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ABSTRACT 

 

 

MULTIDRUG RESISTANCE MECHANISMS 
IN IMATINIB RESISTANT  

HUMAN CHRONIC MYELOID LEUKEMIA CELLS 
 

 

BARAN, Yusuf 

 

Ph.D., Department of Biology 

Supervisor: Prof. Dr. Ufuk GÜNDÜZ 

 

August 2006, 214 pages. 

 

 

In this study, mechanisms of resistance to Imatinib-induced apoptosis in 

human K562 and Meg-1 chronic myeloid leukemia (CML) cells were examined. 

Continuous exposure of cells to step-wise increasing concentrations of Imatinib 

resulted in the selection of 0.2 and 1 µM İmatinib resistant cells. 

 

Measurement of endogenous ceramide levels showed that treatment with 

Imatinib increased the generation of C18-ceramide significantly, which is mainly 

synthesized by the human longevity assurance gene 1 (hLASS1), in sensitive, but not 

in resistant cells. Mechanistically, analysis of mRNA and enzyme activity levels of 

hLASS1 in the absence or presence of Imatinib did not show any significant 

differences in the resistant cells when compared to its sensitive counterparts, 

suggesting that accumulation and/or metabolism, but not the synthesis of ceramide, 

might be altered in resistant cells. 
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Indeed, further studies demonstrated that expression levels, and enzyme 

activity of sphingosine kinase-1 (SK-1), increased significantly in resistant K562 or 

Meg-1 cells. The expression levels of glucosyl ceramide synthase (GCS) also 

increased in resistant cells, comparing to the sensitive counterparts, which indicates 

conversion of pro-apoptotic ceramide to glucosyl ceramide.  

 

Expression analyses of BCR-ABL gene demonstrated that expression levels 

of BCR-ABL gene increased gradually as the cells acquired the resistance. However, 

Nucleotide sequence analyses of ABL kinase gene revealed that there was no 

mutation in Imatinib binding region of the gene in resistant cells. There was also an 

increase in expression levels of MDR1 gene in resistant cells, which transport the 

toxic substances outside of cells. 

 

In conclusion, these data show, for the first time, a role for endogenous 

ceramide synthesis via hLASS1 in Imatinib-induced apoptosis, and those alterations 

of the balance between the levels of ceramide and S1P. Mainly the overexpression of 

SK-1 seems to result in resistance to Imatinib in K562 cells. The cellular resistance 

may also result from conversion of ceramide to glucosyl ceramide, from 

overexpression of BCR-ABL and MDR1 genes but not due to mutations in Imatinib 

binding site of ABL kinase. 

 

Keywords: CML, Imatinib, Multidrug resistance, Ceramide Metabolism, Apoptosis 
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ÖZ 
 

 

İMATİNİB’E DİRENÇLİ İNSAN KRONİK MYELOİD LÖSEMİ 
HÜCRELERİNDE  

ÇOKLU İLAÇ DİRENÇLİLİK MEKANİZMALARI 
 

 

BARAN, Yusuf 

 

Doktora, Biyoloji Bölümü 

Tez Yöneticisi: Prof. Dr. Ufuk GÜNDÜZ 

 

Ağustos 2006, 214 sayfa 

 

 

Bu çalışmada, K562 ve Meg-01 insan kronik myeloid lösemi hücrelerinde 

İmatinibin yol açtığı apoptoza karşı geliştirilen direnç mekanizmaları incelenmiştir. 

Hücrelerin sürekli artan dozlarda İmatinibe maruz bırakılmaları ile 0.2- ve 1 µM 

İmatinibe dirençli hücreler elde edilmiştir. 

 

Hücre içi seramid düzeylerinin ölçülmesi ile, duyarlı hücrelerde İmatinibin 

insan longevitiy assurance geni-1 (hLASS1) tarafından sentezlenen C18-seramidinin 

konsantrasyonunda önemli bir artışa neden olduğunu ancak dirençli hücrelerde ciddi 

bir artış olmadığını göstermiştir. Duyarlı hücrelerle karşılaştırıldığı zaman, dirençli 

hücrelerde hLASS1 geninin mRNA ve enzim aktivitesi düzeyinde yapılan analizleri, 

İmatinibin bulunup bulunmamasına göre ciddi farklılıklar göstermemiştir. Bu durum, 

dirençli hücrelerde seramidin sentezlenmesinin ötesinde hücre içerisinde birikiminin 

ve/veya metabolismasının değişmiş olabileceğini öngörmektedir. 
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Daha sonraki çalışmalardan elde edilen veriler sonucunda, dirençli  K562 

veya Meg-1 hücrelerinde sfingozin kinaz-1 (SK-1) geninin ifade düzeyinde ve enzim 

aktivitesinde önemli artışlar gözlenmiştir. Glukozil seramid sentaz geninin duyarlı 

hücrelerle karşılaştırıldığında dirençli hücrelerde daha fazla ifade edildiği 

belirlenmiştir. Bu durum pro-apoptotik seramidin glukozil seramide 

dönüştürüldüğünü göstermektedir.  

 

BCR-ABL gen ifade analizi çalışmaları sonucunda, hücrelerin ilaca 

dirençliliğinin artmasına paralel olarak BCR-ABL gen ifade düzeylerinde de bir artış 

olduğunu göstermiştir.  Ancak, ABL kinaz bölgesindeki nükleotid dizi analizleri 

İmatinibin bağlandığı bölgelerde herhangi bir mutasyon olmadığını göstermiştir. 

Aynı zamanda, dirençli hücrelerde toksik maddeleri hücre dışına pompalayan MDR1 

geninin ifade düzeyinde de bir artış gözlenmiştir. 

 

Sonuç olarak, hLASS1 geni tarafından sentezlenen seramidin İmatinibin 

neden olduğu apoptozdaki rolü ve seramid ile SK-1’in aşırı ifadesi ile sentezlenen 

S1P düzeyleri arasındaki dengenin K562 hücrelerinde dirençliliğe neden olduğu ilk 

defa bu çalışma ile gösterilmiştir. İmatinibe karşı dirençliliğin, aynı zamanda 

glukozil seramide dönüştürülen seramid, BCR-ABL ve MDR1 genlerinin aşırı 

ifadesi sonucu olabileceği ancak İmatinibin bağlandığı ABL kinaz bölgesindeki 

mutasyonların bu dirençlilikle bir ilgisi olmadığı belirlenmiştir.  

 

Anahtar Kelimeler: KML, İmatinib, Çoklu İlaç Dirençliliği, Seramid 

Metabolizması, Apoptoz. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

In the past decade, significant progress in chemotherapy to treat leukemia has 

led to the achievement of 5-year disease-free survival in more than 50% of treated 

patients. However, even among patients treated with allogeneic bone marrow 

transplantation after high-dose chemotherapy, a large number of cases are still unable 

to be completely cured. Resistance to anticancer drugs is a critical mechanism by 

which the outcome in patients with leukemia is affected (Druker, 2002). 

 

Cells exposed to toxic compounds can develop resistance by a number of 

mechanisms including decreased uptake, increased detoxification, and alteration of 

target proteins or increased excretion (Litman et al, 2001). Several of these pathways 

can lead to multidrug resistance (MDR) in which the cell is resistant to several 

commonly used chemotherapeutic agents. This is a particular limitation to cancer 

chemotherapy and cells with an MDR phenotype often display other properties, such 

as genome instability and loss of checkpoint control, that complicate further therapy 

(Dean et al, 2001). MDR is termed 'intrinsic' when the disease is refractory to 

chemotherapy from the outset, or 'acquired' when the disease becomes insensitive to 

treatment upon relapse.  The ATP-binding cassette (ABC) genes play a role in MDR. 

These genes represent the largest family of transmembrane proteins that bind ATP 

and use the energy to drive the transport of various molecules across all cell 

membranes (Borst et al, 2000 and Gottesman et al, 2002). 

 

In the classic model of multidrug resistance, a membrane-resident P-

glycoprotein (P-gp), the product of MDR1 gene, acts as a drug efflux pump, lowering 
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intracellular drug levels to sub-lethal concentrations. Other causes of multidrug 

resistance include overexpression of multidrug resistance-associated protein (MRP), 

a second drug efflux pump that is similar to P-gp (Krishnamachary et al, 1993), 

changes in topoisomerase II activity (Deffie et al, 1989) and modifications in 

glutathione S-transferase activity (Morrow et al, 1990). Chemoresistance may also be 

related to the expression of important apoptosis-associated proteins, such as the Bcl-2 

family of proteins (Bcl-2, Bcl-XL, Bax, and Bak) (Reed, 1995), the tumor suppressor 

protein p53 (Mueller et al, 1996), and the synthesis of vaults (Kickhoefer et al, 

1998). Recent studies (Ogretmen and Hannun, 2004, Hannun et al, 2002) suggest that 

the dysfunctional metabolism of ceramide, a lipid second messenger, may contribute 

to multidrug resistance. 

 

The regulation of the pro-apoptotic sphingolipid ceramide might be critical in 

inherent or acquired mechanisms of cellular drug resistance. Numerous studies have 

helped define the ceramide signaling pathways that contribute to cell death. Studies 

also indicate that alterations in these cell death signaling pathways may contribute to 

resistance to standard chemotherapeutic agents in several in vitro cancer models, 

including breast, prostate and squamous cell cancers. Investigators have 

demonstrated the efficacy of targeting ceramide synthesis or degradation 

pharmacologically to enhance the cytotoxic effects of several clinically relevant 

drugs. Targeting ceramide metabolic and cell death signaling pathways is an 

attractive clinical treatment strategy for overcoming drug resistance and continues to 

be studied actively. 

 

 

1.1 CHRONIC MYELOID LEUKEMIA 

 

Chronic myeloid leukemia (CML) is a hematopoietic stem cell disorder 

(Druker, 2002). There is an elevated white blood cell count including granulocytes, 

especially neutrophils. About 40% of the patients are asymptomatic at the time of 

presentation, and the diagnosis is based upon an abnormal white blood cell count. 

CML accounts for about 20% of all cases of leukemia. The natural history of CML is 
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progression from a stable or chronic phase to an accelerated phase or to a rapidly 

fatal blast crisis within 3–5 years. Blood cells differentiate normally in the stable 

phase but not in the blast phase (Calabretta et al, 2004).  

CML is usually diagnosed by finding a specific chromosomal abnormality 

called the Philadelphia (Ph) chromosome. The Ph chromosome is the result of a 

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 hybrid gene BCR-ABL, codes for a fusion protein 

with tyrosine kinase activity, which activates signal transduction pathways, leading 

to uncontrolled cell growth. 

 

 

1.2 MOLECULAR BIOLOGY OF CHRONIC MYELOID LEUKEMIA 

 

BCR-ABL is a chimeric oncoprotein generated by reciprocal translocation 

between chromosomes 9 and 22 and is implicated in the pathogenesis of 

Philadelphia-positive (Ph) human leukemias (Ramadevi et al, 2002). The native ABL 

kinase is located mainly in the nucleus and has tightly regulated kinase activity, 

while the BCR-ABL fusion protein is located in the cytoplasm and has a 

constitutively activated tyrosine kinase (Vigneri et al, 2001). Similar to other 

kinases, BCR-ABL functions by binding to ATP and transfers phosphate from ATP 

to tyrosine residues, activating multiple signal transduction pathways (Sawyers, 

1999). These events cause excessive cellular proliferation, prevent apoptosis, and 

decrease cellular adhesion. It has been shown that the enhanced tyrosine kinase 

activity of BCR-ABL is essential for CML pathogenesis and is likely to represent the 

initiating event (Savage et al, 2002). Therefore, BCR-ABL protein is an ideal target 

for molecular-targeted therapy. 
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1.2.1 The Physiologic Function of the Translocation Partners 

 

The ABL gene is the human homologue of the v-ABL oncogene carried by 

the Abelson murine leukemia virus (A-MuLV), and it encodes a nonreceptor tyrosine 

kinase. Human ABL is a ubiquitously expressed 145-kd protein with 2 isoforms 

arising from alternative splicing of the first exon (Laneuville, 1995). Several 

structural domains can be defined within the protein (Figure 1). Three SRC 

homology domains (SH1-SH3) are located toward the NH2 terminus. The SH1 

domain carries the tyrosine kinase function, whereas the SH2 and SH3 domains allow 

for interaction with other proteins. Proline-rich sequences in the center of the 

molecule can, in turn, interact with SH3 domains of other proteins, such as Crk. 

Toward the 3' end, nuclear localization signals and the DNA-binding and actin-

binding motifs are found (Von Bubnoff et al, 2002).  

 

 

Figure 1. Structure of the ABL protein. Type Ia isoform is slightly shorter than type 

Ib, which contains a myristoylation (myr) site for attachment to the plasma 

membrane. Note the 3 SRC-homology (SH) domains situated toward the NH2 

terminus. Y393 is the major site of autophosphorylation within the kinase domain, 

and phenylalanine 401 (F401) is highly conserved in protein tyrosine kinases (PTK) 

containing SH3 domains. The middle of each protein is dominated by proline-rich 

regions (PxxP) capable of binding to SH3 domains, and it harbors 1 of 3 nuclear 

localization signals (NLS). The carboxy terminus contains DNA as well as G- and F-

actin-binding domains. Phosphorylation sites by Atm, cdc2, and PKC are shown. The 
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arrowhead indicates the position of the breakpoint in the BCR-ABL fusion protein. 

(From Deininger et al, 2000). 

Several fairly diverse functions have been attributed to ABL, and the 

emerging picture is complex. Thus, the normal ABL protein is involved in the 

regulation of the cell cycle (Calabretta et al, 2004), in the cellular response to 

genotoxic stress, and in the transmission of information about the cellular 

environment through integrin signaling. Overall, it appears that the ABL protein 

serves a complex role as a cellular module that integrates signals from various 

extracellular and intracellular sources and that influences decisions in regard to cell 

cycle and apoptosis.  

 

The 160-kd BCR protein, like ABL, is ubiquitously expressed. Several 

structural motifs can be delineated (Figure 2). The first N-terminal exon encodes a 

serine-threonine kinase. The only substrates of this kinase identified so far are Bap-1, 

a member of the 14-3-3 family of proteins, and possibly BCR itself (Laneuville, 

1995). A coiled-coil domain at the N-terminus of BCR allows dimer formation in 

vivo. The center of the molecule contains a region with dbl-like and pleckstrin-

homology (PH) domains that stimulate the exchange of guanidine triphosphate (GTP) 

for guanidine diphosphate (GDP) on Rho guanidine exchange factors. The C-

terminus has GTPase activity for Rac, a small GTPase of the Ras superfamily that 

regulates actin polymerization and the activity of an NADPH oxidase in phagocytic 

cells. In addition, BCR can be phosphorylated on several tyrosine residues, especially 

tyrosine 177, which binds Grb-2, an important adapter molecule involved in the 

activation of the Ras pathway. Interestingly, ABL has been shown to phosphorylate 

BCR in COS1 cells, resulting in a reduction of BCR kinase activity.  
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Figure 2. Structure of the BCR protein. Note the dimerization domain (DD) and the 

2 cyclic adenosine monophosphate kinase homologous domains at the N terminus. 

Y177 is the autophosphorylation site crucial for binding to Grb-2. The center of the 

molecule contains a region homologous to Rho guanidine nucleotide exchange 

factors (Rho-GEF) as well as dbl-like and pleckstrin homology (PH) domains. 

Toward the C-terminus a putative site for calcium-dependent lipid binding (CaLB) 

and a domain with activating function for Rac-GTPase (Rac-GAP) are found. 

Arrowheads indicate the position of the breakpoints in the BCR-ABL fusion 

proteins. (From Deininger et al, 2000). 

 

 

1.2.2 Molecular Anatomy of the BCR-ABL Translocation 

 

The breakpoints within the ABL gene at 9q34 can occur anywhere over a 

large (greater than 300 kb) area at its 5' end, either upstream of the first alternative 

exon Ib, downstream of the second alternative exon Ia, or, more frequently, between 

the two (Figure 3). Regardless of the exact location of the breakpoint, splicing of the 

primary hybrid transcript yields an mRNA molecule in which BCR sequences are 

fused to ABL exon a2. In contrast to ABL, breakpoints within BCR localize to 1 of 

3 so-called breakpoint cluster regions. In most patients with CML and in 

approximately one third of patients with Ph-positive acute lymphoblastic leukemia 

(ALL), the break occurs within a 5.8-kb area spanning BCR exons 12-16 (originally 

referred to as exons b1-b5), defined as the major breakpoint cluster region (M-BCR). 

Because of alternative splicing, fusion transcripts with either b2a2 or b3a2 junctions 

can be formed. A 210-kd chimeric protein (P210BCR-ABL) is derived from this mRNA. 

In the remaining patients with ALL and rarely in patients with CML (Christoph et al, 
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2006), the breakpoints are further upstream in the 54.4-kb region between the 

alternative BCR exons e2' and e2, termed the minor breakpoint cluster region (m-

BCR). The resultant e1a2 mRNA is translated into a 190-kd protein (P190BCR-ABL). 

Recently, a third micro breakpoint cluster region (µ-BCR) has been identified 

downstream of exon 19, giving rise to a 230-kd fusion protein (P230 BCR-ABL) 

associated with the rare Ph-positive chronic neutrophilic leukemia (CNL) (Christoph 

et al, 2006), though not in all cases. If sensitive techniques such as nested reverse 

transcription-polymerase chain reaction are used, transcripts with the e1a2 fusion are 

detectable in many patients with classical P210BCR-ABL CML (Eren et al, 2000). 

Occasional cases with other junctions, such as b2a3, b3a3, e1a3, e6a2, or e2a2 

(Christoph et al, 2006), have been reported in patients with ALL and CML. These 

"experiments of nature" provide important information as to the function of the 

various parts of BCR and ABL in the oncogenic fusion protein. Based on the 

observation that the ABL part in the chimeric protein is almost invariably constant 

while the BCR portion varies greatly, one may deduce that ABL is likely to carry the 

transforming principle whereas the different sizes of the BCR sequence may dictate 

the phenotype of the disease. 

 

Figure 3. Locations of the breakpoints in the ABL and BCR genes (From Deininger 

et al, 2000).
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1.3 ACTIVATED SIGNALING PATHWAYS AND BIOLOGICAL 
PROPERTIES OF BCR-ABL POSITIVE CELLS 

 

Three major mechanisms have been implicated in the malignant 

transformation by BCR-ABL, namely altered adhesion to extracellular matrix, 

constitutively active mitogenic signaling and reduced apoptosis (Figure 4).  
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Figure 4. Mechanisms implicated in the pathogenesis of CML. 

 

 

1.3.1 Activation of Mitogenic Signaling 

 

1.3.1.1 Ras and the MAP Kinase Pathways 

 

Several links between BCR-ABL and Ras have been defined. 

Autophosphorylation of tyrosine 177 provides a docking site for the adapter molecule 

Grb-2 (Pendergast et al, 1993). Grb-2, after binding to the Sos protein, stabilizes Ras 

in its active GTP-bound form. Two other adapter molecules, Shc and Crkl, can also 

activate Ras. Both are substrates of BCR-ABL (Oda et al, 1994) and bind BCR-ABL 

through their SH2 (Shc) or SH3 (Crkl) domains. Circumstantial evidence that Ras 

activation is important for the pathogenesis of Ph-positive leukemias comes from the 

observation that activating mutations are uncommon, even in the blastic phase of the 

disease (Watzinger et al, 1994), unlike in most other tumors. This implies that the 
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Ras pathway is constitutively active and no further activating mutations are required. 

There is still dispute as to which mitogen-activated protein (MAP) kinase pathway is 

downstream of Ras in Ph-positive cells. 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 (Cahill et al, 1996). Moreover, 

activation of the Jnk/Sapk pathway by BCR-ABL has been demonstrated and is 

required for malignant transformation (Raitano et al, 1995); thus, signaling from Ras 

may be relayed through the GTP-GDP exchange factor Rac (Skorski et al, 1998) to 

Gckr (germinal center kinase related) and further down to Jnk/Sapk (Figure 5). There 

is also some evidence that p38, the third pillar of the MAP kinase pathway, is also 

activated in BCR-ABL-transformed cells (Kabarowski et al, 1994), and that there are 

other pathways with mitogenic potential. In any case, the signal is eventually 

transduced to the transcriptional machinery of the cell.  

 

 

Figure 5. Signaling pathways with mitogenic potential in BCR-ABL-transformed 

cells. The activation of individual paths depends on the cell type, but the MAP kinase 

system appears to play a central role. Activation of p38 has been demonstrated only 
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in v-ABL-transformed cells, whereas data for BCR-ABL-expressing cells are 

missing. (From Deininger et al, 2000). 

 

 

1.3.1.2 Jak-STAT Pathway 

 

The first evidence for involvement of the Jak-STAT pathway came from 

studies in v-ABL-transformed B cells (Danial et al, 1995). Constitutive 

phosphorylation of STAT transcription factors (STAT1 and STAT5) has since been 

reported in several BCR-ABL-positive cell lines (Ilaria et al, 1996) and in primary 

CML cells (Chai et al, 1997). STAT5 activation appears to contribute to malignant 

transformation (De Groot et al, 1999). Effect of STAT5 in BCR-ABL transformed 

cells appears to be primarily anti-apoptotic and involves transcriptional activation of 

Bcl-XL (Horita et al, 2002). In contrast to the activation of the Jak-STAT pathway by 

physiologic stimuli, BCR-ABL may directly activate STAT1 and STAT5 without 

prior phosphorylation of Jak proteins. There seems to be specificity for STAT6 

activation by P190BCR-ABL proteins as opposed to P210BCR-ABL (Ilaria et al, 1996). 

 

The role of the Ras and Jak-STAT pathways in the cellular response to 

growth factors could explain the observation that BCR-ABL renders a number of 

growth factor-dependent cell lines factor independent (Kabarowski et al, 1994). In 

some experimental systems, there is evidence for an autocrine loop dependent on the 

BCR-ABL-induced secretion of growth factors (Sirard et al, 1994), and it was 

recently reported that BCR-ABL induces an IL-3 and G-CSF autocrine loop in early 

progenitor cells (Jiang et al, 1999). Interestingly, BCR-ABL tyrosine kinase activity 

may induce expression not only of cytokines but also of growth factor receptors. One 

should bear in mind, however, that during the chronic phase, CML progenitor cells 

are still dependent on external growth factors for their survival and proliferation 

(Amos et al, 1995), though less than normal progenitors (Jonuleit et al, 1998). A 

recent study sheds fresh light on this issue. FDCP mix cells transduced with a 

temperature-sensitive mutant of BCR-ABL have a reduced requirement for growth 

factors at the kinase permissive temperature without differentiation block (Pierce et 
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al, 1998). This situation resembles chronic-phase of CML, in which the malignant 

clone has a subtle growth advantage while retaining almost normal differentiation 

capacity.  

 

 

1.3.1.3 Phosphatidyl Inositol-3 Kinase Pathway 

 

Phosphatidyl Inositol-3 (PI3) kinase activity is required 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). This kinase had previously been 

implicated in anti-apoptotic signaling (Franke et al, 1997). Another report placed Akt 

in the downstream cascade of the IL-3 receptor and identified the pro-apoptotic 

protein Bad as a key substrate of Akt (Del Peso et al, 1998). Phosphorylated Bad is 

inactive because it is no longer able to bind anti-apoptotic proteins such as Bcl-XL 

and it is trapped 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. Thus, BCR-ABL appears to have a profound effect on 

phosphoinositol metabolism, which might again shift the balance to a pattern similar 

to physiologic growth factor stimulation.  

 

 

1.3.1.4 Myc Pathway 

 

Overexpression of Myc has been demonstrated in many human malignancies. 

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 
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ultimately activate the Myc promoter. Similar results were reported for BCR-ABL-

transformed murine myeloid cells (Stewart et al, 1995). It seems likely 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 other mechanisms, such as 

the PI3 kinase pathway.  

 

 

1.3.2 BCR-ABL Mediated Protection from Apoptosis 

 

The multiple signals initiated by BCR-ABL have proliferative and anti-

apoptotic qualities. Thus, BCR-ABL may shift the balance toward the inhibition of 

apoptosis while simultaneously providing a proliferative stimulus. This is in line with 

the concept that a proliferative signal leads to apoptosis unless it is counterbalanced 

by an anti-apoptotic signal, and BCR-ABL fulfills both requirements at the same 

time. 

 

In response to cellular stress such as DNA damage induced by 

chemotherapeutic drugs, the cell’s mitochondria are triggered to release cytochrome 

c (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 c from the mitochondria is tightly regulated by 
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Bcl-2 proteins, a family comprising both pro-apoptotic Bax and Bak and anti-

apoptotic 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. Pro-apoptotic members such as Bak and Bax promote mitochondrial 

cytochrome c release, while the anti-apoptotic Bcl-2 and Bcl-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, a phenomenon thought, in many cases, to be 

critical for tumor development (Hanahan et al, 2000). Although regulation of caspase 

activation upstream of cytochrome c release has been subject to intense scrutiny, the 

regulation of apoptosis downstream of mitochondrial cytochrome c release is only 

beginning to be understood. One mode of caspase regulation post cytochrome c 

release involves direct binding and inhibition of active caspases by the IAP (inhibitor 

of apoptosis) family of proteins (Salvesen et al, 2002). Kinase signaling pathways 

have also been shown to impinge upon the proper functioning of the apoptosome. 

For example, both Akt and ERK, two kinases commonly active in cancer cells, can 

phosphorylate caspase-9 and subsequently inhibit its enzymatic activity (Allan et al, 

2003). Furthermore, several additional proteins have been identified which can 

inhibit apoptosis by binding to either Apaf-1 or caspase-9 (e.g., Hsp70) to prevent 

proper functioning of the apoptosome (Shiozaki et al, 2003).  

 

Prior to cytochrome c release, 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 STAT5 (Horita et al, 2002). Additionally, BCR-ABL has also 

been shown to prevent mitochondrial cytochrome c release through a 

posttranslational mechanism by signaling through the PI3 kinase/Akt pathway to 

phosphorylate and inhibit Bad (Hoover et al, 2001). However, BCR-ABL has 

recently been reported to be a more effective inhibitor of apoptosis than either Bcl-2 

or Bcl-XL. As the Bcl-2 and Bcl-XL proteins can potently suppress mitochondrial 
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cytochrome c release, these data suggested that BCR-ABL might act at additional 

sites, perhaps downstream of the mitochondria. 

