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ABSTRACT

THE MECHANISMS RESPONSIBLE FOR NILOTINIB RESISTANCE
IN HUMAN CHRONIC MYELOID LEUKEMIA CELLS

Multidrug resistance remains a significant obstacle to successful chemotherapy.
The ability to determine the possible resistance mechanisms and surmount the resistance
is likely to improve chemotherapy. Nilotinib is a very effective drug in the treatment of
sensitive or Imatinib resistant patients. Although very successful hematologic and
cytogenetics responses have been obtained in Nilotinib-treated patients, in recent years

resistance cases were observed.

The main objective of the project is to understand the mechanisms underlying
multidrug resistance to Nilotinib to provide new targets for the treatment of chronic
myeloid leukemia (CML). In this study, continuous exposure of cells to step-wise
increasing concentrations of Nilotinib resulted in the selection of cells resistant to 50
nM Nilotinib and referred to as K562/NIL-50. Expression analyses of BCR-ABL gene
demonstrated BCR-ABL was upregulated in resistant cells as compared to parental
sensitive cells. However, nucleotide sequence analyses of ABL kinase gene revealed
that there was no mutation in Nilotinib binding region of the gene in resistant cells.
There was also an increase in expression levels of MRP1 gene in resistant cells, which
transports the toxic substances outside of cells. Besides, Bax, which is one of the
apoptosis inducing genes, was dowregulated in resistant cells. In addition to this, in
resistant cells, while GCS and SK-1 genes were overexpressed, decrease in expression

levels of LASS1 gene was observed.

In conclusion, we determined mechanisms involved in Nilotinib resistance in
CML in vitro. Targeting this mechanisms, besides inhibition of BCR-ABL may be a
good way of treatment of CML.



OZET

INSAN KRONIK MIYELOID LOSEMI HUCRELERINDE NIiLOTINIB
DIRENCINDEN SORUMLU MEKANIZMALAR

Coklu ila¢ direnci,basarili kemoterapinin onlinde 6nemli bir engel olmaya
devam etmektedir. Olas1 diren¢ mekanizmalarini belirleyebilme ve direncin iistesinden
gelebilme yetisi kemoterapinin etkinlestirilmesi ile miimkiin hale gelmektedir. Nilotinib
duyarli veya Imatinib direngli hastalarin tedavisinde ¢ok etkili bir ilagtir. Nilotinib ile
tedavi edilmis hastalarda ¢ok basarili hematolojik ve sitogenetik yanitlar elde
edilmesine ragmen, son dénemlerde direng vakalar1 gézlemlenmistir.

Projenin temel hedefi, kronik miyeloid 16semide (KML) yeni hedefler bulmak
icin Nilotinib ¢oklu direncinin altinda yatan ger¢ek mekanizmalari anlamaktir. Bu
calismada, K56 insan kronik myeloid I6semi hiicrelerinde Nilotinibin yol actigi
apoptoza kars1 gelistirilen direng mekanizmalar1 incelenmistir. Hiicrelerin siirekli artan
dozlarda Nilotinibe maruz birakilmalar1 ile 50 nM Nilotinibe direngli hiicreler elde
edilmistir ve KS562/NIL-50 olarak adlandirilmigtir. Atasal duyarli hiicrelerle
kiyaslandiginda direngli hiicrelerde, BCR-ABL gen ifade analizleri BCR-ABL nin
upregiile oldugunu gosterdi. Ancak, ABL kinaz geni niikleotid dizisi analizleri direncli
hiicrelerde ABL geninin Nilotinib baglanma bélgesinde hicbir mutasyon olmadigini
gostermistir. Ayrica, direngli hiicrelerde, toksik maddeleri hiicrenin digina tasiyan
MRP1 gen ifade diizeyinde artis vardi. Yani sira, apoptotozla ilgili genlerden biri olan
Bax’ 1n, direngli hiicrelerde ifadesi baskilanmistir. Buna ek olarak, direncli hiicrelerde
GSS and SK-1 genleri asir1 ifade edilirken, LASS1 geninin ifadesinde azalma
gOriilmiistiir.

Sonug itibariyle, biz Nilotinib direngliligiyle ile ilgili mekanizmalart KML de in
vitro olarak belirledik. BCR-ABL nin inhibisyonunun yanisira bu mekanizmalarin

hedeflenmesi KML tedavisinde 1yi bir yol olabilir.
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CHAPTER 1

INTRODUCTION

1.1. Chronic Myeloid Leukemia

Chronic Myeloid Leukemia (CML) is a hematopoietic stem cell disorder
characterized by immature white blood cell count (Druker 2002). CML was the first
haematological malignancy to be associated with a specific genetic lesion (Goldman
and Melo 2003) and so it became a model disease for neoplastic diseases (Brien, et al.
2004). CML accounts for 20% of adult leukemias and its incidence is approximately 1-2
per 100,000 population per year. As with all leukemias, CML is more commonly seen
in men than in women with a 2:1 ratio. CML is generally a disease of the older people
with a median age at diagnosis of around 65 years (Faderl, et al. 1999).

The progression of CML has three stages which are chronic phase, accelerated
phase and blast crisis. Chronic phase is the very early stage and approximately 85% of
patients are diagnosed in this phase. The second phase is accelerated phase in which the
levels of immature white blood cells are higher than chronic phase at about 5-30 %. The
final and the most serious phase of CML is blast crisis. There are mostly immature
white blood cells in the blood and bone marrow (Aguilera, et al. 2009, Cortes 2004). As
the disease progresses through the accelerated phase and into the blast crisis, there are
many changes that are not known exactly. However, they can be classified as follows
BCR-ABL expression, arrest of differentiation, genomic instability, DNA repair
(Shtivelman, et al. 1985) and additional chromosomal abnormalities (Druker 2002).

CML is driven by a specific chromosomal abnormality called the Philadelphia
(Ph) chromosome. The Ph chromosome is the result of a reciprocal translocation
between the long arms of chromosomes 9 and 22. This exchange brings together two
genes: the BCR (breakpoint cluster region) gene on chromosome 22 and the proto-
oncogene ABL (Ableson leukemia virus oncogene) on chromosome 9 (Wong, et al.

2004). The resulting fusion gene BCR-ABL codes for a protein with constitutive



tyrosine kinase activity which activates signal transduction pathways, leading to

uncontrolled cell growth and reduced apoptosis.

Celt Membrane

Translation
m RNA

Pnum'/q\

g x9

Transcrrphon

RAS JAK P13K rn h‘
Cell Adhesi
& Motlhty
RAF STAT AKt
MEK 1 m TOR Bad NFK B
MEK 2
Cell Survival/
l Apoptosis
ERK

Extracellular

Cell proliferation Matrix
Differentiation

Figure 1.1. Molecular signaling pathways that BCR-ABL affects
(Source: Frazer, et al. 2007)

1.2. Molecular Biology of CML

CML is characterized by a reciprocal translocation between chromosomes 9 and
22. However, 5% of CML patients don’t have the reciprocal translocation which results
in juxtaposition of 3° sequences from the Abl-proto-oncogene on chromosome 9, with
the 5° sequences of the truncated Bcer (breakpoint cluster region) on chromosome 22.
Fusion mRNA molecules of different lengths are produced and subsequently transcribed
into chimeric protein products. Although these oncogenic proteins can be 190, 210 or
230 kDA depending on the breakpoint on the BCR gene (Lugo, et al. 1990), the most
common form is 210 kDA (Eren, et al. 2000). The SH1 domain of ABL encodes a non-
receptor tyrosine kinase. Protein kinases are enzymes that transfer phosphate groups
from ATP to substrate proteins, thereby governing cellular processes such as growth

and differentiation. In normal conditions, the native ABL kinase is located mainly in the
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nucleus, while the BCR-ABL fusion protein is located in the cytoplasm (Sawyers 1999).
The regulation of tyrosine kinase activity is controlled tightly, and if not maintained,
deregulated kinase activity can lead to transformation and malignancy (Goldman and
Melo 2003). The portion of ABL responsible for governing regulation of the SH1
domain is lost during the reciprocal translocation. The addition of the BCR sequence
constitutively activates the tyrosine kinase activity of the SHI domain that is the most
crucial for oncogenic transformation. Its activity disturbs the normal physiological
functions of the ABL enzyme, as it interacts with a number of effector proteins
(Vigneri, et al. 2001). Thus, BCR-ABL is the most ideal and attractive target for
molecular-targeted therapy.

There are also possible secondary translocations that are occurred in CML. The
first one is chromosome 8 trisomy which causes an overexpression of Myc gene located
on 8q24. Blick et al showed that however, a c-myc overexpression is observed in CML
blast crisis there is no definite relationship between chromosome 8 trisomy and c-myc
overexpression (Blick, et al. 1987). On the other hand, Sawyer and his colleagues
showed that expression of dominant-negative c-Myc molecules suppressed BCR-ABL
dependent transformation (Sawyer, et al. 1992). The other one is Isochromosome i(17q)
associated with the loss of the short arm (17p) and duplication of the long arm (17q)
that causes the abnormality (Schutte, et al. 1993). Since p53 gene is located on the short
arm of chromosome 17. That’s why isochromosome 17q is known to be the most
common precedent in cancer. This rearrangement results in tumor progression and
initiation. However, p53 mutations were not found in CML cases with the i(17q),
raising the possibility that the relevant pathogenetic mechanism in CML-BC patients
with the i(17q) abnormality is loss of function of yet unidentified genes (Fioretos, et al.

1999).

1.3. Activated Signaling Pathways

There are three major pathways that have been activated in the malignant
transformation by BCR-ABL, namely constitutively active mitogenic signaling (Puil, et
al. 1994), altered adhesion to extracellular matrix (Gordon,et al. 1987) and inhibited
apoptosis (Bedi, et al. 1994).
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Figure 1.2. Mechanisms implicated in the pathogenesis of CML
(Adapted from Deininger, et al. 2000)

1.3.1. Constitutively Active Mitogenic Signaling

1.3.1.1. Ras and the MAP Kinase Pathways

Several links between BCR-ABL and Ras have been determined.
Autophosphorylation of tyrosine 177 provides a docking site for the adapter molecule
Grb-2 (Pendergast, et al. 1993) which binds to the Sos protein stabilizing Ras in its
active GTP-bound form. Two other adapter molecules, Shc and Crkl can also activate
Ras. They are substrates of BCR-ABL and bind it by their SH2 (Shc) or SH3 (Crkl)
domains. The Ras pathway is important because no further activating mutations are
required, even in the blast crisis phase (Watzinger, et al. 1994).

Stimulation of cytokine receptors such as IL- 3 leads to the activation of Ras and
to the subsequent recruitment of the serine threonine kinase Raf to the cell membrane
(Marais, et al. 1995). Raf initiates a signaling cascade through the serine threonine
kinases Mek1/Mek2 and Erk, which ultimately leads to the activation of gene
transcription (Cabhill, et al. 1996). The activation of individual paths depends on the cell
type, but the MAP kinase system appears to play a central role.



1.3.1.2. Jak-STAT Pathway

Activation of the JAK kinases leads to the activation of STAT transcription
factors. For the first time, the Jak-STAT pathway as a activated signaling pathway by
BCR-ABL was shown in a study with v-ABL-transformed B cells (Danial, et al. 1995).
Constitutive phosphorylation of STAT transcription factors (STAT1 and STATS) has
since been reported in several BCR-ABL-positive cell lines (Ilaria, et al. 1996) and in
primary CML cells (Chai, et al. 1997). In addition to this, increased activation of
STAT3 has been observed in numerous leukemias (Coffer, et al. 2000). STATS
activation appears to contribute to malignant transformation (De Groot, et al. 1999).
Effect of STATS in BCR-ABL transformed cells appears to be primarily anti-apoptotic
and involves transcriptional activation of Bcl-XL (Horita, et al. 2000). In contrast to the
activation of the Jak-STAT pathway by physiologic stimuli, BCR-ABL may directly
activate STAT1 and STATS without prior phosphorylation of Jak proteins.

1.3.1.3. Myc Pathway

Myc is a proto-oncogene that encodes for c-myc protein which is a transcription
factor. The vital importance of this protein is to promote cell cycle progression.
Overexpression of Myc has been demonstrated in many human malignancies and that’s
why, c-myc can be a diagnostic marker for some cancer types. It is thought to act as a
transcription factor. Activation of Myc by BCR-ABL is dependent on the SH2 domain,
and the overexpression of Myc partially rescues transformation-defective SH2 deletion
mutants whereas the overexpression of a dominant-negative mutant suppresses
transformation (Sawyers, et al. 1992). The results obtained in v-ABL-transformed cells
suggest that the signal is transduced through Ras/Raf, cyclin-dependent kinases (cdks),
and E2F transcription factors that ultimately activate the Myc promoter. Another study
from the same group that showed similar results for BCR/ABL transformed murine
myeloid cells (Stewart, et al. 1995). It can be said that the effects of Myc in Ph-positive
cells are probably not different from those in other tumors. Depending on the cellular

context, Myc may constitute a proliferative or an apoptotic signal (Bissonnette, et al.



1992). It is therefore likely that the apoptotic arm of its dual function is counterbalanced
in CML cells by different mechanisms, such as the PI3 kinase pathway.

1.3.1.4. Phosphatidyl Inositol-3 Kinase Pathway

Phosphatidyl Inositol-3 (PI3) kinases are a family of enzymes that have
important roles in cell growth, proliferation, differentiation, motility, survival. It has
also very important and vital role in cancer (Hickey and Cotter 2006), such as
requirement for the proliferation of BCR-ABL positive cells (Skorski, et al. 1995).
BCR-ABL forms multimeric complexes with PI3 kinase, Cbl, and the adapter molecules
Crk and Crkl, where PI3 kinase is activated. The next relevant substrate in this cascade
appears to be the serine threonine kinase Akt (Skorski, et al. 1997). In another report
identified the pro-apoptotic protein Bad as a key substrate of Akt through the
downstream cascade of the IL-3 receptor (Del Peso, et al. 1997). Phosphorylated Bad is
inactive because it is no longer able to bind anti-apoptotic proteins such as Bcl-XL and
it is kept back by cytoplasmic 14-3-3 proteins. Altogether this indicates that BCR-ABL
might be able to mimic the physiological IL-3 survival signal in a PI3 kinase dependent

manner.

