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Abstract 

Chronic myeloid leukaemia (CML) is characterised by the presence of Bcr-Abl tyrosine kinase.  Tyrosine 

kinase inhibitors (TKIs), such as imatinib, and more recently nilotinib and dasatinib, act by specifically 

binding to the Bcr-Abl kinase domain.  The advent of TKIs resulted in significantly improved treatment 

outcomes for the majority of patients with CML.  However, the focus is now customised treatment 

regimes employing drug combinations to reduce resistance development and maximise treatment 

outcomes.  The present study investigated the interaction of nilotinib with efflux transporters and 1) 

assessed how concomitant administration of additional drugs may enhance the effects of nilotinib in 

patients and 2) how altered expression or inhibition of these transporters affected nilotinib transport and 

function.  Secondly, in vitro cell line models of nilotinib resistance were generated in order to replicate 

modes of nilotinib resistance in vivo. 

 

The reported relationship between nilotinib and efflux transporters ABCB1 and ABCG2 is conflicting and 

nilotinib has previously been reported to inhibit the function of OCT-1.  Thus, in order to resolve 

conjecture, a novel approach was employed to determine the effect of ABCB1/ABCG2 inhibition on 

nilotinib-mediated Bcr-Abl kinase inhibition.  Results demonstrated ABCB1-mediated nilotinib transport 

was concentration dependent: transport of nilotinib occurred at low concentrations whereas inhibition of 

both ABCB1 and ABCG2 occurred at high nilotinib concentrations.  Additionally, data demonstrated 

nilotinib had no inhibitory effect on the functional activity of OCT-1 but may reduce intracellular imatinib 

concentrations by impairing passive influx. 

 

Bcr-Abl dependent modes of resistance relating to kinase domain mutations and Bcr-Abl overexpression 

are well documented.  The mechanisms underlying Lyn-mediated resistance however, require further 

investigation and Bcr-Abl-independent resistance is even more poorly understood.  Accordingly, in vitro 

cell line models of nilotinib resistance were developed.  ABCB1 overexpression was consistently 



- x - 

demonstrated as the initiator of nilotinib resistance in all cell lines, however, both Bcr-Abl dependent and 

Bcr-Abl independent resistance mechanisms were subsequently observed.  These results suggest 

determination of ABCB1 expression levels at diagnosis and 3 months post-therapy, for example, may 

predict resistance in patients.  Furthermore, this is the first reported nilotinib resistant, genuine Bcr-Abl 

independent cell line model and may provide insight into unexplained TKI resistance observed in 

patients. 

 

Additionally, both nilotinib resistant cell lines demonstrated ABCC6 overexpression suggesting this 

transporter may play a role in nilotinib resistance in vitro.  Further investigation in patient mononuclear 

cells confirmed nilotinib as a likely substrate of ABCC6.  This is the first report of ABCC6 involvement in 

nilotinib transport and concomitant administration of ABCC6 inhibitors may present an attractive option 

to enhance TKI efficacy and prevent resistance. 

 

Findings detailed in this thesis may assist in developing new therapeutic strategies using TKIs in 

combination with other medications in order to enhance the intracellular concentrations of TKI.  

Additionally, further insight into the modes of resistance to nilotinib, as well as the kinetics of resistance 

emergence, may assist in identifying patients at risk of developing resistance to TKIs.  Finally, 

ABCB1/ABCC6 mRNA expression levels in de novo CML patients at diagnosis may present a novel 

technique for predicting response to nilotinib at 12 months. 
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RO – Reverse Osmosis 

RQ-PCR – Real Time Quantitative PCR 

SD – Standard Deviation 

SDS – Sodium Dodecyl Sulphate 

sec – second/s 

SEM – Standard Error of the Mean 

SFK/s – Src Family Kinase/s 
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SH1/SH2/SH3 – Src Homology Region 1/2/3 

S/N – Supernatant 

Syk – Spleen Tyrosine Kinase 

TBS – Tris Buffered Saline 

TBST – Tris Buffered Saline +Tween®20 

TKI/s – Tyrosine Kinase Inhibitor/s 

TEA – Tetraethylammonium Bromide 

TMD – Transmembrane Domain 

U/mL – Units Per Millilitre 

ver – Verapamil 

WCF – White Cell Fluid 
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 Chronic Myeloid Leukaemia (CML) 1.1.