 

 

1.4 TREATMENT STRATEGIES FOR CHRONIC MYELOID LEUKEMIA 

 

Until 1990s, the treatment of choice for chronic phase CML was orally 

administered chemotherapy with either hydroxyurea or busulphan. At that time, 

interferon was introduced and was found to be better than known cytotoxic 

chemotherapy in CML. For decades, bone marrow transplantation has been 

performed in younger CML patients. Related to the bone marrow transplantation 

procedure are significant risks of morbidity and mortality, but the procedure has up 

until now been considered the only possible curative treatment in CML. 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 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. 

 

 

1.4.1 Imatinib, a Molecular Targeting Approach in CML Treatment 

 

Attempts at designing therapeutic tools for CML based on the current 

knowledge of the molecular and cell biology of the disease have concentrated on the 

modulation of protein function by specific signal transduction inhibitors.  

 

Perhaps the most exciting of the molecularly designed therapeutic approaches 

was brought about by the advent of signal transduction inhibitors (STI), which block 

or prevent a protein from exerting its role in the oncogenic pathway. Because the 
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main transforming property of the BCR-ABL protein is affected through its 

constitutive tyrosine kinase activity, direct inhibition of such activity seems to be the 

most logical means of silencing the oncoprotein. To this effect, several tyrosine 

kinase inhibitors have been evaluated for their potential to modify the phenotype of 

CML cells. Synthetic compounds were developed through a rational design of 

chemical structures capable of competing with the ATP or the protein substrate for 

the binding site in the catalytic center of the kinase (Deininger et al, 2005). 

 The most promising of these compounds is the 2-phenylaminopyrimidine 

Imatinib (Figure 6). It is a potent inhibitor of four protein tyrosine kinases, notably 

inhibits ABL tyrosine kinase at micromolar concentrations, KIT (the receptor for 

stem cell factor), the platelet-derived growth factor receptors (PDFGR-A and B), and 

the Abelson-related gene product (ARG) (Deininger et al, 2005). Inhibition of the 

BCR-ABL kinase activity by this compound results in the transcriptional modulation 

of various genes involved in the control of the cell cycle, cell adhesion, and 

cytoskeleton organization, leading the Ph-positive cell to an apoptotic death. Its 

remarkable specificity and efficacy led to consideration of the drug for therapeutic 

use. Thus, in the spring of 1998, a phase 1 clinical trial was initiated in the United 

States in which patients with CML in chronic phase resistant to IFN-  were treated 

with Imatinib in increasing doses. The drug showed little toxicity but proved to be 

highly effective. All patients treated with 300 mg/d or more entered a complete 

hematologic remission. Even more striking, many of the patients had cytogenetic 

responses. This might mean that Imatinib changes the natural course of the disease, 

though it is far too early to arrive at any definite conclusions. Altogether, the results 

were convincing enough to justify the initiation of phase 2 studies that included 

patients with acute Ph-positive leukemias (CML in blast crisis and Ph-positive ALL) 

and at a later stage, with a large cohort of interferon-intolerant or resistant patients. 

Clearly, elucidation of the mechanisms underlying the resistance (Mahon et al, 2003) 

will be of critical importance for the development of further treatment strategies, such 

as a combination of Imatinib with conventional cytotoxic drugs or, perhaps, with 

other STIs.  

 

 

15



 

 

Figure 6. 2-D structure of Imatinib, also known as STI571, CGP 57148, Gleevec, and 

Glivec. (From Deininger et al, 2003). 

 

A significant advantage of Imatinib is that it is effective when administered 

orally. In contrast to treatment with antimetabolites and irradiation, side effects from 

Imatinib are very mild (Kurzrock et al, 2003). Imatinib suppresses the proliferation 

of BCR-ABL expressing cells both in vitro and in vivo. 

 
Imatinib binds to the amino acids of the BCR-ABL tyrosine kinase ATP-

binding site (Figure 7) 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). This process ultimately results in the 

switching-off of the downstream signaling pathways that promote leukemogenesis. 

Despite high rates of hematologic and cytogenetic responses to Imatinib therapy, 

after exposure of drugs, the emergence of resistance to Imatinib has been recognized 

as a major problem in the treatment of Ph-positive leukemia (Gambacorti-Passerini 

2003). Multiple drug resistance (MDR) is responsible for the overall poor efficacy of 

cancer chemotherapy. 
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Imatinib 
ATP 

Figure 7. Mechanism of action of Imatinib. The drug competes with ATP for its 

specific binding site in the kinase domain. Thus, whereas the physiologic binding of 

ATP to its pocket allows BCR-ABL to phosphorylate selected tyrosine residues on 

its substrates (left diagram), a synthetic ATP mimic such as Imatinib fits this pocket 

equally well but does not provide the essential phosphate group to be transferred to 

the substrate (right diagram). The downstream chain of reactions is then halted 

because, with its tyrosines in the unphosphorylated form, this protein does not 

assume the necessary conformation to ensure association with its effector. (From 

Deininger et al, 2000). 

 

 

1.5 MULTIDRUG RESISTANCE MECHANISMS IN CML 

  

Resistance to Imatinib is multifaceted and is not easily defined. First, it may 

be inherent, where resistance is identified in cell lines or patients who have not 

previously been exposed to Imatinib, or acquired, in a situation where resistance 

occurs after an initial response to the drug. Second, it may be attributable to loss of 

the ability of Imatinib to inhibit the BCR-ABL kinase or to inability of the Imatinib 

to reach the intracellular oncoprotein at sufficient concentration as a result of 
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inactivation or degradation. Third, the appearance of resistance to Imatinib in cells 

from a given patient may or may not be associated with other criteria of resistance or 

with other evidence of disease progression. It should also be noted that the 

mechanisms underlying resistance may differ substantially in patients treated in 

chronic-phase and patients treated in advanced-phase of disease (Goldman, 2004). 

 

 

1.5.1 Molecular Mechanisms of Resistance to Imatinib 

 

There are two possible categories of Imatinib resistance, which were 

designated as BCR-ABL independent and BCR-ABL dependent. In the first 

category, the leukemia cells no longer rely on BCR-ABL for their proliferative drive 

but grow as a consequence of the secondary oncogenic changes in these cells. In this 

scenario, BCR-ABL is no longer a relevant Imatinib target; even the most ideal 

BCR-ABL inhibitor would be ineffective in this setting. Alternatively, something 

may change in either the patient or the leukemia clone that prevents the drug from 

effectively shutting down the target BCR-ABL enzyme. Host-mediated resistance 

could occur through enzymatic modification of Imatinib by a P450 enzyme in the 

liver or by production of a protein that neutralizes drug activity, such as alpha-1 acid 

glycoprotein (Marbach et al, 2003). Cell-intrinsic resistance may occur by 

modification of the target BCR-ABL tyrosine kinase through gene amplification or 

mutation or through a reduction in drug concentration by overexpression of MDR1 

(Hegedus et al, 2002). Changes in ceramide metabolism, a decrease in the expression 

of human longevity assurance genes (hLASS) and/or increase in sphingosine kinase-

1 (SK-1) and glucosyl ceramide synthase (GCS) may also be responsible for 

resistance to apoptosis.  
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Table I. Possible bases of resistance to Imatinib 
   
Resistance dependent on BCR-ABL 
I- Kinase may not be inhibited by 
Imatinib because of; 

- BCR-ABL overexpression 

- ABL kinase domain mutation 

- Other escape mechanisms 
II- Imatinib may not be available 
intracellularly; 

- Overexpression of membrane transport 
proteins 

- Some drug inactivation mechanisms 
Resistance independent of BCR-ABL;  - Abarrent ceramide metabolism  

- Resistance driven by non BCR-ABL 
dependent mechanisms 

 

 

 

1.5.2 BCR-ABL Gene Overexpression 

 

Treatment of CML with Imatinib targets ATP binding site of the BCR-ABL 

fusion protein. Imatinib competes with ATP to bind to the BCR-ABL fusion protein. 

By this way, the effects of the BCR-ABL protein are blocked as the phosphorylation 

ability of the protein is prevented.  

 

Resistance to Imatinib may be result of overexpression of the BCR-ABL 

protein. This mechanism was initially shown in LAMA84R cell line (Le coutre et al, 

2002). Studies with Ph-positive cell lines rendered resistance to Imatinib showed that 

such acquired resistance was associated with increased expression of the BCR-ABL 

protein, usually associated with gene amplification (Mahon et al, 2003, Gambacorti-

Passerini et al, 2003). The observation that removing Imatinib exposure restored cell 

line sensitivity to Imatinib was consistent with the notion that resistant cell lines 

comprise a mixture of relatively resistant and relatively sensitive sub-populations, the 

former predominating in the presence of Imatinib and the latter predominating in its 

absence. Subsequently, gene amplification was identified in cells from a significant 

minority of patients with Ph-positive leukemias who had lost their response to 
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Imatinib (Gorre et al, 2003). Besides, there appears to be no complete correlation 

between gene amplification and gene overexpression, suggesting that the level of 

transcription may in some cases be controlled by mechanisms other than gene copy 

number. However, higher concentrations of Imatinib can inhibit the function of 

BCR-ABL protein in overexpressing cells.   

 

 

1.5.3 BCR-ABL Gene Mutations 

 

Imatinib is preferentially binds and stabilizes ABL kinase in its inactive 

conformation. Since the mutations in the kinase domain of BCR-ABL is crucial for 

the success of Imatinib treatment, possible mutations in the kinase pocket that might 

interfere with Imatinib binding were investigated. A number of point mutations in the 

ABL kinase domain have now been identified, some of which probably impair or 

prevent Imatinib binding. This disparity between Imatinib binding and ATP binding 

capacities is explained in part by the discovery that only a portion of the Imatinib 

molecule occupies the kinase pocket in a manner analogous to the interaction with 

ATP, while other parts of the molecule may act simply by maintaining ABL to its 

inactive confirmation (Figure 8). 

 

The crystal structure of the catalytic domain of the ABL kinase in complex 

with Imatinib (Nagar et al., 2002) has been solved. The most important finding of 

these studies is that the compound binds to the inactive conformation of ABL, 

contacting with 21 amino acid residues (Nagar et al., 2002). By exploiting the 

distinct inactive conformation of the A-loop of ABL, Imatinib is able to achieve its 

high specificity (Figure 8). No major structural rearrangements are required for 

Imatinib to bind to the A-loop.  
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Figure 8. Structure of Imatinib bound to the kinase domain of ABL. Arrow, P-loop; 

arrowhead, helix C. The activation loop is shown in blue, with the conserved DFG 

motif in gold. Imatinib penetrates the center of the kinase, stabilizing the inactive 

conformation of the activation loop. Binding to the activation loop occurs without 

major steric clashes, whereas binding to the P-loop involves an induced fit 

mechanism. (From Nagar et al, 2002).  

 

In contrast, there is an induced-fit mechanism for binding to occur in the N-

lobe, which normally accommodates the phosphate groups of ATP and is therefore 

referred to as the P-loop. The P-loop is a glycine-rich and highly flexible structure, 

which folds down upon binding of Imatinib, resulting in increased surface 

complementarity. This change in position is stabilized by a newly formed hydrogen 

bond between Tyr-253 and Asn-322 (Schindler et al, 2000). A consequence of the 

induced fit is the formation of a hydrophobic cage that surrounds Imatinib, engaging 

van der Waals interactions with residues Tyr-253, Leu-370, and Phe-382 (Figure 9) 

(Nagar et al, 2002). Moreover, Imatinib forms a number of hydrogen bonds with the 

kinase domain. Methionine 318, threonine 315, methionine 290, glutamine 286, 

lysine 270, and asparagine 381, together with water molecules, form a network of 

hydrogen bonds around the Imatinib molecule (Figure 9). Given this extremely tight 

 

21



fit, it is not surprising that changes of single amino acids can affect the binding of 

Imatinib. 

 

                          

Figure 9. Amino acids contacting with Imatinib. Imatinib: carbon is shown in green, 

nitrogen in blue, and oxygen in red. Carbons of the protein backbone are shown in 

orange. Hydrogen bonds are indicated as dashed lines. Numbers represent distances 

in Angstrom units. Residues that form hydrophobic interactions are circled. Imatinib 

contacts 21 amino acids within the ABL kinase domain. (From Nagar et al, 2002). 

Attention has focused on whether these mutations in the ABL kinase domain 

preceded the administration of Imatinib or were perhaps the direct result of Imatinib 

treatment. Two groups were able to identify in individual patients point mutations 

present at low concentrations before starting treatment that were identical to 

mutations found at increased levels when the patient developed resistance to Imatinib 

(Roumiantsev et al, 2002). These findings are best explained by assuming that 

mutations that impair the action of Imatinib occur with increasing frequency during 

the course of chronic-phase CML and either predisposes to or is very likely to be 

temporally associated with other events that underlie disease progression, either from 

chronic phase to advanced phase or within advanced phase from accelerated to 

blastic phase. In most cases they are presumably not the direct cause of such 
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progression but their presence is revealed when the mutated sub-clone gains a 

proliferative advantage under the influence of Imatinib. 

 

    BCR-ABL gene overexpression/amplification and mutations in ABL 

kinase region increase the degree of resistance. However, resistance mechanisms to 

Imatinib have to some extent been explored and include P-gp or may result from 

decreased ceramide and/or increased sphingosine kinase 1 (SK-1) and 

glucosylceramide synthase (GCS) levels. 

 

 

1.5.4 P-glycoprotein (P-gp) 

 

P-gp belongs to the super family of ABC transporters, a family of ATP-

dependent transport proteins (Dean et al, 2001). The 170 kDa P-gp consists of two 

structurally homologous halves, each with six transmembrane domains, one ATP-

binding site (Figure 10). These two halves are probably derived from internal gene 

duplication. Several studies have suggested that phosphorylation of P-gp might be 

essential for drug transport. The glycosylated sites of P-gp at the cellular outside are 

probably involved in routing and stability of the protein. 

 

P-gp has a wide variety of substrates. All its substrates are large hydrophobic 

and amphipathic molecules, although they have no structural similarity. These 

molecules are able to intercalate into the membrane and enter the cytosol by passive 

diffusion. It is no longer believed that P-gp is a classical pump, which binds 

substrates from the extracellular fluid and then transports these over the membrane. 

Hydrophobic compounds that are substrates for P-gp do not fully penetrate into the 

cytoplasm of cells that express P-gp. Interaction of substrate with P-gp has been 

shown to take place within the membrane.  

 

The high expression of P-gp and certain other MDR transporters in the 

epithelia of liver bile ducts, kidney and colon and in the microvasculature comprising 

blood-organ barriers, suggest that they are normally involved in detoxification and 
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removal of xenobiotics (Borst et al, 2000). Tumors arising from cells that highly 

express P-gp or other MDR related transporters are often intrinsically resistant to 

chemotherapy. Other tumor cells acquire high MDR transporter expression upon 

drug treatment via gene induction or DNA amplification. Based on ample 

experimental evidence, it is generally believed that these transporters mediate MDR 

by affecting an energy-dependent export of drugs or drug-conjugates and thus 

reducing cellular drug levels and efficacy. 

 

 
Figure 10. Structure of P-glycoprotein. (From Kleina et al, 1999) 

 

The overexpression of P-gp has been thus far shown to occur in the one BCR-

ABL positive, Imatinib-resistant cell line, LAMA84-r. In addition, overexpression of 

the MDR1 gene in the BCR-ABL positive AR230 cell line decreases its sensitivity to 

Imatinib, whereas verapamil, an inhibitor of P-gp, reverses this effect (Mahon et al, 

2003). These data suggest a possible role for MDR1 overexpression in Imatinib 

resistance, although evidence of this phenomenon occurring in patients is thus far 

lacking. 
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1.6 INVOLVEMENT OF CERAMIDE IN MULTIDRUG RESISTANCE 

 

Resistance to chemotherapeutic agents is the major reason for the failure of 

clinical cancer treatment. There is mounting evidence to suggest that cells having 

aberrant ceramide metabolism acquire resistance to different chemotherapeutic 

agents. The sphingolipids are a family of membrane lipids with important structural 

roles in the regulation of the fluidity and sub-domain structure of the lipid bilayer. 

Unexpectedly, advances in biochemical and molecular studies of sphingolipid 

metabolism and function during the past two decades revealed that the sphingolipids 

also act as effector molecules and not as inert precursors and products of 

sphingolipid metabolism. These molecules have essential roles in many aspects of 

cell biology, from inflammatory responses through cell proliferation and apoptosis to 

cell migration and senescence (Ogretmen and Hannun, 2004). Many sphingolipid-

regulated functions have significant and specific links to various aspects of cancer 

initiation, progression and response to anticancer treatments. Ceramide in particular 

is intimately involved in the regulation of cancer-cell growth, differentiation, 

senescence and apoptosis (Hannun et al, 2002). Many cytokines, anticancer drugs 

and other stress-causing agonists result in increases in endogenous ceramide levels 

through de novo synthesis and/or the hydrolysis of sphingomyelin (SM) (Ogretmen 

et al, 2001-1).  

 

Several findings suggest that alterations in ceramide metabolism could be, at 

least in part, responsible for the acquisition of an MDR phenotype in cancer cells. 

Ceramide is generated either via SM hydrolysis, or de novo via ceramide synthase 

(A.H. Merrill, 2002), and both of these pathways are regulated in cell signaling. 

Recent studies have demonstrated that de novo ceramide synthesis is regulated by 

members of the mammalian longevity assurance gene (LASS) family (Venkataraman 

et al, 2002-1, Winter et al, 2002 and Venkataraman et al, 2002-2). Surprisingly, 

overexpression of each of these genes in various mammalian cells leads to an 

increase in ceramides containing different fatty acids (Mizutani et al, 2005, 

Venkataraman et al, 2002-2 and Riebeling et al, 2003).  The involvement of 

ceramide in apoptosis was demonstrated by the finding that alterations in ceramide 
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metabolism, whereby pro-apoptotic ceramide is converted to its non-cytotoxic 

GlcCer metabolite, contribute to the emergence of MDR (Ogretmen and Hannun, 

2004). Several tumor cell lines and clinical samples have been shown to overexpress 

the GCS enzyme, which transfers glucose from UDP-glucose to ceramide and 

produces GlcCer. Accumulation of GlcCer is a characteristic of some multidrug-

resistant cancer cells of breast, ovarian, colon, and epithelioid carcinomas (Kok et al, 

2000). These studies demonstrate that ceramide plays important roles in the response 

of cancer cells to chemotherapeutic drugs. 

 

While ceramide is anti-proliferative and pro-death, S1P has been implicated 

as a second messenger that promotes cellular differentiation, proliferation, migration, 

cytoskeletal reorganization, apoptosis and survival (Maceyka et al, 2002 and Pyne et 

al, 2000). Many external stimuli, particularly growth and survival factors, activate 

Sphingosine kinase-1 (SK-1) (Maceyka et al, 2002 and Pyne et al, 2000), leading to 

an increase in S1P levels and a concomitant decrease in ceramide levels. The 

antagonistic effects of these metabolites are regulated by enzymes that interconvert 

ceramide, sphingosine, and S1P. Thus, conversion of ceramide and sphingosine to 

S1P simultaneously removes pro-apoptotic signals and creates a survival signal, and 

vice versa. This led to the proposal of a "sphingolipid rheostat" as a critical factor 

determining cell fate (Maceyka et al, 2002.). According to this hypothesis, it is not 

the absolute levels but the relative amounts of these antagonistic metabolites that 

determines cell fate. In agreement, it has been shown that increased S1P protects 

against ceramide-induced apoptosis, and depletion of S1P enhances ceramide-

induced apoptosis (Olivera et al, 2003). 

 

 

1.6.1 Structure and Metabolism of Ceramide 

 

Sphingolipids are structural components of cell membranes and help maintain 

the integrity and fluidity of the membrane. They are structurally complex lipids 

composed of a hydrophilic head group conjugated to the lipophilic ceramide 

backbone, which in turn is composed of a long-chain sphingoid base and an amide-
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linked fatty acid (Figure 11). Ceramide serves as the precursor for the synthesis of 

more complex sphingolipids such as sphingomyelin, ceramide phosphate, 

cerebroside, a variety of glycolipids and gangliosides (Ogretmen and Hannun, 2004). 

 

Ceramide is generated in cells by multiple pathways (Figure 12). It can be 

generated via the de novo pathway of sphingolipid biosynthesis through the action of 

serine palmitoyl transferase (SPT). This is followed by the reduction of the product 

to dhydrosphongisine, followed by the acylation of dihydrosphingosine by 

dhydroceramide synthetase, which is then followed by the desaturation of 

dihydroceramide to ceramide through the action of a poorly characterized desaturase, 

which introduces a 4-5 trans double bond in ceramide (Perry et al, 1998). A major 

discovery in ceramide biology has been the finding that most biochemical and 

biological effects of ceramide on cell growth and apoptosis are specific to ceramide. 

 

 
Figure 11. Structures of key sphingolipids, mimetics and inhibitors. Ceramide is 

composed of an N-acylated (14 to 26 carbons) sphingosine (18 carbons). A trans 

double bond across C4 and C5 of the sphingosine backbone is important for its 

biological activity, such that dihydroceramide, which lacks this double bond, is 
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mainly biologically inactive. Complex sphingolipids are composed of a hydrophilic 

head group attached to the lipophilic ceramide backbone, which in turn is composed 

of a sphingoid base (usually sphingosine or dihydrosphingosine) and an amide-linked 

fatty acid. Ceramide then serves as the metabolic and structural precursor for SM, 

ceramide-1-phosphate and GlcCer, itself the precursor for various complex 

glycolipids and gangliosides. (From Ogretmen and Hannun, 2004). 

 

Alternatively, ceramide can be generated predominantly by agonist–induced 

activation of sphingomyelinase (SMase), which catalyses the hydrolysis of 

sphingomyelin to ceramide and phosphocholine. The re-synthesis of sphingomyelin 

by sphingomyelin synthase consumes ceramide and phosphatidylcholine, resulting in 

the formation of sphingomyelin and diacylglycerol; thus completing the 

sphingomyelin cycle (Hannun et al, 2002) Thus, this enzyme not only attenuates 

ceramide levels, but it also causes an accumulation of diacylglycerol that activates 

protein kinase C, which often has functions antagonistic to those of ceramide. 

 

As shown in the Figure 12 there are some other enzymes involved in the 

regulation of ceramide degradation or clearance. These include ceramidases, which 

catalyze the N-deactylation of ceramide resulting in sphingosine and free fatty acid, 

and GCS, which catalyzes conversion of ceramide to GlcCer. Inhibitors of ceramide 

catabolizing enzymes, such as D-MAPP and B13 for ceramidase (Bielawska et al, 

1996), and PDMP and (1-phenyl-2 palmitoylamino-3-pyrrolidino-1-propanol) PPPP 

for GCS (Abe et al, 1995), result in increased levels of ceramide in cells. 
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Figure 12. Major synthetic and metabolic pathways for ceramide. Increased ceramide 

leading to cytotoxicity can come from de novo synthesis due to stimulation of serine 

palmitoyltransferase and/or dihydroceramide synthase, or by degradation of 

sphingomyelins via spingomyelinases. Metabolism of ceramide by glycosylation or 

acylation, appear to ‘shunt’ ceramide into less toxic forms, as does catabolism via 

ceramidase. Phosphorylation of sphingosine derived from ceramide stimulates pro-
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life metabolic pathways and acts to oppose certain cytotoxic actions of ceramides. 

(From Ogretmen and Hannun, 2004). 

 

 

1.6.2 hLASS (Human Longevity-Assurance) Genes Regulate Synthesis of 
Specific Ceramides 

 

Interest in determining the regulatory mechanisms of ceramide metabolism 

has been stimulated over the past decade by the realization that ceramides formed by 

turnover of complex sphingolipids, and by de novo synthesis, influence key aspects 

of cell growth, regulation, differentiation, and cell death (Merrill, 2002). Ceramides 

are formed de novo by N-acylation of sphinganine to dihydroceramide, which is 

subsequently desaturated by dihydroceramide desaturase (Pan et al, 2001). The N-

acyltransferase(s), which are referred to herein as (dihydro) ceramide synthase(s), 

acylate various long chain bases, including sphinganine, sphingosine, and 4-

hydroxysphinganine, utilize a wide spectrum of fatty acyl-CoAs. 

 

Among these regulatory mechanisms of ceramide metabolism, a family of 

mammalian genes that regulates ceramide synthesis has been discovered. 

Surprisingly, overexpression of each of these genes leads to an increase in ceramides 

containing different fatty acids. 

 

Longevity-assurance gene 1 (LAG1) was the first of several ceramide 

synthesising gene discovered in yeast (D’mello et al, 1994). Homologues of LAG1 

have been identified in several species, including human (Brandwagt et al, 2000). 

The human gene has been renamed hLASS1 to conform to current genetic 

nomenclature. Recently, an additional human homologue, called LASS2, and 4 

different members of LASS family have been discovered named as LASS3, LASS4, 

LASS5 and finally LASS6. 

 

The LASS family members are highly conserved among eukaryotes. To 

investigate specific roles for each LASS member in ceramide synthesis, these five 

proteins were cloned. Overproduction of any LASS protein in cultured cells resulted 
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in an increase in cellular ceramide, but the ceramide species produced varied. 

Overproduction of LASS1 increased C18-ceramide levels (Venkataraman, K., 2002), 

overproduction of LASS2 increased levels of longer ceramides such as C24-

ceramides (Mizutani et al, 2005) and LASS4 increased C22-ceramides (Riebeling et 

al, 2003). LASS5 and LASS6 produced shorter ceramide species C14- and C16-

ceramides (Mizutani et al, 2005); however, their substrate preferences towards 

saturated/unsaturated fatty acyl-CoA differed. In addition to differences in substrate 

preferences, LASS family members are differentially expressed among tissues. 

