therefore BCR-ABL kinase
inhibitors may not be appropriate therapy for CML stem cell eradication. There is
evidence that CML is a stem cell disorder (Eaves et al., 1998). In addition, there is
support for a normal HSC hierarchy in LSCs (Bonnet and Dick, 1997), suggesting
that LSCs may retain many of the properties of HSCs. Furthermore, there is
increasing evidence that BCR-ABL-targeted therapies such as IM, dasatinib or
nilotinib fail to eradicate CML stem cells in vitro (Graham et al., 2002; Holtz et al.,
2005; Copland et al., 2006; Jorgensen et al., 2007).
Further support for this hypothesis comes from studies which have shown that
transduction with either M0Z-TIF2 or MLL-ENL resulted in the development of the
capacity for self-renewal in committed non self-renewing myeloid progenitors in
vitro and rapid induction of leukaemia in murine transplantation models (Cozzio et
al., 2003; Huntly et al., 2004), whereas transduction of these same non selfrenewing myeloid progenitors by BCR-ABL did not (Huntly et al., 2004). The
mechanisms underlying this difference in the ability of oncogenes to bestow self
renewal properties on a leukaemia cell remain to be elucidated. Another recent
study has shown that, despite inactivation of plOO®^^'^^*" in a murine model of
ALL, there was failure to rescue the malignant phenotype, implying that pi 90^'^'^"
is not required for disease maintenance in mice (Perez-Caro et al., 2006). It
was further hypothesised that p i90^^"^'^^^ induced epigenetic changes or
additional mutations, rendering the LSCs insensitive to inactivation of plOO®^*^"^®^.
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However, this is controversial as a number of other studies have demonstrated the
necessity of BCR-ABL for disease maintenance (Szczylik et al., 1991; Skorski et
al., 1994; Zhao et al., 1997; Huettner et al., 2000). In addition, in this murine model
(Perez-Caro et al., 2006), the disease did not behave as an acute leukaemia as
survival was longer than other acute leukaemia models and also the mice were
unresponsive to IM which is not typical of BCR-ABL^ ALL, in which the majority of
patients do achieve a remission, albeit short-lived (Druker et al., 2001a).
Furthermore, another recent study demonstrated that dasatinib resulted in
complete remission of B-ALL with prolonged survival in a murine model (Hu et al.,
2006), providing additional evidence of dependence on BCR-ABL for disease
maintenance.
In some cells, the ability to self-renew may be due to the acquisition of secondary
mutations in committed progenitor cells which allow these cells to take on the
properties of a LSC. This has recently been demonstrated in BC CML by
Jamieson et a! (Jamieson et al., 2004) who showed that there was an increased
granulocyte-macrophage progenitor population in BC CML compared to earlier
stages of disease, and this population had the ability to self-renew in vitro in
association with activation of p-catenin, a protein of the WNT signalling pathway
which is associated with cell differentiation, proliferation and death. Very
interestingly, two inhibitors of the WNT signalling pathway have recently been
described which show efficacy in myeloid leukaemias (Guzman et al., 2006;
Kavalerchik et al., 2006). The first of these, MCC-001, a marine sponge-derived Pcatenin antagonist was demonstrated to inhibit the re-plating capacity of CML stem
cells, derived from patients with advanced phase CML, at doses which were non
toxic to normal HSCs (Kavalerchik et al., 2006). The second compound, 4-benzyl,
2-methyl 1,2,4-thiadiazolidine 3,5-dione (TDZD-8), a GSK-3p inhibitor, induced
rapid cell death in both primary AML and BC CML cells (Guzman et al., 2006).
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Further studies in a NOD/SCID mouse xenotransplantation model showed a 93%
reduction in engraftment with TDZD-8 for AML samples compared with an 11%
reduction for normal cell engraftment. Further studies are currently underway to
fully elucidate the mechanisms of action of these two novel compounds and further
assess their effect on the LSC compartment.
It should also be considered that BCR-ABL may be an oncogenic mutation which
is tolerated by HSCs because it has little or no effect on the stem cell in which it
arises; rather its effects are expressed in the progeny of the mutated stem cell. It is
possible that mutations which increase self-renewal or impair differentiation may
be toxic to the HSC and/or trigger apoptotic pathways. BCR-ABL may not induce
these changes in the stem cell and, therefore may be tolerated. However, there is
evidence against this hypothesis from Huntly et al, who demonstrated that HSC
transduction with M0Z-TIF2 resulted in a form of AML indistinguishable from other
M0Z-TIF2 associated leukaemias (Huntly et al., 2004). Therefore, in HSCs, this
oncogenic mutation was not only tolerated, but was capable of inducing leukaemia
without HSC toxicity or apoptosis.
The models of CML disease response dynamics and the hypothesis that BCR-ABL
may not be a target in CML stem cells highlight the importance of developing
therapies which target the LSC specifically and identifying differences between
normal HSCs and LSCs which can be targeted for therapy. A recent study has
shown that dependence on the tumour suppressor gene PTEN separates HSCs
from LSCs (Yilmaz et al., 2006). In an in vivo mouse model, conditional deletion of
PTEN resulted in a myeloproliferative disorder which progressed to acute
leukaemia over a number of weeks and also induced acute leukaemia in recipient
mice in a mouse transplantation model. In addition, HSCs were not maintained in
the absence of PTEN, as PTEN deletion increased HSC proliferation which
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resulted in HSC depletion and the cells were unable to reconstitute irradiated
mice, i.e. there was loss of self-renewal capacity. It is likely that these effects were
modulated by mTOR as rapamycin not only depleted LSCs but also restored
normal HSC function. Further studies in AML have demonstrated that proteasome
inhibitors induce apoptosis in AML stem cells in association with inhibition of NFkB

and activation of p-53-related genes (Guzman et al., 2002). Furthermore, the

naturally-occurring small molecule inhibitor parthenolide also causes apoptosis in
LSC in AML and BC CML, again through inhibition of NF-kB and activation of p-53
and also increased production of ROS (Guzman et al., 2005).
The data presented in this thesis for BMS-214662 in CP CML represents an
important step forward in targeting quiescent CML stem cells as this is the first
study to demonstrate an agent which selectively kills quiescent CML stem cells,
although the mode of action has yet to be elucidated. All these examples highlight
the importance of finding agents which specifically target cancer stem cells. It is
only by understanding the biology of cancer stem cells and developing novel stem
cell-directed therapies that progress will be made in eradicating these diseases.

220

8

References

Adjei, A. A., Erlichman, C., Davis, J. N., Cutler, D. L., Sloan, J. A., Marks, R. S.,
Hanson, L. J., Svingen, P. A., Atherton, P., Bishop, W. R., et al. (2000). A Phase I
trial of the farnesyl transferase inhibitor SCH66336: evidence for biological and
clinical activity. Cancer Res 60:1871-1877.
Aichberger, K. J., Mayerhofer, M., Krauth, M. T., Skvara, H., Florian, S., Sonneck,
K., Akgul, C., Derdak, S., PickI, W. F., Wacheck, V., et al. (2005). Identification of
mcl-1 as a BCR/ABL-dependent target in chronic myeloid leukemia (CML):
evidence for cooperative antileukemic effects of imatinib and mcl-1 antisense
oligonucleotides. Blood 105:3303-3311.
Al-Hajj, M., Wicha, M. S., Benito-Hernandez, A., Morrison, S. J., Clarke, M. F.
(2003). Prospective identification of tumorigenic breast cancer cells. Proa Natl
Acad Sci U S A 100:3983-3988.
Anafi, M., Gazit, A., Zehavi, A., Ben-Neriah, Y., Levitzki, A. (1993). Tyrphostininduced inhibition of p210bcr-abl tyrosine kinase activity induces K562 to
differentiate. Blood 82:3524-3529.
Andreeff, M., Jiang, S., Zhang, X., Konopleva, M., Estrov, Z., Snell, V. E., Xie, Z.,
Okcu, M. F., Sanchez-Williams, G., Dong, J., et al. (1999). Expression of Bcl-2retated genes in normal and AML progenitors: changes induced by chemotherapy
and retinoic acid. Leukemia 13:1881-1892.
Ashar, H. R., James, L., Gray, K., Carr, D., Black, S., Armstrong, L., Bishop, W.
R., Kirschmeier, P. (2000). Farnesyl transferase inhibitors block the farnesylation
of CENP-E and CENP-F and alter the association of CENP-E with the
microtubules. J Biol Chem 275:30451-30457.
Baccarani, M., Rosti, G., de Vivo, A., Bonifazi, F., Russo, D., Martinelli, G.,
Testoni, N., Amabile, M., Fiacchini, M., Montefusco, E., et al. (2002). A
randomized study of interferon-alpha versus interferon-alpha and low-close
arabinosyl cytosine in chronic myeloid leukemia. B/ooc/99:1527-1535.
Baccarani, M., Saglio, G., Goldman, J., Hochhaus, A., Simonsson, B., Appelbaum,
F., Apperley, J., Cervantes, F., Cortes, J., Deininger, M., et al. (2006). Evolving
concepts in the management of chronic myeloid leukemia: recommendations from
an expert panel on behalf of the European LeukemiaNet. Blood 108:1809-1820.
Barrett, A. J., van Rhee, F. (1997). Graft-versus-leukaemia. Baillieres Clin
Haematol 10:337-355.
Bartram, C. R., de Klein, A., Hagemeijer, A., van Agthoven, T., Geurts van Kessel,
A., Bootsma, D., Grosveld, G., Ferguson-Smith, M. A., Davies, T., Stone, M., et a i
(1983). Translocation of c-ab1 oncogene correlates with the presence of a
Philadelphia chromosome in chronic myelocytic leukaemia. Nature 306:277-280.
Bedi, A., Barber, J. P., Bedi, G. C., el-Deiry, W. S., Sidransky, D., Vala, M. S.,
Akhtar, A. J., Hilton, J., Jones, R. J. (1995). BCR-ABL-mediated inhibition of

Mhairi Copland, 2007

221

apoptosis with delay of G2/M transition after DNA damage: a mechanism of
resistance to multiple anticancer agents. Blood 86:1148-1158.
Bedi, A., Zehnbauer, B. A., Barber, J. P., Sharkis, S. J., Jones, R. J. (1994).
Inhibition of apoptosis by BCR-ABL in chronic myeloid leukemia. Blood 83:20382044.
Bhalla, K., Holladay, C., Arlin, Z., Grant, S., Ibrado, A. M., Jasiok, M. (1991).
Treatment with interleukin-3 plus granulocyte-macrophage colony-stimulating
factors improves the selectivity of Ara-C in vitro against acute myeloid leukemia
blasts. B/ood 78:2674-2679.
Bhatia, R., Holtz, M., Niu, N., Gray, R., Snyder, D. S., Sawyers, C. L., Arber, D. A.,
Slovak, M. L., Forman, S. J. (2003). Persistence of malignant hematopoietic
progenitors in chronic myelogenous leukemia patients in complete cytogenetic
remission following imatinib mesylate treatment. Blood 101:4701-4707.
Bhatia, R., Munthe, H. A., Verfaillie, C. M. (1998). Tyrphostin AG957, a tyrosine
kinase inhibitor with anti-BCR/ABL tyrosine kinase activity restores betal integrinmediated adhesion and inhibitory signaling in chronic myelogenous leukemia
hematopoietic progenitors. Leukemia 12:1708-1717.
Bhatia, R., Wayner, E. A., McGlave, P. B., Verfaillie, C. M. (1994). Interferon-alpha
restores normal adhesion of chronic myelogenous leukemia hematopoietic
progenitors to bone marrow stroma by correcting impaired beta 1 integrin receptor
function. J Clin /nvest 94:384-391.
Blagosklonny, M. V. (2001). Unwinding the loop of Bcl-2 phosphorylation.
Leukemia 15:869-874.
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.
Branford, S., Hughes, T. P., Rudzki, Z. (1999). Monitoring chronic myeloid
leukaemia therapy by real-time quantitative PCR in blood is a reliable alternative to
bone marrow cytogenetics. Br J Haematol 107:587-599.
Branford, S., Rudzki, Z., Grigg, A., Seymour, J. F., Taylor, K., Browett, P.,
Schwarer. A., Bradstock, K., Arthur, C., Durrant, S., et al. (2004). BCR-ABL levels
continue to decrease up to 42 months after commencement of standard dose
imatinib in patients with newly diagnosed chronic phase CML who achieve a
molecular response. B/ood 104:82a.
Branford, S., Rudzki, Z., Walsh, S., Grigg, A., Arthur, C., Taylor, K., Herrmann, R.,
Lynch, K. P., Hughes, T. P. (2002). High frequency of point mutations clustered
within the adenosine triphosphate-binding region of BCR/ABL in patients with
chronic myeloid leukemia or Ph-positive acute lymphoblastic leukemia who
develop imatinib (ST1571) resistance. S/ood 99:3472-3475.
Branford, S., Rudzki, Z., Walsh, S., Parkinson, I., Grigg, A., Szer, J., Taylor, K.,
Herrmann, R., Seymour, J. F., Arthur, C., et al. (2003). Detection of BCR-ABL
mutations in patients with CML treated with imatinib is virtually always
accompanied by clinical resistance, and mutations in the ATP phosphate-binding
loop (P-loop) are associated with a poor prognosis. Blood 102:276-283.