1.1.1. Philadelphia Chromosome – the Hallmark of CML 

CML is a malignant disorder of blood stem cells which is characterised by the presence of the 

Philadelphia (Ph) chromosome.  This small chromosome was first discovered in 1960 by Peter Nowell 

and David Hungerford.  Using a modified method of air-drying metaphase cells cultured on glass1 this 

group identified a minute, y-independent chromosome present in all seven cases of CML studied.  

Interestingly, in most cases, cells possessing normal karyotypes were also observed2,3.  Concurrent 

research by a second group confirmed the presence of a CML-specific chromosomal abnormality in 

cells originating from the bone marrow4.  Thirteen years after the discovery of the Ph chromosome, 

Janet Rowely successfully demonstrated the abnormality was due to a reciprocal translocation between 

the long arms of chromosomes 9 and 225.  This balanced translocation results in a fusion oncogene on 

the Ph chromosome comprising the ABL gene from chromosome 9 and the BCR gene from 

chromosome 226-8.   

 

1.1.2. The BCR-ABL Fusion Gene gives rise to the Bcr-Abl Oncoprotein 

CML comprises approximately one fifth (15–20%) of all leukaemia diagnosed, however it affects a very 

small percentage of the world’s population (249 people/year in Australia).  It can affect people from all 

age groups with the median age of disease onset occurring in the sixth decade9. 

 

The cytogenetic hallmark of CML is the BCR-ABL fusion gene and the resultant Bcr-Abl protein 

(breakpoint cluster region-Abelson)10, has constitutively active tyrosine kinase activity.  While all CML 

breakpoints occur within this region11, the specific point of chromosome breakage differs between CML 

individuals hence varying sizes of BCR are translocated to ABL12.  This results in the inclusion or 

exclusion of differing exons and the formation of one of four characteristic junctions: e1a2, e13a2, 

e14a2 or e19a2 (Figure 1.1).  The specific region in which the breakpoint occurs determines the size of 
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Figure 1.1: Schematic representation of the BCR-ABL oncogene (modified from Melo et al13) 

Exons are represented by coloured boxes with introns depicted as horizontal lines.  The possible 

breakpoints in ABL are denoted by black arrows and although there are several points at which 

breakage can occur, processing of the transcript results in mRNA of the a2 portion only.  The 

breakpoints in BCR occur in three breakpoint cluster regions: m-bcr, M-bcr and µ-bcr.  The length of the 

Bcr-Abl fusion protein is dependent on where the breakpoints occur.  Breaks within m-bcr result in 

fusion proteins with an e1a2 junction.  Breaks within M-bcr result in either e13a2 or e14a2 junctions 

while breaks in µ-bcr form fusion proteins with e19a2 junctions. 
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Bcr-Abl, with the 210 kDa p210BCR-ABL variant most commonly occurring in CML (Figure 1.2).  

Interestingly, BCR-ABL is not found exclusively in CML individuals and may be present in other 

leukaemias such as Ph+ Acute Lymphoblastic Leukaemia (ALL)14-18. 

 

1.1.3. p210BCR-ABL – its Role in CML Pathogenesis is due to Increased Tyrosine Kinase 

Activity 

Early in vitro experiments in haematopoietic cell lines demonstrated that p210BCR-ABL is both necessary 

and sufficient for the transformation of bone marrow derived cell lines to lymphoid leukaemic cells19,20.  