Additionally, it was found that LASS proteins differ with regard to glycosylation. Of 

the five members, only LASS2, LASS5 and LASS6 were N-glycosylated, each at 

their N-terminal Asparagines residue. The occurrence of N-glycosylation of some 

LASS proteins provides topological insight, indicating that the N-termini of LASS 

family members probably face the luminal side of the endoplasmic reticulum 

membrane. From these data, a topology for the conserved LAG1 motif in LASS 

family members has been proposed (Figure 13) 

 
 

Figure 13. Predicted structure of LASS1 protein. LASS1 is a protein of the ER. Its 

predicted transmembrane structure is shown. The numbers designate the first and last 

amino acids of the transmembrane domains containing the Lag1 motif in this 411-

amino acid protein. (From Jazwinski SM et al, 2002). 
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1.6.3 Cancer-Suppressing Roles of Ceramide 

 

Ceramide is intimately involved in the regulation of cancer-cell growth, 

differentiation, senescence and apoptosis (Hannun et al, 2002). Ceramide seems to 

transduce these regulatory pathways predominantly by regulating specific protein 

targets such as phosphatases and kinases. These protein targets, in turn, modulate the 

components of various signaling pathways (Ogretmen et al, 2001-1); for example, 

AKT, phospholipase D, protein kinase C (PKC) and mitogen-activated protein 

kinases (MAPKs; Figure 14). In vitro, ceramide also activates specific 

serine/threonine protein phosphatases (known as ceramide-activated protein 

phosphatases), protein kinases (for example, c-RAF, PKCα and kinase suppressor of 

RAS) and cathepsin D (Chalfant et al, 2004) (Figure 14). 

 

Figure 14. Ceramide-regulated targets and pathways. Several direct targets of 

ceramide have been identified in vitro, including cathepsin D and ceramide-activated 
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protein phosphatases (CAPPs), which comprise the serine/threonine protein 

phosphatases PP1 and PP2A. These phosphatases act on several substrates such as 

the retinoblastoma gene product RB, Bcl-2, c-JUN, protein kinase-Cα (PKCα), AKT 

and SR proteins, which are known regulators of constitutive and alternative splicing. 

These pathways seem to be compartmentalized. In particular, cathepsin D is 

activated by ceramide generated in lysosome membranes leading to activation of the 

pro-apoptotic protein BID. Ceramide also activates the kinase suppressor of RAS 

(KSR), which in turn can activate mitogen-activated protein kinase (MAPK), RAF1, 

PKCæ and MEKK (MAPK/ERK kinase kinase). Proteins modulated by these 

pathways include telomerase, c-MYC, caspases and cyclin-dependent kinases 

(CDKs). Mitochondrial membrane potential can also be altered by these pathways, 

probably through PP2A-mediated dephosphorylation of Bcl-2. All of these 

downstream effects can lead to changes in growth arrest, apoptosis and/or 

senescence. A-SMase, acid sphingomyelinase; N-SMase, neutral sphingomyelinase; 

SM, sphingomyelin. (From Ogretmen and Hannun, 2004). 

 

 

1.6.3.1 Ceramide in Apoptosis 

 

Apoptosis defines a set of regulated biochemical processes that lead to 

organized cell death and it plays an important role in development and many 

physiological and pathological conditions. Apoptosis can be induced by diverse 

stimuli including triggering of death receptors (CD95) and tumor necrosis factor, 

growth factor withdrawal, hypoxia and DNA damage. Defects in apoptosis underlie 

the pathogenesis of many cancers, such as those overexpressing anti-apoptotic genes 

(for example, Bcl-2) or those that harbour mutations in pro-apoptotic genes. 

Apoptotic stimuli initiate signaling events that ultimately activate a class of cysteine 

proteases known as caspases, which are central elements of the execution machinery 

of apoptosis. Many of these mediators of apoptosis have been demonstrated as both 

regulators of ceramide generation and downstream targets of ceramide action (Figure 

14), suggesting a role of ceramide in apoptosis (Ogretmen et al, 2001-1). 
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Ceramides have also been shown to exert direct effects on mitochondria, and 

one mechanism that has been proposed for ceramide-mediated apoptosis is via 

channel or pore formation in mitochondrial membranes (Figure 14). 

 

 

1.6.3.2 Ceramide in Quiescence and Senescence 

 

Ceramide regulates several pathways that converge on the induction of 

G0/G1 cell-cycle arrest. It was shown that in response to TNFα, ceramide induces 

the dephosphorylation of the retinoblastoma gene product (RB) through the 

activation of PP1 (Figure 15) (Dbaibo et al, 1995). Ceramide also selectively induces 

the dephosphorylation and inactivation of the cyclin-dependent kinase CDK2, but not 

CDK4 (Figure 15) (Lee et al, 2000). Additional mechanistic studies demonstrate that 

ceramide induces the up regulation of the CDK inhibitors WAF1 (also known as 

p21) in Wi-38 human fibroblasts (Lee et al, 2000) and KIP1 (also known as p27) in 

nasopharyngeal carcinoma cells (Zhu et al, 2003). Recent studies point to human N-

SMase 2 which was the first bone fide mammalian neutral sphingomyelinase to be 

identified (Marchesini et al, 2004-1) as a key regulator of cell growth and cell cycle 

progression, but not of apoptosis, supporting the functional differentiation of 

ceramide-regulated pathways of growth suppression (Marchesini et al, 2004-2). 

 

The role of ceramide in senescence has also been studied extensively. The 

inability of cells to undergo indefinite doublings is known as senescence. Obeid and 

co-workers demonstrated that the levels of ceramide increase significantly in human 

fibroblasts as they become senescent, and treatment of low-passage-number 

fibroblasts with short chain ceramides induces the morphological features of 

senescence and many of the biochemical changes associated with senescence 

(dephosphorylation of RB, inhibition of CDKs and modulation of growth-factor 

signalling). A key mechanism of ceramide-induced senescence involves the 

inhibition of phospholipase D, diacylglycerol generation and protein kinase C 

activation, leading to a profound suppression of this key mitogenic pathway (Figure 

14) (Venable et al, 1995). 
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1.6.4 Cancer-Promoting Roles of Sphingosine 1 Phosphate (S1P) 

 

 Ceramide is deacylated by ceramidases, yielding a sphingoid base; the most 

common of these in mammals is sphingosine. In order for the sphingoid base to be 

catabolized, it must be phosphorylated on the 1-OH by SK-1. Cells also contain S1P 

phosphatase and ceramide synthase activities, allowing S1P to be converted back to 

ceramide. Cells maintain a dynamic equilibrium in the levels of ceramide, 

sphingosine, and S1P (Figure 12). This is more than a salvage pathway, as ceramide, 

sphingosine, and S1P have all been demonstrated to be second messengers, 

conserved from yeast to human. 

 

 The sphingolipid metabolite, S1P regulates many important cellular processes 

including growth, survival, differentiation, cytoskeleton rearrangements, motility, 

angiogenesis, and immunity (Spiegel et al, 2003, Saba et al, 2004 and Anliker et al, 

2004).  

 

 

1.6.4.1 The Sphingolipid Rheostat: a Conserved Stress Regulator 

 

 Stresses increase de novo ceramide synthesis or activate sphingomyelinases 

and ceramidase and elevate levels of ceramide and sphingosine leading to apoptosis, 

many other stimuli, particularly growth and survival factors, activate SK-1, resulting 

in accumulation of S1P and consequent suppression of ceramide-mediated apoptosis 

(Ogretmen and Hannun, 2004). Thus, it has been suggested that the dynamic balance 

between intracellular S1P and sphingosine and ceramide and the consequent 

regulation of opposing signaling pathways are important factors that determine 

whether cells survive or die (Maceyka et al, 2002).  

 

 Therefore, like other lipid mediators, S1P levels are tightly regulated by the 

balance between syntheses, catalyzed by SK-1, irreversible cleavage by S1P lyase, 

and reversible dephosphorylation to sphingosine by specific S1P phosphatases. 

Diverse external stimuli, particularly growth and survival factors, stimulate SK-1 and 
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intracellularly generated S1P has been implicated in their mitogenic and anti-

apoptotic effects (Edsall et al, 2001 and Xia et al, 2000). Expression of SK-1 

enhanced proliferation and growth in soft agar, promoted the G1-S transition, 

protected cells from apoptosis (Figure 15) (Olivera et al, 2003 and Xia et al, 2000), 

and induced tumor formation in mice (Nava et al, 2002).  

 

 The sphingolipid rheostat is evolutionarily conserved, as it also plays a role in 

regulation of stress responses of yeast cells (Jenkins et al, 2001). In these lower 

eukaryotic cells, the sphingolipid metabolites ceramide and sphingosine have been 

implicated in heat stress responses as decreased phosphorylated long chain sphingoid 

bases dramatically enhanced survival upon severe heat shock (Jenkins et al, 2001). 

 

 

1.6.4.2 Cancer-Promoting Roles of S1P 

 

In line with classical models of cell transformation, it was found that 

overexpression of SK-1, the immediate regulator of S1P, in mouse 3T3 cells results 

in cellular transformation in tissue culture and tumor formation in SCID mice (Xia et 

al, 2000). The addition of S1P to most cell types promotes proliferation and blocks 

many forms of apoptosis (Olivera et al, 2003). S1P was shown to stimulate 

invasiveness of human glioblastoma cells and to promote estrogen-dependent 

tumorigenesis of MCF-7 human breast cancer cells (Van Brocklyn et al, 2003 and 

Nava et al, 2002). Reciprocally, using siRNAs, it was shown that inhibition of S1P 

phosphatase 1 (S1PP1), which converts S1P to sphingosine, results in increased 

intracellular and extracellular levels of S1P and endows MCF-7 cells with resistance 

to the cytotoxic actions of TNFα and daunorubicin (Johnson et al, 2003). So, the SK-

1/S1P pathway exerts significant pro-proliferative activities in cancer cells. 

 

S1P exerts several specific effects on endothelial cells that, overall, promote 

blood-vessel formation. It promotes endothelial-cell growth and interacts specifically 

with vascular endothelial growth factor (VEGF) signaling, which is crucial for 

angiogenesis (Liu et al, 2001-1). VEGF was shown to stimulate SK-1 activity in the 
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T24 bladder tumor cell line and in turn, SK-1 mediated VEGF-induced activation of 

RAS and MAPKs in these cells (Wu et al, 2003). As S1P is also secreted 

extracellularly (Figure 15), modulation of SK-1 and S1P in tumor cells provides a 

potential mechanism for recruiting endothelial cells and promoting blood vessel 

formation/angiogenesis. Indeed, combining S1P with other pro-angiogenic factors, 

such as basic fibroblast growth factor, stem-cell factor or  VEGF, produced 

synergistic enhancement of vascular sprouting and neovascularization in tissue 

samples of mouse aortic rings, an ex vivo model of angiogenesis. The mechanisms of 

S1P-mediated neovascularization involve the migration of endothelial cells through 

the activation of S1P receptors and downstream regulation of the RHO family of 

small GTPases, which in turn regulate cell motility and remodeling of the 

cytoskeleton (Kluk et al, 2002 and Okamoto et al, 2000).  

 

 
Figure 15. Targets and pathways regulated by S1P. Agonist-induced activation of 

sphingosine kinase 1 (SK-1) for example, by tumor-necrosis factor-  (TNF ) 

involves its interaction with TNF-associated factor 2 (TRAF2) and phosphorylation 
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by extracellular-regulated kinase 1 (ERK1) or ERK2, which then induces 

translocation of the enzyme from the cytoplasm to the plasma membrane, leading to 

increased generation of S1P from sphingosine. S1P functions as a specific ligand for 

the G-protein-coupled S1P receptors. S1P receptors couple to various G proteins, 

such that S1P can mediate distinct biological responses based on the relative 

expression levels of S1P receptors and specific G proteins. Primarily, S1P-mediated 

pathways are proliferative, pro-inflammatory (through cyclooxygenase 2 (COX2) 

and anti-apoptotic (through inhibition of the pro-apoptotic proteins caspase-3 and 

BAX). NF- B, nuclear factor- B. TNFR1, tumour-necrosis factor receptor 1. (From 

Ogretmen and Hannun 2004). 

 

 

1.6.5 Targeting Ceramide Metabolism to Overcome Drug Resistance 

 

Cancer cells develop multiple, and often overlapping, mechanisms that allow 

them to become resistant to chemotherapeutic agents. The dysfunctional metabolism 

of ceramide is another one of these inherent or acquired mechanisms that contribute 

to cellular drug resistance. Numerous studies have helped define the ceramide 

signaling pathways that contribute to cell death. Studies also indicate that alterations 

in these cell death signaling pathways may contribute to resistance to standard 

chemotherapeutic agents in several in vitro cancer models, including breast, prostate 

and squamous cell cancers. Investigators have demonstrated the efficacy of targeting 

ceramide synthesis or degradation pharmacologically to enhance the cytotoxic effects 

of several clinically relevant drugs. In one study it was shown that multidrug 

resistance can be increased over baseline and then totally reversed in human breast 

cancer cells by GCS gene targeting. In adriamycin-resistant MCF-7-AdrR cells, 

transfection of GCS upgraded multidrug resistance, whereas transfection of GCS 

antisense markedly restored cellular sensitivity to anthracyclines, Vinca alkaloids, 

taxanes, and other anticancer drugs. (Liu et al, 2001-2). 
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Targeting ceramide metabolic and cell death signaling pathways (e.g. GCS, 

SK-1 inhibition and/or LASS induction) is an attractive clinical treatment strategy for 

overcoming drug resistance and continues to be studied actively. 

 

 

1.7 AIM 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 chemotherapy. 

 

Imatinib is a very effective drug in the treatment of chronic myeloid leukemia 

patients. Although very high hematologic and cytogenetics responses obtained in 

Imatinib treated patients, in recent years resistance cases were observed. The main 

objectives of the project are to understand the mechanisms underlying multidrug 

resistance to Imatinib in order to define new targets for the treatment of chronic 

myeloid leukemia. The basic idea of this approach is to block steps in the acquired 

mechanisms of multidrug resistance in chronic myeloid leukemia. Besides 

expression analyses of MDR1, BCR-ABL, pro-apoptotic and anti-apoptotoic genes, 

sequence analyses of Imatinib binding site of ABL kinase gene was conducted. On 

the other hand, for the first time in this project, the involvement of sphingloipids in 

Imatinib induced apoptosis and resistance was examined in chronic myeloid 

leukemia.  
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 

 

2.1 MATERIALS 

 

 

2.1.1 K562 and Meg-01 Cell Lines 

 

           The Philadelphia chromosome (Ph) positive K562 and Meg-01 cells were 

obtained from German Collection of Microorganisms and Cell Cultures, Germany. 

 

 

2.1.2 Chemicals 

 

              The 2-phenylaminopyrimidine derivative Imatinib (MW: 571) was eveloped 

and kindly provided by Novartis (Basel, Switzerland). The stock solution of this 

compound was prepared at 10 mmol/L with sterile distilled water and stored at – 20 

ºC. 

 

RPMI 1640, fetal bovine serum (FBS), penicilline-streptomycin, phosphate 

buffer saline (PBS), agarose, propidium iodide and 50X tris acetate EDTA (TAE) 

were obtained from Invitrogen, USA. 

 

RNeasy RNA isolation kit, QIAquick gel extraction kit, effectene 

transfection reagent and Taq DNA polymerase were obtained from Qiagen, USA. 
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DharmaFECT™ siRNA transfection reagent was obtained from Dharmacon, 

USA. 

 

Bio-Rad protein assay (Bradford dye), 4-15 % SDS polyacrylamide gel, 

coommasie blue, tween-20, 10X tris-glycine-EDTA and protein markers were 

obtained from Bio-Rad, USA.  

 

dNTP set, DNA ladder and polyethylene bag were obtained from Fisher 

Scientific, USA. 

 

Caspase-3 fluorometric assay kit was obtained from R&N Systems, USA. 

 

JC-1 mitochondrial membrane potential detection kit was obtained from T 

Cell Technology, USA. 

 

Bcl-2, BclXL and Bax primary antibodies were kindly provided by Dr. Hsu 

Lab, MUSC, USA. 

 

Secondary antibodies were obtained from Jackson Immunoresearch, USA. 

 

Cyclosporin A (Cyc A) was obtained from Calbiochem, Germany. 

 

N-(2-hydroxy-1-(4-morpholinylmethyl)-2-phenylethyl)-decanamide, 

hydrochloride (PDMP) was obtained from Cayman Chemical, USA. 

 

Reverse-Transcription system and bovine serum albumine (BSA) were 

obtained from Promega, USA. 

 

Isopropanol, trypan blue solution, ß-mercaptoethanol, dimethyl sulfoxide 

(DMSO), proteinase K and agarose were obtained from Sigma, USA. 
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Nitrocellulose immobilon transfer membrane was obtained from Millipore, 

USA. 

 

Developing Solution was obtained from Amersham Biosciences, USA. 

 

25 cm2  and 75 cm2  tissue culture flasks were obtained from Corning, USA. 

 

 

2.1.3 PlasmidVectors and siRNAi 

 

pcDNA3.1 (Appendix C-II), pcDNA3.1/GCS, pcDNA3 (Appendix C-I), 

pcDNA3/SK-1 and pCMVexSVneo plasmids were purchased from Invitrogen, USA. 

 

pCMVexSVneo/hLASS1 plasmid was kindly provided by Dr. S. Michal 

Jawzwinski, Medical University of South Caroline (MUSC), USA. 

 

pCMVexSVneo/hLASS2, pCMVexSVneo/hLASS5, and 

pCMVexSVneo/hLASS6 plasmids were kindly provided by Dr. Besim Ogretmen, 

Medical University of South Caroline (MUSC), USA. 

 

hLASS1 siRNA, SK-1 siRNA, and Scramble siRNA were obtained from 

Dharmacon, USA. 

 

 

2.1.4 Primers 

 

BCR-ABL, ABL Kinase gene primers were obtained from Iyontek, Istanbul, 

Turkey. MDR1, GCS, hLASS1, hLASS2, hLASS5, hLASS6, SK-1 and Beta actin 

primers were purchased from IDT Technologies, USA.  
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Table 2. Primers used in this study. 

 

MDR1 5’TACAGTGGAATTGGTGCTGGG3’ 

MDR1 5’CCCAGTGAAAAAATGTTGCCA3’ 

BCR-ABL (BCR-C) 5’ACCGCATGTTCCGGGACAAAAG3’ 

BCR-ABL (B2B) 5’ACAGAATTCGCTGACCATCAATAAG3’ 

BCR-ABL (C5e) 5’ATAGGATCCTTTGCAACCGGGTCTGAA3’  

BCR-ABL (CA3) 5’TGTTGACTGGCGTGATGTAGTTGCTTGG 3’ 

ABL Kinase-NTPB 5'AAGCGCAACAAGCCCACTGTCTAT3' 

ABL Kinase-NTPE 5'CTTCGTCTGAGATACTGGATTCCT 3' 

GCS 5’ATGACAGAAAAAGTAGGCT 3’ 

GCS 5’ GGACACCCCTGAGTGGAA 3’ 

hLASS 1 5’ CTATACATGGACACCTGGCGCAA 3’ 

hLASS 1 5’ TCAGAAGCGCTTGTCCTTCACCA 3’ 

hLASS 2 CCCTCGAGGGATGGATTACAAGGATGACGACGATA

AGATGCTCCAGACCTTGTATGATT 3’ 

hLASS 2 5’ CGGAATTCCGTCAGTCATTCTTACGATGGTT 3’ 

hLASS 5 5’CCCTCGAGGGATGGATTACAAGGATGACGACGAT

AAGATGGCGACAGCAGCGCAGGGA 3’ 

hLASS 5 5’ CGGAATTCCGTTACTCTTCAGCCCAGTAGCT 3’ 

hLASS 6 5’CCCTCGAGGGATGGATTACAAGGATGACGACGAT

AAGATGGCAGGGATCTTAGCCTGG 3’ 

hLASS 6 5’CGGAATTCCGTTAATCATCCATGGAGCAGGA 3’ 

SK-1 5’ CCGACGAGGACTTTGTGCTAAT 3’  

SK-1 5’ GCCTGTCCCCCCAAAGCATAAC 3’ 

Beta actin 5’ CAGAGCAAGAGAGGCATCCT 3’ 

Beta actin 5’ TTGAAGGTCTCAAACATGAT 3’ 
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2.2 METHODS 

 

2.2.1 Cell Line and Culture Conditions 

 

The cells were grown in 5 mL of RPMI 1640 medium containing 15-20% 

heat-inactivated fetal bovine serum (FBS) and 1% Penicilline-Streptomycin in 25 

cm2 tissue culture flasks. The cells were incubated in CO2 incubator (Nuaire, USA) at 

37 °C in the presence of 5% CO2 . The medium was refreshed in every five days. 

 

 

2.2.2 Thawing 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. As soon as the ice crystals 

melted, the content was taken into a sterile Falcon tube and washed with PBS. Then 

the cells were cultured in 25 cm2  tissue culture flask in RPMI 1640 medium. 

 

 

2.2.3 Maintenance of the K562 and Meg-01 Cell Culture 

 

Cell suspension (0.5 mL) was taken from the tissue culture flask into a sterile 

Falcon tube. The cells were centrifuged at 1,000 rpm for 2 min. After centrifugation, 

supernatant was removed and the pellet was resuspended in 1 mL of RPMI 1640. 

Medium was taken into a sterile 25 cm2  tissue culture flask containing 4 mL RPMI 

1640 medium. Drug was added at the required concentration to the medium. 
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2.2.4 Trypan Blue Dye Exclusion Method 

 

The effects of Imatinib and different chemical inhibitors or transfection of 

different genes and siRNA on cell growth were determined by the trypan blue dye 

exclusion method as described previously (Zhang et al, 1999). In short, cells, seeded 

as 50×103 cells/well in 6-well plates with 2 mL of complete media, were treated in 

the absence or presence of various concentrations of Imatinib for 48 h. Then, cells 

(500 µL) were collected, centrifuged at 1,600 rpm for 3 min and diluted in 1X PBS 

(100 µL) buffer. The mixture was incubated in the presence of trypan blue solution at 

a 1:1 ratio (v/v) (Sigma) for 5 min at room temperature. If cells were exposed to 

trypan blue for extended periods of time, viable cells may begin to take up dye as 

well as non-viable cells. The cells were then counted using a hematocytometer under 

a light microscope (Olympus, USA) 

 

 Each square of the hemacytometer (with cover slip in place) represents a 

total volume of 0.1 mm3 or 10-4 cm3. Since 1 cm3 is equivalent to 1 mL, the 

subsequent cell concentration per mL (and the total number of cells) will be 

determined using the following equations: 

 

Cells per mL = the average count per square× the dilution factor×104.  

Total cell number = cells per mL× the original volume of fluid from which cell 

sample was removed.   

 

 

2.2.5 Freezing Cells 

 

 Cells were frozen in case they may be needed for further studies. For this 

purpose high numbers of cells were required. Therefore, cells were cultured in 75 

cm2 tissue culture flask in 20 mL of complete media. 

 

 Cells were harvested as usual in 75 cm2 tissue culture flask and the content 

of flask was poured in to 50 mL Falcon tube. The cells were centrifuged at 1,000 rpm 
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for 3 min. After removing supernatant, the pellet was resuspended in 5 mL of 1X 

PBS and centrifuged at 1,000 rpm for 3 min. During centrifugation, cryogenic vials 

were taken onto ice. After centrifugation, supernatant was discarded and the tube was 

taken onto ice. Then the cell pellet was resuspended in 5.4 mL of fetal bovine serum 

(90%) and 600 µL of DMSO (10%). The solution was mixed on ice and 1.5 mL from 

cell suspension was taken into each cryogenic vial. Cryogenic vials were incubated 

in refrigerator (4 C°) for 30 min before the overnight incubation at –80 C°. Finally, 

they were stored in liquid nitrogen (-196 C°). 

 

 

2.2.6 Generation of Resistant Sub-lines 

 

Cells maintained in liquid cultures were exposed to increasing concentrations 

of Imatinib, starting with a concentration of 0.05 µM and increasing gradually. After 

the cells acquired the ability to grow in the presence of a specific concentration of the 

drug, proportion of cells then were frozen, and the remaining cells were grown at the 

next highest drug level. In this way, subpopulations of cells with different degrees of 

resistance were generated for further studies. The level of resistance was defined by 

the Imatinib concentration at which the growth rate of cells was comparable to that 

of untreated parental cells.  

 

 

2.2.7 Total RNA Isolation from Cells 

 

RNeasy Kit (Qiagen) was used for the total RNA isolation from cell lines. 

Isolation was performed as described by the manufacturer. All steps of the protocol, 

including centrifugation, were performed at room temperature. 

 

Briefly, the number of cells were determined (The number of cells per prep 

was 1×106). The appropriate number of cells was centrifuged for 3 min at 1,000 rpm 

in a 15 mL sterile Falcon tube. The supernatant was carefully removed. Buffer RLT 

 

46



(350 µL) including 10 µL β-Mercaptoethanol per 1 mL of Buffer RLT was added 

onto the pellet and mixed well by pipetting. 

 

The samples were homogenized by passing of the lysate at least 5 times 

through a 20-gauge needle (0.9 mm diameter) fitted to an RNase-free syringe. 

 

1 Volume of 70% Ethanol (350 µL) was added to the homogenized lysate and 

mixed well by pipetting. The sample was then applied to an RNeasy Column in a 2 

mL collection tube. The tube was closed gently, and centrifuged for 15 s at 10,000 

rpm. The flow-through was discarded and 700 µL Buffer RW1 was added to the 

RNeasy Column. The tube was closed gently, and centrifuged for 15 s at 10,000 rpm. 

The flow-through and the collection tube were discarded. 

 

Another 500 µL Buffer RW1 was added into the RNeasy Column and 

centrifuged for 2 min at 10,000 rpm. The flow through was discarded. 

 

The spin column was transferred to a new 1.5 mL collection tube. RNase-free 

water (50 µL) was directly added onto the center of the silica-gel membrane. The 

tube was closed gently, and centrifuged for 1 min at 10,000 rpm. 

 

 

2.2.8 Quantification of RNA 

 

Quantification of RNA was conducted by spectrophotometer (Shimadzu, 

Japan). Reading at 260 nm was used to calculate the concentration of nucleic acid in 

a sample. An OD of 1 corresponds to 40 µg/mL of single-stranded RNA. 

 

Equation Concentration (µg/mL) = (dilution factor)× (40µg/mL/OD260) 

(sample’s OD) ×
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The ratio between the readings at 260 nm and 280 nm (OD260/OD280) 

provides and estimate of the purity of the nucleic acid. Pure preparations of RNA 

have a ratio of 1.8.  