Mhairi Copland, 2007

222

Brummendorf, T. H., Holyoake, T. L., Rufer, N., Barnett, M. J., Schulzer, M.,
Eaves, C. J., Eaves, A. C., Lansdorp, P. M. (2000). Prognostic implications of
differences in telomere length between normal and malignant cells from patients
with chronic myeloid leukemia measured by flow cytometry. Blood 95:1883-1890.
Burger, H., van Toi, H., Boersma, A. W., Brok, M., Wiemer, E. A., Stoter, G.,
Nooter, K. (2004). Imatinib mesylate (STI571) is a substrate for the breast cancer
resistance protein (BCRP)/ABCG2 drug pump. Blood 104:2940-2942.
Burgess, M. R., Skaggs, B. J., Shah, N. P., Lee, F. Y., Sawyers, C. L. (2005).
Comparative analysis of two clinically active BCR-ABL kinase inhibitors reveals
the role of conformation-specific binding in resistance. Proc Natl Acad Sci U S A
102:3395-3400.
Cahill, M. A., Janknecht, R., Nordheim, A. (1996). Signalling pathways: jack of all
cascades. C urrS/o/6:16-19.
Cannistra, S. A., Groshek, P., Griffin, J. D. (1989). Granulocyte-macrophage
colony-stimulating factor enhances the cytotoxic effects of cytosine arabinoside in
acute myeloblastic leukemia and in the myeloid blast crisis phase of chronic
myeloid leukemia. Leukemia 3:328-334.
Carlo-Stella, C., Regazzi, E., Sammarelli, G., Colla, S., Garau, D., Gazit, A.,
Savoldo, B., Cilloni, D., Tabilio, A., Levitzki, A., et al. (1999). Effects of the tyrosine
kinase inhibitor AG957 and an Anti-Fas receptor antibody on CD34(+) chronic
myelogenous leukemia progenitor cells. Blood 93:3973-3982.
Carroll, M., Ohno-Jones, S., Tamura, S., Buchdunger, E., Zimmermann, J., Lydon,
N. B., Gilliland, D. G., Druker, B. J. (1997). CGP 57148, a tyrosine kinase inhibitor,
inhibits the growth of cells expressing BCR-ABL, TEL-ABL, and TEL-PDGFR
fusion proteins. B/ood 90:4947-4952.
Chai, S. K., Nichols, G. L., Rothman, P. (1997). Constitutive activation of JAKs and
STATs in BCR-Abl-expressing cell lines and peripheral blood cells derived from
leukemic patients. J Immunol 159:4720-4728.
Champlin, R., Khouri, I., Shimoni, A., Gajewski, J., Kornblau, S., Molldrem, J.,
Ueno, N., Giralt, S., Anderlini, P. (2000). Harnessing graft-versus-malignancy:
non-myeloablative
preparative regimens for allogeneic haematopoietic
transplantation, an evolving strategy for adoptive immunotherapy. Br J Haematol
111:18-29.
Chang, J. M., Metcalf, D., Lang, R. A., Gonda, T. J., Johnson, G. R. (1989).
Nonneoplastic
hematopoietic
myeloproliferative
syndrome
induced
by
dysregulated multi-CSF (IL-3) expression. B/ood 73:1487-1497.
Chu, S., Holtz, M., Gupta, M., Bhatia, R. (2004). BCR/ABL kinase inhibition by
imatinib mesylate enhances MAP kinase activity in chronic myelogenous leukemia
CD34+ cells. B/ood 103:3167-3174.
Chu, S., Xu, H., Shah, N. P., Snyder, D. S., Forman, S. J., Sawyers, C. L., Bhatia,
R. (2005). Detection of BCR-ABL kinase mutations in CD34+ cells from chronic

Mhairi Copland, 2007

223

myelogenous leukemia patients in complete cytogenetic remission on imatinib
mesylate treatment. B/ooc/105:2093-2098.
Clark, R. E., Knight, K., Lucas, 0. M., Pirmohamed, M., Wang, L. (2005).
Expression of the imatinib drug transporters H0CT1 and MDR1 levels determines
imatinib response and development of Bcr-AbI kinase mutations in chronic myeloid
leukaemia (CIVIL). Exp HematoIZZ (Supp11):51-52.
Clark, S. S., McLaughlin, J., Crist, W. M., Champlin, R., Witte, O. N. (1987).
Unique forms of the abl tyrosine kinase distinguish Phi-positive CML from P h ipositive ALL. Science 235:85-88.
Clift, R. A., Anasetti, C. (1997). Allografting for chronic myeloid leukaemia.
Bailiieres Clin Haematol 10:319-336.
Cobaleda, C., Gutierrez-Cianca, N., Perez-Losada, J., Flores, T., Garcia-Sanz, R.,
Gonzalez, M., Sanchez-Garcia, I. (2000). A primitive hematopoietic cell is the
target for the leukemic transformation in human philadelphia-positive acute
lymphoblastic leukemia. B/ood 95:1007-1013.
Coiffier, B., Lepage, E., Briere, J., Herbrecht, R., Tilly, H., Bouabdallah, R., Morel,
P., Van Den Neste, E., Salles, G., Gaulard, P., et al. (2002). CHOP chemotherapy
plus rituximab compared with CHOP alone in elderly patients with diffuse large-Bcell lymphoma. N Engl J Med 346:235-242.
Coller, H. A., Sang, L., Roberts, J. M. (2006). A new description of cellular
quiescence. PLoS B/o/4:e83.
Collins, A. T., Berry, P. A., Hyde, C., Stower, M. J., Maitland, N. J. (2005).
Prospective identification of tumorigenic prostate cancer stem cells. Cancer Res
65:10946-10951.
Cooper, J. A., Howell, B. (1993). The when and how of Src regulation. Cell
73:1051-1054.
Copland, M., Hamilton, A., Elrick, L. J., Baird, J. W., Allan, E. K., Jordanides, N.,
Barow, M., Mountford, J. C., Holyoake, T. L. (2006). Dasatinib (BMS-354825)
targets an earlier progenitor population than imatinib in primary CML, but does not
eliminate the quiescent fraction. Blood 107:4532-4539.
Corbin, A. S., La Rosee, P., Stoffregen, E. P., Druker, B. J., Deininger, M. W.
(2003). Several Bcr-AbI kinase domain mutants associated with imatinib mesylate
resistance remain sensitive to imatinib. Blood 101:4611-4614.
Corey, S. J., Anderson, S. M. (1999). Src-related protein tyrosine kinases in
hematopoiesis. B/ood 93:1-14.
Corey, S. J., Dombrosky-Ferlan, P. M., Zuo, S., Krohn, E., Donnenberg, A. D.,
Zorich, P., Romero, G., Takata, M., Kurosaki, T. (1998). Requirement of Src
kinase Lyn for induction of DMA synthesis by granulocyte colony-stimulating factor.
J Biol Chem 273:3230-3235.
Cortes, J., Albitar, M., Thomas, □., Giles, F., Kurzrock, R., Thibault, A., Rackoff,
W., Koller, C., O’Brien, S., Garcia-Manero, G., etal. (2003). Efficacy of the farnesyl

Mhairi Copland, 2007

224

transferase inhibitor R115777 in chronic myeloid leukemia and other hematologic
malignancies. Blood 101:1692-1697.
Cortes, J., Daley, G., Talpaz, M., O'Brien, S., Garcia-Manero, G., Giles, F., Faderl,
S., Pate, O. (2002). Pilot study of SCH66336 (lonafarnib), a farnesyl transferase
inhibitor (FTI) in patients with chronic myeloid leukemia (CML) in chronic or
accelerated phase resistant or refractory to imatinib. Blood 100:164a-165a.
Cortes, J., Faderl, S., Estey, E., Kurzrock, R., Thomas, D., Beran, M., GarciaManero, G., Ferrajoli, A., Giles, F., Koller, C., etal. (2005a). Phase I study of BMS214662, a farnesyl transferase inhibitor in patients with acute leukemias and highrisk myelodysplastic syndromes. J Clin Onco/23:2805-2812.
Cortes, J., Garcia-Manero, G., O'Brien, S., Hernandez, I., Rackoff, W., Faderl, S.,
Thomas, D., Ferrajoli, A., Talpaz, M., Kantarjian, H. (2004a). A phase 1 study of
tipifarnib in combination with imatinib mesylate (IM) for patients (Pts) with chronic
myeloid leukemia (CML) in chronic phase (CP) who failed IM therapy. Blood
104:289a.
Cortes, J., Kantarjian, H. M., Baccarani, M., Brummendorf, T. H., Liu, D,,
Ossenkoppele, G., Volkert, A. D. G., Hewes, B., Moore, L., Zacharchuk, C., et al.
(2006). A phase 1/2 study of SKI-606, a dual inhibitor of Src and Abl kinases, in
adult patients with Philadelphia chromosome positive (Ph+) chronic myelogenous
leukemia (CML) or acute lymphocytic leukemia (ALL) relapsed, refractory or
intolerant of Imatinib. Blood 108:54a.
Cortes, J., O'Brien, S., Kantarjian, H. (2004b). Discontinuation of imatinib therapy
after achieving a molecular response. B/ood 104:2204-2205.
Cortes, J., O'Brien, S., Verstovsek, S., Daley, G., Koller, C., Ferrajoli, A., Pate, O.,
Faderl, S., Ravandi-Kashini, F., Talpaz, M., et al. (2004c). Phase I study of
lonafarnib (SCH66336) in combination with imatinib for patients (Pts) with chronic
myeloid leukemia after failure to imatinib. Blood 104:288a.
Cortes, J., Talpaz, M., O'Brien, S., Jones, D., Luthra, R., Shan, J., Giles, F.,
Faderl, S., Verstovsek, S., Garcia-Manero, G., et al. (2005b). Molecular responses
in patients with chronic myelogenous leukemia in chronic phase treated with
imatinib mesylate. Clin Cancer Res 11:3425-3432.
Coulombel, L., Eaves, A. C., Eaves, C. J. (1983a). Enzymatic treatment of long
term human marrow cultures reveals the preferential location of primitive
hemopoietic progenitors in the adherent layer. Blood 62:291-297.
Coulombel, L., Kalousek, D. K., Eaves, C. J., Gupta, C. M., Eaves, A. C. (1983b).
Long-term marrow culture reveals chromosomally normal hematopoietic progenitor
cells in patients with Philadelphia chromosome-positive chronic myelogenous
leukemia. N Eng/d /Wed 308:1493-1498.
Cox, A. D., Der, C. J. (1997). Farnesyltransferase inhibitors and cancer treatment:
targeting simply Ras? Blochim Blophys Acta 1333:F51-71.
Cozzio, A., Passegue, E., Ayton, P. M., Karsunky, H., Cleary, M. L., Weissman, 1.
L. (2003). Similar MLL-associated leukemias arising from self-renewing stem cells
and short-lived myeloid progenitors. Genes Dev 17:3029-3035.

Mhairi Copland, 2007

225

Croker, B. A., Metcalf, D., Robb, L., Wei, W., Mifsud, S., DIRago, L., Cluse, L. A.,
Sutherland, K. D., Hartley, L., Williams, E., et al. (2004). S0CS3 is a critical
physiological negative regulator of G-CSF signaling and emergency
granulopoiesis. Immunity 20:153-165.
Dai, Y., Rahmani, M., Corey, S. J., Dent, P., Grant, S. (2004). A Bcr/Ablindependent, Lyn-dependent form of imatinib mesylate (STl-571) resistance is
associated with altered expression of Bcl-2. J Biol Chem 279:34227-34239.
Daley, G. Q. (2003). Towards combination target-directed chemotherapy for
chronic myeloid leukemia: role of farnesyl transferase inhibitors. Semin Hematol
40:11-14.
Daley, G. Q., Van Etten, R. A., Baltimore, D. (1990). Induction of chronic
myelogenous leukemia in mice by the P210bcr/abl gene of the Philadelphia
chromosome. Science 247:824-830.
Danhauser-Riedl, S., Warmuth, M., Druker, B. J., Emmerich, B., Hallek, M. (1996).
Activation of Src kinases p53/56lyn and p59hck by p210bcr/abl in myeloid cells.
Cancer Res 56:3589-3596.
Datta, S. R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., Greenberg, M. E.
(1997). Akt phosphorylation of BAD couples survival signals to the cell-intrinsic
death machinery. Ce//91:231-241.
de G root, R. P., Raaijmakers, J. A., Lammers, J. W., Jove, R., Koenderman, L.
(1999). STAT5 activation by BCR-AbI contributes to transformation of K562
leukemia cells. Blood 94:1108-1112.
Deininger, M. W., Goldman, J. M., Lydon, N., Melo, J. V. (1997). The tyrosine
kinase inhibitor CGP57148B selectively inhibits the growth of BCR-ABL-positive
cells. B/ood 90:3691-3698.
Deininger, M. W., Goldman, J. M,, Melo, J. V. (2000). The molecular biology of
chronic myeloid leukemia. Blood 96:3343-3356.
Donato, N. J., Wu, J. Y., Stapley, J., Gallick, G., Lin, H., Arlinghaus, R., Talpaz, M.
(2003). BCR-ABL independence and LYN kinase overexpression in chronic
myelogenous leukemia cells selected for resistance to STI571. Blood 101:690698.
Donato, N. J., Wu, J. Y., Stapley, J., Lin, H., Arlinghaus, R., Aggarwal, B. B.,
Shishodia, S., Albitar, M., Hayes, K., Kantarjian, H., et al. (2004). Imatinib
mesylate resistance through BCR-ABL independence in chronic myelogenous
leukemia. Cancer Res 64:672-677.
Dowding, C., Guo, A. P., Osterholz, J., Siczkowski, M., Goldman, J., Gordon, M.
(1991). Interferon-alpha overrides the deficient adhesion of chronic myeloid
leukemia primitive progenitor cells to bone marrow stromal cells. Blood 78:499505.
Druker, B. J. (2003). Imatinib alone and in combination for chronic myeloid
leukemia. Semin Hematol 40:50-58.