This theory was later extended when Daley et al showed that the presence of p210BCR-ABL induced a 

CML-like disease in mice21 with characteristic splenomegaly and grossly expanded granulocyte 

population21,22, a result confirmed by others23,24.  p210BCR-ABL plays such a critical role in the 

pathogenesis of CML because of the constitutively active tyrosine kinase it encodes19,25-27.  Under 

normal conditions, the Abl protein’s nuclear localization and nuclear export signal domains allow 

migration between nucleus and cytoplasm.  However, fusion of BCR to ABL renders the resultant 

protein confined to the cytoplasm27,28.  Here it disrupts numerous signalling pathways critical for normal 

cellular homeostasis.  BCR-ABL has been shown to aberrantly affect cellular signalling via activation of 

the Ras-ERK, PI3-K/Akt and JAK-STAT pathways29 (Figure 1.3).  The increased tyrosine kinase activity 

leads to unrestricted phosphorylation of tyrosine residues on proteins found in these signal transduction 

pathways which govern cell proliferation and survival, specifically, growth factor independence and 

reduced susceptibility to apoptosis9,30.  Under normal conditions, the Ras pathway reduces cellular 

proliferation and induces apoptosis, however, in the presence of Bcr-Abl, apoptosis is decreased 

resulting in accumulation of cells associated with CML31,32.  The PI3-K/Akt pathway is also affected, as 

Bcr-Abl indirectly activates PI3-K33, inducing an Akt signalling cascade leading to the phosphorylation 

and subsequent activation of other apoptosis related proteins, again reducing apoptosis34.  Furthermore, 

Bcr-Abl activates the anti-apoptotic JAK-STAT signalling pathway via directly phosphorylating STAT 
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Figure 1.2: Schematic representation of the three major isoforms of the Bcr-Abl oncoprotein 

(modified from Melo et al13) 

The reciprocal translocation of BCR and ABL genes results in the BCR-ABL oncogene.  Upon 

processing, different splicing events give rise to Bcr-Abl proteins of differing lengths and intrinsic 

tyrosine kinase activity35.  These Bcr-Abl oncoproteins can consist of three forms depending on where 

the BCR breakpoint occurred: breakages in the m-bcr breakpoint region result in the 190 kDa protein 

p190BCR-ABL which is associated with Ph+ALL15,17,18.  Breakages in M-bcr result in the most common 

protein p210BCR-ABL, associated with CML, while breakages in µ-bcr result in the largest protein, the 230 

kDa p230BCR-ABL which is associated with chronic neutrophilic leukaemia14,16. 
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Figure 1.3: Schematic diagram of BCR-ABL signal transduction pathways (Goldman and Melo36) 

Signalling pathways governing cell proliferation and survival are aberrantly activated by BCR-ABL.  Key 

pathways (GREEN) include the RAS pathway, the PI-3 kinase pathway and the JAK-STAT pathway.  In 

most instances, BCR-ABL binds to various adaptor proteins (BLUE) causing phosphorylation of specific 

residues (P) and subsequent activation. 
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proteins34,37,38, specifically, phosphorylation of Stat5 in BCR-ABL expressing cells results in the 

activation of the anti-apoptotic protein BCLXL
39.  Thus, under the control of Bcr-Abl, and in the 

subsequent absence of stringent signalling pathway regulation, the myeloid cell population rapidly 

expands. 

 

However, Bcr-Abl does not only have an effect on cellular signalling, it may also aid the survival of 

leukaemic cells by influencing cell cycle regulation.  CML progenitors appear to cycle more rapidly than 

their normal counterparts, thus maintaining the primitive population of leukaemic stem cells9,40-43.  This 

phenomenon, coupled with reduced apoptosis30,44 results in leukaemic cells rapidly becoming the 

dominant cell population. 

 

There is also evidence, from both haematopoietic cell lines as well as CML patients, that Bcr-Abl causes 

significant post-transcriptional down-regulation of protein complexes involved in DNA repair45 and 

surveillance of genome integrity46-48.  This leads to increased rates of mutation which, when coupled 

with Bcr-Abl’s ability to increase proliferation and reduce apoptosis, results in the survival and replication 

of cells carrying multiple mutations that further drive the population’s expansion49. 