1.3.2. Altered Adhesion Properties

CML progenitor cells exhibit decreased adhesion to bone marrow stroma cells
and extracellular matrix (Verfaillie, et al. 1997). Adhesion to stroma negatively
regulates cell proliferation, and CML cells escape this regulation by virtue of their
perturbed adhesion properties. Interferon-a (IFN-a), an old therapeutic agent used in
CML, seems to reverse the adhesion defect (Bhatia, et al. 1994). Another data about
adhesion molecules, CML cells express an adhesion-inhibitory variant of bl integrin
that is not found in normal progenitors (Zhao, et al. 1997). The valuable property of
integrins is capable of initiating normal signal transduction from outside to inside on
binding to their receptors (Lewis, et al. 1996). Thus, it can be thought that the transfer
of signals that normally inhibit proliferation is impaired in CML cells. Moreover, Crkl
is involved in the regulation of cellular motility and in integrin mediated cell adhesion

6



by association with other focal adhesion proteins such as paxillin, the focal adhesion

kinase Fak, p130Cas and Hef1 (Deininger, et al. 2000).

1.3.3. Inhibition of Apoptosis

In response to cellular stress such as DNA damage induced by chemotherapeutic
drugs, the cell’s mitochondria are triggered to release cytochrome ¢ (a component of the
electron transport chain) into the cytosol. Once released, cytochrome c plays a critical
role in the formation of a proteolytic cell death machine known as the apoptosome. The
formation of the apoptosome results in the activation of a group of zymogenic cysteine
proteases (caspases), which carry out the cell death program (Olson et al, 2001).
Cytosolic cytochrome c initiates apoptosome formation by binding to the adaptor
protein Apaf-1 and promoting its oligomerization into a higher-ordered structure.
Oligomerization of Apaf-1 then allows binding of the initiator caspase 9, which results
in dimerization-induced self-activation (Srinivasula SM, 1998). Once activated,
caspase-9 can cleave and activate effectors, caspases 3 and -7, which subsequently
cleave a number of cellular substrates. This results in orderly dismantling of the cell and
in the hallmark features of apoptosis (Wang et al, 2000).

The release of cytochrome ¢ from the mitochondria is tightly regulated by Bcl-2
proteins, a family comprising both pro-apoptotic Bax and Bak and antiapoptotic Bcl-2
and Bcl-XL family members (Danial, et al. 2004). These proteins act as mitochondrial
gatekeepers and regulate apoptosis by governing the release of cytochrome c. While
pro-apoptotic Bak and Bax promote mitochondrial cytochrome c release, the anti-
apoptotic Bcl-2 and Bcel-XL proteins maintain the integrity of the mitochondria to
prevent the release of cytochrome c.

Alterations of apoptotic signaling pathways at a number of loci allow malignant
cells to evade cell death which is one of the hall marks of cancer (Hanahan, et al. 2000).
Before releasing of cytochrome ¢, BCR-ABL can inhibit apoptosis through regulation
of Bcl-2 family members. Specifically, BCR-ABL increases expression of antiapoptotic
Bcl-2 family members such as Bcl-2 and Bcl-XL through activation of the transcription

factor STATS (Sanz, et al. 2002). Despite of all these, BCR-ABL has recently been



reported to be a more effective inhibitor of apoptosis than either Bcl-2 or Bel-XL
(Baran 2007).

1.4. Treatment Strategies for Chronic Myeloid Leukemia

Until interferon was introduced and was found to be better than known cytotoxic
chemotherapy in CML, the treatment of choice for chronic phase CML was orally
administered chemotherapy with either hydroxyurea or busulphan for a long time
(Melo, et al. 2003). Also, allogenic stem cell transplant has been used since the 1970s in
the treatment of CML and is the only curative therapy for CML, however, it bears a
significant mortality risk (Frazer, et al. 2007). When CML progresses to the accelerated
and blastic phase, the available treatments including bone marrow transplantation
become less effective.

A major advance in the treatment of CML has the advent of Imatinib, as the first
targeted therapy for CML which has shown striking activity in the chronic phase, in the
accelerated phase, but less so in the blast phase. This drug will be the first of a new
series of small organic compounds designed to inhibit specific molecular sites in the
cascades of cellular activation pathways (Buchdunger, et al. 1996). Despite of success
of Imatinib, there have been developed resistant to Imatinib in use of long term. In
effort to improve on the long term outcomes and overcome the developing resistance,
several second generation tyrosine kinase inhibitors are designed and are used widely in

CML treatment.

1.5. Targeted Therapies

1.5.1. Imatinib

The SH1 domain responsible for oncogenic transformation is an extremely
attractive target in struggling CML. Imatinib (Glivec, Novartis, Basel, Switzerland) is
the first tyrosine kinase inhibitor that targets SH1 domain, approved for the first line

treatment of adult patients with Ph+ CML at all disease stages (Guilhot 2004). The



introduction of this drug has dramatically changed the management of CML due to very
successful hematologic and cytogenetic response (Deininger, et al. 2004).

Imatinib binds to the amino acids of the BCR-ABL tyrosine kinase through ATP
binding domain and stabilizes the inactive, non-ATP-binding form of BCR-ABL,
thereby preventing tyrosine autophosphorylation, and in turn, phosphorylation of its
substrates (Schindler, et al. 2000). At the end of this process, the downstream signaling
pathways that promote leukemogenesis are closed. A further characteristic of Imatinib
is its striking degree of specificity for the ATP binding pocket, so that its effect on other
cellular tyrosine kinases is negligible (Savage and Antman 2002). According to the IRIS
study (International Randomised Study of Interferon and STI571), a Phase III clinical
trial showed that the haematologic and cytogenetic responses in terms of tolerability and
likelihood of progression to accelerated or blast phase CML, provided superior results

with Imatinib (O’Brien, et al. 2003, Merx, et al. 2002).
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Figure 1.3. Chemical structure of Imatinib
(Source: Kantarjian, et al. 2007)

Despite high rates of hematologic and cytogenetic responses to Imatinib therapy,
after exposure of drugs, resistance to Imatinib has been recognized as a major obstacle
in the treatment of Ph-positive leukemia (Gambacorti-Passerini 2003, Hochhaus and La
Rosee 2004). Several resistance mechanisms are responsible for the overall poor

efficacy of cancer chemotherapy (Shah, et al. 2002, Hochhaus, et al. 2002 ).

1.5.1.1. Multidrug Resistance

Multidrug resistance describes a phenomenon whereby resistance to one

anticancer drug is accompanied by resistance to drugs whose structures and mechanisms
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of action may be totally different. Multidrug resistance can be classified into two main
types. The first one is acquired resistance which can gain during treatment by patients
and the second one is primary resistance which is pre-existing at the time of diagnosis.
Somehow, there have been seen different responses to Imatinib therapy in patients.
Despite high rates of hematologic and cytogenetic responses, resistance cases have been
observed in a proportion of patients. This resistance is observed as a lack of
hematologic, cytogenetic or molecular responses to therapy. Many resistance cases
occur while using Imatinib generally in accelerated and blast crisis phases (Gambacorti-
Passerini, et al. 2002). Although the major and also the best characterized Imatinib
resistance mechanism is the mutations that occur in the kinase domain (Wang, et al.
2007), to summarize all the other resistance mechanisms against Imatinib, they can be
categorized into two groups. While mutations in the kinase domain and increased
expression of BCR/ABL kinase through gene amplification is known as the BCR/ABL
dependent mechanisms, decreased intracellular Imatinib concentrations caused by
transporters, Imatinib binding by plasma proteins and other kinases such as Src family
kinases are categorized as BCR/ABL independent mechanisms (Ramirez and DiParsio

2008).
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Figure 1.4.The possible mechanisms of Imatinib resistance. 1. Denotes duplication or
amplification of the BCR-ABL sequence; 2. Shows mutations in the BCR-
ABL sequence; 3. denotes imatinib export by the P-glycoprotein export
protein; 4. Depictes import of Imatinib by the hOCT1 protein; 5. Denotes
binding of imatinib in the plasma by al-acid glycoprotein (AGP); 6.
Denotes variability in the plasma level of imatinib; 7. Shows activation of
alternative signaling cascades leading to BCR-ABL independent growth;
and 8. Depicts alterations in the epigenetic regulation of the expression of
the BCR-ABL sequence (Source: Bixby and Talpaz 2009)

1.5.1.1.1. BCR-ABL Dependent Mechanisms

1.5.1.1.1.1. Mutations

BCR-ABL dependent mechanisms result from the mutations in the tyrosine
kinase domain and overexpression of the oncoprotein that as a result of BCR-ABL gene
amplification. As it is mentioned above there are four sections in BCR-ABL
oncoprotein; kinase domain, catalytic domain, activation domain and ATP binding
domain. The mutations can be classified into four groups. The first one is the mutations
that directly disrupts the Imatinib binding, second one is those that target ATP binding
site, thirdly the activation loop can be interrupted that leads the blocking the

conformational change that is required for Imatinib binding and finally we can
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categorize the mutations that are present within the catalytic domain (Deininger, et al.
2005).

Among these mutations the point mutations that take place in ABL kinase
domain are the most important and more commonly acquired in primary resistance.
T315I mutation is the most important mutation that is too difficult to overcome. In this
mutation the aminoacid threonine at position 315 is switched into isoleucine. It is the
first mutation that is confirmed in resistant patients against Imatinib (Weisberg, et al.
2007). It is believed that this mutation causes the resistance by two main ways. The first
one is caused by the absence of oxygen atom that is provided by threonine. The switch
into isoleucine prevents the formation of hydrogen bond between imatinib and the
protein because of the lack of oxygen atom. Secondly, isoleucine has a hydrocarbon
group and this group limits the binding of Imatinib (Deininger, et al. 2005).

Besides the mutations that take place in kinase domain, the ones that cluster in
ATP binding domain are also very important for the formation of the resistance. This
domain is rich in glycine and this glycine rich sequence spans 248-256 aminoacids. This
consensus sequence interacts with Imatinib via hydrogen bonds and van der waals
bonds. These mutations cause a conformational change that is not suitable for Imatinib
to bind and by this way these changes causes insensitivity to Imatinib.

In addition, the activation loop of the Abl kinase domain can exposed to the
mutations. This loop starts from the 318" aminoacid with a conserved aminoacid
sequence of aspartete-phenylalanine-glycine. This region is the determinant of the
active and inactive conformation of the oncoprotein. Imatinib has the ability to bind to
inactive (closed) conformation of BCR-ABL. However, the mutation that changes the
conformation into on open conformation cause the Imatinib no longer bind to the region

(Tokarski, et al. 2005).

1.5.1.1.1.2. Overexpression/Amplification of BCR-ABL

BCR-ABL oncoprotein over expression is the second resistance mechanism that
is dependent to BCR-ABL. This overexpression is caused as a result of amplification of
the oncogene. The increased levels of the target protein cause the requirement of the

high amounts of therapeutic agent. In a study, it is observed that 3 patients form 11 in
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blast crisis shown to have multiple copies of BCR-ABL which is proved by FISH. In
another study 7 patients out of 55 showed an approximately 10 times more transcript
levels and 2 out of 32 patients were shown to have a genomic amplification of BCR-
ABL. Another interesting finding about the resistance to Imatinib is the transient

overexpression of BCR-ABL (Hochhaus, et al. 2002).

1.5.1.1.2. BCR-ABL Independent Mechanisms

1.5.1.1.2.1. ATP Cassette Transporters

BCR-ABL independent mechanisms also have a great importance in resistance.
Multidrug resistance is a cross resistance to a variety of drugs such as anticancer drugs
in mammalian cells. This resistance is mediated through transport proteins, either influx
or efflux proteins, that are present on cell membrane (Schinkel, et al. 2003). One of
these proteins is P-glycoprotein (P-gp) which is an ATP dependent efflux pump that
leads to a reduction of the concentrations of the drug and reduces the insufficient reach
of drug to its target (Mimeault, et al. 2008). Imatinib is a substrate of P-gp and this
protein reduces the levels of Imatinib before it binds to BCR-ABL (Gorre, et al. 2001).
In a study, the Imatinib resistant CML cell line that is exposed to increasing doses of
imatinib showed an upregulation of P-gp expression and also MDR1, another multidrug
resistance protein, is shown to be overexpressed in CML cell lines that are resistant to
Imatinib. However, in resistant CML patients P-gp overexpression is not observed but
when the Imatinib treated cells from resistant patients are exposed to an inhibitor of P-
gp pump, PSC833, a significant decrease in colony formation is observed (Mahon, et al.
2003). In addition to P-gp there are two other drug transporters that are thought to play a
role in Imatinib resistance. Breast cancer resistance protein (BCRP) and human organic
cation transporter]l (hOCT1) have been involved in Imatinib resistance. Imatinib has
been showed to be a substrate for BCRP drug efflux protein which is also overexpressed
in CML stem cells. On the other hand hOCT]1 protein mediates the active transport of
Imatinib into the cell. In contrast to overexpression of drug efflux proteins, the
inhibition of the hOCT1 protein causes the resistance to Imatinib because of the limited

entrance into the cell (Chuah and Melo 2009).
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1.5.1.1.2.2. Bioactive Sphingolipids in CML

In cancer chemotherapy development of resistance to anticancer drugs and the
relapse of disease is the major obstacle to achieve success. Ceramides act as strong
antitumoral molecules supressing cell growth and proliferation and inducing apoptosis
and differentiation (Pettus, et al. 2002). On the other hand, GlcCer and S1P molecules
converted from ceramide by GCS and SK-1 enzymes act as strong antiapoptotic
molecules inducing cell growth and proliferation and inhibiting apoptosis and
differentiation. GCS enzyme regulates the balance between ceramide and
glucosylceramide which also means that the levels of sensitivity to anticancer drugs
(Gouazé, et al. 2002). There are very strong evidences that show the correlation
between GCS and drug resistance (Senchenkov, et al. 2001). In another study GCS gene
was introduced into sensitive MCF-7 breast cancer cell line and they observed an
apparently increase in the GCS expression levels and as a result the cells became
adriamycin and exogenious ceramide resistant. This study shows that GCS activity
adjusts drug resistance (Liu, et al. 1999). Liu et al downregulated GCS gene with
antisense RNA in adriamycin resistant MCF7 breats adenocarcinoma cells and they
observed a decrease in resistance to anticancer agents which shows that GCS is very
closely related to drug resistance in breast cancer (Liu, et al. 2001). There are many
studies that show us that using inhibitors of GCS enzyme can open a door evading from
resistance that is caused by GCS enzyme activity. These inhibitors synthesize cancer
cells to chemotherapeutic agents. Morjani et al showed that in multidrug resistant MCF7
cells there is an accumulation of GlcCer which is visualized with the help of fluorescent
GlcCer bodipy. These droplets are seen in cytoplasm. Treatment of these cells with
PPMP, an inhibitor of GCS, reduces the amount of droplets which leads to decrease in
resistance of cells (Morjani, et al. 2001). P-gp is specific transporter of GlcCer and in
cells that have an overexpression of P-gp have an accumulation of GlcCer. In consistent
with this informaiton, Gouaze et al showed a relationship between P-gp and GCS. They
observed an inhibition of MDR1 gene when they silenced the GCS gene with siRNA
and reported the reversal of the resistance of adriamycin resistant MCF7 cells (Gouazg,
et al. 2005).