Mhairi Copland, 2007

226

Druker, B. J., Guilhot, F., O'Brien, S. G., Gathmann, I., Kantarjian, H., Gattermann,
N., Deininger, M. W., Silver, R. T., Goldman, J. M., Stone, R. M., et al. (2006).
Five-year follow-up of patients receiving imatinib for chronic myeloid leukemia. N
Engl J Med 355:2408-2417.
Druker, B. J., Lydon, N. B. (2000). Lessons learned from the development of an
abl tyrosine kinase inhibitor for chronic myelogenous leukemia. J Clin Invest
105:3-7.
Druker, B. J., Sawyers, C. L., Kantarjian, H., Resta, D. J., Reese, S. F., Ford, J.
M., Capdeville, R., Talpaz, M. (2001a). Activity of a specific inhibitor of the BCRABL tyrosine kinase in the blast crisis of chronic myeloid leukemia and acute
lymphoblastic leukemia with the Philadelphia chromosome. N Engl J Med
344:1038-1042.
Druker, B. J., Talpaz, M., Resta, D. J., Peng, B., Buchdunger, E., Ford, J. M.,
Lydon, N. B., Kantarjian, H., Capdeville, R., Ohno-Jones, S., et al. (2001b).
Efficacy and safety of a specific inhibitor of the BCR-ABL tyrosine kinase in
chronic myeloid leukemia. A/Eng/J Med 344:1031-1037.
Druker, B. J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G. M., Fanning, S.,
Zimmermann, J., Lydon, N. B. (1996). Effects of a selective inhibitor of the Abl
tyrosine kinase on the growth of Bcr-AbI positive cells. Nat Med 2:561-566.
Drummond, M. W., Marin, D., Clark, R. E., Byrne, J. L., Holyoake, T. L., Lennard,
A. (2003). Mobilization of Ph chromosome-negative peripheral blood stem cells in
chronic myeloid leukaemia patients with imatinib mesylate-induced complete
cytogenetic remission. Br J Haematol 123:479-483.
Du, W., Prendergast, G. C. (1999). Geranylgeranylated RhoB mediates
suppression of human tumor cell growth by farnesyltransferase inhibitors. Cancer
Res 59:5492-5496.
Dy, G. K., Bruzek, L. M., Croghan, G. A., Mandrekar, S., Erlichman, C.,
Peethambaram, P., Pitot, H. C., Hanson, L. J., Reid, J. M., Furth, A., et al. (2005).
A phase 1 trial of the novel farnesyl protein transferase inhibitor, BMS-214662, in
combination with paclitaxel and carboplatin in patients with advanced cancer. Clin
Cancer Res 11:1877-1883.
Early Breast Cancer Trialists' Collaborative Group. (1998). Tamoxifen for early
breast cancer: an overview of the randomised trials. Lancef 351:1451-1467.
Eastman, R. T., Buckner, F. S., Yokoyama, K., Gelb, M. H., Van Voorhis, W. C.
(2006). Thematic review series: lipid posttranslational modifications. Fighting
parasitic disease by blocking protein farnesylation. J LIpId Res 47:233-240.
Eaves, A. C., Barnett, M. J., Ponchio, L., Cashman, J. D., Petzer, A. L., Eaves, C.
J. (1998). Differences between normal and CML stem cells: potential targets for
clinical exploitation. Stem Cells 16 Supp11:77-83; discussion 89.
Eaves, A. C., Cashman, J. D., Gaboury, L. A., Eaves, C. J. (1987). Clinical
significance of long-term cultures of myeloid blood cells. Crit Rev Oncol Hematol
7:125-138.

Mhairi Copland, 2007

227

Eaves, A. C., Cashman, J. D., Gaboury, L A., Kalousek, D. K., Eaves, C. J.
(1986). Unregulated proliferation of primitive chronic myeloid leukemia progenitors
in the presence of normal marrow adherent cells. Proc Natl Acad Sci U S A
83:5306-5310.
Eder, J. P., Jr., Ryan, D. P., Appleman, L., Zhu, A. X., Puchalski, T., He, X.,
Sonnichsen, D. S., Cooper, M., Wright, J., Clark, J. W., et al. (2006). Phase 1
clinical trial of the farnesyltransferase inhibitor BMS-214662 administered as a
weekly 24 h continuous intravenous infusion in patients with advanced solid
tumors. Cancer Chemother Pharmacol 58:107-116.
End, D. W., Smets, G., Todd, A. V., Applegate, T. L., Fuery, C. J., Angibaud, P.,
Venet, M., Sanz, G., Poignet, H., Skrzat, S., etal. (2001). Characterization of the
antitumor effects of the selective farnesyl protein transferase inhibitor R115777 in
vivo and in vitro. Cancer Res 61:131-137.
Faderl, S., Talpaz, M., Estrov, Z., O'Brien, S., Kurzrock, R., Kantarjian, H. M.
(1999). The biology of chronic myeloid leukemia. A/Eng/J Med 341:164-172.
Fleming, R. A., Capizzi, R. L., Rosner, G. L., Oliver, L. K., Smith, S. J., Schiffer, C.
A., Silver, R. T., Peterson, B. A., Weiss, R. B., Omura, G. A., etal. (1995). Clinical
pharmacology of cytarabine in patients with acute myeloid leukemia: a cancer and
leukemia group B study. Cancer Chemother Pharmacol Z6:425-430.
Forlow, S. B., Schurr, J. R., Kolls, J. K., Bagby, G. J., Schwarzenberger, P. O.,
Ley, K. (2001). Increased granulopoiesis through interleukin-17 and granulocyte
colony-stimulating factor in leukocyte adhesion molecule-deficient mice. Blood
98:3309-3314.
Fossiez, F., Djossou, O., Chomarat, P., Flores-Romo, L., Ait-Yahia, S., Maat, C.,
Pin, J. J., Garrone, P., Garcia, E., Saeland, S., et al. (1996). T cell interleukin-17
induces stromal cells to produce proinflammatory and hematopoietic cytokines. J
Exp Med 183:2593-2603.
Frame, M. C. (2002). Src in cancer: deregulation and consequences for cell
behaviour. Blochim Blophys Acta 1602:114-130.
Galton, D. A. (1953). Myleran in chronic myeloid leukaemia; results of treatment.
Lancet 264:208-213.
Gambacorti-Passerini, C., le Coutre, P., Zucchetti, M., D'Incalci, M. (2002). Binding
of imatinib by alpha(1)-acid glycoprotein. Blood 100:367-368; author reply 368369.
Geary, C. G. (2000). The story of chronic myeloid leukaemia. Br J Haematol
110 :2- 11 .
Giles, F. J., Cortes, J. E., Jones, D., Bergstrom, D. A., Kantarjian, H. M.,
Freedman, S. J. (2006). MK-0457, a novel kinase inhibitor, is active in patients
with chronic myeloid leukemia or acute lymphocytic leukemia with the T3151 BCRABL mutation. Blood (in press; D0l:10.1182/blood-2006-05-025049).

Mhairi Copland, 2007

228

Golas, J. M., Arndt, K., Etienne, C., Lucas, J., Nardin, D., Gibbons, J., Frost, P.,
Ye, F., Boschelli, D. H., Boschelli, F. (2003). SKI-606, a 4-anilino-3quinolinecarbonitrile dual inhibitor of Src and Abl kinases, is a potent
antiproliferative agent against chronic myelogenous leukemia cells in culture and
causes regression of K562 xenografts in nude mice. Cancer Res 63:375-381.
Goldman, J. M., Apperley, J. F., Jones, L., Marcus, R., Goolden, A. W., Batchelor,
R., Hale, G., Waldmann, H., Reid, C. D., Hows, J., et a i (1986). Bone marrow
transplantation for patients with chronic myeloid leukemia. N Engl J Med 314:202207.
Goldman, J. M., Hughes, T., Radich, J., Branford, S., Hochhaus, A., So, C.,
Gathmann, I., Wehrle, E., Kaeda, J. (2005). Continuing reduction in level of
residual disease after 4 years in patients with CML in chronic phase responding to
first-line imatinib (IM) in the IRIS study. Blood 106:51a.
Goldman, J. M., Madrigal, J. A., Pamphilon, D. (2006). Possible harmful effects of
short course granulocyte colony-stimulating factor in normal donors. Br J
Haematol 135:651-652.
Gomez-Benito, M., Marzo, I., Anel, A., Naval, J. (2005). Farnesyltransferase
inhibitor BMS-214662 induces apoptosis in myeloma cells through PUMA upregulation, Bax and Bak activation, and Mcl-1 elimination. Mol Pharmacol 67:^99^1998.
Gordon, M. Y., Dowding, C. R., Riley, G. P., Goldman, J. M., Greaves, M. F.
(1987). Altered adhesive interactions with marrow stroma of haematopoietic
progenitor cells in chronic myeloid leukaemia. Nature 328:342-344.
Gorre, M. E., Mohammed, M., Ellwood, K., Hsu, N., Paquette, R., Rao, P. N.,
Sawyers, C. L. (2001). Clinical resistance to STl-571 cancer therapy caused by
BCR-ABL gene mutation or amplification. Science 293:876-880.
Gotlib, J., Mauro, M., O'Dwyer, M. E., Fechter, L., Dugan, K., Kuyl, J., Yekrang, A.,
Mori, M „ Rackoff, W., Coutre, S., ef al. (2003). Tipifarnib (ZARNESTRA™) and
imatinib (GLEEVEG™) combination ttierapy in patients with advanced chronic
myelogenous leukemia (CML): Preliminary results of a phase 1 study. Blood
102:909a-910a.
Goto, T., Nishikori, M., Arlin, Z., Gee, T., Kempin, S., Burchenal, J,, Strife, A.,
Wisniewski, D., Lambek, C., Little, C., et al. (1982). Growth characteristics of
leukemic and normal hematopoietic cells in Ph' + chronic myelogenous leukemia
and effects of intensive treatment. G/ood 59:793-808.
Graham, S. M., Jorgensen, H. G., Allan, E., Pearson, C., Alcorn, M. J., Richmond,
L., Holyoake, T. L. (2002). Primitive, quiescent, Philadelphia-positive stem cells
from patients with chronic myeloid leukemia are insensitive to STI571 in vitro,
e/ooc/99:319-325.
Groffen, J., Stephenson, J. R., Heisterkamp, N., de Klein, A., Bertram, C. R.,
Grosveld, G. (1984). Philadelphia chromosomal breakpoints are clustered within a
limited region, bcr, on chromosome 22. Ce//36:93-99.

Mhairi Copland, 2007

229

Guilhot, F., Apperley, J. F., Shah, N., Kim, D. W., Grigg, A., Cheng, S., lyer, M.,
Cortes, J. (2005). A phase II study of dasatinib in patients with accelerated phase
chronic myeloid leukemia (CML) who are resistant or intolerant to imatinib: first
results of the CA180005 'START-A' study. Blood 106:16a.
Guilhot, F., Chastang, C., Michallet, M., Guerci, A., Harousseau, J. L., Maloisel, F.,
Bouabdallah, R., Guyotat, D., Cheron, N., Nicolini, F., et al. (1997). Interferon alfa2b combined with cytarabine versus interferon alone in chronic myelogenous
leukemia. French Chronic Myeloid Leukemia Study Group. N Engl J Med 337:223229.
Guzman, M. L., Li, X., Corbett, C., Rossi, R. M., Bushnell, T., Jordan, C. T. (2006).
Rapid loss of membrane integrity and irreversible commitment to cell death of
primary AML stem cells: a novel activity for 4-benzyl, 2-methyl, 1,2,4thiadiazolidine, 3,5-dione (TDZD-8). S/ood 108:717a.
Guzman, M. L., Rossi, R. M., Karnischky, L., Li, X., Peterson, D. R., Howard, D.
S., Jordan, C. T. (2005). The sesquiterpene lactone parthenolide induces
apoptosis of human acute myelogenous leukemia stem and progenitor cells. Blood
105:4163-4169.
Guzman, M. L., Swiderski, C. F., Howard, D. S., Grimes, B. A., Rossi, R. M.,
Szilvassy, S. J., Jordan, C. T. (2002). Preferential induction of apoptosis for
primary human leukemic stem cells. Proc Natl Acad Sci U S A 99:16220-16225.
Hahn, E. A., Glendenning, G. A., Sorensen, M. V., Hudgens, S. A., Druker, B. J.,
Guilhot, F., Larson, R. A., O'Brien, S. G., Dobrez, D. G., Hensley, M. L., et al.
(2003). Quality of life in patients with newly diagnosed chronic phase chronic
myeloid leukemia on imatinib versus interferon alfa plus low-dose cytarabine:
results from the IRIS Study. J Clin Onco/21:2138-2146.
Haidar, S., Jena, N., Croce, C. M. (1995). Inactivation of Bcl-2 by phosphorylation.
Proc Natl Acad Sci U S A 92:4507-4511.
Hamilton, A., Elrick, L., Myssina, S., Copland, M., Jorgensen, H., Melo, J. V.,
Holyoake, T. (2006). BCR-ABL activity and its response to drugs can be
determined in CD34+ CML stem cells by CrkL phosphorylation status using flow
cytometry. Leukemia 20:1035-1039.
Hanke, J. H., Gardner, J. P., Dow, R. L., Changelian, P. S., Brissette, W. H.,
Weringer, E. J., Pollok, B. A., Connelly, P. A. (1996). Discovery of a novel, potent,
and Src family-selective tyrosine kinase inhibitor. Study of Lck- and FynTdependent T cell activation. J Biol Chem 271:695-701.
Harousseau, J. L., Reiffers, J., Lowenberg, B., Thomas, X., Huguet, F., Fenaux,
P., Stone, R. M., Lancet, J. E., Arani, R., Rackoff, W., et al. (2003). Zarnestra™
(R115777) in patients with relapsed and refractory acute myelogenous leukemia
(AML): Results of a multicenter phase 2 trial. S/ood 102:176a.
Harrington, E. A., Bebbington, D., Moore, J., Rasmussen, R. K., Ajose-Adeogun,
A. O., Nakayama, T., Graham, J. A., Demur, C., Hercend, T., Diu-Hercend, A., et
al. (2004). VX-680, a potent and selective small-molecule inhibitor of the Aurora
kinases, suppresses tumor growth in vivo. Nat Med 10:262-267.