 

1.1.4. The Haematological Events Associated with Different Phases of CML 

CML is tri-phasic in nature consisting of the chronic phase (CP) which, untreated, typically lasts three to 

six years; the accelerated phase (AP) lasts three to twelve months while the terminal blast crisis (BC) 

stage generally lasts only a few months before fatal complications develop9,49,50 (Figure 1.4).  CP CML 

is characterised by a massive expansion of the granulocyte population of cells51.  The myeloid cells 

retain their ability to differentiate and thus mature normally but due to their growth advantage become 

the predominant cell population in the bone marrow (BM) and peripheral blood52.  Transition to AP is 

marked by an increase in undifferentiated, precursor cells accompanied by resistance to treatment49,52.  
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Figure 1.4: Schematic diagram of disease progression in CML 

In chronic phase there is a massive expansion of mature granulocytes, mostly neutrophils, basophils 

and eosinophils.  Accelerated phase is marked by an increase in undifferentiated precursor cells.  Fatal 

blast crisis is more representative of an acute leukaemia with a rapid expansion of the immature blast 

cell population.  

Chronic Accelerated 
Blast 

Crisis 

            3–6 years       3–12 months      <3 months 
 
Mature granulocyte      10–19% blasts      >30% blasts 
       expansion       >20% basophils 
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Clinically, AP presents with 10-19% myeloblasts in the blood or BM or >20% basophils in BM.  The  

onset of fatal BC results in a substantial and rapid elevation of the number of undifferentiated blast 

cells52,53 and more closely resembles an acute leukaemia with >30% blasts in the blood or BM.  BC 

manifests as either myeloid or lymphoid depending on the immunophenotype of the blasts49. 

 

 Tyrosine Kinase Inhibitors (TKIs) 1.2.

1.2.1. Development of Imatinib by Novartis Pharmaceuticals 

In the late 1980’s chemists at Ciba Geigy (now Novartis Pharmaceuticals) began investigating 

compounds with inhibitory activity against Abl tyrosine kinases.  Imatinib mesylate (formerly CGP57148; 

STI571, Glivec; Figure 1.5), acts by competing with ATP for the ATP-binding pocket present in the Bcr-

Abl kinase domain (KD)54 and was found to inhibit proliferation of the Abl tyrosine kinases Bcr-Abl, c-abl 

and v-abl in cell lines, with IC50 values in the low micromolar range55-57.  Imatinib also has activity 

against platelet-derived growth factor receptor (PDGFR), c-kit58,59, c-fms60 and ARG61 as well as the 

fusion proteins TEL-Abl and TEL-PDGFR56 without affecting other kinases.  Elucidation of the crystal 

structure of the c-abl-imatinib binding complex revealed that imatinib competitively binds to the inactive 

conformation of Bcr- Abl preventing ATP from binding and ‘freezing’ the kinase in this inactive form 62,63.  

Following promising results both in vitro57,64,65 and in vivo55,57 imatinib entered Phase I clinical trials. 

 

1.2.2. The Establishment of Imatinib Efficacy in Human CML Patients: Phase I, II and III 

Clinical Trials 

Early experiments in nude mice, investigating the in vivo pharmacokinetic inhibition profile of imatinib, 

demonstrated the need for continuous kinase inhibition66.  Phase I dose-escalating studies determined 

the maximally tolerated dose in CP CML patients who had failed previous treatment with interferon 

(IFN)67.  No maximally tolerated dose was identified with the most common side effects being nausea, 

edema, diarrhoea and fatigue with thrombocytopenia and neutropenia in those patients receiving higher 
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Figure 1.5: The chemical structure of imatinib (modified from Melo et al68) 

Following identification of compounds with inhibitory activity against protein kinases, researchers at Ciba 

Geigy (now Novartis Pharmaceuticals) increased specificity via the addition of a benzamide group 

(BLUE) and improved solubility and bioavailability via adding the N-methylpiperazine (RED) group69.  

The resultant molecule, later labelled imatinib, had high specificity for Abl kinase-expressing cells and 

entered clinical trials for the treatment of CML. 
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doses67.  These promising results led to expansion of the study to patients with BC CML and relapsed 

Ph+ ALL70 and established the efficacy of imatinib in patients with all phases of disease.  Phase II trials 

confirmed results seen in Phase I71-74, while results from the highly successful Phase III IRIS trial75-

77(International Randomized Study of Interferon and STI571) led to approval by the Food and Drug 

Administration (FDA) in 2001, for the use of imatinib as first line therapy in the treatment of patients with 

all phases of de novo CML as well as Ph+ ALL and CML patients who had previously failed IFN 

therapy78. 