SK1 converts sphingosine to sphingosine-1-phosphate (S-1-P), which means that

this enzyme reduces the levels of apoptotic ceramide. In a study that is carried out with
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A375 melanoma cells, it is showed that these cells gain resistance to Fas and ceramide
mediated apoptosis when they increased the expression levels of SK1 and they reduced
the sensitivity. This result gives the idea that the resistance can be reversed with the
inhibition of SK1 activity (Bektas, et al. 2005). In prostate cancer cell line, PC3, high
levels of SK1 expression is observed in response to camptothecin. Besides, inhibition of
the SK1 expression in this cell line also inhibited cell growth and camptothecin
treatment induces the SK1 pathway (Akao, et al. 2006). These results show us that
SK1/S1PR signaling prevents the cells from chemotherapy induced apoptosis. It was
shown that SK-1 is a prosurvival, antiapoptotic and a migratory factor for breast cancer
cells by Sarkar et al. in 2005 (Sarkar, et al. 2005). Besides, high levels of SK-1 are
observed in tumors from lung cancer patients (Johnson, et al. 2005). French and his
collegues observed that using inhibitors of SK-1 inhibits the cell proliferation without

any toxic effects in animal models in vivo (French, et al. 2003).
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Figure 1.5. Major synthetic and metabolic pathways for ceramide metabolism
(Source: Ogretmen and Hannun 2004)

As it is mentioned above, many studies showed the importance of sphingolipid
metabolism in cancer. Ceramide shows apoptotic, antiproliferative responses, while
glucosylceramide and sphingosine 1 phosphate enhances growth and proliferation,
strategies that provides increases in ceramide levels or decreases GlcCer and S1P levels
or inhibiting the conversion of ceramide into these anti apoptotic molecules should be
developed. These strategies will provide efficient cancer therapy, increase the action of
drugs, provide the reversal of resistance and prevent the adverse effects of
chemotherapy to normal cells.

With the help of all information, sensitization of cancer cells to anti cancer drugs
is possible when we target the sphingolipid metabolism. Molecules that target the
conversion of ceramide into GlcCer or to sphingomyelin by sphingomyelin synthase, to
S1P by sphingosine kinase 1 could be helpful to sensitize cancer cells. Moreover,

combinational therapies mimic or antagonize sphingolipid molecules or synthesis of
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new inhibitors that prevent the conversion of ceramide to GlcCer or S1P, also providing
enhancement of endogenous ceramide levels provides the cells undergo apoptosis and

increases the cytotoxicity of cancer cells.

DRUG SENSITIVE DRUG RESISTANT

senhanced ceramide generation ~ GCS sense cDNA

sresumption of caspase activify I

~decreased colony formation
sincreased DNA fragmentation ~ GCS antisense cDNA

*enhanced ceramide glycosylation
decreased caspase activity
sreduced growth arrest

Figure 1.6. Influence of sense and antisense GCS transfection on response to
chemotherapy (Source: Senchenkov, et al. 2001)

In a study it is observed that combination of C:8 ceramide and paclitaxel
combination significantly inhibits cell proliferation in human head and neck squamous
cells in the S and G2/M phase of cell cycle (Mehta, et al. 2000).

It should also be thought that relapse of the disease may be caused by the
alterations in sphingolipid metabolism and dysfunctional ceramide metabolism.
However, manipulations on this dysfunctional sphingolipid metabolism can reverse this
effect and enhance the sensitivity of cells to anticancer drugs.

In vitro studies approved the effects of ceramide metabolism however; in vivo
studies should be done to observe the effects in an organism. Modrak et al observed that
intravenous administration of sphingomyelin as 10 mg/day for seven days potentiated 5-
FU chemotherapy in human colonic xenograft bearing nude mice (Modrak, el al. 2000).
In another interesting study, in two human colon cancer cell lines the main digestion
product of sphingolipids is detected as sphingosine and treatment of these cell lines with
sphingosine caused apoptosis. These reports show us the digestion products and the
activity of sphingolipids in cancer types (Schmelz, et al. 2001). Day by day, it is
becoming more and more clear that ceramide metabolism, the balance of
ceramide/GlcCer and ceramide/sphingosine-1-phosphate decides the fate of the cell, to

undergo apoptosis or to survive.
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1.5.1.1.2.3. Alpha-1 Acid Glycoprotein

Alpha-1 acid glycoprotein (AGP) is another factor that reduces the levels of
Imatinib inside the cell. There is a strong a relationship between AGP and Imatinib.
When this protein binds to Imatinib, it prevents the activity of the drug (Hamada, et al.
2003). In an interesting study, AGP is isolated from healthy donors and applied with
Imatinib to K562 CML cells in vitro. They observed that growth inhibitory effects of
Imatinib are affected when they applied via this combination against cells. They also
isolated AGP from CML patients and they observed that they have significant higher
levels of this protein when compared to healthy donors. Besides the same combination
applied to CML cells in vitro and they showed that AGP from CML patients showed an
inhibitory effects on Imatinib activity (Jorgensen, et al. 2002). While STI571 is known
to be bound in human serum by both AGP and albumin, the role of increased AGP

levels in STIS71 resistance in CML patients remains unclear (Shah and Sawyers 2003).

1.5.1.1.2.4. Activation of Secondary Tyrosine Kinases

Secondary tyrosine kinases such as SRC family kinases are activated in CML.
The Src family kinases, including Lyn and Hck, are activated in BCR-ABL expressing
cell lines (Jabbour, et al. 2009). Lyn is overexpressed and activated in an Imatinib-
resistant CML cells both in vivo and in vitro. Lyn suppression by a Src kinase inhibitor
resulted in reduced proliferation and survival of the Imatinib-resistant but not the
sensitive cell line (Donato, et al. 2003). Cancer stem cells have been identified in
leukemias and some solid tumors (Donnenberg 2005). Many researchers now suspect
that all cancers are composed of a mixture of stem cells and proliferative cells. These
cancer stem cells make up as few as 1% of the total tumor cells, making them difficult
to detect and study. Therefore, the existence of cancer stem cells provides a tumor
reservoir that is the source of disease recurrence and metastasis. ABCB1 and ABCG2
genes are expressed in both normal stem cells and most tumor stem cells (Lou and Dean
2007). Thus, the major barrier to therapy may be the quiescent tumor stem cell with

constitutive MDR (Liu 2009).
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1.5.2. Nilotinib

To overcome Imatinib resistance, more selective second-generation ABL kinase
inhibitors were developed and have been used in clinical practice (Kantarjian, et al.

2006, Talpaz, et al. 2006).
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Figure 1.7. Chemical structure of Nilotinib
(Source: Weisberg, et al. 20006)

Nilotnib (Tasigna) is one of the most commonly used second generation kinase
inhibitors. Nilotinib is an orally administered kinase inhibitor made by the Novartis
Pharmaceuticals Corporation. Nilotinib was methodically and rationally designed to
create a better topological fit in the ABL kinase domain of BCR-ABL resulting in
enhanced BCR-ABL inhibition. It is an aminopyrimidine derivative of Imatinib,
structurally changed to eliminate two energetically unfavorable hydrogen bonds with
the replacement of the N-methylpiperazine ring of Imatnib by a trifluoromethyl-
substituted phenyl group (Weisberg, et al. 2005 , O’Hare, et al. 2005). Nilotinib does
not inhibit only BCR-ABL kinase activity, but also inhibits c-KIT and platelet derived
growth factor (PDGFR). Like Ima, it only binds the inactive conformation of ABL and
it does not inhibit Src kinases (Weisberg, et al. 2005).

Nilotinib uptake does not involve OCT (White, et al. 2006) which is a properity
of Nilotinib keeping in mind while designing. Nilotinib’s various characteristics makes
it 20-fold more potent against BCR-ABL expressing cells with well-documented
activity against 32 of 33 Imatinib resistant BCR-ABL mutants. However, like Imatinib
Nilotinib is unable to overcome the resistance of the T351 I mutation (Weisberg, et al.

2006).
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Nilotinib is orally bioavailable and has a half life of approximately 15 hours. It
should be taken 2-hours before or 1 hour after meals as food consumption increases its
drug bioavailability. It is metabolized by hepatic oxidation reactions, mainly involving
the CYP3A4 pathway, therefore has potential to interact with CYP3A4 inhibitors and
inducers (Weisberg, et al. 2006).

Nilotinib has been shown to be effective in patients with Imatinib-resistant and
Imatinib-intolerant CML-BC. In 136 patients with CML-BC treated in a phase II study,
overall survival was 42% at 12 months and 27% at 24 months. At 24 months, nilotinib
induced MCyR and CCyR in 38% and 30% respectively of patients with myeloid blast
crises and 52% and 32% respectively of patients with lymphoid blast crises (Giles, et al.
2010, Giles, et al. 2008). In addition, Nilotinib is effective in patients with CML
following Imatinib and Dasatinib (a second generation kinase inhibitor) failure. A phase
IT study, evaluating the safety of Nilotinib 400 mg BID in CML-CP, -AP, and —-BC who
either failed or were intolerant of both Imatinib and Dasatinib, demonstrated clinical
activity in these patients (Giles, et al. 2007). Nilotinib is generally well tolerated. The
most common hematologic adverse events are neutropenia and thrombocytopenia.

In patients with baseline kinase domain point mutations, the in vitro sensitivity
of the mutant colone correlates with response. Baseline mutation database has been
evaluated in 288 patients with CML-CP from the phase II nilotinib registration trial.
After 12 months of therapy, those with highly in vitro nilotinib sensitive mutations
(cellular IC50 < 150 nM) showed the best responses with MCyR,CCyR and MMR of
60%,40% and 29% respectively, which were equivalent to those without baseline
mutations. These include M244V, L248V, G250E, Q252H, E275K, D276G, F317L,
M351T, E355A, E355G, L387F and F486S. The patients who had less sensitive
mutations (cellular IC50 < 201-800 nM) had less favorable responses to nilotinib and
none achieved CCyR. These mutations include Y253H, E255K/V, and F359C/V
Patients with the T3151 mutation, which has IC50 >10,000 nM (Weisberg et al. 2006)
remain highly resistant to nilotinib (Hughes, et al. 2009, Saglio, et al. 2010).
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Figure 1.8. The action of Nilotinib binding
(Source: Novartis 2010)
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1.6. Aims of the Study

Multidrug resistance remains a significant impediment to successful
chemotherapy. The ability to determine the possible resistance mechanisms and
circumvent the resistance is likely to improve treatment with Nilotinib. Nilotinib is a
very effective drug in the treatment of Imatinib-resistant patients and even first
diagnosed chronic myeloid leukemia patients.

Although very high hematologic and cytogenetics responses have been obtained
in Nilotinib-treated patients, resistance cases were observed recently. The main
objectives of the project are firstly to develop Nilotinib resistance and secondly to
understand the mechanisms underlying multidrug resistance to Nilotinib in order to

define new targets for the treatment of CML.
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CHAPTER 2

MATERIAL AND METHODS

2.1. Reagents

Nilotinib was a gift from Novartis, (Switzerland). It was dissolved in DMSO and
10mM stock solution was prepared and stored at -20°C. The final concentration of
DMSO did not exceed more than 0.1% in culture. Primers were obtained from Eurofins,
Germany. RPMI1640, heat-inactivated fetal bovine serum (FBS), L-glutamine,
penicillin-streptomycin and trypsin EDTA were obtained from Biological Industries,
Israel. RNeasy RNA isolation kit, QIAquick gel extraction kit, Taq DNA Polymerase
was obtained from Finnzymes, (FI). Long PCR Enzyme Mix was obtained from
Fermentas, (USA). Bradford dye and coomassie blue were obtained from Sigma,
(USA). ANTP set, DNA ladder was obtained from AMRESCO, (USA). Caspase-3
colorimetric assay kit was obtained from BioVision, (USA). JC-1 mitochondrial
membrane potential detection kit was obtained from APO LOGICTM JC-1 from
BACHEM, (USA). Reverse-Transcription system and bovine serum albumine (BSA),
trypan blue solution, B-mercaptoethanol, dimethyl sulfoxide (DMSO), agarose were
also obtained from Sigma, (USA).