Mhairi Copland, 2007

230

Heim, D., Ebnother, M., Meyer-Monard, S., Tsakiris, D., Linn, M., Tichelii, A.,
Gratwohl, A. (2003). G-CSF for imatinib-induced neutropenia. Leukemia 17:805807.
Heimbrook, D. C., Oiiff, A. (1998). Therapeutic intervention and signaling. Curr
Opin Cell Biol 10:284-288.
Hochhaus, A., Baccarani, M., Sawyers, C., Nagler, A., Façon, T., Goldberg, S. L.,
Cervantes, F., Larson, R. A., Voi, M., Ezzeddine, R., et al. (2005). Efficacy of
dasatinib in patients with chronic phase Philadelphia chromosome-positive CML
resistant or intolerant to imatinib: first results of the CA180013 'START-C phase II
study. Blood 106:17a.
Hochhaus, A., Kreil, S., Corbin, A., La Rosee, P., Lahaye, T., Berger, U., Cross, N.
C., Linkesch, W., Druker, B. J., Hehlmann, R., et al. (2001). Roots of clinical
resistance to STl-571 cancer therapy. Science 293:2163-2164a.
Hogge, D. E., Lansdorp, P. M., Reid, D., Gerhard, B., Eaves, C. J. (1996).
Enhanced detection, maintenance, and differentiation of primitive human
hematopoietic cells in cultures containing murine fibroblasts engineered to
produce human steel factor, interleukin-3, and granulocyte colony-stimulating
factor, e/ood 88:3765-3773.
Holtz, M., Forman, S. J., Bhatia, R. (2004). Effect of growth factor stimulation on
imatinib-mediated proliferation inhibition and apoptosis of CML CD34^ cells. Blood
104:81 Oa-81 la.
Holtz, M. S., Bhatia, R. (2004). Effect of imatinib mesylate on chronic
myelogenous leukemia hematopoietic progenitor cells. Leak Lymphoma 45:237245.
Holtz, M. S., Forman, S. J., Bhatia, R. (2005). Nonproliferating CML CD34(+)
progenitors are resistant to apoptosis induced by a wide range of proapoptotic
stimuli. Leukemia 19:1034-1041.
Holtz, M. S., Slovak, M. L., Zhang, F., Sawyers, C. L., Forman, S. J., Bhatia, R.
(2002). Imatinib mesylate (STI571) inhibits growth of primitive malignant
progenitors in chronic myelogenous leukemia through reversal of abnormally
increased proliferation. 6/ood 99:3792-3800.
Holyoake, T. (2001). Recent advances in the molecular and cellular biology of
chronic myeloid leukaemia: lessons to be learned from the laboratory. Br J
Haematol 113:11-23.
Holyoake, T., Jiang, X., Eaves, C., Eaves, A. (1999). Isolation of a highly
quiescent subpopulation of primitive leukemic cells in chronic myeloid leukemia.
Blood 94:2056-2064.
Holyoake, T. L., Jiang, X., Jorgensen, H. G., Graham, S., Alcorn, M. J., Laird, C.,
Eaves, A. C., Eaves, C. J. (2001). Primitive quiescent leukemic cells from patients
with chronic myeloid leukemia spontaneously initiate factor-independent growth in
vitro in association with up-regulation of expression of interleukin-3. Blood 97:720728.

Mhairi Copland, 2007

231

Honma, Y., Matsuo, Y., Hayashi, Y., Omura, S. (1995). Treatment of Philadelphiachromosome-positive human leukemia in SGID mouse model with herbimycin A,
bcr-abi tyrosine kinase activity inhibitor. In tJ Cancer 60:685-688.
Honma, Y., Okabe-Kado, J., Hozumi, M., Uehara, Y., Mizuno, S. (1989). Induction
of erythroid differentiation of K562 human leukemic cells by herbimycin A, an
inhibitor of tyrosine kinase activity. Cancer Res 49:331-334.
Hoover, R. R., Mahon, F. X., Melo, J. V., Daley, G. Q. (2002). Overcoming STI571
resistance with the farnesyl transferase inhibitor SCH66336. 6/ood 100:10681071.
Horita, M., Andreu, E. J., Benito, A., Arbona, C., Sanz, C., Benet, I., Prosper, F.,
Fernandez-Luna, J. L. (2000). Blockade of the Bcr-AbI kinase activity induces
apoptosis of chronic myelogenous leukemia cells by suppressing signal transducer
and activator of transcription 5-dependent expression of Bcl-xL. J Exp Med
191:977-984.
Hortner, M., Nielsch, U., Mayr, L. M., Johnston, J. A., Heinrich, P. 0., Haan, S.
(2002). Suppressor of cytokine signaling-3 is recruited to the activated
granulocyte-colony stimulating factor receptor and modulates its signal
transduction. J Immunol 169:1219-1227.
Houghton, P. J., Germain, G. S., Harwood, F. C., Schuetz, J. D., Stewart, C. F.,
Buchdunger, E., Traxler, P. (2004). Imatinib mesylate is a potent inhibitor of the
ABCG2 (BCRP) transporter and reverses resistance to topotecan and SN-38 in
vitro. Cancer Res 64:2333-2337.
Hu, Y., Liu, Y., Pelletier, S., Buchdunger, E., Warmuth, M., Fabbro, D., Hallek, M.,
Van Etten, R. A., Li, S. (2004). Requirement of Src kinases Lyn, Hck and Fgr for
BCR-ABL1-Induced B-lymphoblastic leukemia but not chronic myeloid leukemia.
Nat Genet 36:453-461.
Hu, Y., Swerdlow, S., Duffy, T. M., Weinmann, R., Lee, F. Y., Li, S. (2006).
Targeting multiple kinase pathways in leukemic progenitors and stem cells is
essential for improved treatment of Ph+ leukemia in mice. Proc Natl Acad Sci U S
A 103:16870-16875.
Huettner, C. S., Zhang, P., Van Etten, R. A., Tenen, D. G. (2000). Reversibility of
acute B-cell leukaemia induced by BCR-ABL 1. Nat Genet 24:57-60.
Hughes, T., Deininger, M., Hochhaus, A., Branford, S., Radich, J., Kaeda, J.,
Baccarani, M., Cortes, J., Cross, N. C., Druker, B. J., et al. (2006). Monitoring CML
patients responding to treatment with tyrosine kinase inhibitors: review and
recommendations for harmonizing current methodology for detecting BCR-ABL
transcripts and kinase domain mutations and for expressing results. Blood 108:2837.
Hughes, T. P., Kaeda, J., Branford, S., Rudzki, Z., Hochhaus, A., Hensley, M. L.,
Gathmann, I., Bolton, A. E., van Hoomissen, I. C., Goldman, J. M., et al. (2003).
Frequency of major molecular responses to imatinib or interferon alfa plus
cytarabine in newly diagnosed chronic myeloid leukemia. N Engl J Med 349:14231432.

Mhairi Copland, 2007

232

Hui, C. H., Goh, K. Y., White, D., Branford, S., Grigg, A., Seymour, J. F., Kwan, Y.
L., Walsh, S., Hoyt, R., Trickett, A., et al. (2003). Successful peripheral blood stem
cell mobilisation with filgrastim in patients with chronic myeloid leukaemia
achieving complete cytogenetic response with imatinib, without increasing disease
burden as measured by quantitative real-time PCR. Leukemia 17:821-828.
Hunt, J. T., Ding, C. Z., Batorsky, R., Bednarz, M., Bhide, R., Cho, Y., Chong, S.,
Chao, S., Gullo-Brown, J., Guo, P., et al. (2000). Discovery of (R)-7-cyano-2,3,4,
5-tetrahydro-1 -(1 H-imidazol-4-ylmethyl)-3- (phenylmethyl)-4-(2-thieny!sulfonyl)-1 H1,4-benzodiazepine (BMS-214662), a farnesyltransferase inhibitor with potent
preclinical antitumor activity. J Med Chem 43:3587-3595.
Huntly, B. J., Reid, A. G., Bench, A. J., Campbell, L. J., Telford, N., Shepherd, P.,
Szer, J., Prince, H. M., Turner, P., Grace, C., et al. (2001). Deletions of the
derivative chromosome 9 occur at the time of the Philadelphia translocation and
provide a powerful and independent prognostic indicator in chronic myeloid
leukemia. 6/ood 98:1732-1738.
Huntly, B. J., Shigematsu, H., Deguchi, K., Lee, B. H., Mizuno, S., Duclos, N.,
Rowan, R., Amaral, S., Curley, D., Williams, I. R., etal. (2004). M0Z-TIF2, but not
BCR-ABL, confers properties of leukemic stem cells to committed murine
hematopoietic progenitors. Cancer Cell 6:587-596.
Huron, D. R., Gorre, M. E., Kraker, A. J., Sawyers, C. L., Rosen, N., Moasser, M.
M. (2003). A novel pyridopyrimidine inhibitor of abl kinase is a picomolar inhibitor
of Bcr-abl-driven K562 cells and is effective against STI571-resistant Bcr-abi
mutants. Clin Cancer Res 9:1267-1273.
Jamieson, C. H., Ailles, L. E., Dylla, S. J., Muijtjens, M., Jones, C., Zehnder, J. L.,
Gotlib, J., Li, K., Manz, M. G., Keating, A., etal. (2004). Granulocyte-macrophage
progenitors as candidate leukemic stem cells in blast-crisis CML. N Engl J Med
351:657-667.
Jiang, K., Coppola, D., Crespo, N. C., Nicosia, S. V., Hamilton, A. D., Sebti, S. M.,
Cheng, J. Q. (2000a). The phosphoinositide 3-OH kinase/AKT2 pathway as a
critical target for farnesyltransferase inhibitor-induced apoptosis. Mol Cell Biol
20:139-148.
Jiang, X., Fujisaki, T., Nicolini, F., Berger, M., Holyoake, T., Eisterer, W., Eaves,
C., Eaves, A. (2000b). Autonomous multi-lineage differentiation in vitro of primitive
CD34+ cells from patients with chronic myeloid leukemia. Leukemia 14:11121121.

Jiang, X., Lopez, A., Holyoake, T., Eaves, A., Eaves, C. (1999). Autocrine
production and action of IL-3 and granulocyte colony-stimulating factor in chronic
myeloid leukemia. Proc Natl Acad Sci U S A 96:12804-12809.
Jiang, X., Ng, E., Yip, C., Eisterer, W., Chalandon, Y., Stuible, M., Eaves, A.,
Eaves, C. J. (2002). Primitive interleukin 3 null hematopoietic cells transduced with
BCR-ABL show accelerated loss after culture of factor-independence in vitro and
leukemogenic activity in vivo. Blood 100:3731-3740.
Jiang, X., Saw, K. M., Eaves, A., Eaves, C. (2005). Leukemic stem cells of chronic
phase CML patients possess uniquely elevated BCR-ABL kinase activity and

Mhairi Copland, 2007

233

acquire spontaneous BCR-ABL kinase domain mutations at a high frequency.
B/ood 106:132a.
Jiang, X., Zhao, Y., Chan, W. Y., Pang, E., Eaves, A., Eaves, C. (2004). Leukemic
stem cells of chronic phase CML patients consistently display very high Bcr-AbI
transcript levels and reduced responsiveness to imatinib mesylate in addition to
generating a rare subset that produce imatinib mesylate-resistant differentiated
progeny. Blood 104:204a.
Jiang, X., Zhao, Y., Chan, W. Y., Pang, E., Shaw, G., Lambie, K., Eaves, A.,
Eaves, C. (2003). Bcr-AbI transcripts are present at the highest level in the most
primitive lin'CD34^CD38" leukemic cells from CML patients with chronic phase
disease and then progressively decrease as they differentiate. Blood 102:418a.
Jordan, C. T., Yamasaki, G., Minamoto, D. (1996). High-resolution cell cycle
analysis of defined phenotypic subsets within primitive human hematopoietic cell
populations. Exp /-/emafo/24:1347-1355.
Jordanides, N. E., Jorgensen, H. G., Holyoake, T. L., Mountford, J. C. (2006).
Functional ABCG2 is overexpressed on primary CML CD34+ cells and is inhibited
by imatinib mesylate. Blood 108:1370-1373.
Jorgensen, H. G., Allan, E. K., Graham, S. M., Godden, J. L., Richmond, L., Elliott,
M. A., Mountford, J. C., Eaves, C. J., Holyoake, T. L. (2005a). Lonafarnib reduces
the resistance of primitive quiescent CML cells to imatinib mesylate in vitro.
Leukemia 19:1184-1191.
Jorgensen, H. G., Allan, E. K., Jiang, X., Liakopoulou, E., Richmond, L., Eaves, C.
J., Eaves, A. C., Holyoake, T. L. (2003). Stage-specific alterations in serum levels
of G-CSF in chronic myeloid leukaemia. Leukemia 17:1430-1432.
Jorgensen, H. G., Allan, E. K., Jordanides, N. E., Mountford, J. C., Holyoake, T. L.
(2007). Nilotinib exerts equipotent anti-proliferative effects to imatinib and does not
induce apoptosis in CD34+ CML cells. Blood (in press; D0l:10.1182/blood-200611-057521).
Jorgensen, H. G., Copland, M., Allan, E. K., Jiang, X., Eaves, A., Eaves, C.,
Holyoake, T. L. (2006). Intermittent exposure of primitive quiescent chronic
myeloid leukemia cells to granulocyte-colony stimulating factor in vitro promotes
their elimination by imatinib mesylate. Clin Cancer Res 12:626-633.
Jorgensen, H. G., Copland, M., Holyoake, T. L. (2005b). Granulocyte-colonystimulating factor (Filgrastim) may overcome imatinib-induced neutropenia in
patients with chronic-phase myelogenous leukemia. Cancer 103:210-211.
Just, U., Katsuno, M., Stocking, C., Spooncer, E., Dexter, M. (1993). Targeted in
vivo infection with a retroviral vector carrying the interleukin-3 (multi-CSF) gene
leads to immortalization and leukemic transformation of primitive hematopoietic
progenitor cells. Growth Factors 9:41-55,
Kaeda, J., Chase, A., Goldman, J. M. (2002). Cytogenetic and molecular
monitoring of residual disease in chronic myeloid leukaemia. Acta Haematol
107:64-75.