 

 

2.2.9 Agarose Gel Electrophoresis of RNA 

 

              In order to examine the RNA products, 10 µL of sample was mixed with 2 

µL of loading buffer (6X) and run on 1.2 % agarose gel at 70 V for 60 min. 

 

              Agarose (0.42 g) was added to 35 mL 1X TAE buffer and was dissolved by 

boiling. The solution was cooled down to 50-60 oC. The gel was stained with 

Ethidium-bromide (0.5 µg/mL). The comb was placed and agarose solution was 

poured into electrophoresis apparatus. The gel was left at room temperature for 30 

min for solidification and the comb was then removed. The apparatus chamber was 

filled with 1X TAE and the gel was placed in the chamber. The gel was visualized by 

UV transilluminator after electrophoresis. 

 

 

2.2.10 cDNA Preparation from RNA  

 

 The following reaction mixture was prepared in a sterile 0.5 mL eppendorf 

tube. 

 The samples were vortexed and spinned down. The mixture was incubated 

at room temperature for 10 min, at 42 oC for 50 min and at 95 oC for 5 min.The tube 

was chilled on ice for 5 min. cDNAs were stored at -20 oC. 
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Table 3. Ingredients of reverse transcription reaction. 

Ingredients Amount 

RNAse Free Water 5 µL 

Total RNA (5 µg) 5 µL 

10X Buffer 2 µL 

Random Primers (0.5 µg/µL) 0.7 µL 

RNAse Inhibitor (50 U/µL) 0.7 µL 

MgCl2 (25 mM) 4 µL 

dNTP (10mM) 2 µL 

Moloney Murine Reverse Transcriptase enzyme (200 U/ µL) 0.7 µL 

Total 20 µL 

 

           

 

2.2.11 Nucleotide Sequence Analyses of Imatinib Binding Site of ABL Kinase 
Domain in Parental and Resistant Human CML Cells 
 

To determine whether a point mutation in the BCR-ABL ATP-binding 

domain was responsible for the resistance in K562 and Meg-01 cells to the inhibitory 

effect of Imatinib, sequencing of the cDNA portion corresponding to the ATP-

binding region was performed. Total RNAs, isolated from parental, 0.2 µM and 1 

µM Imatinib resistant K562 and Meg-01 cell lines, were converted to cDNA by 

Reverse Transcriptase enzyme. Imatinib binding region of ABL kinase gene was 

amplified by using NTPE (exon 9 of ABL gene) and NTPB (exon 4 of the ABL 

gene) primers (Mahon et al., 2000). The PCR products were run on a 2% agarose gel 

at 90 V for 1 h and the results were visualized by UV spectrophotometer. After 

extraction, the fragments were subjected to automated sequencing using the forward 

primers NTPB and BRN encompassing the ATP-binding domain of the fusion 

protein. The sequences obtained from parental, 0.2 µM and 1 µM Imatinib resistant 

K562 and Meg-01 cell lines were aligned and compared to the c-ABL known 

sequence (Gene Bank accession number: M14752) of the samples were determined 

(by ABI Prism, 322 DNA Sequencer, USA) in Biotechnology Resource Laboratory 

 

49



(MUSC, USA). The results were analyzed between parental and Imatinib resistant 

K562 and Meg-01 cell lines to detect any mutation that occurred in Imatinib binding 

region of ABL kinase gene.  

 

 

2.2.11.1 DNA Extraction from Agarose Gel 

 

QIAquick gel extraction Kit (Qiagen) was used for the extraction of DNA 

from agarose gel. The extraction was performed as described by the manufacturer. 

 

Briefly, the DNA fragments were excised from the agarose gel with a clean 

and sharp scalpel. The size of the gel slice was minimized by removing extra 

agarose. The gel slice was weighed and 3 volumes of buffer QG was added to 1 

volume of gel (300 µL for each 100 mg of gel). The sample was incubated at 50 °C 

for 10 min or until the gel slice was completely dissolved. To help dissolve the gel, 

the tube was mixed by vortexing every 3 min during incubation. 1 Gel volume of 

Isopropanol was added to the sample and mixed.  The sample was applied to the 

QIAquick column, and centrifuged at 13,000 rpm for 1 min. Flow-through was 

discarded and QIAquick column was placed back in the same collection tube. To 

wash, 0.75 mL of Buffer PE was added to QIAquick column and centrifuged at 

13,000 rpm for 1 min. The flow-through was discarded and the QIAquick column 

was centrifuged for an additional 1 min at 13,000 rpm. QIAquick column was placed 

into a clean 1.5 mL micro centrifuge tube. To elute DNA, 50 µL of Buffer EB (10 

mM Tris·Cl, pH 8.5) or H2O was added to the center of the QIAquick membrane and 

the column was centrifuged for 1 min.  

 

 

2.2.12 Polymerase Chain Reaction 

 

               The resulting total cDNA was then used in PCR. PCR mixture was 

prepared in the sterile 0.5 mL PCR-Eppendorf tubes. 
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Table 4. Ingredients of PCR tubes for MDR1, hLASS1, hLASS2, hLASS5, hLASS6, 

SK-1, GCS, ABL Kinase and Beta Actin genes. 

Reaction Mixture MDR1, hLASS1, hLASS2, hLASS5, 

hLASS6, SK-1, GCS, ABL Kinase and Beta 

Actin (Control) 

PCR Grade Water 22.7 µL 

Q Solution (5X) 10 µL 

Reaction buffer (10X) 5 µL 

MgCl2 (25 mM) 5 µL 

dNTP (10 mM) 4 µL 

Primer forward (50 pmol/ µL) 1 µL 

Primer reverse (50 pmol/ µL) 1 µL 

cDNA   1 µL 

Taq DNA Polymerase (5U/µL) 0.3 µL 

Total Mixture 50 µL 

 

 

Table 5. Ingredients of PCR tubes for BCR-ABL gene. 

 

Reaction Mixture 

 

BCR-ABL Gene 

 

Beta actin gene 

(Control) 

PCR Grade Water 20.7  µL 22.7 µL 

Q Solution (5X) 10 µL 10 µL 

Reaction buffer (10X) 5 µL 5 µL 

MgCl2 (25 mM) 5 µL 5 µL 

dNTP (10 mM)  4 µL 4 µL 

Primer BCR-C (50 pmol/ µL) 1 µL - 

Primer B2B (50 pmol/ µL) 1 µL - 

Primer C5E (50 pmol/ µL) 1 µL - 

Primer CA3 (50 pmol/ µL) 1 µL  
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Primer β forward (50 pmol/ µL) - 1 µL 

Primer β reverse (50 pmol/ µL) - 1 µL 

cDNA 1 µL 1 µL 

Taq DNA Pol. 0.3 µL 0.3 µL 

Total Mixture 50 µL 50 µL 

 

 

 

2.2.13 Amplification Conditions of PCR 

 

A thermocycler (Bioemtra T3, Germany) was used for the amplification of 

cDNAs using the following programs; 

 

Table 6. Amplification conditions of MDR1 gene. 

Steps Temperature Time 

Initial Denaturation  94oC 5 min 

Denaturation                         94oC 30 s 

Annealing 55 oC 45 s 

Extension     72 oC 1 min 

Final Extension 72 oC 5 min 

 

Table 7. Amplification conditions of BCR-ABL (b3a2, b2a2) genes. 

Steps Temperature Time 

Initial Denaturation  95oC 5 min 

Denaturation                         95oC 45 s 

Annealing 58 oC 30 s 

Extension     72 oC 45 s 

Final Extension 72 oC 5 min 
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Table 8. Amplification conditions of SK-1, GCS, hLASS2, hLASS5, hLASS6 and 

ABL Kinase genes. 

Steps Temperature Time 

Initial Denaturation  94 oC 2 min 

Denaturation                         94 oC 1 min 

Annealing 55 oC 2 min 

Extension     72 oC 2 min 

Final Extension 72 oC 5 min 

 

 

Table 9. Amplification conditions of hLASS1. 

Steps Temperature Time 

Initial Denaturation  94 oC 2 min 

Denaturation                         94 oC 1 min 

Annealing 68 oC 2.5 min 

Extension     72 oC 2 min 

Final Extension 72 oC 5 min 

 

In all conditions denaturation, annealing and extension steps were 35 cycles. 

PCR products were stored at –20 oC. 

 

 

2.2.14 Agarose Gel Electrophoresis of PCR Products 

 

              In order to examine the PCR products, 10 µL of PCR sample was mixed 

with 2 µL of 6X DNA loading dye. The samples were run on 2% agarose gel at 90 V 

for 1 h using the method as previously described. 
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2.2.15 Measurement of Cell Survival by 3-(4, 5-Dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide (MTT) 
 

The concentration of Imatinib that inhibited cell growth by 50% (IC50) were 

determined from cell survival plots obtained by MTT or trypan blue exclusion assays 

as described (Ogretmen et al, 2001-2). In short, cells (2 × 104 cells/well) were plated 

into 96-well plates containing 100 µl of the growth medium in the absence or 

presence of increasing concentrations of Imatinib at 37 °C in 5% CO2 for 72 h. They 

were then treated with 5 µl of MTT (5 mg/ml) for 4 h. After lysing the cells in 50 µl 

of the lysis buffer, the plates were read in a microplate reader (Dynatech, Chantilly, 

USA) at 570 nm. After that, the IC50 concentrations of the compound were 

determined from cell survival plots as described. 

 

 

2.2.16 Transient Transfection of Suspension Cells in 60 mm Dishes (6 Well 
Plates) 
 

Transient transfection of K562 and Meg-01 cell lines with different 

mammalian expression vector system (pcDNA3, pcDNA3/SK-1, pcDNA3.1, 

pcDNA3.1/GCS, pCMVexSVneo, pCMVexSVneo/hLASS1, 

pCMVexSVneo/hLASS2, pCMVexSVneo/hLASS5 and pCMVexSVneo/hLASS6) 

was conducted using Effectene Transfection Reagent (Qiagen). Transfection was 

performed as described by the manufacturer.  

 

The cells were split the day before transfection to maintain the viability. On 

the day of transfection, the cells were harvested by centrifugation, the supernatant 

was removed and the cells were washed once with PBS in a 15 mL Falcon tube. 

About 3×106 cells were seeded per 60 mm dish in 1.6 mL growth medium 

containing serum and antibiotics. 

 

One µg of plasmid DNA was diluted with the DNA-condensation buffer, 

Buffer EC, to a total volume of 100 µL. The enhancer solution (6.4 µL) was added 

on to sample, mixed by vortexing before incubated at room temperature for 5 min. 
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Effectene reagent (10 µL) was added on to the DNA–Enhancer solution, 

mixed well by pipetting up and down for 5 times. The samples were incubated for 10 

min at room temperature to allow transfection-complex formation. 

 

Growth medium containing serum and antibiotics (600) µL was added into 

the tube containing the transfection complex. The mixture was mixed by pipetting up 

and down twice and then added drop-wise onto the cells in the 60 mm dishes 

containing cells that were dissolved in 1.6 mL of media. The dish was gently swirled 

to ensure uniform distribution of the complexes. 

 

 

2.2.17 Transfection of Cell Lines with siRNA 

 

Transfection of different siRNA (hLASS1, SK-1 and scramble siRNA) was 

conducted using DharmaFECT™ siRNA Transfection Reagents (Dharmacon, USA). 

Transfection was performed as described by the manufacturer. 

 

   siRNA (10 µL, Tube 1) and of DharmaFECT transfection reagent (4 µL, 

Tube 2) were diluted in 190 µL and 196 µL of serum-free medium, respectively.  

  

The content of each tube was mixed gently by pipetting carefully up and 

down and was incubated for 5 min at room temperature. The contents of Tube 1 and 

Tube 2 were mixed well by pipetting and incubated for 20 min at room temperature.  

 

 The mixture was added drop-wise on to the 1.6 mL of complete medium 

including 25x104 cells in a 6-well plate. The cells were incubated at 37 °C in 5% 

CO2 for 72 h. Total RNA was isolated and the levels of inhibition of gene expression 

were analyzed by RT-PCR. After 72 h of transfection the cells were treated with 

different concentrations of Imatinib for an extra 48 h and the effects of inhibition of 

desired genes on cell growth were determined by Tryphan Blue exclusion method.  
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2.2.18 Western Blotting Analyses 

 

2.2.18.1 Protein Isolation 

 

The protein levels of BCR-ABL, SK-1, Bcl-2, Bcl-XL, Bax and beta actin were 

detected by Western blot analysis (Sultan et al, 2006). The cells were centrifuged at 1,000 

rpm for 2 min and resuspended in 100 µL of Lysis Buffer (Appendix A). The 

mixture was incubated on ice for 15 min and transferred into prechilled sterile 1.5 

mL eppendorf tubes. The samples were homogenized by passing the lysate at least 5 

times through a 20-gauge needle (0.9 mm diameter) and centrifuged at 12,000 rpm 

for 15 min at 4 ºC. Then the supernatant was taken into another prechilled and sterile 

eppendorf tube and the concentration of protein was determined.  

 

 

2.2.18.2 Determination of Protein Concentration by Bradford Assay 

 

1 µL of each sample was taken into eppendorf tube that contains 200 µL of 

Bradford Dye and 799 µL of dH2O. The mixture was vortexed and span down. 200 

µL of mixture was taken into 96 well-plates and read at 595 nm. The concentration 

of protein was calculated according to standards (Table 10). Protein concentrations in 

the samples are in µg/µL since the dilution factor is 1:1000 (1 µL+ 799 µL H2O + 

200 µL Bradford dye). 
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Table 10. Standard Bovine serum albumin curve for the determination of protein 

concentrations. 

 
Bovine Serum Albumin 

(1 mg/mL) (Standards) 

 

dH2O 

 

Bradford Dye 

1 0 µL 800 µL 200 µL 

2 1 µL 799 µL 200 µL 

3 2 µL 798 µL 200 µL 

4 4 µL 796 µL 200 µL 

5 6 µL 794 µL 200 µL 

6 8 µL 792 µL 200 µL 

7 10 µL 790 µL 200 µL 

8 15 µL 785 µL 200 µL 

 

 

 

2.2.18.3 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 

The samples were diluted by 1X PBS to a predetermined concentration and 

volume before mixing with the denaturing buffer.  

 

Denaturation of proteins was achieved by mixing protein samples 1:1 with a 

2X concentrate of sample buffer (Apendix B). The protein concentrations of all 

unknowns were typically adjusted to some standard concentration prior to mixing 

with sample buffer, so that the final concentration of protein is the same for all 

samples. The mixture was incubated at 95 ºC for 5 min and was loaded into the 

wells. Both the upper and lower buffer compartments were filled with 1X 

(Tris/Glycine/SDS) running buffer (Appendix A). The samples and protein markers 

were loaded into the wells. Bio-Rad Prestained Standards (15 µL) were used in our 

studies as markers. The samples were run at 120 V until the dye run off bottom of the 

gel (~ 2 h).  

 

57



The levels of proteins in polyacrylamide gels were determined by Coomassie 

Blue Dye staining (Appendix A). Excess dye was washed out by destaining solution 

(Appendix A) with acetic acid/methanol and agitation at room temperature. 

 

 

2.2.18.4 Transfer of Proteins from Gel to Membrane 

 

 Proteins were transferred from 4-15% SDS-polyacrylamide gel to 

nitrocellulose membrane. The membrane was wetted with methanol, rinsed with 

dH2O and finally washed with Towbin Buffer (Appendix A). Two pieces of filter 

paper (slightly bigger than gel) were washed with Towbin Buffer. Then the 

“sandwich” was assembled as 2 pieces of filter paper-gel-membrane-2 pieces of filter 

paper for Bio-Rad’s Transblot. Proteins were transferred to nitrocellulose membrane 

for 4 h at 0.12 Amp at room temperature. When the transfer was finished, the 

membrane was immersed in milk solution (Appendix A) at 4 ºC for overnight and the 

container was sealed with wrap while the gel itself was soaked in coomassie blue 

stain. The next day the gel was washed with destaining solution for several times 

until clear bands were observed. 

 

 

2.2.18.5 Detection of Desired Proteins by Specific Antibodies 

 

 After overnight incubation, the milk was removed and the membrane was 

washed with 1X PBS. Unnecessary parts of the membrane were removed and the 

membrane was placed in a small tray. 10 mL of 0.1% TBS Buffer (Appendix A) was 

added onto membrane and incubated for 5 min at room temperature. The buffer was 

replaced with new milk solution containing primary antibody and incubated for 1 h at 

room temperature. At the end of the primary antibody binding, the milk was removed 

and the membrane was washed in 0.1% TBS buffer 3 times total; 20 min, and two 5 

min by refreshing the buffer at each time. Then fresh milk including secondary 

antibody was added onto the membrane and incubated for 1 h. 
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The membrane was then washed with 0.3% TBS buffer (Appendix A) 3 

times; 20 min, 5 min and 5 min by refreshing the buffer at each time followed by 3 

times washing in 0.1% TBS buffer (Appendix A) in a similar manner. 

 

 After removing all the buffers, the membrane was soaked in Developing 

Solution (1.5 mL from Solutions A & B, 1:1, Amersham Biosciences) and incubated 

for 5 min at room temperature. After drying excess liquid, nylon membrane was 

taken in between polyethylene plastic bags and taped onto autoradiography cassette. 

A film was exposed for 5 min in the dark room. Then the film was developed by an 

imaging machine (Konica Minolta Medical and Graphic-SRX-101A, Taiwan). 

 

 

2.2.18.6 Stripping the Membranes 

 

 The membrane was incubated at 50 ºC for 30 min in Stripping buffer in 

hybridization oven. The membrane was washed with 1X PBS for 10 min, two times. 

The membrane was blocked in milk solution overnight and starting from incubation 

of membrane in primary antibody, western blotting procedure was repeated. 

 

 

2.2.19 Analysis of Cell Cycle Profiles 

 

The effects of Imatinib and PDMP on the cell cycle profiles of K562, 

K562/IMA-0.2, Meg-01 and Meg-01/IMA-0.2 at 6 h, 24 h and 48 h were analyzed in 

the presence of DNase-free RNase and propidium iodine by flow cytometry as 

described previously (Ogretmen et al, 2001-2). Untreated cells were used as controls. 

 

2.2.19.1 Fixation 

 

After treatment, cells (at least 5×105) were harvested and collected. Then the 

cells were suspended in 1 mL of cold PBS and were fixed by adding 4 mL of –20 ºC 

absolute ethanol. Finally the cells were stored at –20 ºC. 
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2.2.19.2 Staining 

 

          Fixed cells were thawed and centrifuged at 1,200 rpm at of 4ºC for 5 min and 

resuspended in 1 mL of PBS. DNAse-free RNAse A (100 µL, 200 µg/mL) was 

added and the mixture was incubated at 37 ºC for 30 min. Then 100 µL of propidium 

iodide (1 mg/mL) was added and incubated at room temperature for 10 min. The 

samples were placed in 12×75 Falcon tubes and read on Becton Dickinson 

FACStarPLUS in Flow Cytometry Facility (MUSC, USA). 

 

 

2.2.20 Determination of Caspase-3 Activity 

 

Caspase-3 Fluorometric Assay Kit (R & D Systems) was used for the 

detection of caspase-3 activity. The activity assay was performed as described by the 

manufacturer. 

 

Cells that have been induced to undergo apoptosis were collected by 

centrifugation in a Falcon tube at 1,000 rpm for 3 min. The supernatant was gently 

removed and discarded while the cell pellet was lysed by the addition of the Lysis 

Buffer. The amount of Lysis Buffer to be added to the pellet was determined by the 

number of cells present. Cold Lysis Buffer (100 µL) was added per 1×106 cells. The 

cell lysate was incubated on ice for 10 min before centrifugation at 12,000 rpm for 5 

min. The protein content of the cell lysate was determined using a protein 

determination assay as described previously in 2.2.19-2. 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 25 µL of cell lysate, 25 µL of 2X Reaction Buffer 3 (Prior 

to using the 2X Reaction Buffer 3, 10 µL of fresh DTT stock was added per 1 mL of 

2X Reaction Buffer 3) and 2.5 µL of Caspase-3 fluorogenic substrate (DEVD-AFC) 

were added into one of 96 well flat bottom microplate and mixed well. The plate was 

incubated at 37 oC for 2 h in a 5% CO2 incubator. 
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The plate was read on a fluorescent microplate reader using filters that allow 

light excitation at 400 nm wavelength and can collect emitted light at 505 nm 

wavelength. 

 

 

2.2.21 Detection of Mitochondrial Membrane Potential 

 

JC-1 Mitochondrial Membrane Potential Detection Kit ™ (Cell Technology) 

was used for the detection of changes in mitochondrial membrane potential. The 

detection was performed as described by the manufacturer. 

 

Cells were cultured to a density not to exceed 1×06 cells/mL. Apoptosis was 

induced by application of different concentrations of Imatinib. Cell suspension was 

transferred into a sterile Falcon tube. The cells in suspension were centrifuged for 5 

min at room temperature at 1,000 rpm and supernatant was removed carefully. Cells 

were resuspended in 0.5 mL 1X JC-1 Reagent solution prepared under Dilution of 

JC-1 Reagent. The cells were incubated at 37 °C in a 5 % CO2 incubator for 15 min, 

centrifuged for 5 min at 1,000 rpm and supernatant was removed. The cell pellet was 

resuspended in 2 mL cell culture medium followed by centrifugation. The 

supernatant was removed and once more washed with 2 mL cell culture medium. 

The cell pellet was resuspended in 0.5 mL fresh cell culture medium and flow 

cytometry analyses were performed immediately. 

 

 

2.2.22 Measurement of Total Endogenous Ceramide Levels by LC/MS 

 

Cells were collected by centrifugation at 1,000 rpm for 3 min after treatment. 

50 µL of internal standard was added directly onto each sample to monitor extraction 

efficiency and calculate ceramide concentrations and mixed well by vortex. 2 mL of 

JB Cell Extraction Mix (Appendix A) was added to each sample and mixed well. The 

samples were centrifuged at 3,000 rpm for 5 min. The supernatant was transferred to 

a new glass tube and an additional 2 mL of JB Solvent was added and centrifuged 
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again at 3,000 rpm for 5 min. After the second centrifugation of the cell 

pellets/sample, the additional 2 mL of cell extraction was transferred to the previous 

2 mL. From the 4 mL of sample/cell extract, 1 mL was transferred to a separate glass 

tube for sphingomyelin extraction and 0.5 mL aliquot was also removed for Pi 

determination. The remaining 2.5 mL was concentrated to dryness under nitrogen 

and then resuspended in Mobile Phase B Solvent (Appendix A) prior to analyses of 

endogenous sphingosine and ceramides. The samples were analysed by Reverse 

Phase-Liquid Chromotography-Mass Spectrophotometry (LC-MS) (Agilent, 1100-

HPLC, Finnigan, TSQ 7000- Mass Spectrophotometry) in Lipidomics Core Facility 

(MUSC, USA).  

 

 

2.2.22.1 Determination of Inorganic Phosphate (Pi) Concentrations 

 

0.5 mL of the 4 mL total extracted lipids was dried. Then 3 mL of 

Chlorofom: Methanol (1:2), 0.8 mL of dH2O, 1 mL of chloroform and 1 mL of dH2O 

were added onto the samples respectively. After addition of each, the mixture was 

vortexed well. The mixture was centrifuged at 3,000 rpm for 5 min. Upper phase was 

removed by aspiration while the bottom phase (~2 mL) was saved. 

 

Each sample (0.5 mL) were taken and dried using a heating block at 80 °C for 

30 min. 0.6 mL of Ashing Buffer (Appendix A) was added both on samples and 

standards. After vortexing well, all the samples were put in heating block and 

incubated overnight at 160 °C. The samples were always put in a cold heating block 

and then set to 160 °C. After removal from the heating block, 0.9 mL dH2O, 0.5 mL 

of 9% Ammonium Molybdate and 0.2 mL 9% Ascorbic Acid (Always made freshly) 

were added onto mixture and vortexed well. The samples were put in water bath at 

45 °C for 30 min. The samples were read at 600 nm using Spectrophotometer. The Pi 

values of the samples were calculated according to known standardsof NaH2PO4 (0-

80 nM). 
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2.2.23 Analysis of the Endogenous Ceramide Synthase and Sphingosine Kinase 
Activities by LC/MS 
 

Endogenous enzyme activities of (dihydro)ceramide synthase, and 

sphingosine kinase for the generation of ceramide and sphingosine-1-phosphate were 

measured by LC/MS after pulsing the cells 17C-dihydrosphingosine that contains 17-

carbons, while its natural analogue contains 18-carbons, as described previously 

(Sultan et al, 2006 and Schulz et al, 2006). The in vitro enzyme activity of ceramide 

synthase was also measured using microsomal preparations of the cells by 

monitoring the conversion of [3H]dihydrosphingosine into ceramides in the presence 

of steraoyl- or plamitoyl CoAs by thin layer chromatography as described previously 

(Lahir et al, 2005). 
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CHAPTER 3 

 

 

RESULTS 

 

 

3.1 LONG-TERM EXPOSURE TO INCREASING CONCENTRATIONS OF 

IMATINIB RESULTS IN THE DEVELOPMENT OF RESISTANCE TO 

APOPTOSIS 

  

To explore the mechanisms involved in the development of resistance to 

Imatinib-induced apoptosis, human K562 and Meg-01 CML cells were exposed to 

step-wise increasing concentrations of the drug (50- to 1,000 nM) for several months, 

and the sub-clones that expressed resistance were selected. First, the degree of 

resistance was determined by measuring the IC50 values of Imatinib at 72 hr using 

MTT assay.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Effects of Imatinib on the growth of K562, K562/IMA-0.2 and -1 cells in 

situ. The IC50 concentration of Imatinib was determined by MTT assay for each cell 
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line. Experiments were done in triplicate in at least two independent experiments, 

and statistical analysis was done using two way anova, p<0.01 was considered 

significant. Standard deviations for each point were between 0.5- and 4%. The error 

bars represent the standard deviations, and when not seen, they are smaller than the 

thickness of the lines on the graphs. 