2.2. Cell Lines and Culture Conditions

K562 human CML cells were obtained from the German Collection of
Microorganisms and Cell Cultures (Germany). The cells were cultured in RPMI-1640
growth medium containing 10-20% fetal bovine serum and 1% penicillin-streptomycin
(Invitrogen) at 37°C in 5% CO,. Medium was refreshed every 3 days. The cell
suspension was taken from tissue culture flask into a sterile falcon tube and then the
cells were centrifuged for 10 minutes (min) at 1000 rpm. After centrifugation the
supernatant was removed and the pellet washed with 2 mL PBS. After washing the cells

were centrifuged again at 1000 rpm for 10 min. After centrifugation, supernatant was
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removed and the pellet was resuspended in 20 mL of RPMI1640 and transferred into a

sterile 75 cm? tissue culture flask.

2.3.Thawing the Frozen Cells

Cells were removed from frozen storage and quickly thawed in a 37 C water
bath to obtain the highest percentage of viable cells. When the ice crystals melted, the
content was quickly taken into a sterile falcon tube and washed with PBS or medium.

Then the cells were cultured in 25 ¢cm? tissue culture flask in RPMI1640 medium.

2.4. Cell Viability Assay with Trypan Blue

Viable cells are normally impermeable to trypan blue dye. Breakdown in
membrane integrity causes the uptake of the trypan blue into cell. Cells can be observed
as unstained cells that are live or blue stained cells that are dead. For trypan blue dye
exclusion analysis, cells were counted using a hematocytometer in the presence of

trypan blue solution at a 1:1 ratio (volume/volume), before each experiment.

2.5. Generation of Nilotinib Resistant K562 Cells

Generation of resistant sub-lines was carried out as described previously (Baran,
et al. 2007). K562 human CML parental cells maintained in liquid cultures were
exposed to stepwise increasing concentrations of Nilotinib, starting with a concentration
of 1 nM. After the cells acquired the ability to grow in the presence of a specific
concentration of the drug, cells were grown at the next highest drug level, again. The
level of resistance was defined by the Nilotinib concentration at which the growth rate
of cells was comparable to that of untreated parental cells. As a final dose, 50 nM
Nilotinib was applied to cells and subpopulations of the cells that were able to grow in

the presence of 50 nM Nilotinib, were referred to as K562/NIL-50.
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2.6. Cell Proliferation Assay

Anti-proliferative effects of Nilotinib were determined by XTT cell proliferation
assay. The principle of this assay based on the formation of tetrazolium salts into
formazan by the mitochondrial enzyme and these formazan molecules give an
absorbance at 490 nm. Briefly, 96-well plates were seeded as 2x10* cells/well
containing 200ul of the growth medium in the absence or presence of increasing
concentrations of Nilotinib. The cells were incubated at 37°C in 5% CO, for 72 hours
(h). Then, they were treated with 40 pul XTT for 4 h at CO; incubator. After that, the
plates were read under 490 nm wavelengths by Elisa reader (Thermo Electron
Corporation Multiskan Spectrum, Finland). Finally, IC50 (the concentration of drug that
inhibits 50% of cell proliferation as compared to untreated control) was calculated from

cell proliferation plots.

2.7. Measurement of Changes in Caspase-3 Enzyme Activity

Caspase-3 Fluorometric Assay Kit (R & D Systems, USA) was used for the
detection of caspase-3 activity. The activity assay was performed as described by the
manufacturer. Briefly, 1 X 10° cells were seeded in six-well plate in 2 ml growth
medium in the absence or presence of increasing concentrations of Nilotinib for 72 h.
Then, they were collected by centrifugation in a Falcon tube at 1000 rpm for 10 min.
The supernatant was gently removed and discarded while the cell pellet was lysed by
the addition of the Lysis Buffer. Cold Lysis Buffer (100 uL) was added for each sample.
The cell lysate was incubated on ice for 10 min before centrifugation at 14000 rpm for 1
min. Then, the supernatants were transferred to new microcentrifuge tubes. The
enzymatic reaction for caspase activity was carried out in a 96-well flat bottom
microplate that can be read with a microplate reader equipped with fluorescence
detection capabilities. For each reaction, 20 pl of assay buffer (5X), 25 pul of sample, 50
ul of sterilized water, and 5 pl of caspase-3 colorimetric substrate (DEVD-pNA) was
prepared and incubated for 2 hours at 37°C. The samples were read under 405 nm
wavelengths by Elisa reader (Thermo Electron Corporation Multiskan Spectrum,

Finland).
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2.8. Determination of Protein Concentration by Bradford Assay

Caspase-3 activity levels were normalized to total protein amounts for each
sample determined by Bradford Assay. For this purpose, a dye called Coomassie
Brilliant Blue was used to detect the levels of protein levels. The form of the dye that is
bound to proteins has an absorption spectrum maximum at 595 nm. The cationic form,
that is unbound form of the dye, is brown while binding of the dye to protein stabilizes
it turns into a blue colour that is anionic form. The measured absorbance rises with the
increasing concentrations of protein. We prepared a series of standard protein solutions
by using BSA (Bovine Serum Albumine) diluted with 1X PBS (Phosphate Buffered
Saline). After measuring protein concentrations by Bradford assay, enzyme activity

levels were normalized to protein concentrations.

2.9. Detection of the Loss of Mitochondrial Membrane Potential

Mitochondrion has a crucial role in the induction of intrinsic apoptosis via the
loss of mitochondrial membrane potential (MMP). During this process, the
electrochemical gradient across the mitochondrial membrane collapses. The reasons of
this collapse is thought that the formation of pores in the mitochondria by dimerized
Bax or activated Bid, Bak, or Bad proteins. Activation of these pro-apoptotic proteins
causes the release of cytochrome ¢ into the cytoplasm. APO LOGIX JC-1 Assay Kit
(Cell Technology, USA) was used to measure the loos of mitochondrial membrane
potential in both K562 and K562/NIL-50 cells as described by the manufacturer.

In short, the cells that had been induced to apoptosis were collected by
centrifugation at 1000 rpm for 10 minutes. Supernatants were removed, and 500 pl of
JC-1 dye (1%) was added onto the pellets. After incubation of cells for 15 minutes at
37°C in 5% CO,, they were centrifuged at 1000 rpm for 5 minutes. Then, 2 ml of assay
buffer was added onto the pellets, and they were centrifuged for 5 minutes at 1000 rpm.
All the pellets were resuspended with 500 ul assay buffer, and 150 pl from each of them
was added into black 96-well plate as triplicate. The aggregate red form has
absorption/emission maxima of 585/590 nm, and the green monomeric form has

absorption/emission maxima of 510/527 nm. The plate was read in these wavelengths
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by fluorescence Elisa reader (Thermo Varioskan Spectrum, Finland). Finally, green/red

(510/585) values were calculated to determine the changes in MMP.

2.10. Nucleotide Sequence Analyses of ATP Binding Site of ABL
Kinase Domain in K562 and K562/NI1L-50 Cells

To see whether a point mutation in the BCR-ABL ATP-binding domain was
responsible for the resistance in K562/NIL-50 cells against to Nilotinib, sequencing of
the cDNA portion corresponding the entire ABL kinase domain was performed. Total
RNA:s, isolated from K562 and K562/NIL-50 cell lines, were converted to cDNA by
Reverse Transcriptase enzyme (Table 2.1). Then, to amplify the ABL kinase domain of
the BCR-ABL allele with forward primer BCRF (5°-
TGACCAACTCGTGTGTGAAACTC-3’) and reverse primer ABLKinaseR (5°-
TCCACTTCGTCTGAGATACTGGATT-3"), a long PCR methods was used as
described  previously  (Brandford, et al. 2000). ABLkinaseF  (5’-
CGCAACAAGCCCACTGTCT-3’) as a forward primer and ABLkinaseR as a reverse
primer were used for a second-stage PCR. After that, the final PCR products were run
on a 1% agarose gel at 90 V for 1 h and the ABL band was isolated from gel by DNA
Gel Extraction Kit as described by the manufacturer (Fermentas, USA). The entire
kinase domain was sequenced in the forward and reverse directions (Applied
Biosystems 3130xl). Finally, the 863 bases including area compared to the c-ABL

known sequence (Gene Bank accession number: M14752).
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Table 2.1. Ingredients of reverse transcription reaction

Ingredients Amount (uL)
RNAse Free Water 6,5
Total RNA (1,5 pg) 3

5X Buffer 4
Random Primers (0.5 pg/ul) 1
RNAse Inhibitor (50U/uL) 0,5
dNTP (10 mM) 4
Moloney Murine Reverse Transcriptase enzyme (200 U/uL) 1
Total 20

2.11. Total RNA Isolation and Reverse Transcriptase-PCR

The expression levels of ceramide synthase genes (LASS1-6), and ceramide
clearance genes (SK-1 and GCS) were investigated by RT-PCR in response to Nilotinib
in K562 cells. Firstly, the cells were incubated in the absence and presence of increasing
concentrations of Nilotinib, and total cellular RNAs were isolated by using RNA
Isolation Kit (Macherey-Nagel, USA). Recovered RNA concentration was measured by
Nanodrop ND-1000 (260/280 and 260/230 ratios). 1 ug of total RNA was reverse
transcribed into ¢cDNA by using reverse transcriptase enzyme (Moroney Murine
Leukemia Virus Reverse Transcriptase, Fermentas, USA). After 60 min incubation at
42 °C, the reactions were stopped at 70 C° for 10 min. The resulting total cDNA was
used in PCR to measure the mRNA levels of LASS1-6, SK-1, GCS, apoptosis genes,
transport genes and BCR-ABL with B actin as an internal positive control. Primer

sequences were given in Table 2.2.
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Table 2.2. Forward and reverse primers used in this study

Houskeeping Gene

B-actin-Forward

(5’-CAGAGCAAGAGAGGCATCCT-3)

B-actin-Reverse

(5’-TTGAAGGTCTCAAACATGAT-3’)

Ceramide Metabolising
Genes

GCS-Forward

(5°-ATGACAGAAAAAGTA-3)

GCS-Reverse

(5’>-GGACACCCCTGAGTG-3)

SK-1-Forward

(5’-CCGACGAGGACTTTGTGCTAAT-3),

SK-1-Reverse

(5’-GCCTGTCCCCCCAAAGCATAAC-3’)

LASS1-Forward

(5’-CTATACATGGACACCTGGCGCAA-3")

LASSI1-Reverse

(5’-TCAGAAGCGCTTGTCCTTCACCA-3’)

LASS2-Forward

(5>-GCTGGAGATTCACAT-3’,)

LASS2-Reverse

(5-GAAGACGATGAAGAT-3")

LASS4-Forward

(5’-TGCTGTCCAGTTTCAACGAG-3’)

LASS4-Reverse

(5’-GAGGAAGTGTTTCTCCAGCG-3°)

LASS5-Forward

(5’-TCCTCAATGGCCTGCTGCTG-3)

LASS5-Reverse

(5’-CCCGGCAATGAAACTCACGC-3’)

LASS6-Forward

(5’-CTCCCGCACAATGTCACCTG-3’)

LASS6-Reverse

(5’-TGGCTTCTCCTGATTGCGTC-3’)

Apoptosis Genes

Bax- Forward

(5’-ACCAAGAAGCTGAGCGAGTGT-3)

Bax- Reverse

(5~ ACAAACATGGTCACGGTCTGC-3")

Bcl-xLL Forward

(5’-GGAGCTGGTGGTTGACTTTCT-3’)

Bcel-xLL Reverse

(5°-CCGGAAGGTTCATTCACTACT-3")

CASPASE-3 Reverse

(5’-GGTTAACCCGGGTAAGAATGTGCA-3’)

CASPASE-3 Forward

(5’-CTCGGTCTGGTACAGATGTCGATG-3’)

BcL-2 Forward

(5’-AGATGTCCAGCCAGCTGCACCTGAC-3?)

BcL-2 Reverse

(5’-AGATAGGCACCCAGGGTGATGCAAGCTT-3’)

Transporter Genes

LRP Forward

(5-CGCTGCTTGATTTTGAGGAT-3")

LRP Reverse

(5’-CGAGAATCACGCAGTAGTTG- 3’)

MRP1 Forward

(5-TAGAGGACTTCGTGTCAGCC-3)

MRP1 Reverse

(5’-GTCCATGATGGTGTTGAGCC-3’)

MDRI1 Forward

(5-TACAGTGGAATTGGTGCTGGG-3")

MDRI1 Reverse

(5’-CCCAGTGAAAAAATGTTGCCA-3’)

BCRP Forward (5’-TACAGTTCTCAGCAGCTCTTCG-3’)

BCRP Reverse (5’-CAACTTGAAGATGGAATATCGAG-3’)
BCR-ABL

B2B (5’-ACAGAATTCGCTGACCATCAATAAG-3)
CA3 (5’-TGTTGACTGGCGTGATGTAGTTGCTTGG-3")
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PCR mixture was prepared in the sterile 0.5 mL eppendorf tubes (Table 2.3).
Amplification conditions were maintained in 35 cycles. The expression levels were
quantified by Quantitivel program (BioRad, USA) using the imaging system after

running PCR products in agarose gels, followed by ethidium bromide staining.