Mhairi Copland, 2007

234

Kantarjian, H., Giles, F., Wunderle, L., Bhalla, K., O'Brien, S., Wassmann, B.,
Tanaka, C., Manley, P., Rae, P., Mietlowski, W., et al. (2006). Nilotinib in imatinibresistant CML and Philadelphia chromosome-positive ALL. N Engl J Med
354:2542-2551.
Kantarjian, H., Sawyers, C., Hochhaus, A., Guilhot, F., Schiffer, C., GambacortiPasserini, C., Niederwieser, D., Resta, D., Capdeville, R., Zoellner, U., et al.
(2002). Hematologic and cytogenetic responses to imatinib mesylate in chronic
myelogenous leukemia. N Engl J Med 346:645-652.
Kantarjian, H. M., Cortes, J. E., O'Brien, S., Luthra, R., Giles, F., Verstovsek, S.,
Faderl, S., Thomas, D., Garcia-Manero, G., Rios, M. B,, et al. (2004). Long-term
survival benefit and improved complete cytogenetic and molecular response rates
with imatinib mesylate in Philadelphia chromosome-positive chronic-phase chronic
myeloid leukemia after failure of interferon-alpha. Blood 104:1979-1988.
Kantarjian, H. M., Deisseroth, A., Kurzrock, R., Estrov, Z , Talpaz, M. (1993).
Chronic myelogenous leukemia: a concise update. S/ood 82:691-703.
Kantarjian, H. M., Talpaz, M., Keating, M. J., Estey, E. H., O'Brien, S., Beran, M.,
McCredie, K. B., Gutterman, J., Freireich, E. J. (1991). Intensive chemotherapy
induction followed by interferon-alpha maintenance in patients with Philadelphia
chromosome-positive chronic myelogenous leukemia. Cancer 68:1201-1207.
Kardinal, C., Konkol, B., Lin, H., Eulitz, M., Schmidt, E. K., Estrov, Z., Talpaz, M.,
Arlinghaus, R. B., Feller, S. M. (2001). Chronic myelogenous leukemia blast cell
proliferation is inhibited by peptides that disrupt Grb2-SoS complexes. Blood
98:1773-1781.
Kavalerchik, E., Gotlib, J., Geron, I., Abrahamsson, A., Wrasidio, W,, Goff, D., Lu,
D., Molinsli, T., Giles, F., Weissman, I., et al. (2006). Inhibition of chronic
myelogenous leukemia stem cells with novel WNT antagonists. S/ood 108:74a.
Kawakami, M., Tsutsumi, H., Kumakawa, T., Abe, H., Hirai, M., Kurosawa, S.,
Mori, M., Fukushima, M. (1990). Levels of serum granulocyte colony-stimulating
factor in patients with infections. S/ood 76:1962-1964.
Kerkela, R., Grazette, L., Yacobi, R., Iliescu, C., Patten, R., Beahm, C., Walters,
B., Shevtsov, S., Pesant, S., Clubb, F. J., etal. (2006). Cardiotoxicity of the cancer
therapeutic agent imatinib mesylate. Nat Med 12:908-916.
Kimura, S., Naito, H., Segawa, H., Kuroda, J., Yuasa, T., Sato, K., Yokota, A.,
Kamitsuji, Y., Kawata, E., Ashihara, E., et al. (2005). NS-187, a potent and
selective dual Bcr-Abl/Lyn tyrosine kinase inhibitor, is a novel agent for imatinibresistant leukemia. Blood 106:3948-3954.
Kisseleva, T., Bhattacharya, S., Braunstein, J., Schindler, C. W. (2002). Signaling
through the JAK/STAT pathway, recent advances and future challenges. Gene
285:1-24.
Klein, H., Becher, R., Lubbert, M., Oster, W., Schleiermacher, E., Brach, M. A.,
Souza, L., Lindemann, A., Mertelsmann, R. H., Herrmann, F. (1990). Synthesis of
granulocyte colony-stimulating factor and its requirement for terminal divisions in
chronic myelogenous leukemia. J Exp Med 171:1785-1790.

Mhairi Copiand, 2007

235

Klejman, A., Schreiner, S. J., Nieborowska-Skorska, M., Slupianek, A., Wilson, M.,
Smithgall, T. E., Skorski, T. (2002). The Src family kinase Hck couples BCR/ABL
to STAT5 activation in myeloid leukemia cells. Embo J 21:5766-5774.
Kloosterboer, F. M., van Luxemburg-Heijs, S. A., van Soest, R. A., Barbui, A. M.,
van Egmond, H. M., Strijbosch, M. P., Kester, M. G,, Marijt, W. A., Goulmy, E.,
Willemze, R., etal. (2004). Direct cloning of leukemia-reactive T cells from patients
treated with donor lymphocyte infusion shows a relative dominance of
hematopoiesis-restricted minor histocompatibility antigen HA-1 and HA-2 specific
T cells. Leukemia 18:798-808.
Kolb, H. J., Schattenberg, A., Goldman, J. M., Hertenstein, B., Jacobsen, N.,
Arcese, W., Ljungman, P., Ferrant, A., Verdonck, L., Niederwieser, D., et al.
(1995). Graft-versus-leukemia effect of donor lymphocyte transfusions in marrow
grafted patients. European Group for Blood and Marrow Transplantation Working
Party Chronic Leukemia. 6/ood 86:2041-2050.
Konig, H., Sindhu, S. K., Boschelli, F., Holyoake, T. L., Forman, S. J., Bhatia, R.
(2006). The dual Src/AbI kinase inhibitor SKI-606 effectively inhibits Bcr-AbI kinase
activity and reduces proliferation of CML primitive progenitor cells. Blood
108:400a.
Konopka, J. B., Watanabe, S. M., Singer, J. W., Collins, S. J., Witte, O. N. (1985).
Cell lines and clinical isolates derived from Ph1-positive chronic myelogenous
leukemia patients express c-abi proteins with a common structural alteration. Proc
Natl Acad Sci U S A 82:1810-1814.
Koptyra, M., Falinski, R., Nowicki, M. O., Stoklosa, T., Majsterek, I., NieborowskaSkorska, M., Blasiak, J., Skorski, T. (2006). BCR/ABL kinase induces self
mutagenesis via reactive oxygen species to encode imatinib resistance. Blood
108:319-327.
Korade-Mirnics, Z., Corey, S. J. (2000). Src kinase-mediated signaling in
leukocytes. J Leukoc Biol 68:603-613.
Kreuzer, K. A., Le Coutre, P., Landt, O., Na, I. K., Schwarz, M., Schultheis, K.,
Hochhaus, A., Dorken, B. (2003). Preexistence and evolution of imatinib mesylateresistant clones in chronic myelogenous leukemia detected by a PNA-based PCR
clamping technique. Ann Hematol 82:284-289.
La Rosee, P., O'Dwyer, M. E., Druker, B. J. (2002). Insights from pre-clinical
studies for new combination treatment regimens with the Bcr-AbI kinase inhibitor
imatinib mesylate (Gleevec/Glivec) in chronic myelogenous leukemia: a
translational perspective. Leukemia 16:1213-1219.
Lackner, M. R., Kindt, R. M., Carroll, P. M., Brown, K., Cancilla, M. R., Chen, C.,
de Silva, H., Franke, Y., Guan, B., Heuer, T., et al. (2005). Chemical genetics
identifies Rab geranylgeranyl transferase as an apoptotic target of farnesyl
transferase inhibitors. Cancer Cell 7:325-336.
Lajtha, L. G. (1979). Stem cell concepts. Differentiation 14:23-34.

Mhairi Copland, 2007

236

Lancet, J. E., Gojo, L, Gotlib, J., Greer, J., Kaufmann, S. H., Liesveld, J., Adjei, A.,
Messina, P., Dugan, K., Bruzek, L., et al. (2003). Tipifarnib (ZARNESTRA™) in
previously untreated poor-risk AML and MDS: Interim results of a phase 2 trial.
B/ood 102:176a.
le Coutre, P., Mologni, L., Cleris, L., Marchesi, E., Buchdunger, E., Giardini, R.,
Formelli, F., Gambacorti-Passerini, C. (1999). In vivo eradication of human
BCR/ABL-positive leukemia cells with an ABL kinase inhibitor. J Natl Cancer Inst
91:163-168.
Leary, A. G., Hirai, Y., Kishimoto, T., Clark, S. C., Ogawa, M. (1989). Survival of
hemopoietic progenitors in the GO period of the cell cycle does not require early
hemopoietic regulators. Proc Natl Acad Sci U S A 86:4535-4538.
Leary, A. G., Zeng, H. Q., Clark, S. C., Ogawa, M. (1992). Growth factor
requirements for survival in GO and entry into the cell cycle of primitive human
hemopoietic progenitors. Proc Natl Acad Sci U S A 89:4013-4017.
Lebowitz, P. F., Prendergast, G. C. (1998). Non-Ras targets of farnesyltransferase
inhibitors: focus on Rho. Oncogene 17:1439-1445.
Lee, F., Arico, M.,
Kan, D., Kennedy,
selectively targets
implications for a
42:260S.

Camuso, A., Clark, J. L., Fager, K., Inigo, I., Giardiniere, M.,
K., Manne, V., et al. (2001). The FT inhibitor BMS-214662
the non-proliferating cell subpopulation in solid tumours synergistic therapeutic strategy. Proceedings of the AACR

Lee, F. Y., Wen, M.-L., Bhide, R., Camuso, A., Castenada, S., Fager, K., Flefleh,
C., Inigo, I., Kan, D., Luo, R., et al. (2005). Dasatinib (BMS-354826) overcomes
multiple mechanisms of Imatinib resistance in chronic myeloid leukemia. Blood
106:564-565a.
Li, S., Gillessen, S., Tomasson, M. H., Dranoff, G., Gilliland, D. G., Van Etten, R.
A. (2001). Interleukin 3 and granulocyte-macrophage colony-stimulating factor are
not required for induction of chronic myeloid leukemia-like myeloproliferative
disease in mice by BCR/ABL. 6/ood 97:1442-1450.
Li, S., Ilaria, R. L., Jr., Million, R. P., Daley, G. Q., Van Etten, R. A. (1999). The
PI 90, P210, and P230 forms of the BCR/ABL oncogene induce a similar chronic
myeloid leukemia-like syndrome in mice but have different lymphoid leukemogenic
activity. J Exp Med 189:1399-1412.
Lionberger, J. M., Wilson, M. B., Smithgall, T. E. (2000). Transformation of myeloid
leukemia cells to cytokine independence by Bcr-AbI is suppressed by kinasedefective Hck. J Biol Chem 275:18581-18585.
Liu, M., Bryant, M. S., Chen, J., Lee, S., Yaremko, B., Lipari, P., Malkowski, M.,
Ferrari, E., Nielsen, L., Prioli, N., etal. (1998). Antitumor activity of SCH 66336, an
orally bioavailable tricyclic inhibitor of farnesyl protein transferase, in human tumor
xenograft models and wap-ras transgenic mice. Cancer Res 58:4947-4956.
Liu, Y., Bishop, A., Witucki, L., Kraybill, B., Shimizu, E., Tsien, J., Ubersax, J.,
Blethrow, J., Morgan, D. O., Shokat, K. M. (1999). Structural basis for selective
inhibition of Src family kinases by PP1. Chem Biol 6:671-678.