 

As shown in Figure 16, K562 cells that survived upon chronic exposure to 

200- or 1000 nM Imatinib, which were referred to as K562/IMA-0.2 and -1, 

respectively, expressed about 2.3- to 19-fold resistance, as compared to their parental 

sensitive counterparts. The inhibitory concentration (IC50) values of Imatinib that 

inhibits growth by 50% in these cells were 240-, 565- and 4,600 nM for K562, 

K562/IMA-0.2, and -1 cells, respectively (Figure 16). Similarly, treatment with 200- 

and 500 nM Imatinib (48 hr) decreased the viability of K562 cells about 30- and 

50%, respectively, whereas there was no significant change in the viability of 

resistant cells in response to Imatinib at these concentrations as measured by trypan 

blue exclusion assay (Figure 17).  

 

0

20

40

60

80

100

120

control 200 500

Imatinib (nM, 48 hr)

%
 T

ry
pa

n 
B

lu
e 

ne
ga

tiv
e 

ce
lls

K562

K562/IMA-0.2

K562/IMA-1

 
Figure 17. The effect of Imatinib on cell viability of K562, K562/IMA-0.2 and -1 

cells. Cells, grown in 6-well plates (5x104 cells/well), were treated in the absence or 

presence of Imatinib (48 hr). Cell viability was determined using trypan blue dye 

exclusion assay. Experiments were done in duplicates in at least two independent 
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experiments. Error bars represent standart deviations. Statistical analysis was done 

Two Way Anova, and p<0.01 was considered significant. 

 

Subpopulations of Meg-01 cells which were able to grow in the presence of 

0.2- and 1 µM Imatinib, were also selected, and referred to as Meg-01/IMA-0.2 and 

–1, respectively. Then, the IC50 values of Imatinib in these cells were determined and 

compared to parental sensitive cells. As shown in Figure 18, Meg-01/IMA-0.2 and -1 

cells expressed about 2- to 5-fold resistance, as compared to parental Meg-01 cells. 

The IC50 values of Imatinib were 340-, 650- and 1,500 nM for Meg-01, Meg-

01/IMA-0.2, and -1 cells, respectively (Figure 18). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18. Effects of Imatinib on the growth of Meg-01, Meg-01/IMA-0.2 and -1 

cells in situ. The IC50 concentration of Imatinib was determined by MTT assay for 

each cell line. Experiments were done in triplicate in at least two independent 

experiments, and statistical analysis was done using two way anova, p<0.01 was 

considered significant. Standard deviations for each point were between 0.5- and 4%. 

The error bars represent the standard deviations, and when not seen, they are smaller 

than the thickness of the lines on the graphs. 

 

On the other hand, treatment with 200- and 500 nM Imatinib (48 hr) 

decreased the viability of Meg-01 cells about 20- and 40%, respectively, whereas 

there was no change in the viability of Meg-01/IMA-1 cells in response to Imatinib 

at these concentrations. In case of Meg-01/IMA-0.2 cells, there was 2- and 15% 
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decrease in cell viability comparing the sensitive cells as measured by trypan blue 

exclusion assay (Figure 19) which is not significant. There were no death 

K562/IMA-1 cells in response to these concentrations of Imatinib. 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. The effect of Imatinib on cell viability of Meg-01, Meg-01/IMA-0.2 and -

1 cells. Cells, grown in 6-well plates (5x104 cells/well), were treated in the absence 

or presence of Imatinib (48 hr). Cell viability was determined using trypan blue dye 

exclusion assay. Experiments were done in duplicates in at least two independent 

experiments. The error bars represent the standard deviation. Statistical analysis was 

done using two way anova, p<0.01 was considered significant.  

 
 

3.1.1 Cell Cycle Profiles in Parental and Resistant Cells 

 
The cell cycle profiles of parental and resistant cells were examined by flow 

cytometry. The data revealed that while exposure to 500 nM Imatinib (48 hr) caused 

apoptosis in about 70% of the population in parental K562 cells (Figure 20), there 

was no detectable apoptosis in resistant K562/IMA-0.2 cells (Figure 21). There were 

no significant changes in the cell cycle profiles of K562 and K562/IMA-0.2 cells in 

the absence or presence of Imatinib (Figures 20 and 21). 
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Figure 20. (A) Cell cycle profiles of K562 cells in response to 500 nM

effects of Imatinib (B) on cell cycle profiles of K562 cells were 

compared to that of untreated cells (C) using flow cytometry. Statisti

was determined using Two Way Anova, and p<0.05 was considered s
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Figure 21. (A) Cell cycle profiles of K562/IMA-0.2 cells in response to 500 nM 

Imatinib. The effects of Imatinib (B) on cell cycle profiles of K562/IMA-0.2 cells 

were determined and compared to that of untreated cells (C) using flow cytometry. 

Statistical significance was determined using Two Way Anova, and p<0.05 was 

considered significant. 
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The cell cycle profile studies for Meg-01 cells revealed that while exposure to 

500 nM Imatinib (48 hr) caused apoptosis in about 60% of the population in parental 

Meg-01 cells (Figure 22), there was only 14% apoptosis in resistant Meg-01/IMA-

0.2 cells (Figure 23). There were no significant changes in the cell cycle profiles of 

Meg-01/IMA-0.2 cells as compared to their parental sensitive counterparts (Figures 

22 and 23).  

 

These data demonstrate that continuous exposure of Imatinib results in the 

selection of cells that express resistance to Imatinib-induced cell death in human 

K562 and Meg-01 cells. 
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Figure 22. (A) Cell cycle profiles of Meg-01 cells in response to 500 nM Imatinib. 

The effects of Imatinib (B) on cell cycle profiles of Meg-01 cells were determined 

and compared to that of untreated cells (C) using flow cytometry. Statistical 

significance was determined using Two Way Anova, and p<0.05 was considered 

significant. 
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Figure 23. Cell cycle profiles of Meg-01/IMA-0.2 cells in response to 500 nM 

Imatinib. The effects of Imatinib (500 nM, 48 hr) on cell cycle profiles of Meg-

01/IMA-0.2 cells were determined and compared to that of untreated cells using flow 

cytometry. Statistical significance was determined using Two Way Anova, and 

p<0.05 was considered significant. 

 

 

3.1.2 Caspase-3 Activity in Parental and Resistant Cells 

 

 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 with Imatinib (200- and 500 nM, 48 hr) resulted in 

a significant activation of caspase-3 (about 10- and 13-fold, respectively), whereas 
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treatment of K562/IMA-0.2 and -1 cells at these concentrations did not have any 

significant effects on the activation of caspase-3 (Figure 24). In untreated controls, 

there was a parallel decrease in steady state levels of caspase-3 activity with 

increasing degree of resistance. Thus, these data confirmed that K562/IMA-0.2 and -

1 cells exert significant resistance to Imatinib-induced caspase activation. 
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Figure 24. Caspase-3 activity in parental and resistant cells. Caspase-3 activity was 

measured in K562, K562/IMA-0.2 and –1 cells. The error bars represent the standard 

deviations. Experiments were done in duplicates in at least two independent 

experiments, and statistical analysis was done using two way anova, p<0.01 was 

considered significant. 

 

 

3.1.3 Mitochondrial Membrane Potential in Parental and Resistant Cells 

 

 Mitochondrial membrane potential was measured in K562, K562/IMA-0.2 

and –1 µM cells using the JC-1 mitochondrial membrane potential detection kit by 

flow cytometry. Treatment with Imatinib (200- and 500 nM, 48 hr) caused a 

significant loss of MMP, as measured by increased accumulation of cytoplasmic 

monomeric form of JC-1, in parental K562, but not in resistant K562/IMA-0.2 cells 

(Figure 25). Steady state levels of mitochondrial membrane potential were increased 
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in parallel with increasing the levels of resistance in untreated controls. Thus, these 

data confirmed that K562/IMA-0.2 and -1 cells exert significant resistance to 

Imatinib-induced loss of MMP. 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 25. Mitochondrial membrane potential in parental versus resistant cells. 

Statistical significance was determined using Two Way Anova, and p < 0.01 was 

considered significant. 

 

 

3.1.4 Protein Levels of Pro-Apoptotic and Anti-Apoptotic Genes in Parental and 
Resistant Cells 
 

 Protein levels of pro-apoptotic Bcl-2 and Bcl-XL in K562 and K562/IMA-1 

(Figure 26) and in Meg-01 and Meg-01/IMA-1 (Figure 27) cells were determined. As 

shown in Figure 26, protein levels of Bcl-2 and Bcl-XL were increased in 

K562/IMA-1 cells as compared to parental sensitive cells. On the other hand, protein 

levels of pro-apoptotic Bax was decreased in K562/IMA-1 cells comparing to 

parental sensitive cells. There was no change in the protein levels of beta actin gene, 

an internal positive control, in parental and resistant cells indicating that there was no 

experimental error related to mis-loading. Quantification analyses of Bcl-2, Bcl-XL 

and Bax protein levels were conducted by Scion Image programme and the results 

showed that there was around 2-, 1.8- and 0.5-fold increase in protein level of Bcl-2, 
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Bcl-XL and Bax genes, respectively, in K562/IMA-1 cells as compared to parental 

K562 cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. Protein levels of anti-apoptotic and pro-apoptotic genes in parental and 

resistant K562 cells.  Bcl-2, Bcl-XL and Bax protein levels in K562/IMA-1 (lane 1) 

and K562 (lane 2) cells were measured by western blotting. Beta actin protein levels 

were detected as an internal positive control (Lanes 1 and 2). 

 
 
 As shown in Figure 27, protein levels of Bcl-2 was increased in Meg-

01/IMA-1 cells as compared to parental sensitive cells but there was also a decrease 

in Bcl-XL in resistant cells. On the other hand, There was no significant changes in 

protein levels of pro-apoptotic Bax in Meg-01/IMA-1 cells comparing to parental 

sensitive cells. There was no change in the protein levels of beta actin gene in 

parental and resistant cells.  

 

Quantification analyses of Bcl-2, Bcl-XL and Bax protein levels were 

conducted by Scion Image programme and the results showed that there was around 

2.5-, 0.8 and 1.3 fold increase in protein level of Bcl-2, Bcl-XL and Bax genes, 

respectively, in Meg-01/IMA-1 cells as compared to parental K562 cells. 
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Figure 27. Protein levels of anti-apoptotic and pro-apoptotic genes in parental and 

resistant Meg-01 cells. Bcl-2, Bcl-XL and Bax protein levels in Meg-01/IMA-1 (lane 

1) and Meg-01 (lane 2) cells were measured by western blotting. Beta actin protein 

levels were detected as an internal positive control (Lanes 1 and 2). 

 

 

3.1.5 Increased Ceramide Synthesis might be Involved in the Regulation of 
Imatinib-Induced Apoptosis 
 

To examine whether ceramide synthesis/metabolism is involved in 

mechanisms responsible for Imatinib resistance, the levels of endogenous ceramide 

in K562 and K562/IMA-0.2 cells, treated in the absence or presence of Imatinib (500 

nM, 48 hr), were measured by LC/MS. Interestingly, the data showed that treatment 

with Imatinib resulted in a significant increase in the generation of C18-ceramide 

(about 30-fold), and to a lesser extent, C14-, C16-, and C-20-ceramides (around 2- to 8-

fold) in parental K562 cells when compared to untreated controls (Figures 28A and 

28B). On the other hand, treatment of resistant K562/IMA-0.2 cells with Imatinib 

(500 nM, 48 hr) did not cause any significant changes in the levels of these 

ceramides (Figures 28A and 28B). The absolute levels of C18-ceramide were 0.053 

and 1.64 in K562 and 0.043 and 0.074 pmol/nmol Pi in K562/IMA-0.2 cells, in the 

absence or presence of Imatinib, respectively (Figure 28A). It was clearly 

demonstrated in Figure 28C that the levels of C18-ceramide were increased at most in 

response to Imatinib comparing to other ceramides. 
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Figure 28. Analysis of ceramide levels in parental and resistant cells in response to 

Imatinib. The concentrations of C14-, C18-, C18:1-, and C20-ceramides (A), and C16-, 

C24-, and C24:1- ceramides (B) in K562 and K562/IMA-0.2 cells in the absence or 
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presence of Imatinib were measured by LC/MS. The levels of ceramide were 

normalized to Pi concentrations. (C) Percent changes of the levels of ceramide levels 

were calculated for K562 and K562/IMA-0.2 cells that were exposed to 500 nM 

Imatinib. The experiments were performed in at least two independent trials. 

Statistical significance was determined using Two Way Anova, and p<0.01 was 

considered significant. 

 
Moreover, the effects of Imatinib on the generation of endogenous ceramide 

was further investigated by measuring the levels of C14- and C18-ceramide after 

treatment of parental K562 cells with Imatinib (500 nM) for various time points (0-, 

12-, 24- and 48 hr). The data showed that C18-ceramide levels increased in a time-

dependent manner in response to treatment with Imatinib by about 4-, 10-, and 30-

fold at 12-, 24- and 48 hr, respectively, when compared to untreated controls (Figure 

29). However, C14-ceramide levels were not increased as much as C18-ceramide in a 

time-dependent manner in response to treatment with Imatinib. After 48 hr, treatment 

with 500 nM Imatinib, C14-ceramide levels were increased about only 6-fold, when 

compared to untreated controls (Figure 29). 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 29. Analysis of C14- and C18-ceramide levels in K562 cells in different time 

points in response to Imatinib. Percent changes of the levels of C14- and C18-

ceramide levels were measured by LC/MS and calculated for K562 cells that were 

exposed to 500 nM Imatinib for 12-, 24-, and 48 hr. The levels of ceramide were 

normalized to Pi concentrations. The experiments were done in at least two 
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independent trials. Statistical significance was determined using Two Way Anova, 

and p<0.01 was considered significant. 

 

Interestingly, the levels of SMs were also increased in both parental and 

resistant cells after treatment with Imatinib (500 nM, 48 hr) (Figures 30A and 30B). 

Besides actual changes in SM concentrations, percent changes in SM levels, as 

shown in Figure 30C, also clearly showed that there was no decrease in SM levels in 

response to Imatinib. These results strongly suggest that increased ceramide levels in 

response to Imatinib are due to de novo synthesis, and not due to hydrolysis of 

sphingomyelin. 
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Figure 30. Analysis of sphingomyelin levels in parental and resistant cells in 

response to Imatinib. The concentrations of C14-, C18-, C18:1-, C20-, C20:1-, C22-, 

and C22:1-sphingomyelins (A), and C16-, C24-, and C24:1-sphingomyelins (B) in 

K562 and K562/IMA-0.2 cells in the absence or presence of Imatinib were measured 

by LC/MS. The levels of sphingomyelin were normalized to Pi concentrations. (C) 

Percent changes of the levels of sphingomyelins were calculated for K562 and 

K562/IMA-0.2 cells. The experiments were done in at least two independent trials. 

Statistical significance was determined using Two Way Anova, and p<0.01 was 

considered significant. 

 

Therefore, these data suggest that increased ceramide generation and/or 

accumulation might be involved in mediating Imatinib-induced apoptosis, and that 

defect in C18-ceramide generation and/or metabolism might play a role in increased 

resistance to Imatinib-induced apoptosis in these cells. 
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3.2 ROLE OF HLASS1, WHICH SPECIFICALLY INVOLVED IN THE 
GENERATION OF C18-CERAMIDE, IN IMATINIB-INDUCED CELL 
DEATH 
 

As shown in Figure 29 and 30, Imatinib treatment elevated the levels of 

mainly C18-ceramide, and SM levels, which suggested a role for a human homologue 

of yeast longevity assurance gene 1 (hLASS1), which is known to regulate the 

generation of specifically C18-ceramide. Therefore, to test any possible roles of 

hLASS1 and C18-ceramide in Imatinib-induced apoptosis, the expression of hLASS1 

was partially inhibited using siRNA, and its effects on cell viability in response to 

Imatinib (500 nM, 48 hr) were examined by trypan blue assays, and compared to the 

effects of control (non-targeting, scrambled) siRNA, in parental K562 cells. As seen 

in Figure 31, partial inhibition of hLASS1 expression resulted in about 35% 

reduction in steady-state levels of C18-ceramide when compared to controls. More 

impressively, inhibition of hLASS1 expression by siRNA almost completely 

prevented the induction of C18-ceramide generation in response to 500 nM Imatinib 

(48 hr) in these cells, demonstrating a role of Imatinib in the regulation of C18-

ceramide generation via hLASS1 activity (Figure 31). The levels of C18-ceramide 

were 0.038, 1.180 and 0.025 and 0.062 pmol/nmol Pi in cells transfected with control 

and hLASS1 siRNAs in the absence or presence of Imatinib, respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 31. The concentrations of C18-ceramide in control and hLASS1 siRNA 

transfected K562 cells. Concentrations of C18-ceramide in these cells were examined 
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by LC/MS. The levels of C18-ceramide were normalized to Pi concentrations. The 

experiments were done in at least two independent trials. Statistical significance was 

determined using One Way Anova, and p<0.01 was considered significant. 

 

Importantly, hLASS1 siRNA partially but significantly prevented (about 

50%) cell death in response to Imatinib (500 nM, 48 hr) (Figure 32). Specifically, 

treatment with 500 nM Imatinib resulted in about 45% cell death in response to 

control siRNA, whereas Imatinib caused around 23% growth inhibition in hLASS1 

siRNAs transfected cells, respectively (Figure 32). These data, therefore, 

demonstrated an important and novel role for hLASS1 via the generation of C18-

ceramide in Imatinib-induced cell death in K562 cells.  
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Figure 32. Cell viability of control and hLASS1 siRNA transfected K562 cells. Cell 

viability was determined by trypan blue dye exclusion assay. Experiments were done 

in duplicates in at least two independent experiments. Statistical significance was 

determined using Two Way Anova, and p < 0.01 was considered significant. 

 

 

3.2.1 Overexpression of hLASS1 in Resistant K562/IMA-0.2 and -1 Cells 
Increased Sensitivity to Imatinib 
 

The involvement of hLASS1/C18-ceramide pathway in Imatinib-induced cell 

death were shown in K562/IMA-0.2 and -1 cells, which were transiently transfected 
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with an expression vector containing the full length hLASS1 cDNA, and then the 

effects of overexpression of hLASS1 on Imatinib-induced apoptosis were examined 

by trypan blue dye exclusion assay. As shown in Figure 33, treatment with 1 µM 

Imatinib resulted in about 1.5-fold increase in the number of death K562/IMA-0.2 

cells, whereas Imatinib caused around 3.5-fold increase in hLASS1 transfected 

K562/IMA-0.2 cells (Figure 33). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. The role of overexpression of hLASS1 in the inhibition of apoptosis (by 

fold changes in cell death) in K562/IMA-0.2 cells. The effect of Imatinib on cell 

viability of hLASS1 and vector (control) transfected and Imatinib treated 

K562/IMA-0.2 cells was determined using trypan blue dye exclusion assay. Cells, 

grown in 6-well plates (5x104 cells/well), were treated in the absence or presence of 

Imatinib (48 hr). Experiments were done in duplicates in at least two independent 

experiments, and statistical analysis was done using two way anova, p<0.01 was 

considered significant. 

 

Similarly, overexpression of hLASS1 in resistant K562/IMA-1 cells further 

enhanced apoptosis, as determined by trypan blue staining in response to 2- and 5 

µM Imatinib (48 hr) by about 2.5- and 3-fold, when compared to vector transfected 

cells (Figure 34). 
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Figure 34. The role of overexpression of hLASS1 in the inhibition of apoptosis (by 

fold changes in cell death) in K562/IMA-1 cells. The effect of Imatinib on cell 

viability of vector and hLASS1 transfected and Imatinib treated K562/IMA-1 cells 

was determined using trypan blue dye exclusion assay. Cells, grown in 6-well plates 

(5x104 cells/well), were treated in the absence or presence of Imatinib (48 hr). 

Experiments were done in duplicates in at least two independent experiments, and 

statistical analysis was done using two way anova, p<0.01 was considered 

significant. 

 

To further assess the role for hLASS1/C18-ceramide pathway in Imatinib-

induced cell death, K562/IMA-0.2 cells were transiently transfected by hLASS1, and 

then the effects of overexpression of hLASS1 on Imatinib-induced apoptosis were 

examined by measuring the activation of pro-caspase-3, as compared to vector-

transfected cells. As shown in Figure 35, while treatment with Imatinib did not have 

a significant effect on the activation of caspase-3, overexpression of hLASS1 

increased caspase-3 activity by about 3.5-fold as compared to controls in response to 

Imatinib (Figure 35).  

 
 
 
 
 
 

FK562/IMA- 1 

0

1

2

3

4

5

2000 5000
Imatinib (nM, 48 hr)

Fo
ld

 c
ha

ng
es

 in
 c

el
l d

ea
th Vector

hLASS1

 

 

84



 
 
 

 

 

 

 

 

 

 

 

 

Figure 35. The role of overexpression of hLASS1 in the induction of of caspase-3 

activity in K562/IMA-0.2 cells. Caspase-3 activity was determined in hLASS1 and 

vector transfected K562/IMA-0.2 cells, exposed to Imatinib (500 nM, 48 hr), using 

the caspase-3 fluorometric assay. Experiments were done in duplicates in at least two 

independent experiments. Error bars represent the standart deviations. Statistical 

analysis was done using two way anova, p<0.01 was considered significant. 

 

The expression levels of hLASS1 mRNAs in these cells, transiently 

transfected with hLASS1 and control vector were confirmed by RT-PCR. Beta-actin 

levels were used as internal positive control (Figure 36). Quantification analyses of 

hLASS1 gene expression was conducted by Scion Image programme and the results 

showed that there was around 8- and 7.5-fold increase in expression of hLASS1 gene 

in hLASS1 transfected K562/IMA-0.2 and -1 cells, respectively, as compared to 

control transfected ones. 
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Figure 36. Expression analyses of hLASS1 in hLASS1 transfected resistant K562 

cells. hLASS1 mRNA levels in K562/IMA-0.2 (lanes 2 and 3) and -1 (lanes 4 and 5) 

cells transfected with hLASS1 and vector, respectively, were measured using RT-

PCR. Beta-actin levels were used as internal positive controls (lanes 6-9). Lanes 1 

and 10 are DNA Ladder. 

 

 

3.2.2 Specifity of hLASS1 in Imatinib-Induced Cell Death 

 

On the other hand while mitochondial membrane potential was increased 

about 1.2-fold in vector transfected K562 cells in response to Imatinib, in hLASS1 

overexpressed cells mitochondrial membrane potential was increased to about 1.6-

fold as comparing to controls (Figure 37).  

 

 

 

 

 

 

 

 

 

 

Figure 37. The role of overexpression of hLASS1 in the induction of apoptosis (by 

decrease in MMP) in K562 cells. Mitochondrial membrane potential was measured 

in these cells, exposed to 500 nM Imatinib (48 hr) using the JC-1 kit by flow 
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cytometry. Experiments were done in duplicates in at least two independent 

experiments. Statistical analysis was done using two way anova, p<0.05 was 

considered significant. 

 

To examine the specificity of hLASS1 in Imatinib-induced cell death, the 

effects of overexpression of hLASS2 (Figure 38), hLASS5 (Figure 39) and hLASS6 

(Figure 40), which are involved in the generation of specifically C24-, C14- and C16-

ceramides, on the levels of apoptosis were examined by measuring the loss of MMP 

in response to Imatinib. While there was a slight decrease in MMP in response to 

hLASS6 transfection (Figure 40), no significant changes in MMP in hLASS2 and 

hLASS5 were detected (Figures 38 and 39, respectively).  
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Figure 38. The role of overexpression of hLASS2 in the induction of apoptosis (by 

decrease in MMP) in K562 cells. Mitochondrial membrane potential was measured 

in these cells, exposed to 500 nM Imatinib (48 hr) using the JC-1 kit by flow 

cytometry. Experiments were done in duplicates in at least two independent 

experiments. Statistical analysis was done using two way anova, p<0.05 was 

considered significant. 
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Figure 39. The role of overexpression of hLASS5 in the induction of apoptosis (by 

decrease in MMP) in K562 cells. Mitochondrial membrane potential was measured 

in these cells, exposed to 500 nM Imatinib (48 hr) using the JC-1 kit by flow 

cytometry. Experiments were done in duplicates in at least two independent 

experiments. Statistical analysis was done two way anova, p<0.05 was considered 

significant. 
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Figure 40. The role of overexpression of hLASS6 in the induction of apoptosis (by 

decrease in MMP) in K562 cells. Mitochondrial membrane potential was measured 

in these cells, exposed to 500 nM Imatinib (48 hr) using the JC-1 kit by flow 

cytometry. Experiments were done in duplicates in at least two independent 

experiments. Statistical analysis was done using two way anova, p<0.05 was 

considered significant. 
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The equal overexpression levels of hLASS1, hLASS2 hLASS5 and hLASS6 

mRNAs in these cells as compared to their controls were confirmed by RT-PCR. 

Beta-actin levels were used as internal positive controls (Figure 41). Quantification 

analyses of hLASS genes expression were conducted by Scion Image programme 

and the results showed that there was around 8-fold increase in expression of 

hLASS1, hLASS2, hLASS5 and hLASS6 genes in hLASS1, hLASS2, hLASS5 and 

hLASS6 transfected K562 cells as compared to control transfected ones. 

 
 

 
 
 

 

 

 

 

Figure 41. Expression analyses of hLASS1, hLASS2, hLASS5 and hLASS6 in K562 

cells transfected with counterpart vectors. hLASS1 (lanes 2 and 3), hLASS2 (lanes 4 

and 5),  hLASS5 (lanes 6 and 7), and hLASS6 (lanes 8 and 9) mRNA levels in K562 

cells transfected with hLASS1, hLASS2, hLASS5, or hLASS6 and vector, 

respectively, were measured using RT-PCR. Beta-actin levels were used as internal 

positive controls (lanes 10-17). Lanes 1 and 18 are DNA Ladder. 

 
On the other hand, the specificity of hLASS1 was also investigated in 

resistant K562/IMA-1 cells. Mitochondial membrane potential in K562/IMA-1 was 

increased about 1.2-fold in vector transfected K562 cells in response to Imatinib 

while in hLASS1 overexpressed cells, mitochondrial membrane potential was 

increased to about 1.6-fold as comparing to controls (Figure 42). 
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Figure 42. The role of overexpression of hLASS1 in the induction of apoptosis (by 

decrease in MMP) in K562/IMA-1 cells. Mitochondrial membrane potential was 

measured in these cells, exposed to 500 nM Imatinib (48 hr) using the JC-1 kit by 

flow cytometry. Experiments were done in duplicates in at least two independent 

experiments. Statistical analysis was done using two way anova, p<0.05 was 

considered significant. 