Table 2.3. Ingredients of PCR solutions for all genes

Reaction Mixture Amount (uL)
PCR grade water 32.5
Reaction buffer (10x) 5
MgCI2 (25 mM) 5
dNTP (2 mM) 4
Primer forward (20 pmol/uL) 0.5
Primer reverse (20 pmol/uL) 0.5
cDNA 2

Taq DNA Polymerase 0.5
Total Mixture 50
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Cytotoxic Effects of Nilotinib on K562 and K562/NIL-50 Cells

To explore the mechanisms responsible for Nilotinib resistance, human K562
CML cells were exposed to step-wise increasing concentrations of the drug (1-50 nM)
for several months, and the sub-clones that expressed resistance were selected. Firstly,
the degree of resistance was determined by measuring the IC50 values of Nilotinib at 72

h using XTT cell proliferation assay.
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Figure 3.1. Antiproliferative effects of Nilotinib on K562 and K562/NIL-50 cells. The
error bars represent the standard deviations, and when not seen, they are
smaller than the thickness of the lines on the graphs. Statistical significance
was determined using two-way analysis of variance, and P,0.05 was
considered significant.

As shown in Figure 3.1, K562 cells that survived upon chronic exposure to 50
nM Nilotinib, which were referred to as K562/NIL-50 and, showed more than 10-fold

resistance, as compared to its parental sensitive counterparts. The inhibitory
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concentration (IC50) values of Nilotinib that inhibits growth by 50% in these cells were
35 nM and 386,5 nM for K562 and K562/NIL-50 cells, respectively (Figure 3.1).

3.2. Apoptotic Effects of Nilotinib on K562 and K562/NIL-50 Cells

To make sure whether the resistant cells (K562/NIL-50) are resistant to Nilotinib
or not, we performed apoptotic assays including mitochondrial membrane potential and
Caspase-3 enzyme activity, as two important apoptotic indicators.

Firstly, changes in MMP was measured in K562 and K562/NIL-50 cells using
the JC-1 mitochondrial membrane potential detection kit by varioscan. Treatment with
10 nM Nilotinib for 72 h caused a significant loss of MMP (about 5-fold), as measured
by increased accumulation of cytoplasmic monomeric form of JC-1, in parental K562,
but not in resistant K562/NIL-50 cells (about 1,15 fold). Moreover, when 500 nM
Nilotinib such a very high dose was even applied to resistant cells, decrease in MMP
(1,65- fold) was still below the decrease in MMP in 10 nM Nilotinib treated cells
(Figure 3.2 and Figure 3.3). Thus, these data confirmed that K562/NIL-50 cells exert

significant resistance to Nilotinib-induced loss of MMP.
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Figure 3.2. Percent changes in mitochondrial membrane potential in K562 cells treated
with Nilotinib. The error bars represent the standard deviations, and when
not seen, they are smaller than the thickness of the lines on the graphs.
Statistical significance was determined using two-way analysis of variance,
and P,0.05 was considered significant.
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Figure 3.3. Percent changes in mitochondrial membrane potential in K562/NIL-50 cells
treated with Nilotinib. The error bars represent the standard deviations, and
when not seen, they are smaller than the thickness of the lines on the graphs.
Statistical significance was determined using two-way analysis of variance,
and P,0.05 was considered significant.

Secondly, the activation of pro-caspase-3 of parental and resistant K562 cells

was measured using the caspase-3 activity assay by fluoresecent spectrophotometer.

Treatment of parental K562 cells for 72 h with 10 nM Nilotinib resulted in 1,24-fold

increase in caspase-3 activity (Figure 3.4) , whereas treatment of K562/NIL-50 cells at

the same concentration only have partial effects, as 0,6-fold increase, on the activation

of caspase-3 (Figure 3.5). Thus, these data confirmed that K562/NIL-50 cells exert

significant resistance to Nilotinib-induced caspase activation.
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Figure 3.4. Fold changes in caspase-3 enzyme activity in response to Nilotinib in K562
parental cells. The error bars represent the standard deviations, and when
not seen, they are smaller than the thickness of the lines on the graphs.
Statistical significance was determined using two-way analysis of variance,
and P,0.05 was considered significant.
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Figure 3.5. Fold changes in caspase-3 enzyme activity in response to Nilotinib in
K562/NIL-50 cells. The error bars represent the standard deviations, and
when not seen, they are smaller than the thickness of the lines on the
graphs. Statistical significance was determined using two-way analysis of
variance, and P,0.05 was considered significant.
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3.3. Mechanisms of Nilotinib Resistance in CML

3.3.1. Expression Levels of BCR-ABL Gene in K562 and K562/NIL-50
Cells

Expression levels of BCR-ABL were analyzed in K562 and K562/NIL-50 cells
by RT-PCR. Indeed, the data showed that K562/NIL-50 cells overexpress BCR-ABL
when compared to their parental sensitive counterparts (Figure 3.6). Quantification
analyses of BCR-ABL gene expression was conducted by Quantitivel programme and
the results showed that there was 51% increase in expression of BCR-ABL gene in

K562/NIL-50 cells, as compared to parental K562 cells.

K562 K562 -NIL- 50

Bcr-Abl

B=ta actin

Figure 3.6. Expression analyses of BCR-ABL in parental and resistant CML cells.
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Figure 3.7. Quantification of expression analysis of BCR-ABLgene in K562 and
K562/NIL-50 cells. The error bars represent the standard deviations, and
when not seen, they are smaller than the thickness of the lines on the
graphs. Statistical significance was determined using two-way analysis of
variance, and P,0.05 was considered significant.

3.3.2. Sequence Analysis in Nilotinib Binding Site of ABL Kinase
Region in Sensitive and Resistant Cells

To evaluate whether mutations on the ABL kinase domain effect the binding
efficiency of Nilotinib or not, sequence analyses of ABL kinase region were examined
in parental and resistant K562 cells. The data revealed that there were no detectable
mutations on this site of BCR-ABL in any of the K562/NIL-50 (Figure 3.8) comparing
to parental K562 (Figure 3.9).
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Figure 3.8. Nucleotide sequence analyses of ABL kinase region of resistant K562/NIL-
50 cells.

\l!l!lklh ll“hlhml llﬂ!mmlulllm ll.\ luﬂ.mﬂlnlhdulnh Aluuhum l“

Figure 3.9. Nucleotide sequence analyses of ABL kinase region of parental K562 cells.

3.3.3. Expression Levels of Apoptosis Related Genes in K562 and
K562/NIL-50 Cells

Expression levels of apoptosis related genes including Bcl-2, Bel-xL, Cas3 and
Bax were analyzed in K562 and K562/NIL-50 cells by RT-PCR (Figure 3.10). The data
showed that K562/NIL-50 cells significantly inhibit expression of Bax gene when
compared to its parental sensitive counterparts. However, there were not significant
changes in expression levels of the other genes (Bcl-2, Bel-xL, Cas3). Quantification

analyses of the genes expression was conducted by Quantitivel programme and the
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results showed that there were around 2%, 3%, 0% and 25% decrease in K562/NIL-50

cells in expression of Bcl-2, Bel-xL, Cas3 and Bax genes , respectively, as compared to

parental counterpart cells (Figure 3.11).

K562 K562 NIL- 50

Figure 3.10. Expression analysis of apoptosis related genes in K562 and K562/NIL-50
cells.
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Figure 3.11.

Quantification of expression analysis of apoptosis related genes in K562
and K562/NIL-50 cells. The error bars represent the standard deviations,
and when not seen, they are smaller than the thickness of the lines on the
graphs. Statistical significance was determined using two-way analysis of
variance, and P,0.05 was considered significant.
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3.3.4. Expression Levels of Ceramide Metabolising Genes in K562 and
K562/NIL-50 Cells

To determine that whether bioactive sphingolipids are involved in Nilotinib
resistance, expression levels of GCS, SK-1 and Lass family genes were analyzed. The
data showed that K562/NIL-50 cells overexpress significantly GCS and SK-1 genes
when compared to its parental sensitive counterparts. Besides, a decrease in expression
levels of Lassl gene was observed, while the other lass family genes including Lass2,
Lass4, Lass5 and Lass6 were unexpectedly upregulated. Quantification analyses of the
genes expression was conducted by Quantitivel programme and the results showed that
there were 55% and 70% significant increase in K562/NIL-50 cells in the expression
levels of GCS and SK-1 genes , respectively, as compared to parental counterpart cells

(Figure 3.13).

SK-1

GCS

Beta actin

Figure 3.12. Expression analysis of GCS and SK-1 genes in K562 and K562/NIL-50
cells.

39



Ceramide Metabolising Genes
_ 200
:
3 180
c 160 T
2
@ 140
@
5 120
>
w100
S
Z 80
€ 60
£
w 40
Q
g 20
g
(W] 0 T T T T
X Sgcs Rgces Sskl Rskl

Figure 3.13. Quantification of expression analysis of GCS and SK-1 genes in K562 and
K562/NIL-50 cells. The error bars represent the standard deviations, and
when not seen, they are smaller than the thickness of the lines on the
graphs. Statistical significance was determined using two-way analysis of
variance, and P,0.05 was considered significant.

Moreover, there was around 9% decrease in the gene expression level of Lass1.
But there were unexpectedly 10%, 13%, 2% and 12% increase in the expression levels

of Lass2, Lass4, Lass5 and Lass6, respectively (Figure 3.15).

K362 K562 NIL-5¢

Lassl

Lass2

Lassd

Lasss

Lasso

Betaactin

Figure 3.14. Expression analysis of Lass family genes in K562 and K562/NIL-50 cells.
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Figure 3.15. Quantification of expression analysis of Lass family genes in K562 and
K562/NIL-50 cells. The error bars represent the standard deviations, and
when not seen, they are smaller than the thickness of the lines on the
graphs. Statistical significance was determined using two-way analysis of
variance, and P,0.05 was considered significant.

3.3.5. Expression Levels of Transport Family Genes in K562 and
K562/NIL-50 Cells

To see the role of transport genes on Nilotinib resistance , expression levels of
transport family genes including MDR1, MRP1, BCRP and LRP were analyzed in
K562 and K562/NIL-50 cells by RT-PCR. The data showed that K562/NIL-50 cells
inhibit expression of MDRI1, BCRP and LRP genes when compared to its parental
sensitive counterparts, while these cells overexpress MRP1 gene. Quantification
analyses of the genes expression was conducted by Quantitivel programme and the
results showed that there were around 30%, 6%, 19% decrease and 14% increase in
K562/NIL-50 cells in expression of MDRI1, BCRP, LRP and MRPI genes |,

respectively, as compared to parental counterpart cells (Figure 3.17).
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Figure 3.16. Expression analysis of transport family genes in K562 and K562/NIL-50

cells.
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Figure 3.17. Quantification of expression analysis of transport family genes in K562
and K562/NIL-50 cells. The error bars represent the standard deviations,
and when not seen, they are smaller than the thickness of the lines on the
graphs. Statistical significance was determined using two-way analysis of
variance, and P,0.05 was considered significant.
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CHAPTER 4

CONCLUSION

CML is a model disease since its discovery. Because CML was the first
neoplasm associated with a chromosomal translocation, known as the Philadelphia
chromosome. This feature has opened the door that provides an adequate and effective
treatment for CML. After a while, the availability of a molecular targeted therapy has
profoundly changed the management of CML and defied general ideas about cancer
treatment (Hehlmann, et al. 2007).

Imatinib is the first tyrosine kinase inhibitor showing strong activity in chronic
and accelerated phase while it is less effective in the blast phase of CML (Savage and
Antham 2002). Unfortunately, the emergence of resistance was observed which is the
major problem in CML treatment (Walz and Sattler 2006, Deininger 2005). Then, the
second generation tyrosine kinase inhibitors were designed to overhelm the resistance,
such as Nilotinib. Nilotinib now is used as a first line treatment with approval by FDA
since July 2010. However, there have been recently observed Nilotinib resistance cases
in CML patients.

In order to produce Nilotinib resistant sub-lines of human CML cell line, K562
cells were cultured in the presence of gradually increasing concentrations (1 nM to 50
nM) of Nilotinib over a period of 15 months. However, rare Ph positive K562 cells were
observed which were unaffected by concentrations of Nilotinib that suppress the
proliferation of most CML cells. These sub-lines with differential sensitivity to
Nilotinib were generated from Nilotinib sensitive BCR-ABL positive human CML cells
and the possible molecular mechanisms of resistance to Nilotinib induced apoptosis
were investigated.

The overall difficulty through this study was to generate resistant sublines from
the parental sensitive cells. Obtaining rare survivors from all cells, even when subjected
to a gradual exposure to Nilotinib in liquid culture, suggested that resistant cells arose in
response to selective pressure of the inhibitor. This point is important because it is
emphasized the specificity and high efficacy of this drug for the control of proliferation

of BCR-ABL positive cells. Also, it was observed that although the tyrosine kinase
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inhibitor did not kill these resistant sublines, in the beginning their proliferation was
slowed in comparison with the parental cultures, suggesting that a delaying effect over
the cell cycle was still elicited by the drug.

Although similar approach was used in various studies to derive Imatinib
resistance starting with Ph-positive cell lines previously, including AR230, LAMAS84
and K562 (Mahon, et al. 2000, Baran, et al. 2007), there are not much studies using
similar methods about Nilotinib resistance. By the same group, it was also developed
Nilotinib resistant AR230, LAMA®84 and K562 cell lines (Mahon, et al. 2008).
However, the degree of resistance was just 20 nM Nilotinib. We could develope 50 nM
Nilotinib resistant K562 cell line, to our current knowledge, the highest concentration in
the literature.

It has been well documented that the degree of BCR-ABL expression appears to
be directly proportional to the levels of drug resistance (Mahon, et al. 2000, Weisberg,
et al. 2000). In this study, in mRNA levels it was observed that BCR-ABL was
overexpressed in K562/NIL-50 cells as compared to parental sensitive counterparts.
Besides, Mahon et al. showed that resistance to Nilotinib may be mediated by
upregulated expression of BCR-ABL (Mahon, et al. 2008).