Mhairi Copland, 2007

237

Lombardo, L. J., Lee, F. Y., Chen, P., Norris, D., Barrish, J. C., Behnia, K.,
Castaneda, S., Cornelius, L. A., Das, J., Doweyko, A. M., et al. (2004). Discovery
of N-(2-chloro-6-methylphenyl)-2-(6-(4-(2-hydroxyethyl)piperazin-1-yl)-2methylpyrimidin-4- ylamino)thiazole-5-carboxamide (BMS-354825), a dual Src/AbI
kinase inhibitor with potent antitumor activity in preclinical assays. J Med Chem
47:6658-6661.
Lowenberg, B., van Putten, W., Theobald, M., Gmur, J., Verdonck, L., Sonneveld,
P., Fey, M., Schouten, H., de Greet, G., Ferrant, A., et al. (2003). Effect of priming
with granulocyte colony-stimulating factor on the outcome of chemotherapy for
acute myeloid leukemia. N Engl J Med 349:743-752.
Lowy, D. R., Willumsen, B. M. (1993). Function and regulation of ras. Annu Rev
Biochem 62:851-891.
Lugo, T. G., Pendergast, A. M., Muller, A. J., Witte, O. N. (1990). Tyrosine kinase
activity and transformation potency of bcr-abi oncogene products. Science
247:1079-1082.
Mackay, H. J., Hoekstra, R., Eskens, F. A., Loos, W. J., Crawford, D., Voi, M., Van
Vreckem, A., Evans, T. R., Verweij, J. (2004). A phase I pharmacokinetic and
pharmacodynamic study of the farnesyl transferase inhibitor BMS-214662 in
combination with cisplatin in patients with advanced solid tumors. Clin Cancer Res
10:2636-2644.
Maguer-Satta, V., Burl, S., Liu, L., Damen, J., Chahine, H., Krystal, G., Eaves, A.,
Eaves, C. (1998). BCR-ABL accelerates C2-ceramide-induced apoptosis.
Oncogene 16:237-248.
Mahon, F. X., Belloc, F., Lagarde, V., Chollet, C., Moreau-Gaudry, F., Reiffers, J.,
Goldman, J. M., Melo, J. V. (2003). MDR1 gene overexpression confers resistance
to imatinib mesylate in leukemia cell line models. Blood 101:2368-2373.
Manne, V., Lee, F. Y., Bol, D. K., Gullo-Brown, J., Fairchild, C. R., Lombardo, L. J.,
Smykla, R. A., Vite, G. D., Wen, M. L., Yu, C., et al. (2004). Apoptotic and
cytostatic farnesyltransferase inhibitors have distinct pharmacology and efficacy
profiles in tumor models. Cancer Res 64:3974-3980.
Marais, R., Light, Y., Paterson, H. F., Marshall, C. J. (1995). Ras recruits Raf-1 to
the plasma membrane for activation by tyrosine phosphorylation. Embo J 14:31363145.
Marin, D., Marktel, S., Bua, M., Szydio, R. M., Franceschino, A., Nathan, I., Foot,
N., Crawley, C., Na Nakorn, T., Olavarria, E., et al. (2003a). Prognostic factors for
patients with chronic myeloid leukaemia in chronic phase treated with imatinib
mesylate after failure of interferon alfa. Leukemia 17:1448-1453.
Marin, D., Marktel, S., Foot, N., Bua, M., Goldman, J. M., Apperley, J. F. (2003b).
Granulocyte colony-stimulating factor reverses cytopenia and may permit
cytogenetic responses in patients with chronic myeloid leukemia treated with
imatinib mesylate. Haematologica 88:227-229.

Mhairi Copland, 2007

238

Marley, S. B., Lewis, J. L., Scott, M. A., Goldman, J. M., Gordon, M. Y. (1996).
Evaluation of "discordant maturation' in chronic myeloid leukaemia using cultures
of primitive progenitor cells and their production of clonogenic progeny (CFU-GM).
Br J Haematol 95:299-305.
Marzo, !., Perez-Galan, P., Giraldo, P., Lopez-Royuela, N., Gomez-Benito, M.,
La rrad, L., Lasierra, P., Rubio-Felix, D., Anel, A., Naval, J. (2004).
Farnesyltransferase inhibitor BMS-214662 induces apoptosis in B-cell chronic
lymphocytic leukemia cells. Leukemia 18:1599-1604.
Mauro, M. J., Druker, B. J., Maziarz, R. T. (2004). Divergent clinical outcome in
two CML patients who discontinued imatinib therapy after achieving a molecular
remission. Leuk Res 28 SuppI 1:S71-73.
Maxwell, S. A., Kurzrock, R., Parsons, S. J., Talpaz, M., Gallick, G. E., Kloetzer,
W. S., Arlinghaus, R. B., Kouttab, N. M., Keating, M. J., Gutterman, J. U. (1987).
Analysis of P210bcr-abl tyrosine protein kinase activity in various subtypes of
Philadelphia chromosome-positive cells from chronic myelogenous leukemia
patients. Cancer Res 47:1731-1739.
Mayerhofer, M., Aichberger, K. J., Florian, S., Krauth, M. T., Hauswirth, A. W.,
Derdak, S., Sperr, W. R., Esterbauer, H., Wagner, O., Ma rosi, C., et al. (2005).
Identification of mTOR as a novel bifunctional target in chronic myeloid leukemia:
dissection of growth-inhibitory and VEGF-suppressive effects of rapamycin in
leukemic cells. Faseb J.
Mayerhofer, M., Valent, P., Sperr, W. R., Griffin, J. D., Sillaber, C. (2002).
BCR/ABL induces expression of vascular endothelial growth factor and its
transcriptional activator, hypoxia inducible factor-1 alpha, through a pathway
involving phosphoinositide 3-kinase and the mammalian target of rapamycin.
e/ood 100:3767-3775.
Mayo, L. D., Donner, D. B. (2001). A phosphatidylinositol 3-kinase/Akt pathway
promotes translocation of Mdm2 from the cytoplasm to the nucleus. Proc Natl
Acad Sci U S A 98:11598-11603.
McGahon, A., Bissonnette, R., Schmitt, M., Cotter, K. M., Green, D. R., Cotter, T.
G. (1994). BCR-ABL maintains resistance of chronic myelogenous leukemia cells
to apoptotic cell death. Blood 83:1179-1187.
McKinstry, W. J., Li, C. L., Rasko, J. E., Nicola, N. A., Johnson, G. R., Metcalf, D.
(1997). Cytokine receptor expression on hematopoietic stem and progenitor cells.
Blood 89:65-71.
McWhirter, J. R., Galasso, D. L., Wang, J. Y. (1993). A coiled-coil oligomerization
domain of Bcr is essential for the transforming function of Bcr-Abl oncoproteins.
Mol Cell Biol 13:7587-7595.
Merino, R., Ding, L., Veis, D. J., Korsmeyer, S. J., Nunez, G. (1994).
Developmental regulation of the Bcl-2 protein and susceptibility to cell death in B
lymphocytes. Embo J 13:683-691.

Mhairi Copland, 2007

239

Michor, F., Hughes, T. P., Iwasa, Y., Branford, S., Shah, N. P., Sawyers, C. L.,
Nowak, M. A. (2005). Dynamics of chronic myeloid leukaemia. Nature 435:12671270.
Miller, J. S., McCullar, V., Punzel, M., Lemischka, I. R., Moore, K. A. (1999). Single
adult human CD34(+)/Lin-/CD38(-) progenitors give rise to natural killer cells, Blineage cells, dendritic cells, and myeloid cells. Blood 93:96-106.
Mitchell, L. D. N., Drummond, M. W., McLintock, L. A., Copland, M., Kaeda, J.,
Lindsay, S., Stewart, K., Holyoake, T. L. (2006). Enhanced eradication of CML
stem cells in vitro using pulsed G-CSF with imatinib mesylate: rationale for a
clinical study. Sr J Haemafo/133(Suppl 1):108-109.
Miyoshi, T., Nagai, T., Ohmine, K., Nakamura, M., Kano, Y., Muroi, K., Komatsu,
N., Ozawa, K. (2005). Relative importance of apoptosis and cell cycle blockage in
the synergistic effect of combined R115777 and imatinib treatment in BCR/ABLpositive cell lines. Biochem P/7armaco/ 69:1585-1594.
Morrison, S. J., Wandycz, A. M., Hemmati, H. D., Wright, D. E., Weissman, I. L.
(1997). Identification of a lineage of multi potent hematopoietic progenitors.
Development 124:1929-1939.
Nagar, B., Bornmann, W. G., Pellicena, P., Schindler, T., Veach, D, R., Miller, W.
T., Clarkson, B., Kuriyan, J. (2002). Crystal structures of the kinase domain of cAbl in complex with the small molecule inhibitors PD173955 and imatinib (STl571). Cancer Res 62:4236-4243.
Nagasu, T., Yoshimatsu, K., Rowell, C., Lewis, M. D., Garcia, A. M. (1995).
Inhibition of human tumor xenograft growth by treatment with the farnesyl
transferase inhibitor B956. Cancer Res 55:5310-5314.
Nakajima, A., Tauchi, T., Sumi, M., Bishop, W. R., Ohyashiki, K. (2003). Efficacy
of SCH66336, a farnesyltransferase inhibitor, in conjunction with imatinib against
Bcr-Abl-positive cells. Mol Cancer Therap 2:219-224.
Neshat, M. S., Raitano, A. B., Wang, H. G., Reed, J. C., Sawyers, C. L. (2000).
The survival function of the Bcr-Abl oncogene is mediated by Bad-dependent and independent pathways: roles for phosphatidylinositol 3-kinase and Raf. Mol Cell
Biol 20:1179-1186.
Nichols, G. L., Raines, M. A., Vera, J. C., Lacomis, L., Tempst, P., Golde, D. W.
(1994). Identification of CRKL as the constitutively phosphorylated 39-kD tyrosine
phosphoprotein in chronic myelogenous leukemia cells. B/ood 84:2912-2918.
Nimubona, S., Grulois, I., Bernard, M., Drenou, B., Godard, M., Fauchet, R., Lamy,
T. (2002). Complete remission in hypoplastic acute myeloid leukemia induced by
G-CSF without chemotherapy: report on three cases. Leukemia 16:1871-1873.
Nordon, R. E., Ginsberg, S. S., Eaves, C. J. (1997). High-resolution cell division
tracking demonstrates the FLt3-ligand-dependence of human marrow
CD34+CD38- cell production in vitro. Br J Haematol 98:528-539.
Nowicki, M. O., Falinski, R., Koptyra, M., Slupianek, A., Stoklosa, T., Gloc, E.,
Nieborowska-Skorska, M., Blasiak, J., Skorski, T. (2004). BCR/ABL oncogenic

Mhairi Copland, 2007

240

kinase promotes unfaithful repair of the reactive oxygen species-dependent DNA
double-strand breaks. S/ood 104:3746-3753.
O'Brien, S. G., Guilhot, F., Larson, R. A., Gathmann, I., Baccarani, M., Cervantes,
F., Cornelissen, J. J., Fischer, T., Hochhaus, A., Hughes, T., et al. (2003). Imatinib
compared with interferon and low-dose cytarabine for newly diagnosed chronicphase chronic myeloid leukemia. N Engl J Med 348:994-1004.
Oda, H., Kumar, S., Howley, P. M. (1999). Regulation of the Src family tyrosine
kinase BIk through E6AP-mediated ubiquitination. Proc Natl Acad Sci U S A
96:9557-9562.
Oda, T., Heaney, C., Hagopian, J. R., Okuda, K., Griffin, J. D., Druker, B. J.
(1994). Crkl is the major tyrosine-phosphorylated protein in neutrophils from
patients with chronic myelogenous leukemia. J Biol Chem 269:22925-22928.
Ogawa, M. (1993). Differentiation and proliferation of hematopoietic stem cells.
S/ood 81:2844-2853.
O'Hare, T., Walters, D. K., Stoffregen, E. P., Jia, T., Manley, P. W., Mestan, J.,
Cowan-Jacob, S. W., Lee, F. Y., Heinrich, M. C., Deininger, M. W., etal. (2005). In
vitro activity of Bcr-Abl inhibitors AMN107 and BMS-354825 against clinically
relevant imatinib-resistant Abl kinase domain mutants. Cancer Res 65:4500-4505.
Okabe, M., Uehara, Y., Miyagishima, T., Itaya, T., Tanaka, M., Kuni-Eda, Y.,
Kurosawa, M., Miyazaki, T. (1992). Effect of herbimycin A, an antagonist of
tyrosine kinase, on bcr/abi oncoprotein-associated cell proliferations: abrogative
effect on the transformation of murine hematopoietic cells by transfection of a
retroviral vector expressing oncoprotein P210bcr/abl and preferential inhibition on
Phi-positive leukemia cell growth. S/ood 80:1330-1338.
Or, R., Shapira, M. Y., Resnick, I., Amar, A., Ackerstein, A., Samuel, S., Aker, M.,
Naparstek, E., Nagler, A., Slavin, S. (2003). Nonmyeloablative allogeneic stem cell
transplantation for the treatment of chronic myeloid leukemia in first chronic phase.
Blood 101:441-445.
Oster, W., Cicco, N. A., Klein, H., Hirano, T., Kishimoto, T., Lindemann, A.,
Mertelsmann, R. H., Herrmann, F. (1989). Participation of the cytokines interleukin
6, tumor necrosis factor-alpha, and interleukin 1-beta secreted by acute
myelogenous leukemia blasts in autocrine and paracrine leukemia growth control.
J Clin Invest 84:451-457.
Ottmann, O. G., Druker, B. J., Sawyers, C. L., Goldman, J. M., Reiffers, J., Silver,
R. T., Tura, S., Fischer, T., Deininger, M. W., Schiffer, 0. A., et al. (2002). A phase
2 study of imatinib in patients with relapsed or refractory Philadelphia
chromosome-positive acute lymphoid leukemias. Blood 100:1965-1971.
Ottmann, O. G., Martinelli, G., Dombret, H., Kantarijian, H., Hochhaus, A.,
Simonsson, B., Aloe, A., Apanovitch, A., Shah, N. (2005). A phase II study of
dasatinib in patients with chronic myeloid leekemia (CML) in lymphoid blast crisis
or Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph+ ALL)
who are resistant or intolerant to imatinib: the 'START-L' CA180015 study. Blood
106:17a.