 
The effects of overexpression of hLASS5 on the levels of apoptosis were also 

examined by measuring the loss of MMP in response to Imatinib in K562/IMA-1 

cells, and no significant changes were detected (Figure 43).  
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Figure 43. The role of overexpression of hLASS5 in the induction of apoptosis (by 

decrease in MMP) in K562/IMA-1 cells. Mitochondrial membrane potential was 
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measured in these cells, exposed to 500 nM Imatinib (48 hr) using the JC-1 kit by 

flow cytometry. Experiments were done in duplicates in at least two independent 

experiments. Statistical analysis was done using two way anova, p<0.05 was 

considered significant. 

 
 

The equal overexpression levels of hLASS1 and hLASS5 mRNAs in 

K562/IMA-1 cells as compared to their vector controls were confirmed by RT-PCR. 

Beta-actin levels were used as internal positive control (Figure 44). Quantification 

analyses of hLASS1 and hLASS5 gene expressions were conducted by Scion Image 

programme and the results showed that there was around 7-fold increase in 

expression of hLASS1 and hLASS5 genes in hLASS1 and hLASS5 transfected 

K562/IMA-1 cells as compared to control transfected ones. 

 

 

 
 
Figure 44. Expression analyses of hLASS1 and hLASS5 in K562/IMA-1 cells 

transfected with hLASS1 and hLASS5, respectively. hLASS1 (lanes 2 and 3), and 

hLASS5 (lanes 4 and 5) mRNA levels in K562/IMA-1 cells transfected with 

hLASS1 or hLASS5, and vector, respectively, were measured using RT-PCR. Beta-

actin levels were used as internal positive controls (lanes 6-9). Lane 1 is DNA 

Ladder. 

 

 

3.2.3 Analyses of C18-Ceramide Levels in hLASS1 Transfected K562/IMA-1 
Cells 

 

In addition, overexpression of hLASS1 was confirmed by measurement of 

endogenous ceramide levels, and the data showed that hLASS1 overexpression 

resulted in about 4-fold increase in steady-state levels of C18-ceramide when 
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compared to vector controls (Figure 45). Moreover, treatment of hLASS1 

overexpressing cells with Imatinib induced the generation of C18-ceramide about 16-

fold in resistant K562/IMA-1 cells, while its levels in vector transfected resistant 

cells were increased about 5-fold in response to the drug (Figure 45). The levels of 

C18-ceramide were 0.045, 0.219, and 0.169, 0.742 pmol/nmol Pi in vector and 

hLASS1 transfected cells in the absence or presence of 3 µM Imatinib (48 hr), 

respectively.  

0

500

1000

1500

2000

C18-cer

%
 C

ha
ng

es
 in

 C
18

-c
er

 le
ve

ls

K562/IMA-1/Vector

K562/IMA-1/Vector + 3 µM IMA

K562/IMA-1/hLASS1

K562/IMA-1/hLASS1 + 3 µM IMA

 
Figure 45. Concentrations of C18-ceramide in control and hLASS1 transfected 

K562/IMA-1 cells. C18-ceramide in the presence (3000 nM, 48 hr) or absence of 

Imatinib, were examined by LC/MS. The levels of C18-ceramide were normalized to 

Pi concentrations. The experiments were done in at least two independent trials. 

Statistical analysis was done using One Way Anova, p<0.01 was considered 

significant. 

 

 

3.2.4 Expression Analyses of hLASS1 in Sensitive and Resistant Human CML 
Cells 
 

To examine whether mechanisms by which K562/IMA-0.2 and -1 and Meg-

01/IMA-0.2 and -1 cells express resistance to Imatinib-induced cell death involve the 

down-regulation of hLASS1 expression, the mRNA levels of hLASS1 in these cells 

as compared to their parental sensitive counterparts were examined by semi-

quantitative RT-PCR. Interestingly, the data in Figure 46 showed that 0.2 and 1 µM 
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İmatinib resistant cells overexpress hLASS1 about 2- and 4-fold compared to their 

parental sensitive cells. Beta-actin levels were used as internal positive controls 

(Figure 46). Quantification analyses of hLASS1 gene expression was conducted by 

Scion Image programme and the results showed that there was around 1.8- and 3.2-

fold increase in expression of hLASS1 gene in K562/IMA-0.2 and K562/IMA-1 

cells, respectively, as compared to parental K562 cells. On the other hand, 

quantification analyses of hLASS1 gene expression in Meg-01 cells revealed that 

there was 1.2- and 3-fold increase in expression of hLASS1 gene in Meg-01/IMA-

0.2 and Meg-01/IMA-1 cells, respectively, as compared to parental Meg-01 cells. 

 
 
 

 
 
Figure 46. Expression analyses of hLASS1 in parental and resistant human CML 

cells. hLASS1 mRNA levels in K562, K562/IMA-0.2 and -1 cells (lanes 2-4) and 

Meg-01, Meg-01/IMA-0.2 and -1 cells (lanes 5-7) were measured by RT-PCR . Beta 

actin levels were used as internal positive controls (lanes 8-13, respectively). Lanes 1 

and 14 are DNA Ladder. 

 

 

3.2.5 Ceramide Synthase Activity in Parental and Resistant Cells 

 

Next, endogenous ceramide synthase activity in K562 and K562/IMA-1 cells 

was measured after pulsing the cells with exogenous 17Cdihydrosphingosine, and 

monitoring the generation of 17C-dihydro-C18-ceramides (Figure 47) in the presence 

or absence of Imatinib. The data showed that resistant K562/IMA-1 cells expressed 

higher levels of ceramide synthase activity (about 5-fold), when compared to 

parental K562 cells. Interestingly, Imatinib treatment resulted in about 3-fold 

increase in ceramide synthase activity for the generation of 17C-dihydro-C18-
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ceramide in parental K562 cells, whereas it did not cause any significant changes in 

ceramide synthase activity in the resistant cells (Figure 47). These data, therefore, 

suggested that alterations in the levels of endogenous ceramide in resistant cells in 

response to Imatinib is not due to decreased levels of hLASS1 mRNA or enzyme 

activity, but might be due to alterations of ceramide accumulation and/or 

metabolism.  
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Figure 47. Ceramide synthase activity in response to Imatinib in parental and 

resistant K562/IMA-1 cells. The endogenous activity of ceramide synthase for the 

conversion of 17C-dihydrosphingosine to 17C-dihydro-C18-ceramides in K562 and 

K562/IMA-1 cells in the absence or presence of Imatinib (500 nM, 48 hr) was 

measured by LC/MS. The levels of C18-ceramide were normalized to Pi 

concentrations. The experiments were done in at least two independent trials. 

Statistical analysis was done using One Way Anova, p<0.01 was considered 

significant. 

 

Taken together, these data show that hLASS1 via the generation of C18-

ceramide, plays an important role in Imatinib-induced mitochondrial apoptotic 

pathway involved in the loss of mitochondrial membrane potential, and the activation 

of caspase-3/7 in parental K562 cells. Also, these results further suggest that defects 

in the generation, or accumulation/metabolism of C18-ceramide might result in 

increased resistance to Imatinib-induced cell death in K562 cells.  
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3.3 ONE OF THE MECHANISMS OF RESISTANCE TO IMATINIB-
INDUCED CELL DEATH INVOLVES THE OVEREXPRESSION OF 
SPHINGOSINE KINASE 1 (SK-1) 
 

After observing an increase in hLASS1 activity, but a decrease in ceramide 

levels in resistant cells, the possibility that sphingoid base substrates would be 

channeled into the SK-1 metabolic pathway was considered. Therefore, the levels of 

S1P in these cells were measured by LC/MS, and the data showed that S1P levels 

were significantly higher in resistant K562/IMA-1 cells when compared to sensitive 

K562 cells (Figure 48). These data also showed that while Imatinib slightly reduced 

the levels of S1P in sensitive cells, it further increased the levels of S1P about 25% in 

resistant cells (Figure 48). 
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Figure 48. Analyses of S1P levels in parental and resistant K562/IMA-1 cells in 

response to Imatinib. The levels of S1P in K562/IMA-1 cells transfected with control 

or SK-1 siRNAs in the absence or presence of Imatinib (3 µM, 48 hr) were measured 

by LC/MS. The levels of S1P were normalized to Pi concentrations. The experiments 

were done in at least two independent trials. Statistical analysis was done using One 

Way Anova, p<0.01 was considered significant. 

 

  Then, the levels of SK-1 expression were analyzed in these cells by RT-PCR 

(Figure 49) and Western blotting (Figure 50). Indeed, the data showed that 

K562/IMA-0.2 and -1 and Meg-01/IMA-0.2 and -1 cells overexpress SK-1 when 

compared to parental sensitive counterparts (Figures 49 and 50). Quantification 
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analyses of SK-1 gene expression was conducted by Scion Image programme and the 

results showed that there was around 2- and 3.2-fold increase in expression of SK-1 

gene in K562/IMA-0.2 and K562/IMA-1 cells, respectively, as compared to parental 

K562 cells (Figure 49). On the other hand, quantification analyses of SK-1 gene 

expression was conducted in Meg-01 cells and 1.2- and 1.7-fold increase in 

expression of SK-1 gene was observed in Meg-01/IMA-0.2 and Meg-01/IMA-1 

cells, respectively, as compared to parental Meg-01 cells (Figure 49) 

 

 
 
 
 
 
 
 
Figure 49. Expression analyses of SK-1 in parental and resistant human CML cells. 

SK-1 mRNA levels K562, K562/IMA-0.2 and -1 cells (lanes 2-4) and in Meg-01, 

Meg-01/IMA-0.2 and -1 cells (lanes 5-7) were measured by RT-PCR. Beta actin 

levels were used as internal positive controls (lanes 8-13, respectively). Lanes 1 and 

14 are DNA Ladder. 

 

Quantification analyses of SK-1 protein levels was conducted by Scion Image 

programme and the results showed that there was around 3.2- and 2.1-fold increase 

in protein levels of SK-1 in K562/IMA-1 and Meg-01/IMA-1 cells, respectively, 

cells as compared to their parental sensitive counterparts (Figure 50). 

 
 
 
 
 
 
 
 
 
 
 
Figure 50. Protein levels of SK-1 in parental and resistant human CML cells. SK-1 

protein levels in K562 and K562/IMA-1 cells (lanes 1 and 2, respectively) and in 
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Meg-01, Meg-01/IMA-1 cells (lanes 3 and 4, respectively) were measured by 

western blotting. Beta actin levels were used as internal postive controls (lanes 5 to 

8, respectively).  

 

 

3.3.1 Sphingosine Kinase Activity in Sensitive and Resistant Cells 

 

These data were also consistent with increased SK activity in these 

K562/IMA-1 cells, in which the conversion of 17C-sphingosine to 17C-S1P was 

about 50% higher as compared to sensitive K562 cells (Figure 51). Also, treatment 

with Imatinib (500 nM, 48 hr) reduced the activity of SK in sensitive cells, while it 

slightly increased SK activity in resistant cells (Figure 51). Thus, these data 

suggested that overexpression of SK-1 might play a role in the development of 

resistance to Imatinib in these cells.  
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Figure 51. Endogenous sphingosine kinase enzyme activity in response to Imatinib in 

parental and resistant K562/IMA-1 cells. The endogenous enzyme activity of 

sphingosine kinase was measured by the analysis of conversion of 17C-sphingosine 

to 17C-S1P in K562 and K562/IMA-1 cells in the absence or presence of Imatinib 

(500 nM, 48 hr). Statistical analysis was done using One Way Anova, p<0.01 was 

considered significant. 
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3.3.2 Inhibition of SK-1 by siRNA Increased Sensitivity of Human CML Cells to 
Imatinib 
 

To demonstrate the possible role for SK-1 in the regulation of resistance to 

apoptosis in response to Imatinib, its expression was partially inhibited by siRNA in 

K562/IMA-1 cells, which also caused about 50% reduction in the levels of S1P in the 

absence or presence of Imatinib (Figure 52).  
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Figure 52. Percent changes in S1P levels in response to Imatinib in K562/IMA-1 

cells. The levels of S1P in K562/IMA-1 cells transfected with control or SK-1 

siRNAs in the absence or presence of Imatinib (3 µM, 48 hr) were measured by 

LC/MS. The levels of S1P were normalized to Pi concentrations. The experiments 

were done in at least two independent trials. Statistical analysis was done using One 

Way Anova, p<0.01 was considered significant. 

 

 
Then, its effects on the induction of apoptosis in K562/IMA-1 cells were 

examined by trypan blue dye exclusion assays. As shown in Figures 53 and -54, SK-

1 siRNA increased sensitivity, and resulted in a significant induction of apoptosis, 

about 3-fold in K562/IMA-0.2 (Figure 53) and 2-fold in K562/IMA-1 cells (Figure 

54) in response to 1 µM Imatinib, suggesting a protective role for SK-1 in Imatinib-

induced apoptosis. 
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Figure 53. The role of inhibition of SK-1 in the inhibition of apoptosis (by fold 

changes in trypan blue positive cells) in K562/IMA-0.2 cells. Fold changes of cell 

death in control and SK-1 siRNA transfected K562/IMA-0.2 cells, exposed to 0.5- 

and 1 µM Imatinib (48 hr), was determined using trypan blue dye exclusion assay. 

Cells, grown in 6-well plates (5x104 cells/well), were treated in the absence or 

presence of Imatinib (48 hr). Experiments were done in duplicates in at least two 

independent experiments, and statistical analysis was done using two way anova, 

p<0.01 was considered significant. 

 

 

 

 
 
 
 
 
 
 

 

 

Figure 54. The role of inhibition of SK-1 in the inhibition of apoptosis (by fold 

changes in trypan blue positive cells) in K562/IMA-1 cells. Fold changes of cell 

death in control and SK-1 siRNA transfected K562/IMA-1 cells, exposed to 0.5 and 

1 µM Imatinib (48 hr) was determined using trypan blue dye exclusion assay. Cells, 
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grown in 6-well plates (5x104 cells/well), were treated in the absence or presence of 

Imatinib (48 hr). Experiments were done in duplicates in at least two independent 

experiments. Error bars represent standart deviations. Statistical analysis was done 

using two way anova, p<0.01 was considered significant. 

 
The expression levels of SK-1 mRNAs in SK-1 and control siRNA 

transfected K562/IMA-0.2 and -1 cells as compared to their controls were confirmed 

by RT-PCR. Beta-actin levels were used as internal positive controls (Figure 55). 

Quantification analyses of SK-1 gene expression was conducted by Scion Image 

programme and the results showed that there was around 2.4- and 3.5-fold decrease 

in expression of SK-1 gene in SK-1 siRNA transfected cells as compared to scramble 

siRNA transfected K562/IMA-0.2 and -1 cells, respectively. 

 
 
 

 
 
 
 

 

 

Figure 55. Expression levels of SK-1 in SK-1 siRNA transfected resistant 

K562/IMA-0.2 and -1 cell. SK-1 mRNA levels transfected with control (lanes 3 and 

5) or SK-1 (lanes 2 and 4) siRNAs in K562/IMA-0.2 and -1 cells, respectively, were 

examined by RT-PCR. Beta actin levels were used as internal positive controls (lanes 

6-9 respectively). Lanes 1 and 10 are DNA Ladder. 

 
 On the other hand, the involvement of SK-1 in Imatinib-induced cell death 

was also investigated in parental K562 cells. Mitochondial membrane potential was 

increased about 1.2-fold in control siRNA transfected K562 cells in response to 3 

µM Imatinib, while in SK-1 siRNA transfected cells mitochondrial membrane 

potential was increased to about 1.5-fold as compared to controls (Figure 56). 
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Figure 56. The role of inhibition of SK-1 in the induction of apoptosis (by decrease 

in MMP) in K562 cells. Mitochondrial membrane potential was measured in control 

and SK-1 siRNA transfected K562 cells, exposed to 500 nM Imatinib (48 hr) using 

the JC-1 kit by flow cytometry. Experiments were done in duplicates in at least two 

independent experiments. Statistical analysis was done using two way anova, p<0.05 

was considered significant. 

 
The expression levels of SK-1 mRNAs in SK-1 and control siRNA 

transfected K562 cells as compared to their controls were confirmed by RT-PCR. 

Beta-actin levels were used as internal positive controls (Figure 57). Quantification 

analyses of SK-1 gene expression was conducted by Scion Image programme and the 

results showed that there was around 2.4-fold decrease in expression of SK-1 gene in 

SK-1 siRNA transfected cells as compared to scramble siRNA transfected K562 

cells. 

 
 
 
 
 
 
 
 
 
 
 
Figure 57. Expression levels of SK-1 in SK-1 siRNA transfected K562 cells. SK-1 

mRNA levels in control (lane 3) or SK-1 (lane 2) siRNAs transfected K562 cells 

K562/IMA-1

0

0,5

1

1,5

2

Scr RNAi SK1 RNAi

Re
la

tiv
e 

Ch
an

ge
s 

in
C

yt
op

la
sm

ic
/m

on
om

er
ic

 J
C

-1

No drug
3,000 nM

 1     2     3     4    5     6 

SK-1 
 
 
Beta actin 

 

101



were examined by RT-PCR. Beta actin levels were used as controls (lanes 4 and 5 

respectively). Lanes 1 and 6 are DNA Ladder. 

 

 

3.3.3 Overexpression of SK-1 Resulted in an Increase in the Resistance of 
Human CML Cells to Imatinib 
 

 In reciprocal experiments, overexpression of SK-1 in parental K562 cells 

significantly prevented cell death, increased mitochondrial membrane potential and 

also blocked the activation of caspase-3 in response to Imatinib, when compared to 

vector-transfected controls. As shown in Figure 58, treatment with 0.5- and 1 µM 

Imatinib resulted in about 30- and 40% cell death, respectively, in control tranfected 

K562 cells, whereas Imatinib caused only 10- and 15% of cell death in SK-1 

transfected K562 cells in response to 0.5- and 1 µM Imatinib, respectively (Figure 

58). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 58. The role of overexpression of SK-1 in the inhibition of apoptosis (by 

percent changes in trypan blue positive cells) in K562 cells. The effect of Imatinib on 

cell death of vector and SK-1 transfected and 0.5- and 1 µM Imatinib treated K562 

cells was determined using trypan blue dye exclusion assay. Cells, grown in 6-well 

plates (5x104 cells/well), were treated in the absence or presence of Imatinib (48 hr). 

Experiments were done in duplicates in at least two independent experiments. 

Statistical analysis was done using two way anova, p<0.01 was considered 

significant. 
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On the other hand, the involvement of SK-1 in Imatinib-induced apoptosis 

was also investigated in K562 cells. It was observed that mitochondial membrane 

potential was increased about 2-fold in vector transfected K562 cells in response to 1 

µM Imatinib, whereas in SK-1 overexpressed cells, mitochondrial membrane 

potential was about 0.9-fold as compared to controls (Figure 59). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 59. The role of overexpression of SK-1 in the inhibition of apoptosis (by 

increase in MMP) in K562 cells. Mitochondrial membrane potential was measured in 

vector and SK-1 transfected K562 cells, exposed to 1,000 nM Imatinib (48 hr) using 

the JC-1 kit by flow cytometry. Experiments were done in duplicates in at least two 

independent experiments. Statistical analysis was done using two way anova, p<0.01 

was considered significant. 

 

The effects of overexpression of SK-1 on Imatinib-induced apoptosis were 

also examined by measuring the activation of pro-caspase-3, as compared to vector-

transfected control cells. As shown in Figure 60, while treatment with 1 µM Imatinib 

increased activation of caspase-3 by about 13-fold, in SK-1 overexpressed cells 

caspase-3 activity was only increased by about 3-fold as compared to controls 

(Figure 60).  
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Figure 60. The role of overexpression of SK-1 in the inhibition of apoptosis (by 

decrease in caspase-3 activity) in K562 cells. Caspase-3 activity was determined in 

vector and SK-1 transfected K562 cells, exposed to 1 µM Imatinib (48 hr) using the 

caspase-3 fluorometric assay. Experiments were done in duplicates in at least two 

independent experiments. Statistical analysis was done using two way anova, p<0.01 

was considered significant. 

 

The expression levels of SK-1 mRNAs in SK-1 and control transfected K562 

cells as compared to their controls were confirmed by RT-PCR. Beta-actin levels 

were used as internal positive controls (Figure 61). Quantification analyses of SK-1 

gene expression was conducted by Scion Image programme and the results showed 

that there was around 4.2-fold increase in expression of SK-1 gene in SK-1 

transfected cells as compared to control vector transfected K562 cells, respectively. 

 
 
 
  
 
 
 
 
 
 

Figure 61. Expression levels of SK-1 in SK-1 transfected K562 cells. SK-1 mRNA 

levels in SK-1 (lane 2) and vector (lane 3) transfected K562 cells were examined by 
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RT-PCR. Beta actin levels were used as internal positive controls (lanes 4 and 5 

respectively). Lanes 1 and 6 are DNA Ladder. 

 

 

3.3.4 Analyses of C18-Ceramide and S1P Levels in SK-1 Transfected K562 Cells 

 

These data were in agreement with the measurement of endogenous ceramide 

and S1P levels by LC/MS, which showed that overexpression of SK-1 resulted in a 

significant increase in S1P levels, raising its levels above C18-ceramide, while the 

levels of C18-ceramide was significantly higher than S1P levels in vector transfected 

cells in response to Imatinib (Figure 62).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 62. Analysis of C18-ceramide and S1P levels in SK-1 transfected K562 cells. 

The levels of S1P and C18-ceramide in vector and SK-1 transfected K562 cells, in the 

presence (1000 nM, 48 hr) or absence of Imatinib, were examined by LC/MS. The 

levels of C18-ceramide and S1P were normalized to Pi concentrations. The 

experiments were done in at least two independent trials. Error bars represent 

standard deviations. Statistical analysis was done using two way anova, p<0.01 was 

considered significant. 
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Thus, these data reveal a functional role for SK-1 in the regulation of 

resistance to Imatinib-induced cell death via altering the balance between pro-

apoptotic ceramide and anti-apoptotic S1P levels in these cells 

 

 

3.4 INVOLVEMENT OF GCS, WHICH CONVERTS PRO-APOPTOTIC 
CERAMIDE TO GLUCOSYL CERAMIDE, IN RESISTANCE TO 
IMATINIB-INDUCED APOPTOSIS IN HUMAN CML CELLS 
 

As shown in Figure 63, Imatinib in GCS transfected K562 cells significantly 

prevented cell death in response to Imatinib (48 hr, Figure 63). Specifically, 

treatment with 200- and 500 nM Imatinib resulted in about 30- and 55% cell death in 

response to vector, whereas Imatinib caused only around 10- and 25% growth 

inhibition in GCS transfected cells, respectively (Figure 63). GCS transfected K562 

cells were also exposed to 700 nM Imatinib and showed 50% cell death. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 63. The role of overexpression of GCS in the inhibition of apoptosis (by 

percent changes in trypan blue negative cells) in K562 cells. Percent changes of cell 

viability in GCS and vector transfected K562 cells, exposed to Imatinib (48 hr) were 

determined by trypan blue dye exclusion assay. Experiments were done in duplicates 

in at least two independent experiments. Error bars represent standard deviations. 

Statistical analysis was done using two way anova, P<0.01 was considered 

significant. 
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Meg-01 cells were also transfected with vector and GCS to see the effects of 

conversion of ceramide to glucosylceramide in Imatinib treatment. Meg-01 cells, 

transfected with vector, exposed to 200- and 500 nM Imatinib resulted in about 30- 

and 60% cell death, while Imatinib caused only around 15- and 30% growth 

inhibition in GCS transfected cells, respectively (Figure 64). 700 nM Imatinib was 

also exposed to GCS transfected cells resulted in 50% growth inhibition.These data, 

therefore, demonstrates an important role for GCS via the conversion of ceramide to 

glucosylceramide in Imatinib-induced cell death in K562 and Meg-01 cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 64. The role of overexpression of GCS in the inhibition of apoptosis (by 

percent changes in trypan blue negative cells) in Meg-01 cells. Percent changes of 

cell viability in GCS and vector transfected Meg-01 cells, exposed to Imatinib (48 

hr) were determined by trypan blue dye exclusion assay. Experiments were done in 

duplicates in at least two independent experiments. Error bars represent standard 

deviations. Statistical analysis was done using two way anova, P<0.01 was 

considered significant. 
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there was around 2.4-fold increase in expression of GCS gene in GCS transfected 

cells as compared to control vector transfected K562 and Meg-01 cells. 

 

 
 
 
 
 
 
 
Figure 65. Expression analyses of GCS in GCS transfected human CML cells. GCS 

mRNA levels in GCS (lane 3 and 5) and vector (lanes 2 and 4) transfected K562 and 

Meg-01 cells, respectively, were measured using RT-PCR. Beta-actin levels were 

used as internal positive controls (lanes 7 to 10). Lanes 1, 6 and 11 are DNA Ladder. 

 

 

3.4.1 Percent Viability of Human CML Cells Exposed to PDMP 

 

To further examine the involvement of GCS in resistance to Imatinib-induced 

cell death, cells were exposed to PDMP, a strong GCS inhibitor, in the absence or 

presence of Imatinib. K562 cells, exposed to 10- and 20 µM PDMP in the presence 

of 500 nM Imatinib resulted in about 90- and 100% cell death, respectively, while 

500 nM Imatinib, by itself, caused around 60% growth inhibition (Figure 66). 

Treatment of K562 cells with 10- and 20 µM PDMP resulted in 0- and 5% cell death. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 66. The role of inhibition of GCS by PDMP in the induction of apoptosis (by 

percent changes in trypan blue negative cells) in K562 cells. Percent changes of cell 
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viability in K562 cells, exposed to PDMP in the absence or presence of Imatinib (500 

nM, 48 hr) were determined by trypan blue dye exclusion assay. Experiments were 

done in duplicates in at least two independent experiments. Error bars represent 

standard deviations. Statistical analysis was done using two way anova, P<0.01 was 

considered significant. 