Another mechanism for the development of resistance, which is today best-
characterized, was due to selection of cells with mutated BCR-ABL in the Imatinib
binding domain in various CML cell lines (Wang, et al. 2007). An extensive search for
the presence of all mutations in parental and resistant K562/NIL-50 cells using RT-PCR
followed by direct sequencing failed to identify any of these mutations. These findings
may show that resistance to Nilotinib in these resistant human CML cells did not result
from any mutation in Nilotinib binding site of ABL kinase domain.

On the other hand, there has been BCR-ABL independent mechanisms reported
for leading resistance in various CML cells. Nilotinib resistance can be due to a failure
to induce apoptosis. The signals inducing apoptosis could be blocked and/or anti-
apoptotic genes’ overexpression can be observed in resistant cells. The Bcl-2 protein
can block apoptosis induced by most chemotherapeutic agents (Reed, et al. 1996).
Upregulation of anti-apoptotic Bcl-2 by Lyn-kinase-dependent mechanism (Dai, et al.
2004) and by BCR-ABL gene in hematopoietic cells (Salomoni, et al. 2000) has been
shown to be involved in resistance to Imatinib. In our results, it was observed that only
Bax was dowregulated. While expecting upregulation in expression levels of Bel-2 and
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Bcl-xL, there were only moderate changes. Bax is a pro-apoptotic molacule which
forms pore resulting in a loss of mitochondrial membrane potential which activates
proteases (caspase-3, -7 and -9) and nucleases by cytochrome-c release from
mitochondria (Zamzami, et al. 1998). These data are in agreement with this study which
showed that in Nilotinib treated parental human CML cells, there were significant losses
in mitochondrial membrane potential and an increase in caspase-3 enzyme activity
resulting in higher number of cells in apoptosis. Thus, the pro-apoptotic effects of
Nilotinib may be explained by a rapid and sustained inhibition of BCR-ABL, leading to
induction of mitochondria dependent apoptosis in parental cells. In steady state levels,
decreases were detected in loss of mitochondrial membrane potential and in caspase-3
activity in resistant cells as compared to parental sensitive counterparts. Mitochondrial
membrane potential and caspase-3 enzyme activity analyses revealed that although
higher concentrations of Nilotinib were applied, there were almost no loss of
mitochondrial membrane potential and no increase in caspase-3 enzyme activity in
resistant cells.

In addition, transporter mediated tyrosine kinase inhibitor efflux has been
implicated as a possible mechanism for resistance to Imatinib (Thomas, et al. 2004,
Jiang, et al. 2007). However, there has been significant controversy in the field
regarding the potential of ABC transporters to confer drug resistance. There are several
studuies showing that MDR1 and BCRP transporters are involved in Nilotinib
resistance as a substrate or an inhibitor (Dohse, et al. 2010, Brendel, et al. 2007). The
report that has been published as describing the interaction of Nilotinib with BCRP,
suggesting Nilotinib is a BCRP substrate (Brendel, et al. 2007), while there is another
study showed that in higher concentrations, Nilotinib reduced both MDR1 and BCRP
activities (Hegedus, et al. 2009). Like these results, we showed that 50 nM Nilotinib
concentration might inhibit expression levels of MDR1 and BCRP significantly in K562
CML cells. Besides this, in this study, we showed that MRP1 overexpression may be
responsible for Nilotinib resistance. Although there are only a few reports about the role
of MRP1 in drug resistance in the literature, Shen et al. showed that Nilotinib reverses
MRP7 mediated paclitaxel resistance at very high concentration (5 pM), another
member of MRP family transporter. Concentration may be responsible for determining
whether Nilotinib assumes the phenotype of substrate or inhibitor. Our results also
showed that there was a inhibition in expression levels of LRP, but there is not sufficent
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data in the literature about the role of LRP in Nilotinib resistance. After confirmation
with different perspectives that show LRP is really dowregulated, it can be said
Nilotinib may be inhibitor of LRP.

Furthermore, we examined the roles of bioactive sphingolipids in the regulation
of Nilotinib resistance in human K562 cells, as another BCR-ABL independent
mechanism. Bioactive sphingolipid ceramide is involved in mediating anti-proliferative
responses via various different mechanisms in human cancer cells (Ogretmen and
Hannun, 2004). It has been well documented that treatment with some
chemotherapeutic agents results in increased generation and/or accumulation of
endogenous ceramide either via the activation of the de novo pathway (LASS1-6 genes),
or by increased activity of SMases (Ogretmen and Hannun, 2004). However, any role
for Nilotinib in inducing the generation of ceramide in human CML cells has not been
examined previously. Here, the data showed that there were significant increase in
expression levels of GCS and SK-1 genes which are responsible enzymes for increasing
levels of antiapoptotic forms of ceramide. There are several reports showing SK-1 is
overexpressed in distinct cancer types (Sobue, et al. 2006, French, et al. 2003, Li, et al.
2007). Besides, GCS overexpression has been observed in Imatinib resistant human
CML cells (Unpublished data from our lab). Another support for the involvement of
GCS in drug resistance came from transfection experiments, which showed that
overexpression of the enzyme resulted in increased resistance to adriamycin in drug
sensitive MCF-7 tumor cells (Liu, et al. 1999). Decrease in expression levels of LASS1
that selectively regulates the synthesis of C;g-ceramide (Venkataraman, et al. 2002),
was observed, while LASS2, LASS4, LASS5 and LASS6 were still upregulated. These
data are in agreement with the study which showed that when LASS1 was
overexpressed, Imatinib resistant cells increased the sensitivity to Imatinib, suggesting
that upregulation of ceramide generation might help for improving response to Imatinib.
However, the overexpression of LASS2, LASSS and LASS6 did not cause any change
in Imatinib resistant cells (Baran, et al. 2007). According to these results, decrease in
expression of LASS1 may also be responsible for Nilotinib resistance.

What is more, the data presented here have important implication for designing
novel therapies for the treatment of CML. For example, in addition to the inhibition of
BCR-ABL, targeting ceramide metabolism by increasing its synthesis and/or
modulating its metabolism may provide improved strategies for the treatment of CML.
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As a conclusion, in this study, Nilotinib resistant cell line is developed at very
high concentration, such as 50 nM. More importantly, these results show that ceramide
metabolising genes including GCS, SK-1 and LASS1 may be involved in the regulation

of Nilotinib resistance in K562 cells.

47



REFERENCES

Aguilera, D. G., and A. M. Tsimberidou. 2009. Dasatinib in chronic myeloid leukemia:
areview. Ther Clin Risk Manag 5 (2):281-9.

Akao, Y., Y. Banno, Y. Nakagawa, N. Hasegawa, T. J. Kim, T. Murate, Y. Igarashi, and
Y. Nozawa. 2006. High expression of sphingosine kinase 1 and S1P receptors in
chemotherapy-resistant prostate cancer PC3 cells and their camptothecin-
induced up-regulation. Biochem Biophys Res Commun 342 (4):1284-90.

Baran, Y., A. Salas, C. E. Senkal, U. Gunduz, J. Bielawski, L. M. Obeid, and B.
Ogretmen. 2007. Alterations of ceramide/sphingosine 1-phosphate rheostat

involved in the regulation of resistance to imatinib-induced apoptosis in K562
human chronic myeloid leukemia cells. J Biol Chem 282 (15):10922-34.

Baran, Y., A. U. Ural, and U. Gunduz. 2007. Mechanisms of cellular resistance to
imatinib in human chronic myeloid leukemia cells. Hematology 12 (6):497-503.

Bedi, A., B. A. Zehnbauer, J. P. Barber, S. J. Sharkis, and R. J. Jones. 1994. Inhibition
of apoptosis by BCR-ABL in chronic myeloid leukemia. Blood 83 (8):2038-44.

Bektas, M., P. S. Jolly, C. Muller, J. Eberle, S. Spiegel, and C. C. Geilen. 2005.
Sphingosine kinase activity counteracts ceramide-mediated cell death in human
melanoma cells: role of Bel-2 expression. Oncogene 24 (1):178-87.

Bhatia, A., T. W. Rice, D. McLain, P. Herzog, G. T. Budd, S. Murthy, T. J. Kirby, and
R. M. Bukowski. 1994. A phase I trial of intrapleural recombinant human
interferon alpha (rHulFN alpha 2b) in patients with malignant pleural effusions.
J Cancer Res Clin Oncol 120 (3):169-72.

Bissonnette, R. P., F. Echeverri, A. Mahboubi, and D. R. Green. 1992. Apoptotic cell
death induced by c-myc is inhibited by bcl-2. Nature 359 (6395):552-4.

Bixby, D., and M. Talpaz. 2009. Mechanisms of resistance to tyrosine kinase inhibitors
in chronic myeloid leukemia and recent therapeutic strategies to overcome
resistance. Hematology Am Soc Hematol Educ Program:461-76.

Blick, M., P. Romero, M. Talpaz, R. Kurzrock, M. Shtalrid, B. Andersson, J. Trujillo,
M. Beran, and J. Gutterman. 1987. Molecular characteristics of chronic
myelogenous leukemia in blast crisis. Cancer Genet Cytogenet 27 (2):349-56.

48



Brendel, C., C. Scharenberg, M. Dohse, R. W. Robey, S. E. Bates, S. Shukla, S. V.
Ambudkar, Y. Wang, G. Wennemuth, A. Burchert, U. Boudriot, and A.
Neubauer. 2007. Imatinib mesylate and nilotinib (AMN107) exhibit high-
affinity interaction with ABCG2 on primitive hematopoietic stem cells.
Leukemia 21 (6):1267-75.

Buchdunger, E., J. Zimmermann, H. Mett, T. Meyer, M. Muller, B. J. Druker, and N. B.
Lydon. 1996. Inhibition of the Abl protein-tyrosine kinase in vitro and in vivo
by a 2-phenylaminopyrimidine derivative. Cancer Res 56 (1):100-4.

Cahill, M. A., R. Janknecht, and A. Nordheim. 1996. Signalling pathways: jack of all
cascades. Curr Biol 6 (1):16-9.

Chai, S. K., G. L. Nichols, and P. Rothman. 1997. Constitutive activation of JAKs and
STATs in BCR-Abl-expressing cell lines and peripheral blood cells derived
from leukemic patients. J Immunol 159 (10):4720-8.

Chuah, C., and J. V. Melo. 2009. Targeted treatment of imatinib-resistant chronic
myeloid leukemia: Focus on dasatinib. Onco Targets Ther 2:83-94.

Coffer, P. J., L. Koenderman, and R. P. de Groot. 2000. The role of STATSs in myeloid
differentiation and leukemia. Oncogene 19 (21):2511-22.

Cortes, J. 2004. Natural history and staging of chronic myelogenous leukemia. Hematol
Oncol Clin North Am 18 (3):569-84, viii.

Dai, Y., M. Rahmani, S. J. Corey, P. Dent, and S. Grant. 2004. A Bcr/Abl-independent,
Lyn-dependent form of imatinib mesylate (STI-571) resistance is associated
with altered expression of Bcl-2. J Biol Chem 279 (33):34227-39.

Danial, N. N., and S. J. Korsmeyer. 2004. Cell death: critical control points. Cell 116
(2):205-19.

Danial, N. N., A. Pernis, and P. B. Rothman. 1995. Jak-STAT signaling induced by the
v-abl oncogene. Science 269 (5232):1875-7.

De Groot, R. P., J. A. Raaijmakers, J. W. Lammers, R. Jove, and L. Koenderman. 1999.
STATS activation by BCR-Abl contributes to transformation of K562 leukemia
cells. Blood 94 (3):1108-12.

Deininger, M. 2005. Resistance to imatinib: mechanisms and management. J Natl
Compr Canc Netw 3 (6):757-68.

49



Deininger, M. W. 2004. Basic science going clinical: molecularly targeted therapy of
chronic myelogenous leukemia. J Cancer Res Clin Oncol 130 (2):59-72.

Deininger, M. W., J. M. Goldman, and J. V. Melo. 2000. The molecular biology of
chronic myeloid leukemia. Blood 96 (10):3343-56.

Deininger, M. W., S. Vieira, R. Mendiola, B. Schultheis, J. M. Goldman, and J. V.
Melo. 2000. BCR-ABL tyrosine kinase activity regulates the expression of
multiple genes implicated in the pathogenesis of chronic myeloid leukemia.
Cancer Res 60 (7):2049-55.

Del Peso, L., M. Gonzalez-Garcia, C. Page, R. Herrera, and G. Nunez. 1997.
Interleukin-3-induced phosphorylation of BAD through the protein kinase Akt.
Science 278 (5338):687-9.

Dohse, M., C. Scharenberg, S. Shukla, R. W. Robey, T. Volkmann, J. F. Deeken, C.
Brendel, S. V. Ambudkar, A. Neubauer, and S. E. Bates. 2010. Comparison of
ATP-binding cassette transporter interactions with the tyrosine kinase inhibitors
imatinib, nilotinib, and dasatinib. Drug Metab Dispos 38 (8):1371-80.

Donato, N. J., J. Y. Wu, J. Stapley, G. Gallick, H. Lin, R. Arlinghaus, and M. Talpaz.
2003. BCR-ABL independence and LYN kinase overexpression in chronic
myelogenous leukemia cells selected for resistance to STI571. Blood 101
(2):690-8.

Donnenberg, V. S., and A. D. Donnenberg. 2005. Multiple drug resistance in cancer
revisited: the cancer stem cell hypothesis. J Clin Pharmacol 45 (8):872-7.

Druker, B. J., S. G. O'Brien, J. Cortes, and J. Radich. 2002. Chronic myelogenous
leukemia. Hematology Am Soc Hematol Educ Program:111-35.

Eren, E., U. Aytac, E. Tetik, O. Akman, E. Kansu, and U. Gunduz. 2000. Detection of
BCR/ABL gene rearrangement and the elimination of rearranged clone in
chronic myelocytic leukemia patients. Am J Hematol 63 (2):85-9.