Mhairi Copland, 2007

241

Pan, J., She, M., Xu, Z. X., Sun, L , Yeung, S. C. (2005). Farnesyltransferase
inhibitors induce DNA damage via reactive oxygen species in human cancer cells.
Cancer Res 65:3671-3681.
Pan, J., Yeung, S. C. (2005). Recent advances in understanding the antineoplastic
mechanisms of farnesyltransferase inhibitors. Ca/?cer Res 65:9109-9112.
Papadimitrakopoulou, V., Agelaki, S., Tran, H. T., Kies, M., Gagel, R., Zinner, R.,
Kim, E., Ayers, G., Wright, J., Khuri, F. (2005). Phase I study of the
farnesyltransferase inhibitor BMS-214662 given weekly in patients with solid
tumors. Clin Cancer Res 11:4151-4159.
Patel, H., Marley, S. B., Gordon, M. Y. (2006). Detection in primary chronic
myeloid leukaemia cells of p210BCR-ABL1 in complexes with adaptor proteins
CBL, CRKL, and GRB2. Genes Chromosomes Cancer45:1121-1129.
Peiicci, G., Lanfrancone, L., Saicini, A. E., Romano, A., Mele, S., Grazia Borretio,
M., Segatto, O., Di Fiore, P. P., Peiicci, P. G. (1995). Constitutive phosphorylation
of She proteins in human tumors. Oncogene 11:899-907.
Pendergast, A. M., Muller, A. J., Havlik, M. H., Maru, Y., Witte, O. N. (1991). BCR
sequences essential for transformation by the BCR-ABL oncogene bind to the ABL
SH2 regulatory domain in a non-phosphotyrosine-dependent manner. Ceil 66:161171.
Pendergast, A. M., Quilliam, L. A., Cripe, L. D., Bassing, C. H., Dai, Z., Li, N.,
Batzer, A., Rabun, K. M., Der, C. J., Schlessinger, J., et al. (1993). BCR-ABLinduced oncogenesis is mediated by direct interaction with the SH2 domain of the
GRB-2 adaptor protein. Ce//75:175-185.
Peng, B., Hayes, M., Resta, D., Racine-Poon, A., Druker, B. J., Talpaz, M.,
Sawyers, C. L., Rosamilia, M., Ford, J., Lloyd, P., etal. (2004). Pharmacokinetics
and pharmacodynamics of imatinib in a phase I trial with chronic myeloid leukemia
patients. J Clin Onco/22:935-942.
Perez-Caro, M., Gutierrez-Cianca, N., Gonzalez-Herrero, I., Lopez-Hernandez, I.,
Flores, T., Orfao, A., Sanchez-Martin, M., Gutierrez-Adan, A., Pintado, B.,
Sanchez-Garcia, I. (2006). Sustained leukaemic phenotype after inactivation of
BCR-ABLp190 in mice. Oncogene (in press; D0l:10.1038/sj.onc.1209968).
Peters, D. G., Hoover, R. R., Gerlach, M. J., Koh, E. Y., Zhang, H., Choe, K.,
Kirschmeier, P., Bishop, W. R., Daley, G. Q, (2001a). Activity of the farnesyl
protein transferase inhibitor SCH66336 against BCR/ABL-induced murine
leukemia and primary cells from patients with chronic myeloid leukemia. Blood
97:1404-1412.
Peters, D. G., Klucher, K. M., Perlingeiro, R. C., Dessain, S. K., Koh, E. Y., Daley,
G. Q. (2001b). Autocrine and paracrine effects of an ES-cell derived, BCR/ABLtransformed hematopoietic cell line that induces leukemia in mice. Oncogene
20:2636-2646.
Pettengeil, R., Luft, T., Henschler, R., Hows, J. M., Dexter, T. M., Ryder, D., Testa,
N. G. (1994). Direct comparison by limiting dilution analysis of long-term culture-

Mhairi Copland, 2007

242

initiating cells in human bone marrow, umbilical cord blood, and blood stem cells.
Blood 84:3653-3659.
Petzer, A. L., Eaves, C. J., Barnett, M. J., Eaves, A. C. (1997). Selective
expansion of primitive normal hematopoietic cells in cytokine-supplemented
cultures of purified cells from patients with chronic myeloid leukemia. Blood 90:6469.
Petzer, A. L., Eaves, C. J., Lansdorp, P. M., Ponchio, L., Barnett, M. J., Eaves, A.
C. (1996a). Characterization of primitive subpopulations of normal and leukemic
cells present in the blood of patients with newly diagnosed as well as established
chronic myeloid leukemia. Blood 88:2162-2171.
Petzer, A. L., Hogge, D. E., Landsdorp, P. M., Reid, D. S., Eaves, C. J. (1996b).
Self-renewal of primitive human hematopoietic cells (long-term-culture-initiating
cells) in vitro and their expansion in defined medium. Proc Natl Acad Sci U S A
93:1470-1474.
Prendergast, G. C., Rane, N. (2001). Farnesyltransferase inhibitors: mechanism
and applications. Expert Opin Investig Drugs 10:2105-2116.
Ptasznik, A., Urbanowska, E., Chinta, S., Costa, M. A., Katz, B. A., Stanislaus, M.
A., Demir, G., Linnekin, D., Pan, Z. K., Gewirtz, A. M. (2002). Crosstalk between
BCR/ABL oncoprotein and CXCR4 signaling through a Src family kinase in human
leukemia cells. J Exp Med 196:667-678.
Qiao, Y., Molina, H., Pandey, A., Zhang, J., Cole, P. A. (2006). Chemical rescue of
a mutant enzyme in living cells. Science 311:1293-1297.
Quintas-Cardama, A., Kantarjian, H,, O'Brien, S., Garcia-Manero, G., Rios, M. B.,
Talpaz, M., Cortes, J. (2004). Granulocyte-colony-stimulating factor (filgrastim)
may overcome imatinib-induced neutropenia in patients with chronic-phase
chronic myelogenous leukemia. Cancer 100:2592-2597.
Reuter, C. W., Morgan, M. A., Bergmann, L. (2000). Targeting the Ras signaling
pathway: a rational, mechanism-based treatment for hematologic malignancies?
Blood 96:1655-1669.
Reuther, J. Y., Reuther, G. W., Cortez, D., Pendergast, A. M., Baldwin, A. S., Jr.
(1998). A requirement for NF-kappaB activation in Bcr-Abl-mediated
transformation. Genes Dev 12:968-981.
Roberts, A. W. (2005). G-CSF: a key regulator of neutrophil production, but that’s
not all! Growth Factors 23:33-41.
Roche-Lestienne, C., Soenen-Cornu, V., Grardel-Duflos, N., Lai, J. L., Philippe, N.,
Façon, T., Fenaux, P., Preudhomme, C. (2002). Several types of mutations of the
Abl gene can be found in chronic myeloid leukemia patients resistant to STI571,
and they can pre-exist to the onset of treatment. B/ood 100:1014-1018.
Roeder, I., Horn, M., Glauche, I., Hochhaus, A., Mueller, M. C., Loeffler, M. (2006).
Dynamic modeling of imatinib-treated chronic myeloid leukemia: functional insights
and clinical implications. /Vaf/Wed 12:1181-1184.

Mhairi Copiand, 2007

243

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.
Romashkova, J. A., Makarov, S. S. (1999). NF-kappaB is a target of AKT in antiapoptotic PDGF signalling. Nature 401:86-90.
Rose, W. C., Lee, F. Y., Fairchild, C. R., Lynch, M., Monticello, T., Kramer, R. A.,
Manne, V. (2001). Preclinical antitumor activity of BMS-214662, a highly apoptotic
and novel farnesyltransferase inhibitor. Cancer Res 61:7507-7517.
Rosti, G., Martinelli, G., Bassi, S., Amabile, M., Trabacchi, E., Giannini, B., Cilloni,
D., Izzo, B., De Vivo, A., Testoni, N., et al. (2004). Molecular response to imatinib
in late chronic-phase chronic myeloid leukemia. Blood 103:2284-2290.
Rowinsky, E. K., Windle, J. J., Von Hoff, D. D. (1999). Ras protein
farnesyltransferase: A strategic target for anticancer therapeutic development. J
Clin Oncol 17:3631-3652.
Rowley, J. D. (1973). Letter: A new consistent chromosomal abnormality in chronic
myelogenous leukaemia identified by quinacrine fluorescence and Giemsa
staining. Nature 243:290-293.
Ryan, D. P., Eder, J. P., Jr., Puchlaski, T., Seiden, M. V., Lynch, T. J., Fuchs, C.
S., Amrein, P. C., Sonnichsen, D., Supko, J. G., Clark, J. W. (2004). Phase I
clinical trial of the farnesyltransferase inhibitor BMS-214662 given as a 1-hour
intravenous infusion in patients with advanced solid tumors. Clin Cancer Res
10:2222-2230.
Sattler, M., Salgia, R. (1998). Role of the adapter protein CRKL in signal
transduction of normal hematopoietic and BCR/ABL-transformed cells. Leukemia
12:637-644.
Sattler, M., Verma, S., Shrikhande, G., Byrne, C. H., Pride, Y. B., Winkler, T.,
Greenfield, E. A., Salgia, R., Griffin, J. D. (2000). The BCR/ABL tyrosine kinase
induces production of reactive oxygen species in hematopoietic cells. J Biol Chem
275:24273-24278.
Sattler, M., Winkler, T., Verma, S., Byrne, C. H., Shrikhande, G., Salgia, R., Griffin,
J. D. (1999). Hematopoietic growth factors signal through the formation of reactive
oxygen species. Blood 93:2928-2935.
Sawyers, C. L. (1999). Chronic myeloid leukemia. A/Eng/J Med 340:1330-1340.
Sawyers, C. L., Hochhaus, A., Feldman, E., Goldman, J. M., Miller, C. B.,
Ottmann, O. G., Schiffer, C. A., Talpaz, M., Guilhot, F., Deininger, M. W., et al.
(2002). Imatinib induces hematologic and cytogenetic responses in patients with
chronic myelogenous leukemia in myeloid blast crisis: results of a phase II study.
Blood 99:3530-3539.
Sawyers, C. L., McLaughlin, J., Witte, O. N. (1995). Genetic requirement for Ras in
the transformation of fibroblasts and hematopoietic cells by the Bcr-Abl oncogene.
J Exp Med 181:307-313.

Mhairi Copiand, 2007

244

Schindler, T., Bornmann, W., Pellicena, P., Miller, W. T., Clarkson, B., Kuriyan, J.
(2000). Structurai mechanism for STl-571 inhibition of abelson tyrosine kinase.
Science 289:1938-1942.
Schindler, T., Sicheri, P., Pico, A., Gazit, A., Levitzki, A., Kuriyan, J. (1999). Crystal
structure of Hck in complex with a Src family-selective tyrosine kinase inhibitor.
Mol Ce//3:639-648.
Selleri, C., Maciejewski, J. P., Montuori, N., Ricci, P., Visconte, V., Serio, B.,
Luciano, L., Rotoli, B. (2003). Involvement of nitric oxide in farnesyltransferase
inhibitor-mediated apoptosis in chronic myeloid leukemia cells. Blood 102:14901498.
Senechal, K., Halpern, J., Sawyers, C. L. (1996). The CRKL adaptor protein
transforms fibroblasts and functions in transformation by the BCR-ABL oncogene.
J Biol Chem 271:23255-23261.
Sepp-Lorenzino, L., Ma, Z., Rands, E., Kohl, N. E., Gibbs, J. B., Oliff, A., Rosen,
N. (1995). A peptidomimetic inhibitor of farnesyl:protein transferase blocks the
anchorage-dependent and -independent growth of human tumor cell lines. Cancer
Res 55:5302-5309.
Shah, N. P., Nicoll, J. M., Nagar, B., Gorre, M. E., Paquette, R. L., Kuriyan, J.,
Sawyers, C. L. (2002). Multiple BCR-ABL kinase domain mutations confer
polyclonal resistance to the tyrosine kinase inhibitor imatinib (ST1571) in chronic
phase and blast crisis chronic myeloid leukemia. Cancer Ce//2:117-125.
Shah, N. P., Tran, C., Lee, F. Y., Chen, P., Norris, D., Sawyers, C. L. (2004).
Overriding imatinib resistance with a novel ABL kinase inhibitor. Science 305:399401.
She, M., Pan, I., Sun, L., Yeung, S. C. (2005). Enhancement of manumycin Ainduced apoptosis by methoxyamine in myeloid leukemia cells. Leukemia 19:595602.
Sillaber, C., Gesbert, F., Frank, D. A., Sattler, M., Griffin, J. D. (2000). STATS
activation contributes to growth and viability in Bcr/Abl-transformed cells. Blood
95:2118-2125.
Silver, R. T., Woolf, S. H., Hehlmann, R., Appelbaum, F. R., Anderson, J., Bennett,
C., Goldman, J. M., Guilhot, F., Kantarjian, H. M., Lichtin, A. E., et al. (1999). An
evidence-based analysis of the effect of busulfan, hydroxyurea, interferon, and
allogeneic bone marrow transplantation in treating the chronic phase of chronic
myeloid leukemia: developed for the American Society of Hematology. Blood
94:1517-1536.
Simmons, P. J., Levesque, J. P., Haylock, D. N. (2001). Mucin-like molecules as
modulators of the survival and proliferation of primitive hematopoietic cells. Ann N
Y Acad S c/938:196-206; discussion 206-197.
Singh, S. K., Clarke, 1. D., Terasaki, M., Bonn, V. E., Hawkins, C., Squire, J., Dirks,
P. B. (2003). Identification of a cancer stem cell in human brain tumors. Cancer
Res 63:5821-5828.