 
 

As shown in Figure 67, K562/IMA-0.2 cells, exposed to 10- and 20 µM 

PDMP in the presence of 500 nM Imatinib resulted in about 35- and 40% cell death, 

respectively, while 500 nM Imatinib, by itself, caused around 8% growth inhibition 

(Figure 67). Treatment of K562/IMA-0.2 cells with 10- and 20 µM PDMP did not 

cause cell death by itself. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 67. The role of inhibition of GCS by PDMP in the induction of apoptosis (by 

percent changes in trypan blue negative cells) in K562/IMA-0.2 cells. Percent 

changes of cell viability in K562/IMA-0.2 cells, exposed to PDMP in the absence or 

presence of Imatinib (48 hr) were determined by trypan blue dye exclusion assay. 

Experiments were done in duplicates in at least two independent experiments. Error 

bars represent standard deviations. Statistical analysis was done using two way 

anova, P<0.01 was considered significant. 

 

Meg-01 cells were also examined for the effect of GCS inhibition in 
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PDMP in the presence of 500 nM Imatinib resulted in about 75- and 85% cell death, 
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respectively, while 500 nM Imatinib, by itself, caused around 40% growth inhibition 

(Figure 68). Treatment of Meg-01 cells with 10- and 20 µM PDMP did not cause any 

cell death. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 68. The role of inhibition of GCS by PDMP in the induction of apoptosis (by 

percent changes in trypan blue negative cells) in Meg-01 cells. Percent changes of 

cell viability in Meg-01 cells, exposed to PDMP in the absence or presence of 

Imatinib (48 hr) were determined by trypan blue dye exclusion assay. Experiments 

were done in duplicates in at least two independent experiments. Error bars represent 

standard deviations. Statistical analysis was done using two way anova, P<0.01 was 

considered significant. 

 

As shown in Figure 69, Meg-01/IMA-0.2 cells, exposed to 10- and 20 µM 

PDMP in the presence of 500 nM Imatinib resulted in about 45- and 55% cell death, 

respectively, while 500 nM Imatinib, by itself, caused around 15% growth inhibition 

(Figure 69). Treatment of K562/IMA-0.2 cells with 10- and 20 µM PDMP resulted 

in 0- and 3% cell death. 

 
 
 
 
 
 
 
 

Meg-01 

0

20

40

60

80

100

120

IMA 10 µM PDMP  + IMA 20 µM PDMP  + IMA

Imatinib (48 hr)

%
 T

ry
pa

n 
bl

ue
 n

eg
at

iv
e 

ce
lls

control
200 nM
500 nM

 

110



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 69. The role of inhibition of GCS by PDMP in the induction of apoptosis (by 

percent changes in trypan blue negative cells) in Meg-01/IMA-0.2 cells. Percent 

changes of cell viability in Meg-01/IMA0.2 cells, exposed to PDMP in the absence 

or presence of Imatinib (48 hr) were determined by trypan blue dye exclusion assay. 

Experiments were done in duplicates in at least two independent experiments. Error 

bars represent standard deviations. Statistical analysis was done using two way 

anova, P<0.01 was considered significant. 

 

 

3.4.2 Cell Cycle Profiles of Human CML Cells Exposed to PDMP in the Absence 
or Presence of Imatinib 
 

In addition to cell viability results, the cell cycle profiles of K562 and Meg-01 

cells, exposed to PDMP, in the absence or presence of Imatinib, were examined in 

parental and resistant cells for 6 hr by flow cytometry. The data revealed that 

exposure to Imatinib (200 nM, 6 hr) did not cause apoptosis in sensitive K562 cells 

(Figure 70).  
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Figure 70. Cell cycle profiles in K562 cells in response to Imatinib (A, 6 hr). The 

effects of Imatinib (B) on cell cycle profiles of K562 were determined and compared 

to that of untreated cells (C) using flow cytometry. Statistical analysis was done 

using two way anova, P<0.05 was considered significant. 

 

K562

0

20

40

60

80

100

G1 G2 S Apoptosis

Cell cycle (6 hr)

%
 C

e
ll

 p
o

p
u

la
ti

o
n

Control

200 nM IMA

A 

Channels (FL2-A-DNA Cell Cycle)
0 50 100 150 200

Channels (FL2-A-DNA Cell Cycle)
0 50 100 150 200 250

B 

C 

 

112



Treatment of K562 cells with 20 µM PDMP in the presence of 200- and 500 

nM also did not cause any cell death for 6 hr (Figure 71). There were also no 

significant changes in percent of cells in different cell cycle phases. 
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Figure 71. Cell cycle profiles in K562 cells in response to PDMP (A, 6 hr). The 

effects of PDMP (B) in the absence or presence of 200 nM (C) and 500 nM (D) 

Imatinib on cell cycle profiles of K562 were determined using flow cytometry. 

Statistical analysis was done using two way anova, P<0.05 was considered 

significant. 

 

Cell cycle profiles of K562/IMA-0.2 cells, exposed to PDMP, in the absence 

or presence of Imatinib, were examined. It was observed that exposure to Imatinib 

(200 nM, 6 hr) did not cause apoptosis in K562/IMA-0.2 cells (Figure 72). There 

were also no changes in cell cycle profiles in response to Imatinib in 6 hr. 
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Figure 72. Cell cycle profiles in K562/IMA-0.2 cells in response to Imatinib (A, 6 

hr). The effects of Imatinib (B) on cell cycle profiles of K562/IMA-0.2 were 

determined and compared to that of untreated cells (C) using flow cytometry. 

Statistical analysis was done using two way anova, P<0.05 was considered 

significant. 

 

Treatment of K562/IMA-0.2 cells with 20 µM PDMP in the presence of 200- 

and 500 nM also did not cause any cell death for 6 hr (Figure 73). No changes in cell 

cycle profiles were observed in response to PDMP and Imatinib together. 
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Figure 73. Cell cycle profiles in K562/IMA-0.2 cells in response to PDMP (A, 6 hr). 

The effects of PDMP (B) in the absence or presence of 200 nM (C) and 500 nM (D) 

Imatinib on cell cycle profiles of K562/IMA-0.2 were determined using flow 

cytometry. Statistical analysis was done using two way anova, P<0.05 was 

considered significant. 

 

The cell cycle profiles of PDMP exposed K562 and K562/IMA-0.2 cells were 

examined, in the absence or presence of Imatinib, for 24 hr by flow cytometry. The 

data revealed that exposure to Imatinib (200 nM, 24 hr) did not cause apoptosis in 

parental K562 cells (Figure 74). After 24 hr, in response to Imatinib there were an 

increase in G1 and a decrease in G2 and S phases indicating that although there were 

not any cells in apoptosis, cell cycle arrest was observed. 
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Figure 74. Cell cycle profiles in K562 cells in response to Imatinib (A, 24 hr). The 

effects of Imatinib (B) on cell cycle profiles of K562 were determined and compared 

to that of untreated cells (C) using flow cytometry. Statistical analysis was done 

using two way anova, P<0.05 was considered significant. 

 

Treatment of K562 cells with PDMP (20 µM, 24 hr) in the presence of 200- 

and 500 nM İmatinib resulted in 12- and 26% apoptosis, respectively (Figure 75). In 

response to Imatinib, there was an increase in G1 phase while a decrease in S phase 

was observed. 

 
 
 
 
 
 
 

Channels (FL2-A-DNA Cell Cycle)
0 50 100 150 200

B 

Channels (FL2-A-DNA Cell Cycle)
0 50 100 150 200

C 

 

118



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 K562

0

20

40

60

80

100

G1 G2 S Apoptosis

Cell cycle (24 hr)

%
 C

e
ll
 p

o
p
u

la
ti

o
n

20 µM PDMP

20 µM PDMP + 200 nM IMA

20 µM PDMP + 500 nM IMA

A 

Channels (FL2-A-DNA Cell Cycle)
0 50 100 150 200

B 

Channels (FL2-A-DNA Cell Cycle)
0 50 100 150 200

C 

 

119



 

 

 

 

 

 

 

 

 

Figure 75. Cell cycle profiles in K562 cells in response to PDMP (A, 24 hr). The 

effects of PDMP (B) in the absence or presence of 200 nM (C) and 500 nM (D) 

Imatinib on cell cycle profiles of K562 were determined using flow cytometry. 

Statistical analysis was done using two way anova, P<0.05 was considered 

significant. 

 

K562/IMA-0.2 cells were treated with PDMP (24 hr), in the absence or 

presence of Imatinib, and the cell cycle profiles were examined by flow cytometry. 

The data showed that exposure to Imatinib (200 nM, 24 hr) did not cause apoptosis 

in K562/IMA-0.2 cells (Figure 76). 
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Figure 76. Cell cycle profiles in K562/IMA-0.2 cells in response to Imatinib (A, 24 

hr). The effects of Imatinib (B) on cell cycle profiles of K562/IMA-0.2 were 

determined and compared to that of untreated cells (C) using flow cytometry. 

Statistical analysis was done using two way anova, P<0.05 was considered 

significant. 

 
Treatment of K562/IMA-0.2 cells with PDMP (20 µM, 24 hr) in the presence 

of 200- and 500 nM İmatinib resulted in 8- and 12% apoptosis, respectively (Figure 

77). There was also an increase in G1 and S phases and a decrease in G2 phase was 

observed. 
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Figure 77. Cell cycle profiles in K562/IMA-0.2 cells in response to PDMP (A, 24 

hr). The effects of PDMP (B) in the absence or presence of 200 nM (C) and 500 nM 

(D) Imatinib on cell cycle profiles of K562/IMA-0.2 were determined using flow 

cytometry. Statistical analysis was done using two way anova, P<0.05 was 

considered significant. 

 

The cell cycle profiles were examined in PDMP exposed parental and 

resistant cells (48 hr), in the absence or presence of Imatinib, by flow cytometry. The 

data revealed that exposure to Imatinib (200 nM, 48 hr) resulted in 9% apoptosis in 

parental K562 cells (Figure 78). Imatinib treatment resulted in an increase in G1 and 

a decrease in G2 and S phases. 
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Figure 78. Cell cycle profiles in K562 cells in response to Imatinib (A, 48 hr). The 

effects of Imatinib (B) on cell cycle profiles of K562 were determined and compared 

to that of untreated cells (C) using flow cytometry. Statistical analysis was done 

using two way anova, P<0.05 was considered significant. 

 

Treatment of K562 cells with 20 µM PDMP in the presence of 200- and 500 

nM İmatinib (48 hr) resulted in 20- and 40% apoptosis, respectively (Figure 79). 

PDMP and Imatinib treatment also revealed that there were an increase in G1, no 

change in S and a decrease in G2 phases. 
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Figure 79. Cell cycle profiles in K562 cells in response to PDMP (A, 48 hr). The 

effects of PDMP (B) in the absence or presence of 200 nM (C) and 500 nM (D) 

Imatinib on cell cycle profiles of K562 were determined using flow cytometry. 

Statistical analysis was done using two way anova, P<0.05 was considered 

significant. 

 
K562/IMA-0.2 cells treated with PDMP (48 hr) in the absence or presence of 

Imatinib, and cell cycle profiles were examined by flow cytometry. The data showed 

that exposure to Imatinib (200 nM, 48 hr) did not cause apoptosis in K562/IMA-0.2 

cells (Figure 80). 
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Figure 80. Cell cycle profiles in K562/IMA-0.2 cells in response to Imatinib (A, 48 

hr). The effects of Imatinib (B) on cell cycle profiles of K562/IMA-0.2 were 

determined and compared to that of untreated cells (C) using flow cytometry. 

Statistical analysis was done using two way anova, P<0.05 was considered 

significant. 

 

Treatment of K562/IMA-0.2 cells with 20 µM PDMP in the presence of 200- 

and 500 nM Imatinib (48 hr) resulted in 14- and 22% apoptosis, respectively (Figure 

81). 
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Figure 81. Cell cycle profiles in K562/IMA-0.2 cells in response to PDMP (A, 48 

hr). The effects of PDMP (B) in the absence or presence of 200 nM (C) and 500 nM 

(D) Imatinib on cell cycle profiles of K562/IMA-0.2 were determined using flow 

cytometry. Statistical analysis was done using two way anova, P<0.05 was 

considered significant. 

 

 Taken together all these data showed that PDMP increased apoptotic effect of 

Imatinib. This combination therapy started to be effective after 24 hr. Besides 

induction of apoptosis, PDMP and Imatinib treatment also resulted in cell cycle 

arrest. 

 

 

3.4.3 MTT Cell Proliferation Assay in Human CML Cells Exposed to PDMP in 
the Absence or Presence of Imatinib 
 

The IC50 values of Imatinib and the combination therapy of PDMP and 

Imatinib in K562/IMA-1 cells were determined. As shown in Figure 82, K562/IMA-

1 cells, exposed to PDMP and Imatinib, expressed about 4-fold more sensitivity, as 

compared to only Imatinib applied counterparts. The IC50 values of Imatinib and 

combination therapy of PDMP and Imatinib were 4,600- and 1,100 nM for 

K562/IMA-1 cells, respectively (Figure 82).  
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Figure 82. Effects of PDMP, in the absence or presence of Imatinib, on the growth of 

K562/IMA-1 cells in situ. The IC50 concentration of Imatinib was determined by 

MTT assay for each cell line as described. Experiments were done in triplicate in at 

least two independent experiments. Statistical analysis was done using two way 

anova, p<0.01 was considered significant. Standard deviations for each point were 

between 0.5- and 4%. The error bars represent the standard deviations, and when not 

seen, they are smaller than the thickness of the lines on the graphs.  

 

The IC50 values of Imatinib and combination therapy of PDMP and Imatinib 

in Meg-01/IMA-1 cells were also examined. The IC50 values of Imatinib and 

combination therapy were 1,500- and 1,200 nM for Meg-01/IMA-1 cells, 

respectively (Figure 83). In Meg-01/IMA-1 cells, PDMP did not result in cell death 

as much as it did in K562/IMA-1 cells. 
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Figure 83. Effects of PDMP, in the absence or presence of Imatinib, on the growth of 

Meg-01/IMA-1 cells in situ. The IC50 concentration of Imatinib was determined by 

MTT assay for each cell line as described. Experiments were done in triplicate in at 

least two independent experiments, and statistical analysis was done using two way 

anova, p<0.01 was considered significant. Standard deviations for each point were 

between 0.5- and 4%. The error bars represent the standard deviations, and when not 

seen, they are smaller than the thickness of the lines on the graphs. 

 

 

3.4.4 Analyses of Ceramide Levels in Human CML Cells in Response to PDMP 
in the Absence or Presence of Imatinib 
 

The levels of endogenous ceramide in K562, K562/IMA-0.2 and -1 cells, 

treated with PDMP, in the absence or presence of Imatinib (48 hr), were measured by 

LC/MS. K562 cells treated with Imatinib (200 nM, 48 hr) showed a slight increase in 

ceramide levels. In PDMP exposed K562 cells, C14-, C18-, C20-, C24-, and C24:1-

ceramides levels were increased above the ceramide levels in Imatinib (200 nM) 

applied K562 cells. Interestingly, the data showed that treatment with PDMP resulted 

in a significant increase in the generation of all ceramide especially C18-ceramide 

(about 35-fold), and to a lesser extent, C14-, C16-, and C-20-ceramides (around 7- to 

15-fold) in parental K562 cells when compared to untreated controls (Figure 84).  
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Figure 84. Relative changes of ceramide levels in K562 cells treated with PDMP in 

the absence or presence of Imatinib. The concentrations of C18:1-, C14-, C16-, C18-, 

C20- C24-, and C24:1-ceramides in K562 cells treated with PDMP (20 µM) in the 

absence or presence of Imatinib (200 nM, 48 hr) were measured by LC/MS. The 

levels of ceramide were normalized to Pi concentrations. Percent changes of 

ceramide levels were calculated. The experiments were done in at least two 

independent trials. Statistical analysis was done using two way anova, P<0.01 was 

considered significant. 

 

 
Treatment of resistant K562/IMA-0.2 cells with Imatinib (500 nM, 48 hr) did 

not cause any significant changes in the levels of ceramides (Figure 85). In PDMP 

exposed K562/IMA-0.2 cells, C18:1-, C14-, C16-, C18-, C20-, C24-, and C24:1-ceramides 

levels were increased above the ceramide levels in Imatinib (500 nM) applied 

K562/IMA-0.2 cells. The data showed that treatment with PDMP resulted in an 

increase especially C18-ceramide (about 8-fold), and to a lesser extent, C16-, C20-, C24-

ceramides (around 2-fold) in K562/IMA-0.2 cells when compared to untreated 

controls (Figure 85). Comparing to parental K562 cells, C18-ceramide levels were 

increased 4 times less in K562/IMA-0.2 cells although higher concentration of 

Imatinib was applied. 
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Figure 85. Relative changes of ceramide levels in K562/IMA-0.2 cells treated with 

PDMP in the absence or presence of Imatinib. The concentrations of C18:1-, C14-, C16, 

C18-, C20- C24-, and C24:1-ceramides in K562/IMA-0.2 cells treated with PDMP (20 

µM) in the absence or presence of Imatinib (500 nM, 48 hr) were measured by 

LC/MS. The levels of ceramide were normalized to Pi concentrations. Percent 

changes of ceramide levels were calculated. The experiments were done in at least 

two independent trials. Statistical analysis was done using two way anova, P<0.01 

was considered significant. 

 

On the other hand, treatment of resistant K562/IMA-1 cells with Imatinib (2 

µM, 48 hr) did not cause any significant changes in the levels of ceramides (Figure 

86). Interestingly, there was even a decrease in C24-ceramide levels. In PDMP 

exposed K562/IMA-1 cells, C14-, C16-, C18-, C20-, and C24:1-ceramides levels were 

increased comparing to untreated control but below the ceramide levels in Imatinib 

(2 µM) applied K562/IMA-1 cells. There were also no changes in C18:1- and C24-

ceramide levels in PDMP treated K562/IMA-1 cells. It was also observed that 

treatment with PDMP and Imatinib (2 µM) together resulted in an increase in the 

generation of all ceramide especially C18-ceramide (about 5-fold), and to a lesser 

extent, C18:1-, C14-, C16-, C20-, C24:1-ceramides (around 2-fold) in K562/IMA-1 cells 

when compared to untreated controls (Figure 86). Comparing to parental K562 cells, 

C18-ceramide levels were increased 7 times less in K562/IMA-1 cells although higher 

K562/IMA-0.2

0
200
400
600
800

1000
1200

C-
18:1-
cer

C14-
cer

C16-
cer

C18-
cer

C20-
cer

C24-
cer

C24:1-%
 C

ha
ng

es
 in

 C
er

am
id

e 
le

ve
ls K562/IMA-0.2

K562/IMA-0.2 + 500 nM IMA

K562/IMA-0.2 + PDMP

K562/IMA-0.2 + PDMP + 500 nM IMA

 

133



concentration of Imatinib was applied. Taken together all these data suggest that, the 

more resistant cells are, the less accumulation of ceramides, although higher 

concentration of Imatinib. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 86. Relative changes of ceramide levels in K562/IMA-1 cells treated with 

PDMP in the absence or presence of Imatinib. The concentrations of C18:1-, C14-, C16, 

C18-, C20- C24-, and C24:1-ceramides in K562/IMA-1 cells treated with PDMP (20 

µM) in the absence or presence of Imatinib (2 µM, 48 hr) were measured by LC/MS. 

The levels of ceramide were normalized to Pi concentrations. Percent changes of 

ceramide levels were calculated. The experiments were done in at least two 

independent trials. Statistical analysis was done using two way anova, P<0.01 was 

considered significant. 

 
The levels of endogenous ceramide in Meg-01, Meg-01/IMA-0.2 and -1 cells, 

treated with PDMP in the absence or presence of Imatinib (48 hr), were also 

measured by LC/MS. Meg-01 cells treated with Imatinib (200 nM, 48 hr) showed a 

slight increase in ceramide levels. In PDMP exposed K562 cells, C14-, C16-, C20-, 

C24-, and C24:1-ceramides levels were increased above the ceramide levels in Imatinib 

(200 nM) applied Meg-01 cells. Supporting to the previous data, it was observed that 

treatment with PDMP resulted in a significant increase in the generation of all 

ceramide especially C18-ceramide (about 8-fold), and to a lesser extent, C18:1-, C14-, 
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C16-, C20-, C24-, and C24:1-ceramides (around 5-fold) in parental Meg-01 cells when 

compared to untreated controls (Figure 87).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 87. Relative changes of ceramide levels in Meg-01 cells treated with PDMP 

in the absence or presence of Imatinib. The concentrations of C18:1-, C14-, C16-, C18-, 

C20- C24-, and C24:1-ceramides in Meg-01 cells treated with PDMP (20 µM) in the 

absence or presence of Imatinib (200 nM, 48 hr) were measured by LC/MS. The 

levels of ceramide were normalized to Pi concentrations. Percent changes of 

ceramide levels were calculated. The experiments were done in at least two 

independent trials. Statistical analysis was done using two way anova, P<0.01 was 

considered significant. 

 

Treatment of resistant Meg-01/IMA-0.2 cells with Imatinib (500 nM, 48 hr) 

slightly increased the levels of ceramides (Figure 88). In PDMP exposed Meg-

01/IMA-0.2 cells, C18:1-, C14-, C16-, C18-, C20-, C24-, and C24:1-ceramides levels were 

decreased below the ceramide levels in Imatinib (500 nM) applied Meg-01/IMA-0.2 

cells. It was also shown that treatment with PDMP resulted in an increase in the 

generation of all ceramide especially C18-ceramide (about 6-fold), and to a lesser 

extent, C16-, C20-, C24-ceramides (around 4-fold) in Meg-01/IMA-0.2 cells when 

compared to untreated controls (Figure 89).  
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Figure 88. Relative changes of ceramide levels in Meg-01/IMA-0.2 cells treated with 

PDMP in the absence or presence of Imatinib. The concentrations of C18:1-, C14-, C16-

, C18-, C20- C24-, and C24:1-ceramides in Meg-01/IMA-0.2 cells treated with PDMP 

(20 µM) in the absence or presence of Imatinib (500 nM, 48 hr) were measured by 

LC/MS. The levels of ceramide were normalized to Pi concentrations. Percent 

changes of the levels of ceramide levels were calculated. The experiments were done 

in at least two independent trials. Statistical analysis was done using two way anova, 

P<0.01 was considered significant. 

 
On the other hand, treatment of resistant Meg-01/IMA-1 cells with Imatinib 

(2 µM, 48 hr) resulted in a slight increase in the levels of ceramides (Figure 89). In 

PDMP exposed Meg-01/IMA-1 cells, C14-, C16-, and C24-ceramides levels were 

increased, while C18:1- C20- and C24:1-ceramide levels were decreased comparing to 

Imatinib (2 µM) applied Meg-01/IMA-1 cells. The data also revealed that treatment 

with PDMP and Imatinib (2 µM) together resulted in an increase in the generation of 

all ceramide (about 2- to 5-fold) in Meg-01/IMA-1 cells when compared to untreated 

controls (Figure 89). Comparing to parental Meg-01 cells, C18-ceramide levels were 

increased 7 times less in Meg-01/IMA-1 cells although higher concentration of 

Imatinib was applied. Taken together, all these data suggest that, the more resistant 

cells, the less accumulated ceramides as compared to parental cells. 
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Figure 89. Relative changes of ceramide levels in Meg-01/IMA-1 cells treated with 

PDMP in the absence or presence of Imatinib. The concentrations of C18:1-, C14-, C16, 

C18-, C20- C24-, and C24:1-ceramides in Meg-01/IMA-1 cells treated with PDMP (20 

µM) in the absence or presence of Imatinib (2 µM, 48 hr) were measured by LC/MS. 

The levels of ceramide were normalized to Pi concentrations. Percent changes of the 

levels of ceramide levels were calculated. The experiments were done in at least two 

independent trials. Statistical analysis was done using two way anova, P<0.01 was 

considered significant. 

 

 

3.4.5 Expression Analyses of GCS in Parental and Resistant Human CML Cells 
 

 
Then, the levels of GCS expression were analyzed in parental and 1 µM 

Imatinib resistant cells by RT-PCR (Figure 90). The data showed that K562/IMA-1 

and Meg-01/IMA-1 cells overexpress GCS when compared to their parental sensitive 

counterparts (Figures 90). Quantification analyses of GCS gene expression was 

conducted by Scion Image programme and the results showed that there was around 

1.7- and 1.9-fold increase in expression of GCS gene in K562/IMA-1 and Meg-

01/IMA-1, respectively, as compared to parental counterparts. 
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Figure 90. Expression analyses of GCS in parental and resistant human CML cells. 

GCS mRNA levels in K562 and K562/IMA-1 cells (lanes 2-3) and Meg-01 and Meg-

01/IMA-1 cells (lanes 4-5) were measured by RT-PCR. Beta actin levels were used 

as internal positive controls (lanes 6-9 respectively). Lanes 1 and 10 are DNA 

Ladder. 

 
 

3.5 EXPRESSION ANALYSES OF BCR-ABL IN PARENTAL AND 
RESISTANT HUMAN CML CELLS 

 

Expression levels of BCR-ABL were analyzed in K562, K562/IMA-0.2 and -

1 and Meg-01, Meg-01/IMA-0.2 and -1 cells by RT-PCR (Figure 91). Indeed, the 

data showed that K562/IMA-1 and Meg-01/IMA-1 cells overexpress BCR-ABL gene 

when compared to their parental sensitive counterparts (Figure 91). Quantification 

analyses of BCR-ABL gene expression was conducted by Scion Image programme 

and the results showed that there was around 2.5- and 4.7-fold increase in expression 

of BCR-ABL gene in K562/IMA-0.2 and K562/IMA-1 cells, respectively, as 

compared to parental K562 cells. On the other hand, quantification analyses of BCR-

ABL was also conducted in Meg-01 cells and 1.2- and 4.4-fold increase in 

expression of BCR-ABL gene in Meg-01/IMA-0.2 and Meg-01/IMA-1 cells were 

observed, respectively, as compared to parental Meg-01 cells. 