Faderl, S., H. M. Kantarjian, and M. Talpaz. 1999. Chronic myelogenous leukemia:
update on biology and treatment. Oncology (Williston Park) 13 (2):169-80;
discussion 181, 184,

Fioretos, T., B. Strombeck, T. Sandberg, B. Johansson, R. Billstrom, A. Borg, P. G.
Nilsson, H. Van Den Berghe, A. Hagemeijer, F. Mitelman, and M. Hoglund.
1999. Isochromosome 17q in blast crisis of chronic myeloid leukemia and in
other hematologic malignancies is the result of clustered breakpoints in 17p11
and is not associated with coding TP53 mutations. Blood 94 (1):225-32.

50



Frazer, R., A. E. Irvine, and M. F. McMullin. 2007. Chronic Myeloid Leukaemia in The
21st Century. Ulster Med J 76 (1):8-17.

French, K. J., R. S. Schrecengost, B. D. Lee, Y. Zhuang, S. N. Smith, J. L. Eberly, J. K.
Yun, and C. D. Smith. 2003. Discovery and evaluation of inhibitors of human
sphingosine kinase. Cancer Res 63 (18):5962-9.

Gambacorti-Passerini, C. 2002. Decrease of resistance to imatinib in leukaemia. Lancet
359 (9319):1777.

Gambacorti-Passerini, C. B., R. H. Gunby, R. Piazza, A. Galietta, R. Rostagno, and L.
Scapozza. 2003. Molecular mechanisms of resistance to imatinib in
Philadelphia-chromosome-positive leukaemias. Lancet Oncol 4 (2):75-85.

Giles, F. J., E. Abruzzese, G. Rosti, D. W. Kim, R. Bhatia, A. Bosly, S. Goldberg, G. L.
Kam, M. Jagasia, W. Mendrek, T. Fischer, T. Facon, U. Dunzinger, D. Marin,
M. C. Mueller, Y. Shou, N. J. Gallagher, R. A. Larson, F. X. Mahon, M.
Baccarani, J. Cortes, and H. M. Kantarjian. 2010. Nilotinib is active in chronic
and accelerated phase chronic myeloid leukemia following failure of imatinib
and dasatinib therapy. Leukemia 24 (7):1299-301.

Giles, F. J., G. Rosti, P. Beris, R. E. Clark, P. le Coutre, F. X. Mahon, J. L. Steegmann,
P. Valent, and G. Saglio. 2010. Nilotinib is superior to imatinib as first-line
therapy of chronic myeloid leukemia: the ENESTnd study. Expert Rev Hematol
3 (6):665-73.

Goldman, J. M., and J. V. Melo. 2003. Chronic myeloid leukemia--advances in biology
and new approaches to treatment. N Engl J Med 349 (15):1451-64.

Gordon, M. Y., C. R. Dowding, G. P. Riley, J. M. Goldman, and M. F. Greaves. 1987.
Altered adhesive interactions with marrow stroma of haematopoietic progenitor
cells in chronic myeloid leukaemia. Nature 328 (6128):342-4.

Gorre, M. E., M. Mohammed, K. Ellwood, N. Hsu, R. Paquette, P. N. Rao, and C. L.
Sawyers. 2001. Clinical resistance to STI-571 cancer therapy caused by BCR-
ABL gene mutation or amplification. Science 293 (5531):876-80.

Gouaze, V., Y. Y. Liu, C. S. Prickett, J. Y. Yu, A. E. Giuliano, and M. C. Cabot. 2005.
Glucosylceramide synthase blockade down-regulates P-glycoprotein and

resensitizes multidrug-resistant breast cancer cells to anticancer drugs. Cancer
Res 65 (9):3861-7.

Guilhot, F. 2004. Indications for imatinib mesylate therapy and clinical management.
Oncologist 9 (3):271-81.

51



Hamada, A., H. Miyano, H. Watanabe, and H. Saito. 2003. Interaction of imatinib
mesilate with human P-glycoprotein. J Pharmacol Exp Ther 307 (2):824-8.

Hanahan, D., and R. A. Weinberg. 2000. The hallmarks of cancer. Cell 100 (1):57-70.

Hegedus, C., C. Ozvegy-Laczka, G. Szakacs, and B. Sarkadi. 2009. Interaction of ABC
multidrug transporters with anticancer protein kinase inhibitors: substrates
and/or inhibitors? Curr Cancer Drug Targets 9 (3):252-72.

Hehlmann, R., U. Berger, M. Pfirrmann, H. Heimpel, A. Hochhaus, J. Hasford, H. J.
Kolb, T. Lahaye, O. Maywald, A. Reiter, D. K. Hossfeld, C. Huber, H. Loffler,
H. Pralle, W. Queisser, A. Tobler, C. Nerl, M. Solenthaler, M. E. Goebeler, M.
Griesshammer, T. Fischer, S. Kremers, H. Eimermacher, M. Pfreundschuh, W.
D. Hirschmann, K. Lechner, B. Wassmann, C. Falge, H. H. Kirchner, and A.
Gratwohl. 2007. Drug treatment is superior to allografting as first-line therapy in
chronic myeloid leukemia. Blood 109 (11):4686-92.

Hickey, F. B., and T. G. Cotter. 2006. BCR-ABL regulates phosphatidylinositol 3-
kinase-pl10gamma transcription and activation and is required for proliferation
and drug resistance. J Biol Chem 281 (5):2441-50.

Hochhaus, A., S. Kreil, A. S. Corbin, P. La Rosee, M. C. Muller, T. Lahaye, B.
Hanfstein, C. Schoch, N. C. Cross, U. Berger, H. Gschaidmeier, B. J. Druker,
and R. Hehlmann. 2002. Molecular and chromosomal mechanisms of resistance
to imatinib (STI571) therapy. Leukemia 16 (11):2190-6.

Hochhaus, A., and P. La Rosee. 2004. Imatinib therapy in chronic myelogenous
leukemia: strategies to avoid and overcome resistance. Leukemia 18 (8):1321-
31.

Horita, M., E. J. Andreu, A. Benito, C. Arbona, C. Sanz, 1. Benet, F. Prosper, and J. L.
Fernandez-Luna. 2000. Blockade of the Bcr-Abl 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 (6):977-84.

Hughes, T., G. Saglio, S. Branford, S. Soverini, D. W. Kim, M. C. Muller, G.
Martinelli, J. Cortes, L. Beppu, E. Gottardi, D. Kim, P. Erben, Y. Shou, A.
Haque, N. Gallagher, J. Radich, and A. Hochhaus. 2009. Impact of baseline
BCR-ABL mutations on response to nilotinib in patients with chronic myeloid
leukemia in chronic phase. J Clin Oncol 27 (25):4204-10.

Ilaria, R. L., Jr., and R. A. Van Etten. 1996. P210 and P190(BCR/ABL) induce the
tyrosine phosphorylation and DNA binding activity of multiple specific STAT
family members. J Biol Chem 271 (49):31704-10.

52



Jabbour, E., J. Cortes, and H. Kantarjian. 2009. Treatment selection after imatinib
resistance in chronic myeloid leukemia. Target Oncol 4 (1):3-10.

Jiang, X., Y. Zhao, C. Smith, M. Gasparetto, A. Turhan, A. Eaves, and C. Eaves. 2007.
Chronic myeloid leukemia stem cells possess multiple unique features of
resistance to BCR-ABL targeted therapies. Leukemia 21 (5):926-35.

Johnson, K. R., K. Y. Johnson, H. G. Crellin, B. Ogretmen, A. M. Boylan, R. A. Harley,
and L. M. Obeid. 2005. Immunohistochemical distribution of sphingosine kinase
1 in normal and tumor lung tissue. J Histochem Cytochem 53 (9):1159-66.

Jorgensen, H. G., M. A. Elliott, E. K. Allan, C. E. Carr, T. L. Holyoake, and K. D.
Smith. 2002. Alphal-acid glycoprotein expressed in the plasma of chronic

myeloid leukemia patients does not mediate significant in vitro resistance to
STIS71. Blood 99 (2):713-5.

Kantarjian, H., F. Giles, L. Wunderle, K. Bhalla, S. O'Brien, B. Wassmann, C. Tanaka,
P. Manley, P. Rae, W. Mietlowski, K. Bochinski, A. Hochhaus, J. D. Griffin, D.
Hoelzer, M. Albitar, M. Dugan, J. Cortes, L. Alland, and O. G. Ottmann. 2006.
Nilotinib in imatinib-resistant CML and Philadelphia chromosome-positive
ALL. N Engl J Med 354 (24):2542-51.

Kantarjian, H., R. Pasquini, N. Hamerschlak, P. Rousselot, J. Holowiecki, S. Jootar, T.
Robak, N. Khoroshko, T. Masszi, A. Skotnicki, A. Hellmann, A. Zaritsky, A.
Golenkov, J. Radich, T. Hughes, A. Countouriotis, and N. Shah. 2007. Dasatinib
or high-dose imatinib for chronic-phase chronic myeloid leukemia after failure
of first-line imatinib: a randomized phase 2 trial. Blood 109 (12):5143-50.

Lewis, J. M., R. Baskaran, S. Taagepera, M. A. Schwartz, and J. Y. Wang. 1996.
Integrin regulation of c-Abl tyrosine kinase activity and cytoplasmic-nuclear
transport. Proc Natl Acad Sci U S A 93 (26):15174-9.

Li, Q. F., W. R. Huang, H. F. Duan, H. Wang, C. T. Wu, and L. S. Wang. 2007.
Sphingosine kinase-1 mediates BCR/ABL-induced upregulation of Mcl-1 in
chronic myeloid leukemia cells. Oncogene 26 (57):7904-8.

Liu, F. S. 2009. Mechanisms of chemotherapeutic drug resistance in cancer therapy--a
quick review. Taiwan J Obstet Gynecol 48 (3):239-44.

Liu, Y. Y., T. Y. Han, A. E. Giuliano, and M. C. Cabot. 1999. Expression of
glucosylceramide synthase, converting ceramide to glucosylceramide, confers
adriamycin resistance in human breast cancer cells. J Biol Chem 274 (2):1140-6.

53



Lou, H., and M. Dean. 2007. Targeted therapy for cancer stem cells: the patched
pathway and ABC transporters. Oncogene 26 (9):1357-60.

Lucci, A., T. Y. Han, Y. Y. Liu, A. E. Giuliano, and M. C. Cabot. 1999. Modification of
ceramide metabolism increases cancer cell sensitivity to cytotoxics. Int J Oncol
15 (3):541-6.

Lugo, T. G., A. M. Pendergast, A. J. Muller, and O. N. Witte. 1990. Tyrosine kinase
activity and transformation potency of bcr-abl oncogene products. Science 247
(4946):1079-82.

Mahon, F. X., F. Belloc, V. Lagarde, C. Chollet, F. Moreau-Gaudry, J. Reiffers, J. M.
Goldman, and J. V. Melo. 2003. MDR1 gene overexpression confers resistance
to imatinib mesylate in leukemia cell line models. Blood 101 (6):2368-73.

Mahon, F. X., M. W. Deininger, B. Schultheis, J. Chabrol, J. Reiffers, J. M. Goldman,
and J. V. Melo. 2000. Selection and characterization of BCR-ABL positive cell
lines with differential sensitivity to the tyrosine kinase inhibitor STI571: diverse
mechanisms of resistance. Blood 96 (3):1070-9.

Mahon, F. X., S. Hayette, V. Lagarde, F. Belloc, B. Turcq, F. Nicolini, C. Belanger, P.
W. Manley, C. Leroy, G. Etienne, S. Roche, and J. M. Pasquet. 2008. Evidence
that resistance to nilotinib may be due to BCR-ABL, Pgp, or Src kinase
overexpression. Cancer Res 68 (23):9809-16.

Marais, R., Y. Light, H. F. Paterson, and C. J. Marshall. 1995. Ras recruits Raf-1 to the
plasma membrane for activation by tyrosine phosphorylation. EMBO J 14
(13):3136-45.

Mehta, S., D. Blackinton, I. Omar, N. Kouttab, D. Myrick, J. Klostergaard, and H.
Wanebo. 2000. Combined cytotoxic action of paclitaxel and ceramide against

the human Tul38 head and neck squamous carcinoma cell line. Cancer
Chemother Pharmacol 46 (2):85-92.

Melo, J. V., T. P. Hughes, and J. F. Apperley. 2003. Chronic myeloid leukemia.
Hematology Am Soc Hematol Educ Program:132-52.

Merx, K., M. C. Muller, S. Kreil, T. Lahaye, P. Paschka, C. Schoch, A. Weisser, C.
Kuhn, U. Berger, H. Gschaidmeier, R. Hehlmann, and A. Hochhaus. 2002. Early
reduction of BCR-ABL mRNA transcript levels predicts cytogenetic response in
chronic phase CML patients treated with imatinib after failure of interferon
alpha. Leukemia 16 (9):1579-83.

54



Mimeault, M., R. Hauke, and S. K. Batra. 2008. Recent advances on the molecular
mechanisms involved in the drug resistance of cancer cells and novel targeting
therapies. Clin Pharmacol Ther 83 (5):673-91.

Modrak, D. E., W. Lew, D. M. Goldenberg, and R. Blumenthal. 2000. Sphingomyelin
potentiates chemotherapy of human cancer xenografts. Biochem Biophys Res
Commun 268 (2):603-6.

Morjani, H., N. Aouali, R. Belhoussine, R. J. Veldman, T. Levade, and M. Manfait.
2001. Elevation of glucosylceramide in multidrug-resistant cancer cells and
accumulation in cytoplasmic droplets. Int J Cancer 94 (2):157-65.

O'Brien, S., A. Tefferi, and P. Valent. 2004. Chronic myelogenous leukemia and
myeloproliferative disease. Hematology Am Soc Hematol Educ Program:146-
62.