Mhairi Copland, 2007

245

Skorski, T., Nieborowska-Skorska, M., Nicolaides, N. C., Szczyük, C., Iversen, P.,
lozzo, R. V., Zon, G., Calabretta, B. (1994). Suppression of Philadelphial
leukemia cell growth in mice by BCR-ABL antisense oligodeoxynucleotide. Proc
Natl Acad Sci U S A B I :4504-4508.
Slavin, S., Nagler, A., Naparstek, E., Kapelushnik, Y., Aker, M., Cividalli, G.,
Va rad i, G., Kirschbaum, M., Ackerstein, A., Samuel, S., et al. (1998).
Nonmyeloablative stem cell transplantation and cell therapy as an alternative to
conventional bone marrow transplantation with lethal cytoreduction for the
treatment of malignant and nonmalignant hematologic diseases. Blood 91:756763.
Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H.,
Provenzano, M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J., Klenk, D. C.
(1985). Measurement of protein using bicinchoninic acid. Anal Biochem 150:76-85.
Sneed, T. B., Kantarjian, H. M., Talpaz, M., O'Brien, S., Rios, M. B., Bekele, B. N.,
Zhou, M., Resta, D., Wierda, W., Faderl, S., et al. (2004). The significance of
myelosuppression during therapy with imatinib mesylate in patients with chronic
myelogenous leukemia in chronic phase. Cancer 100:116-121.
Spierings, E., Wieles, B., Goulmy, E. (2004). Minor histocompatibility antigens-big
in tumour therapy. Trends Immunol 25:56-60.
Steelman, L. S., Pohnert, S. C., Shelton, J. G., Franklin, R. A., Bertrand, F. E.,
McCubrey, J. A. (2004). JAK/STAT, Raf/MEK/ERK, PI3K/Akt and BCR-ABL in cell
cycle progression and leukemogenesis. Leukemia 18:189-218.
Strife, A., Lambek, C., Wisniewski, D., Wachter, M., Gulati, S. C., Clarkson, B. D.
(1988). Discordant maturation as the primary biological defect in chronic
myelogenous leukemia. Cancer Res 48:1035-1041.
Stute, N., Santana, V. M., Rodman, J. H., Schell, M. J., Ihle, J. N., Evans, W. E.
(1992). Pharmacokinetics of subcutaneous recombinant human granulocyte
colony-stimulating factor in children. B/ood 79:2849-2854.
Sutherland, H. J., Eaves, C. J., Lansdorp, P. M., Thacker, J. D., Hogge, D. E.
(1991). Differential regulation of primitive human hematopoietic cells in long-term
cultures maintained on genetically engineered murine stromal cells. Blood 78:666672.
Szczylik, C., Skorski, T., Nicolaides, N. C., Manzella, L., Malaguarnera, L.,
Venturelli, D., Gewirtz, A. M., Calabretta, B. (1991). Selective inhibition of
leukemia cell proliferation by BCR-ABL antisense oligodeoxynucleotides. Science
253:562-565.
Tabernero, J., Rojo, F., Marimon, I., Voi, M., Albanell, J., Guix, M., Vazquez, F.,
Carulla, J., Cooper, M., Andreu, J., et al. (2005). Phase I pharmacokinetic and
pharmacodynamic study of weekly 1-hour and 24-hour infusion BMS-214662, a
farnesyltransferase inhibitor, in patients with advanced solid tumors. J Clin Oncol
23:2521-2533.
Talpaz, M., Kantarjian, H. M., McCredie, K., Trujillo, J. M., Keating, M. J.,
Gutterman, J. U. (1986). Hematologic remission and cytogenetic improvement

Mhairi Copland, 2007

246

induced by recombinant human interferon alpha A in chronic myelogenous
leukemia. N EnglJ Med 314:1065-1069.
Talpaz, M., Rousselot, P., Kim, D, W., Guilhot, P., Corm, S., Bleickardt, E., Zink,
R., Rosti, G., Coutre, S., Sawyers, C. (2005). A phase II study of dasatinib in
patients with chronic myeloid leukemia (CML) in myeloid blast crisis who are
resistant or intolerant to imatinib: first results of the CA180006 'START-B' study.
S/ood 106:16a.
Talpaz, M., Shah, N. P., Kantarjian, H., Donato, N., Nicoll, J., Paquette, R., Cortes,
J., O'Brien, S., Nicaise, C., Bleickardt, E., et al. (2006). Dasatinib in imatinibresistant Philadelphia chromosome-positive leukemias. N Engl J Med 354:25312541.
Talpaz, M., Silver, R. T., Druker, B. J., Goldman, J. M., Gambacorti-Passerini, C.,
Guilhot, P., Schiffer, C. A., Fischer, T., Deininger, M. W., Lennard, A. L., et ai.
(2002). Imatinib induces durable hematologic and cytogenetic responses in
patients with accelerated phase chronic myeloid leukemia: results of a phase 2
study. S/ood 99:1928-1937.
te Boekhorst, P. A., Lowenberg, B., Vlastuin, M., Sonneveld, P. (1993). Enhanced
chemosensitivity of clonogenic blasts from patients with acute myeloid leukemia by
G-CSF, IL-3 or GM-CSF stimulation. Leukemia 7:1191-1198.
ten Hoeve, J., Arlinghaus, R. B., Guo, J. Q., Heisterkamp, N., Groffen, J. (1994).
Tyrosine phosphorylation of CRKL in Philadelphia+ leukemia. Blood 84:17311736.
Thomas, J., Wang, L., Clark, R. E., Pirmohamed, M. (2004). Active transport of
imatinib into and out of cells: implications for drug resistance. Blood 104:37393745.
Topaly, J., Zeller, W. J., Fruehauf, S. (2002). Combination therapy with imatinib
mesylate (STI571): synopsis of in vitro studies. B rJ /-Vaemafo/119:3-14.
Torigoe, T., O'Connor, R., Santoli, D., Reed, J. C. (1992). Interleukin-3 regulates
the activity of the LYN protein-tyrosine kinase in myeloid-committed leukemic cell
lines. S/ood 80:617-624.
Trotta, R., Vignudelli, T., Candini, O., Intine, R. V., Pecorari, L., Guerzoni, C.,
Santilli, G., Byrom, M. W., Goldoni, S., Ford, L. P., ef al. (2003). BCR/ABL
activates mdm2 mRNA translation via the La antigen. Cancer Cell 3:145-160.
Udomsakdi, C., Eaves, C. J., Swolin, B., Reid, D. S., Barnett, M. J., Eaves, A. C.
(1992). Rapid decline of chronic myeloid leukemic cells in long-term culture due to
a defect at the leukemic stem cell level. Proc Natl Acad Sci U S A 89:6192-6196.
Uehara, Y., Murakami, Y., Mizuno, S., Kawai, S. (1988). Inhibition of transforming
activity of tyrosine kinase oncogenes by herbimycin A. Virology 164:294-298.
van Pelt, K., De Haan, G., Vellenga, E., Daenen, S. (2003). Rapid progression into
S-phase of quiescent stem cells after chemotherapy. Exp Hematol 31 (SuppI
1):195.

Mhairi Copland, 2007

247

Vardiman, J. W., Harris, N, L., Brunning, R. D. (2002). The World Health
Organization (WHO) classification of the myeloid neoplasms. Blood 100:22922302.
Verfaillie, C. M., McCarthy, J. B., McGlave, P. B. (1992). Mechanisms underlying
abnormal trafficking of malignant progenitors in chronic myelogenous leukemia.
Decreased adhesion to stroma and fibronectin but increased adhesion to the
basement membrane components laminin and collagen type IV. J Clin Invest
90:1232-1241.
Vickers, M., Brown, G. C., Cologne, J. B., Kyoizumi, S. (2000). Modelling
haemopoietic stem cell division by analysis of mutant red cells. Br J Haematol
110:54-62.
von Bubnoff, N., Schneller, P., Peschel, C., Duyster, J. (2002). BCR-ABL gene
mutations in relation to clinical resistance of Philadelphia-chromosome-positive
leukaemia to STI571: a prospective study. Lancet 359:487-491.
von Bubnoff, N., Veach, D. R., Miller, W. T., Li, W., Sanger, J., Peschel, C.,
Bornmann, W. G., Clarkson, B., Duyster, J. (2003). Inhibition of wild-type and
mutant Bcr-Abl by pyrido-pyrimidine-type small molecule kinase inhibitors. Cancer
Res 63:6395-6404.
Wang, E., Casciano, C. N., Clement, R. P., Johnson, W. W. (2001). The farnesyl
protein transferase inhibitor SCH66336 is a potent inhibitor of MDR1 product Pglycoprotein. Cancer Res 61:7525-7529.
Wang, J. C., Doedens, M., Dick, J. E. (1997). Primitive human hematopoietic cells
are enriched in cord blood compared with adult bone marrow or mobilized
peripheral blood as measured by the quantitative in vivo SCID-repopulating cell
assay. Blood 89:3919-3924.
Weisberg, E., Manley, P. W., Breitenstein, W., Bruggen, J., Cowan-Jacob, S. W.,
Ray, A., Huntly, B., Fabbro, D., Fendrich, G., Hall-Meyers, E., et al. (2005).
Characterization of AMN107, a selective inhibitor of native and mutant Bcr-Abl.
Cancer Cell 7:129-141.
Weissman, I. L. (2000). Translating stem and progenitor cell biology to the clinic:
barriers and opportunities. Science 287:1442-1446.
White, D., Saunders, V., Lyons, A. B., Branford, S., Grigg, A., To, L. B., Hughes, T.
(2005). In vitro sensitivity to imatinib-induced inhibition of ABL kinase activity is
predictive of molecular response in patients with de novo CML. Blood 106:25202526.
Wilson, M. B., Schreiner, S. J., Choi, H. J., Kamens, J., Smithgall, T. E. (2002).
Selective pyrrolo-pyrimidine inhibitors reveal a necessary role for Src family
kinases in Bcr-Abl signal transduction and oncogenesis. Oncogene 21:8075-8088.
Wolff, N. C., Veach, D. R., Tong, W. P., Bornmann, W. G., Clarkson, B., Ilaria Jr,
R. L. (2003). PD166326, a novel tyrosine kinase inhibitor has greater anti-leukemic
activity than imatinib in a murine model of chronic myelogenous leukemia. Blood
102:31a.

Mhairi Copland, 2007

248

Wong, P. M., Chung, S. W., Dunbar, 0. E., Bodine, D. M., Ruscetti, S., Nienhuis,
A. W. (1989). Retrovirus-mediated transfer and expression of the interleukin-3
gene in mouse hematopoietic cells result in a myeloproliferative disorder. Mol Cell
Biol 9:798-808.
Yaish, P., Gazit, A., Gilon, 0., Levitzki, A. (1988). Blocking of EGF-dependent cell
proliferation by EGF receptor kinase inhibitors. Science 242:933-935.
Yilmaz, O. H., Valdez, R., Theisen, B. K., Guo, W., Ferguson, D. O., Wu, H.,
Morrison, S. J. (2006). Pten dependence distinguishes haematopoietic stem cells
from leukaemia-initiating cells. Nafure 441:475-482.
Yokota, A., Kimura, S., Masuda, S., Ashihara, E., Kuroda, J., Sato, K., Kamitsuji,
Y., Kawata, E., Deguchi, Y., Urasaki, Y., et al. (2006). INNO-406, a novel BCRABL/Lyn dual tyrosine kinase inhibitor, suppresses the growth of Ph+ leukemia
cells in the central nervous system and cyclosporine A augments its in vivo
activity. B/ood 109:306-314.
Young, D. 0., Wagner, K., Griffin, J, D. (1987). Constitutive expression of the
granulocyte-macrophage colony-stimulating factor gene in acute myeloblastic
leukemia. J Clin /m/esf 79:100-106.
Young, 8. G., Meta, M,, Yang, S. H., Fong, L. G. (2006). Prelamin a farnesylation
and progeroid syndromes. J Biol Chem 281:39741-39745.
Zhang, X., Ren, R. (1998). Bcr-AbI efficiently induces a myeloproliferative disease
and production of excess interleukin-3 and granulocyte-macrophage colonystimulating factor in mice: a novel model for chronic myelogenous leukemia. Blood
92:3829-3840.
Zhao, R. C., Mclvor, R. S., Griffin, J. □., Verfaillie, C. M. (1997). Gene therapy for
chronic myelogenous leukemia (CML): a retroviral vector that renders
hematopoietic progenitors methotrexate-resistant and CML progenitors
functionally normal and nontumorigenic in vivo. S/ood 90:4687-4698.

249

Appendix 1
Patient characteristics for CML samples obtained
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M
M

LBC
MBC
MBC
MBC
LBC

N/A
19.1
N/A
12.5
N/A

17.2
48.2
4.1
3
16.8

N/A
N/A
N/A
N/A
N/A

Unmanip
RBC Lysis
RBC Lysis
Unmanip
RBC Lysis

N/A
N/A
N/A
N/A
N/A

URN, unique patient number; LBC, lymphoid blast crisis; MBC, myeloid blast
crisis; Unmanip, unmanipulated sample; RBC Lysis, red blood cell lysis; N/A, not
applicable or not available.
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