  

 
 
 
 
 

 

Figure 91. Expression analyses of BCR-ABL in parental and resistant human CML 

cells. BCR-ABL expression levels in K562, K562/IMA-0.2 and -1 cells (lanes 2, 3, 
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and 4) and Meg-01, Meg-01/IMA-0.2 and -1 cells (lanes 5, 6, and 7) were measured 

by RT-PCR. Beta actin levels were used as internal positive controls (lanes 8 to 13, 

respectively). Lanes 1 and 14 are DNA ladder. 

 
Protein levels of BCR-ABL were also analyzed in parental and resistant K562 

and Meg-01 by western blotting (Figure 92). In parallel with previous results, it was 

observed that 0.2- and 1 µM Imatinib resistant K562 and Meg-01 cells overexpress 

BCR-ABL gene when compared to their parental sensitive counterparts (Figure 92). 

Quantification analyses of BCR-ABL protein levels were conducted by Scion Image 

programme and the results showed that there was around 1.6- and 2.1-fold increase 

in protein level of BCR-ABL gene in K562/IMA-0.2 and K562/IMA-1 cells, 

respectively, as compared to parental K562 cells. On the other hand, quantification 

analyses of BCR-ABL was also conducted in Meg-01 cells and 1.5- and 2-fold 

increase in protein level of BCR-ABL gene in Meg-01/IMA-0.2 and Meg-01/IMA-1 

cells were observed, respectively, as compared to parental Meg-01 cells. 

 
 
 
 
 
 
 
 
 
 
 
Figure 92. Protein levels of BCR-ABL in parental and resistant human CML cells. 

BCR-ABL protein levels were measured in K562, K562/IMA-0.2 and -1 cells (lanes 

1, 2, and 3) and in Meg-01, Meg-01/IMA-0.2 and -1 cells (lanes 4, 5, and 6, 

respectively) by western blotting. Beta actin levels were used as internal positive 

controls (lanes 7 to 12, respectively).  
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3.5.1 Expression Pattern of BCR-ABL Gene in hLASS1 and hLASS6 
Transfected K562 Cells  

 

To examine if there is any interaction between hLASS1 and hLASS6 genes 

and BCR-ABL, parental K562 cells were transfected with hLASS1 and hLASS6. 

The expression analyses of hLASS1 and hLASS6 were shown by RT-PCR (Figure 

41) and then BCR-ABL gene expression analyses were conducted. The results 

revealed that overexpression of hLASS1 in K562 cells resulted in a decrease in 

expression of BCR-ABL, while there was no change of BCR-ABL expression in 

hLASS6 transfected cells (Figure 93). Quantification analyses of BCR-ABL gene 

expression was conducted by Scion Image programme and the results showed that 

there was around 1.8-fold increase in expression of BCR-ABL gene in hLASS1 

transfected K562 cells as compared to control transfected ones. However, there was 

no change in expression pattern of BCR-ABL gene in hLASS6 transfected cells. 

 

 

 

 
 

Figure 93. Expression analyses of BCR-ABL in vector and hLASS1 or hLASS6 

transfected K562 cells. Expression levels of BCR-ABL in hLASS1 and its vector 

(lanes 2 and 3) and hLASS6 and its vector (Lanes 4 and 5) transfected K562 cells 

were measured using RT-PCR. Beta-actin levels were used as internal positive 

controls (lanes 6-9). Lanes 1 and 10 are DNA Ladder. 
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3.5.2 Expression Pattern of BCR-ABL Gene in SK-1 Transfected K562 Cells  

 

On the other hand, interaction, if there is, between SK-1 and BCR-ABL genes 

were examined in parental K562 cells, transfected with SK-1 and control vector. 

Overexpression of SK-1 was shown by RT-PCR (Figure 94), and the expression 

analyses of BCR-ABL gene were conducted. Interestingly, the results showed that 

overexpression of SK-1 in K562 cells resulted in a significant increase in expression 

of BCR-ABL gene as compared to vector transfected cells (Figure 94). 

Quantification analyses of BCR-ABL gene expression was conducted by Scion 

Image programme and the results showed that there was around 2.5-fold increase in 

expression of BCR-ABL gene in SK-1 transfected K562 cells as compared to control 

transfected ones.  

 

 

 

 

 

 

Figure 94. Expression analyses of BCR-ABL in vector and SK-1 transfected K562 

cells. Expression levels of BCR-ABL in SK-1 and its vector (lanes 2 and 3) 

transfected K562 cells were measured using RT-PCR. Beta-actin levels were used as 

internal positive controls (lanes 4-5). Lane 1 is DNA Ladder. 

 

 

3.6 THE ROLE OF P-GLYCOPROTEIN IN IMATINIB RESISTANCE IN 
HUMAN CML CELLS 
 

Expression levels of MDR1 gene were analyzed in K562, K562/IMA-1 and 

Meg-01, Meg-01/IMA-1 cells by RT-PCR (Figure 95). The data showed that 

K562/IMA-1 and Meg-01/IMA-1 cells overexpress MDR1 gene when compared to 

their parental sensitive counterparts (Figure 95). Quantification analyses of MDR1 

gene expression was conducted by Scion Image programme and the results showed 

that there was around 1.9- and 1.6-fold increase in expression of MDR1 gene in 
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K562/IMA-1 and Meg-01/IMA-1 cells, respectively, as compared to parental 

counterpart cells. 
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blue dye exclusion assay. The experiments were done in at least two independent 

trials. Statistical analysis was done using two way anova, P<0.01 was considered 

significant. 

 
The effect of P-glycoprotein inhibition in resistance to Imatinib-induced cell 

death in Meg-01/IMA-1 cells was also examined. Meg-01/IMA-1 cells treated with 

10 µM Cyc-A in the presence of 2- and 5 µM Imatinib resulted in about 55- and 75% 

cell death, respectively, while 2- and 5 µM Imatinib, by itself, caused around 25- and 

35% growth inhibition (Figure 97). Treatment of Meg-01/IMA-1 cells only with 10 

µM Cyc-A resulted in 4% cell death. 
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Figure 97. The effect of P-gp inhibitor, Cyc-A on cell viability of Meg-01/IMA-1 

cells. Cells, grown in 6-well plates (5x104 cells/well), were treated with Cyc-A in the 

absence or presence of Imatinib (48 hr). Cell viability was determined using trypan 

blue dye exclusion assay. The experiments were done in at least two independent 

trials. Statistical analysis was done using two way anova, P<0.01 was considered 

significant. 
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3.7 SEQUENCE ANALYSES OF IMATINIB BINDING SITE OF ABL 
KINASE REGION IN SENSITIVE AND RESISTANT CELLS 
 

The sequence analyses of ABL kinase region to which Imatinib specifically 

recognizes and binds to 21 amino acids were examined in parental and resistant 

K562 and Meg-01 cells. The data revealed that there were no detectable mutations on 

this site of BCR-ABL in any of the K562/IMA-0.2 or -1 (Apendix B, II and III, 

respectively) and Meg-01/IMA-0.2 or -1 cells (Appendix B, V and VI, respectively) 

comparing to parental K562 (Appendix B, I) and Meg-01 cells (Appendix B, IV), 

respectively. 
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CHAPTER IV 

 

 

DISCUSSION 

 

 

The tyrosine kinase activity of the BCR-ABL fusion protein is required for 

transformation of hematopoietic cells. Imatinib was designed based on the structure 

of the ATP binding site of the ABL kinase domain. Imatinib displays high specificity 

at the sub-micromolar level for the ABL and selectively kills BCR-ABL expressing 

cells. Although it is very effective in chronic phase of CML patients, in accelerated 

and blastic crisis phases it is less effective. 

 

To produce Imatinib-resistant sub-lines of human CML cell lines, K562 and 

Meg-01 cells, were cultured in the presence of gradually increasing concentrations 

(0.05 µM to 1 µM) of Imatinib over a period of 12 months. However, rare Ph-

positive K562 and Meg-01 cells were observed which were unaffected by 

concentrations of Imatinib that suppress the proliferation of most CML cells. These 

sub-lines with differential sensitivity to Imatinib were generated from Imatinib 

sensitive BCR-ABL positive human CML cells and the possible molecular 

mechanisms of resistance to Imatinib-induced apoptosis were investigated.  

 

The first remarkable observation from this study was the overall difficulty in 

generating resistant sub-lines from the parental sensitive cells. Obtaining rare 

survivors from massive cells, even when subjected to a gradual exposure to Imatinib 

in liquid culture, suggested that resistant cells arose in response to selective pressure 

of the inhibitor. These results emphasized the specificity and high efficacy of this 

drug for the control of proliferation of BCR-ABL positive cells.  
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Importantly, results presented here demonstrated that continuous exposure of 

K562 and Meg-01 cells to stepwise increasing concentrations of Imatinib results in 

the selection of sub-clones expressing resistance to Imatinib-induced apoptosis. It 

was interesting to observe that although the tyrosine kinase inhibitor did not kill these 

resistant sub-lines, 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.  

 

Similar approach has been used in various studies to derive Imatinib-

resistance starting with Ph-positive cell lines previously, including AR230, LAMA84 

and K562 (Mahon et al, 2000). Mahon and co-workers were able to grow K562 cells 

up to presence of 0.6 µM Imatinib concentrations. In this study, K562 and Meg-01 

cells were able to be grown up to 1 µM. Various diverse mechanisms have been 

reported for their involvement in the resistance to Imatinib-induced apoptosis. The 

most common mechanism was the overexpression/amplification of BCR-ABL, and it 

has been well documented that the degree of BCR-ABL expression appears to be 

directly proportional to the levels of Imatinib resistance (Mahon et al, 2000, 

Wiesberg et al, 2000). In this study, both in mRNA and protein levels it was 

observed that BCR-ABL expression was higher in 1 µM Imatinib resistant CML 

cells (K562/ and Meg-01/IMA-1) than 0.2 µM Imatinib resistant ones (K562/ and 

Meg-01/IMA-0.2) in which BCR-ABL expressed more as compared to parental 

sensitive counterparts.  

 

Another mechanism for the development of resistance was due to selection of 

cells with mutated BCR-ABL in the Imatinib-binding domain in various CML cell 

lines (Gorre et al, 2003). In investigating the emergence of the mutations, all the sub-

lines with intermediate (0.2 µM) and high levels of resistance (1 µM) and of course 

parental sensitive cells were examined. An extensive search for the presence of all 21 

mutations in parental and resistant K562 and Meg-01 cells using RT-PCR followed 

by direct sequencing failed to identify any of these mutations. These findings showed 

that resistance to Imatinib in these resistant human CML cells did not result from any 

mutation in Imatinib binding site of ABL kinase domain. 
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In addition, there has been BCR-ABL independent mechanisms reported for 

driving resistance against Imatinib in various CML cells. For example, 

overexpression of MDR1/P-gp, a classical drug efflux protein, decreased the 

intracellular concentrations of Imatinib to sub-lethal levels that blocks Imatinib 

effects (Illmer et al, 2004). It was demonstrated that cells resistant to Imatinib 

showed an overexpression of P-gp (Druker et al, 2001). It was also shown by Dai 

and co-workers that Imatinib is not only a substrate of P-gp but also a modulator of 

P-gp. The P-gp-inhibitory effect of Imatinib is slightly weaker than that of 

cyclosporin A (Dai et al, 2003). In the present study, the expression analyses of P-gp 

in parental and Imatinib-resistant human K562 and Meg-01 cells were examined. 

Overexpression of P-gp in Imatinib resistant K562/ and Meg-01/IMA-1 cells was 

observed as compared to parental sensitive counterparts. In a parallel study it was 

observed that inhibition of P-gp by Cyc-A significantly restored the sensitivity of 

human K562/ and Meg-01/IMA-1 cells to Imatinib.  

 

On the other hand, Imatinib 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, 1995 and Reed et al, 

1996). Up-regulation 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 

and Horita et al, 2002) has been shown to be involved in resistance to Imatinib.  The 

Bcl-2 protein family has been suggested to function as pore formers resulting in a 

decrease in 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 Imatinib 

treated parental human CML cells; there were a significant decrease in mitochondrial 

membrane potential and an increase in caspase-3 activity resulting in higher number 

of cells in apoptosis. Thus, the pro-apoptotic effect of Imatinib could be explained by 
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a rapid and sustained inhibition of BCR-ABL, leading to induction of mitochondria-

dependent apoptosis in parental cells. 

 

There were an increase in expression of anti-apoptotic Bcl-2 and Bcl-XL and 

a decrease in expression of pro-apoptotic Bax proteins in Imatinib resistant K562/ 

and Meg-01/IMA-1 cells as compared to parental sensitive ones. In steady state 

levels, there were an increase in mitochondrial membrane potential and a decrease in 

caspase-3 activity in resistant cells as compared to parental sensitive counterparts. 

Mitochondrial membrane potential and caspase-3 activity analyses revealed that 

although higher concentrations of Imatinib were exposed, there were almost no 

decrease in mitochondrial membrane potential and no increase in caspase-3 activity 

in resistant cells. Increases in expression of Bcl-2 family proteins in resistant cells 

can be explained by overexpression of BCR-ABL protein, which regulates Bcl-2 

family, in resistant cells. It was also shown by Amarante-Mendes and co-workers 

that Bcl-2 protein family is upregulated in a variety of resistant cell lines and account 

in part for the resistant phenotype observed in BCR-ABL-positive cells (Amarante-

Mendes et al, 1998). 

 

In this study, roles and mechanisms of action of ceramide metabolism in the 

regulation of Imatinib-induced cell death and resistance in human K562 and Meg-01 

cells were examined. The data presented here provide a novel and mechanistic 

information about the role of ceramide/S1P pathway in the regulation of Imatinib-

mediated apoptosis, which involves the loss of mitochondrial membrane potential, 

and the activation of caspase-3 in K562 and Meg-01 cells. The results showed that 

while treatment with Imatinib mediates the generation of C18-ceramide via hLASS1, 

which appears to play an important role in Imatinib-induced apoptosis in parental 

cells, overexpression of SK-1 in resistant cells prevents cell death in response to 

Imatinib by altering the balance between C18-ceramide and S1P. 

 

Bioactive sphingolipid ceramide is involved in mediating anti-proliferative 

responses via various distinct mechanisms in human cancer cells (Ogretmen and 

Hannun, 2004). It has been well documented that treatment with some 
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chemotherapeutic agents results in increased generation and/or accumulation of 

endogenous ceramide either via the activation of the de novo pathway, or by 

increased activity of SMases (Ogretmen and Hannun, 2004). However, any role for 

Imatinib in inducing the generation of ceramide in human CML cells has not been 

examined previously. Here, the data showed that treatment with Imatinib 

significantly increased the generation of ceramide, particularly C18-ceramide, in a 

time-dependent manner, via the action of hLASS1 in parental cells. Importantly, 

further evaluation of possible roles for hLASS1-generated C18-ceramide by 

molecular approaches suggested its involvement in Imatinib-induced cell death in 

parental cells. However, although hLASS1 siRNA completely prevented the 

generation of C18-ceramide in response to Imatinib in parental cells, it only partially 

(about 50%) prevented Imatinib-induced apoptosis, indicating that there are other 

mechanisms and down-stream targets, which are involved in this process. 

Nevertheless, overexpression of hLASS1 in resistant cells, which induced the 

generation of C18-ceramide increased the sensitivity to Imatinib, suggesting that up-

regulation of ceramide generation might help improve response to Imatinib. The 

overexpression of hLASS2, hLASS5 and hLASS6 did not cause any change in MMP 

as compared to vector transfected counterparts. Taken together, these results 

emphasize the specificity of hLASS1 gene and its product, C18-ceramide, in 

Imatinib-induced apoptosis.  

 

Koybasi and co-workers showed an important role for C18-ceramide via 

hLASS1 activity in enhancing chemotherapy-induced cell death by a mechanism 

involving the activation of mitochondrial apoptotic cascade including the activation 

of caspase9/3 in squamous cell carcinomas (SCC) of the head and neck both in vitro 

(Koybasi et al, 2004), and in vivo (Senkal et al, unpublished data). These data are 

also in agreement with the present study showing the role of C18-ceramide in the 

regulation of caspase-3 activation and loss of mitochondrial membrane potential in 

parental cells. In a previous study, it was reported that while defects in hLASS1/C18-

ceramide pathway plays a role in the pathogenesis and/or progression of SCC of the 

head and neck, the reduced levels of C16-, C18- and C24-ceramides, products of 

various LASS proteins, appeared to play important roles in the pathogenesis of non-
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squamous head and neck (Koybasi et al, 2004), and lung cancers, suggesting that 

hLASS-dependent generation of ceramide synthesis might be regulated by distinct 

pathways in a cell line or cell type-dependent manner.  

 

Mechanistically, the data presented here showed that the perturbations of the 

balance between ceramide and S1P, with opposing functions as pro-apoptotic and 

anti-apoptotic sphingolipids, respectively, by overexpression of SK-1, and not by 

altered levels of ceramide synthesis, plays an important role in the regulation of 

resistance to Imatinib. These results are consistent with previous data, which showed 

a role for SK-1 via alteration of the ceramide/S1P balance in the regulation of drug-

induced apoptosis, and chemotherapy sensor both in culture and in animal models of 

prostate adenocarcinoma (Pchejetski et al, 2005). In parallel with these data, 

increasing the expression of SK-1 reduced the sensitivity of A-375 melanoma cells to 

Fas- and ceramide-mediated apoptosis that could be reversed by inhibition of SK-1 

expression (Bektas et al, 2005). There have been other studies, which showed also 

that SK-1 expression is up regulated in colon carcinogenesis (Kawamori et al, 2006), 

and in the tumors of the patients with lung cancer (Johnson et al, 2005). More 

importantly, it has been demonstrated previously that modulation of S1P levels 

increases apoptosis, or abolishes starvation-induced autophagy, which leads to 

increased cell death (Lavieu et al, 2006). Thus, perturbations in the metabolism of 

ceramide via overexpression of SK-1 may play important roles in the development of 

resistance to Imatinib. Increased activity/expression of a ceramidase(s), required for 

the hydrolysis of ceramide to generate sphingosine, which is then converted to S1P 

by SK-1, might also be involved in the development of resistance to Imatinib, and 

this needs to be investigated.  

 

In addition, our preliminary data by Western blot analysis showed that BCR-

ABL is overexpressed in K562/-, and Meg-01/IMA-0.2 and –1 cells significantly 

when compared to parental K562 and Meg-01 cells. On the other hand, 

overexpression of hLASS1 gene, which induces apoptosis, inhibited the expression 

of BCR-ABL gene while overexpression of SK-1, which inhibits apoptosis and 

induces cell growth and proliferation, induces the expression of BCR-ABL gene. 
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There was no effect of hLASS6 on expression levels of BCR-ABL gene. These 

results suggest that SK-1 and hLASS1 genes are upstream regulators of BCR-ABL 

gene, resulting in increase and decrease in BCR-ABL gene, respectively.  

 

In addition to its role as a mediator of cell death, recent studies have 

demonstrated that alterations in ceramide metabolism whereby pro-apoptotic 

ceramide is converted to the noncytotoxic GlcCer metabolite contribute to the MDR 

phenomenon (Lucci et al, 1998). Elevated levels of GlcCer have been found in a 

number of multidrug-resistant human cancer cell lines including breast, ovarian, and 

colon cancer cells and in some patients with melanoma and breast cancer (Kok et al, 

2000 and Lucci et al, 1998). Analysis of human tumor specimens revealed elevated 

GlcCer levels in patients who failed conventional chemotherapy, but GlcCer levels 

were low in those who responded to treatment (Lucci et al, 1998). Support for 

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). Conversely, when 

GCS expression was down-regulated with the aid of anti-sense oligonucleotides, this 

resulted in increased sensitivity of resistant MCF-7-AdrR tumor cells towards 

adriamycin (Liu et al, 2000). These results can be interpreted in the sense that MDR 

tumor cells display an enhanced activity of GCS, which results in accumulation of 

GlcCer and metabolic removal of ceramide from the sphingolipid pool. The latter 

might be beneficial to the survival of tumor cells, especially when under stress of 

chemotherapy or other stress factors, which induce ceramide formation and 

accumulation (Hannun et al, 2000 and Senchenkov et al, 2001).  Various works 

showed also that GCS inhibitors arrest cell division, exhibit anticarcinogenic 

properties (Kyogashima et al, 1996). In agreement with the previous studies, GCS 

overexpression has been observed in Imatinib resistant human CML cells as 

compared to parental sensitive counterparts. 

 

The effect of specific GCS inhibitors such as 1-phenyl-2-decanoylamino-3-

morpholino-1-propanol PDMP, blocks the conversion of ceramide to GlcCer, was 

tested. These compounds have been shown to kill multidrug resistant cells besides 
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drug-sensitive cells. It has previously been demonstrated that PDMP sensitizes 

murine neuroblastoma cells to Taxol and Vincristine (Sietsma et al, 2000). In this 

study, PDMP-induced chemosensitization was investigated in two Imatinib resistant 

human CML cells. In parallel with the previous data it was observed that a non-toxic 

dose of PDMP induced apoptosis in both multidrug-resistant human CML cell lines 

in response to Imatinib.  

 

Chemosensitization effects of PDMP-altered ceramide metabolism were 

compared in Imatinib-sensitive and -resistant K562 and Meg-01 cell lines. It is 

generally assumed that GCS inhibitors exert their chemosensitizing effect by 

potentiation of drug-induced intracellular ceramide elevation (Kok et al, 2004). 

LC/MS analyses revealed that impairment of ceramide glycosylation by PDMP 

increased intracellular ceramide levels. On the other hand, cell viability by trypan 

blue dye exclusion assay and Flow cytometry analyses also showed that PDMP in 

combination with Imatinib resulted in higher numbers of cells in apoptosis as 

compared to only Imatinib exposed cells. These findings demonstrated that the 

ability to modulate ceramide metabolism might provide a new avenue by which drug 

sensitivity can be increased in multidrug-resistant cells. 

 

Nevertheless, 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 to S1P might provide improved strategies for the 

treatment of CML. 

 

In conclusion, these results show, for the first time, that the LASS1-

dependent generation of endogenous C18-ceramide plays important roles in Imatinib-

induced mitochondrial and caspase-3-mediated apoptosis. These data also show that 

overexpression of SK-1, via alterations of the ceramide/S1P balance, and/or GCS, 

via conversion of pro-apoptotic ceramide to anti-apoptotic GlcCer, are involved in 

the regulation of Imatinib resistance in K562 and Meg-01 cells.  
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APPENDIX A (BUFFERS AND SOLUTIONS) 

 

 

AGAROSE GEL ELECTROPHORESIS 

 

Tris-Acetate-Edta Buffer (TAE) (50X) 

Tris Acetate       2 M 

EDTA        50 mM 

 

Sample Buffer 

dH2O        3 mL 

Tris HCl (0.5 M)      1 mL 

Glycerol       1.6 mL 

SDS (10%)       0.4 mL 

β-mercaptoethanol      0.4 mL 

Bromophenol Blue (0.5 %, w/v- in water)   0.4 mL 

 

 

WESTERN BLOTTING 

 

Protein Lysis Buffer 

50 mM TrisHcl pH 7.4 

150 mM NaCl 

1 mM EDTA 

1 % TritonX100 

1 µl of Protease inhibitor was added per 200 µl of lysis buffer. 
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2X Sample Buffer 

2% SDS  

20% glycerol 

20 mM Tris-Cl, pH 8  

2 mM EDTA 

2-mercaptoethanol 

0.02 % Bromophenol blue to serve as a tracking dye. 

 

SDS-PAGE Running Buffer (1X) 

50 mL 10X Tris/Glycine/SDS (250 mM Tris, 1920 mM Glycine, 1 % w/v SDS) 

diluted to 1X by addition of 450 mL dH2O. 

 

Coomassie Blue Stain 

Coomassie Blue R-250   2.5 g 

Acetic Acid                     92 mL 

Methanol                         454 mL 

dH2O                               454 mL 

 

Destaining Solution 

Methanol  200 mL 

Acetic Acid  75 mL 

dH2O   725 mL 

 

Towbin Buffer 

50 mL 10X Tris-Glycine 

100 mL Methanol 

359 mL dH2O 

 

Milk Solution

10 g milk powder 

100 mL 1X PBS 

100 µL Tween 20 
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0.1 % Towbin Buffer 

0.5 mL Tween 20 

499 mL 1X PBS 

 

 

0.3% Towbin Buffer 

1.5 mL Tween 20 

498.5 mL 1XPBS 

 

 

LIQUID CHROMATOGRAPHY/MASS SPECTROMETRY 

 

JB Cell Extraction Mix 

70 % Isopropanol/Ethanol Acetate (2:3) 

 

Mobile Phase B Solvent 

1 mM NH4OCOH : 0.2 % HCOOH dissolved in Methanol 

 

Ashing Buffer 

9: 1:40 – 10 N H2SO4 : 70 % HClO4 : H2O 

 

9 % Ascorbic Acid 

1.8 g of Ascorbic Acid was dissolved in 20 mL of dH2O 
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APPENDIX B (SEQUENCE ANALYSES)  
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APPENDIX C (PLASMID VECTORS) 

 

 
pcDNA3: 5446 nucleotides 
CMV promoter: bases 209-863 
T7 promoter: bases 864-882 
Polylinker: bases 889-994 
Sp6 promoter: bases 999-1016 
BGH poly A: bases 1018-1249 
SV40 promoter: bases 1790-2115 
SV40 origin of replication: bases 1984-2069 
Neomycin ORF: bases 2151-2945 
SV40 poly A: bases 3000-3372 
ColE1 origin: bases 3632-4305 
Ampicillin ORF: bases 4450-5310 

 

I- pcDNA3 Plasmid Vector 
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pcDNA3: 5428 nucleotides 
CMV promoter: bases 232-819 
T7 promoter/priming site: bases 863-882 
pcDNA3.1/BGH reverse priming site: bases 1022-1039 
BGH polyadenylation sequence: bases 1028-1252 
F1 origin: bases 1298-1726 
SV40 early promoter and origin: bases 1731-2074 
Neomycin resistance gene (ORF): bases 2136-2930 
SV40 early polyadenylation signal: bases 3104-3234 
pUC origin: Bases 3617-4287 
Ampicillin resistance gene: bases 4432-5428 (complementary strand) 
ORF: Bases 4432-5292 (complementary strand) 
Ribosome binding site: Bases 5300-5304 (complementary strand) 
Bla Promoter (P3): basaes 5327-5333 (complementary strand) 

 

II- pcDNA3 Plasmid Vector 
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