O'Brien, S. G., P. Meinhardt, E. Bond, J. Beck, B. Peng, C. Dutreix, G. Mehring, S.
Milosavljev, C. Huber, R. Capdeville, and T. Fischer. 2003. Effects of imatinib
mesylate (STI571, Glivec) on the pharmacokinetics of simvastatin, a

cytochrome p450 3A4 substrate, in patients with chronic myeloid leukaemia. Br
J Cancer 89 (10):1855-9.

Ogretmen, B., and Y. A. Hannun. 2004. Biologically active sphingolipids in cancer
pathogenesis and treatment. Nat Rev Cancer 4 (8):604-16.

O'Hare, T., D. K. Walters, M. W. Deininger, and B. J. Druker. 2005. AMNI107:
tightening the grip of imatinib. Cancer Cell 7 (2):117-9.

Olson, M., and S. Kornbluth. 2001. Mitochondria in apoptosis and human disease. Curr
Mol Med 1 (1):91-122.

Pendergast, A. M., L. A. Quilliam, L. D. Cripe, C. H. Bassing, Z. Dai, N. Li, A. Batzer,
K. M. Rabun, C. J. Der, J. Schlessinger, and et al. 1993. BCR-ABL-induced
oncogenesis is mediated by direct interaction with the SH2 domain of the GRB-
2 adaptor protein. Cell 75 (1):175-85.

Pettus, B. J., C. E. Chalfant, and Y. A. Hannun. 2002. Ceramide in apoptosis: an
overview and current perspectives. Biochim Biophys Acta 1585 (2-3):114-25.

Puil, L., J. Liu, G. Gish, G. Mbamalu, D. Bowtell, P. G. Pelicci, R. Arlinghaus, and T.
Pawson. 1994. Bcr-Abl oncoproteins bind directly to activators of the Ras
signalling pathway. EMBO J 13 (4):764-73.

55



Ramirez, P., and J. F. DiPersio. 2008. Therapy options in imatinib failures. Oncologist
13 (4):424-34.

Reed, J. C., T. Miyashita, S. Takayama, H. G. Wang, T. Sato, S. Krajewski, C. Aime-
Sempe, S. Bodrug, S. Kitada, and M. Hanada. 1996. BCL-2 family proteins:
regulators of cell death involved in the pathogenesis of cancer and resistance to
therapy. J Cell Biochem 60 (1):23-32.

Sachs, B., S. Haider, R. Balaraman, N. Shahab, and M. C. Perry. 2002. Hepatotoxicity
of chemotherapy. Expert Opin Drug Saf 1 (4):339-53.

Saglio, G., D. W. Kim, S. Issaragrisil, P. le Coutre, G. Etienne, C. Lobo, R. Pasquini, R.
E. Clark, A. Hochhaus, T. P. Hughes, N. Gallagher, A. Hoenekopp, M. Dong, A.
Haque, R. A. Larson, and H. M. Kantarjian. 2010. Nilotinib versus imatinib for
newly diagnosed chronic myeloid leukemia. N Engl J Med 362 (24):2251-9.

Salomoni, P., F. Condorelli, S. M. Sweeney, and B. Calabretta. 2000. Versatility of
BCR/ABL-expressing leukemic cells in circumventing proapoptotic BAD
effects. Blood 96 (2):676-84.

Sanz, C., M. Horita, and J. L. Fernandez-Luna. 2002. Fas signaling and blockade of
Bcer-Abl kinase induce apoptotic Hrk protein via DREAM inhibition in human
leukemia cells. Haematologica 87 (9):903-7.

Sarkar, S., M. Maceyka, N. C. Hait, S. W. Paugh, H. Sankala, S. Milstien, and S.
Spiegel. 2005. Sphingosine kinase 1 is required for migration, proliferation and
survival of MCF-7 human breast cancer cells. FEBS Lett 579 (24):5313-7.

Savage, D. G., and K. H. Antman. 2002. Imatinib mesylate--a new oral targeted
therapy. N Engl J Med 346 (9):683-93.

Sawyers, C. L. 1999. Chronic myeloid leukemia. N Engl J Med 340 (17):1330-40.

Sawyers, C. L., W. Callahan, and O. N. Witte. 1992. Dominant negative MYC blocks
transformation by ABL oncogenes. Cell 70 (6):901-10.

Schindler, T., W. Bornmann, P. Pellicena, W. T. Miller, B. Clarkson, and J. Kuriyan.
2000. Structural mechanism for STI-571 inhibition of abelson tyrosine kinase.
Science 289 (5486):1938-42.

Schinkel, A. H., and J. W. Jonker. 2003. Mammalian drug efflux transporters of the
ATP binding cassette (ABC) family: an overview. Adv Drug Deliv Rev 55 (1):3-
29.

56



Schmelz, E. M., P. C. Roberts, E. M. Kustin, L. A. Lemonnier, M. C. Sullards, D. L.
Dillehay, and A. H. Merrill, Jr. 2001. Modulation of intracellular beta-catenin

localization and intestinal tumorigenesis in vivo and in vitro by sphingolipids.
Cancer Res 61 (18):6723-9.

Senchenkov, A., D. A. Litvak, and M. C. Cabot. 2001. Targeting ceramide metabolism-
-a strategy for overcoming drug resistance. J Natl Cancer Inst 93 (5):347-57.

Shah, N. P., and C. L. Sawyers. 2003. Mechanisms of resistance to STI571 in
Philadelphia chromosome-associated leukemias. Oncogene 22 (47):7389-95.

Shtivelman, E., B. Lifshitz, R. P. Gale, and E. Canaani. 1985. Fused transcript of abl
and bcr genes in chronic myelogenous leukaemia. Nature 315 (6020):550-4.

Skorski, T., A. Bellacosa, M. Nieborowska-Skorska, M. Majewski, R. Martinez, J. K.
Choi, R. Trotta, P. Wlodarski, D. Perrotti, T. O. Chan, M. A. Wasik, P. N.
Tsichlis, and B. Calabretta. 1997. Transformation of hematopoietic cells by
BCR/ABL requires activation of a PI-3k/Akt-dependent pathway. EMBO J 16
(20):6151-61.

Skorski, T., P. Kanakaraj, M. Nieborowska-Skorska, M. Z. Ratajczak, S. C. Wen, G.
Zon, A. M. Gewirtz, B. Perussia, and B. Calabretta. 1995. Phosphatidylinositol-
3 kinase activity is regulated by BCR/ABL and is required for the growth of
Philadelphia chromosome-positive cells. Blood 86 (2):726-36.

Sobue, S., T. Iwasaki, C. Sugisaki, K. Nagata, R. Kikuchi, M. Murakami, A. Takagi, T.
Kojima, Y. Banno, Y. Akao, Y. Nozawa, R. Kannagi, M. Suzuki, A. Abe, T.
Naoe, and T. Murate. 2006. Quantitative RT-PCR analysis of sphingolipid
metabolic enzymes in acute leukemia and myelodysplastic syndromes. Leukemia
20 (11):2042-6.

Srinivasula, S. M., M. Ahmad, T. Fernandes-Alnemri, and E. S. Alnemri. 1998.
Autoactivation of procaspase-9 by Apaf-1-mediated oligomerization. Mol Cell 1
(7):949-57.

Stewart, M. J., S. Litz-Jackson, G. S. Burgess, E. A. Williamson, D. S. Leibowitz, and
H. S. Boswell. 1995. Role for E2F1 in p210 BCR-ABL downstream regulation

of c-myc transcription initiation. Studies in murine myeloid cells. Leukemia 9
(9):1499-507.

Talpaz, M., N. P. Shah, H. Kantarjian, N. Donato, J. Nicoll, R. Paquette, J. Cortes, S.

O'Brien, C. Nicaise, E. Bleickardt, M. A. Blackwood-Chirchir, V. Iyer, T. T.

Chen, F. Huang, A. P. Decillis, and C. L. Sawyers. 2006. Dasatinib in imatinib-

resistant Philadelphia chromosome-positive leukemias. N Engl J Med 354
(24):2531-41.

57



Thomas, D. A., S. Faderl, J. Cortes, S. O'Brien, F. J. Giles, S. M. Kornblau, G. Garcia-
Manero, M. J. Keating, M. Andreeff, S. Jeha, M. Beran, S. Verstovsek, S.
Pierce, L. Letvak, A. Salvado, R. Champlin, M. Talpaz, and H. Kantarjian.
2004. Treatment of Philadelphia chromosome-positive acute lymphocytic
leukemia with hyper-CVAD and imatinib mesylate. Blood 103 (12):4396-407.

Tokarski, K., A. Zahorodna, B. Bobula, M. Grzegorzewska, P. Pitra, and G. Hess. 2005.
Repeated administration of citalopram and imipramine alters the responsiveness
of rat hippocampal circuitry to the activation of 5-HT7 receptors. Eur J
Pharmacol 524 (1-3):60-6.

Venkataraman, K., and A. H. Futerman. 2002. Do longevity assurance genes containing
Hox domains regulate cell development via ceramide synthesis? FEBS Lett 528
(1-3):3-4.

Verfaillie, C. M., R. Hurley, B. I. Lundell, C. Zhao, and R. Bhatia. 1997. Integrin-
mediated regulation of hematopoiesis: do BCR/ABL-induced defects in integrin
function underlie the abnormal circulation and proliferation of CML
progenitors? Acta Haematol 97 (1-2):40-52.

Vigneri, P., and J. Y. Wang. 2001. Induction of apoptosis in chronic myelogenous
leukemia cells through nuclear entrapment of BCR-ABL tyrosine kinase. Nat
Med 7 (2):228-34.

Walz, C., and M. Sattler. 2006. Novel targeted therapies to overcome imatinib mesylate
resistance in chronic myeloid leukemia (CML). Crit Rev Oncol Hematol 57
(2):145-64.

Wang, L. S., H. J. Liu, Z. B. Xia, H. E. Broxmeyer, and L. Lu. 2000. Expression and
activation of caspase-3/CPP32 in CD34(+) cord blood cells is linked to
apoptosis after growth factor withdrawal. Exp Hematol 28 (8):907-15.

Wang, X. D., L. Qiu, R. Z. Lu, L. J. Chen, Z. M. Zhan, B. H. Han, B. L. Zhang, and J.
Ma. 2007. [Growth inhibition and differentiation of imatinib-resistant chronic

myeloid leukemia cell induced by cell differentiation agent in vitro]. Zhonghua
Yi Xue Za Zhi 87 (48):3399-405.

Wang, Y., D. Cai, C. Brendel, C. Barett, P. Erben, P. W. Manley, A. Hochhaus, A.
Neubauer, and A. Burchert. 2007. Adaptive secretion of granulocyte-
macrophage colony-stimulating factor (GM-CSF) mediates imatinib and
nilotinib resistance in BCR/ABL+ progenitors via JAK-2/STAT-5 pathway
activation. Blood 109 (5):2147-55.

58



Watzinger, F., A. Gaiger, H. Karlic, R. Becher, K. Pillwein, and T. Lion. 1994. Absence
of N-ras mutations in myeloid and lymphoid blast crisis of chronic myeloid
leukemia. Cancer Res 54 (14):3934-8.

Weisberg, E., and J. D. Griffin. 2000. Mechanism of resistance to the ABL tyrosine
kinase inhibitor STI571 in BCR/ABL-transformed hematopoietic cell lines.
Blood 95 (11):3498-505.

Weisberg, E., P. Manley, J. Mestan, S. Cowan-Jacob, A. Ray, and J. D. Griffin. 2006.
AMNI107 (nilotinib): a novel and selective inhibitor of BCR-ABL. Br J Cancer
94 (12):1765-9.

Weisberg, E., P. W. Manley, W. Breitenstein, J. Bruggen, S. W. Cowan-Jacob, A. Ray,
B. Huntly, D. Fabbro, G. Fendrich, E. Hall-Meyers, A. L. Kung, J. Mestan, G.
Q. Daley, L. Callahan, L. Catley, C. Cavazza, M. Azam, D. Neuberg, R. D.
Wright, D. G. Gilliland, and J. D. Griffin. 2005. Characterization of AMNI107, a
selective inhibitor of native and mutant Ber-Abl. Cancer Cell 7 (2):129-41.

Weisberg, E., P. W. Manley, S. W. Cowan-Jacob, A. Hochhaus, and J. D. Griffin. 2007.
Second generation inhibitors of BCR-ABL for the treatment of imatinib-resistant
chronic myeloid leukaemia. Nat Rev Cancer 7 (5):345-56.

Weisberg, E., R. D. Wright, J. Jiang, A. Ray, D. Moreno, P. W. Manley, D. Fabbro, E.
Hall-Meyers, L. Catley, K. Podar, A. L. Kung, and J. D. Griffin. 2006. Effects of
PKC412, nilotinib, and imatinib against GIST-associated PDGFRA mutants
with differential imatinib sensitivity. Gastroenterology 131 (6):1734-42.

White, D. L., V. A. Saunders, P. Dang, J. Engler, A. C. Zannettino, A. C. Cambareri, S.
R. Quinn, P. W. Manley, and T. P. Hughes. 2006. OCT-1-mediated influx is a
key determinant of the intracellular uptake of imatinib but not nilotinib
(AMN107): reduced OCT-1 activity is the cause of low in vitro sensitivity to
imatinib. Blood 108 (2):697-704.

Wong, S., and O. N. Witte. 2004. The BCR-ABL story: bench to bedside and back.
Annu Rev Immunol 22:247-306.

Zamzami, N., C. Brenner, I. Marzo, S. A. Susin, and G. Kroemer. 1998. Subcellular and
submitochondrial mode of action of Bcl-2-like oncoproteins. Oncogene 16
(17):2265-82.

Zhao, R. C., R. S. Mclvor, J. D. Griffin, and C. M. Verfaillie. 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. Blood 90 (12):4687-98.

59



	içindekiler.pdf
	Chapter 1.pdf