 

1.2.3. Dasatinib is Over 300 Times More Potent than Imatinib 

Second generation TKIs were developed to combat the emergence of imatinib resistant KD mutations 

and were vastly more effective than imatinib at neutralising Bcr-Abl due to the much greater affinity with 

which they bound the KD.  The first of these compounds, dasatinib (BMS-354825, Sprycel), was 

developed by Bristol Myers Squibb and functions as a dual ABL/Src kinase inhibitor79,80 with a potency 

~325 fold greater than that of imatinib against leukaemic cells expressing wild-type Bcr-Abl81 (Figure 

1.6).  Experimental evidence from crystallographic structures43,82 and solution conformations of the KD-

dasatinib complex82 indicate dasatinib binds the active conformation of Bcr-Abl.  Because the active 

conformation has less stringent binding requirements than the inactive conformation to which imatinib 

binds, dasatinib is active against many imatinib resistant KD mutations tested in vitro81,83.  Interactions 

between dasatinib and the highly conserved P-loop region of the Bcr-Abl KD (detailed further in Section 

1.3.2) are not as critical as for imatinib, further explaining dasatinib’s superior activity profile.  One 

notable exception is the T315I mutation, necessary for the formation of a critical hydrogen bond 

between dasatinib and Bcr-Abl KD43.  A follow up in vivo murine model of disease confirmed in vitro 

results83 while clinical trials showed dasatinib exhibits superior responses to imatinib as both a first line 

treatment in CP CML84 as well as being a safe and effective treatment option for all phases of CML in 

patients who have failed first line imatinib therapy85-90. 
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Figure 1.6: The chemical structure of dasatinib (modified from Melo et al68) 

Dasatinib binds to and inhibits the active conformation of the Bcr-Abl KD, Src family kinases including 

Src, Hck, Lyn, Fyn as well as c-kit and PDGF receptor β91. 
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1.2.4. Nilotinib is at Least 20 Times More Potent than Imatinib 

Novartis Pharmaceuticals developed nilotinib (AMN107, Tasigna) based on the crystal structure of the 

imatinib-KD complex.  Nilotinib is an imatinib derivative and was designed to bind to the Bcr-Abl KD with 

significantly greater affinity, while still binding the inactive conformation82,92, via the alteration of 

particular side groups present on the imatinib molecule93 (Figure 1.7).  These side groups give nilotinib 

a much greater potency than imatinib whilst reducing the number of hydrogen bonds needed for 

effective engagement of the KD binding pocket92.  Experimentation in vitro found that nilotinib’s 

antiproliferative activity was up to 60 times greater than that of imatinib when used to inhibit imatinib-

sensitive cell lines, and at least 20 times greater in imatinib-resistant cell lines (T315I mutation 

excluded)92,94.  Nilotinib also has significant anti-proliferative activity against many imatinib-resistant 

mutations studied in vitro81,92 with subsequent in vivo testing confirming these results92.  The ensuing 

clinical trials determined nilotinib had a significantly favourable rate of response, disease free 

progression and overall survival when used to treat patients with many imatinib resistant mutations89,95-

100.  As such, nilotinib received FDA approval in 2011 for use in CP CML patients as a front line therapy 

option as well as in CP and AP individuals who have failed first line imatinib therapy101. 

 

 Resistance to TKIs can be Attributed to Numerous Factors 1.3.

1.3.1. Primary and Secondary Resistance 

The use of TKIs has resulted in excellent responses in the majority of CML patients.  However, an 

estimated 20–40% of patients treated with first line imatinib therapy will exhibit primary or secondary 

resistance102,103.  Primary resistance occurs when a patient fails to achieve a landmark response in a 

certain time frame104, whereas secondary resistance occurs when a previously responsive patient loses 

response to treatment; progression to a more advanced stage of the disease may also occur69,105.  More 

recently, resistance to the second generation TKIs has also been observed.  Acquired resistance to 

TKIs has been investigated in cells lines as well as cells from CML and Ph+ ALL patients, and most 
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Figure 1.7: The chemical structure of nilotinib (modified from Melo et al68) 

Nilotinib binds the inactive conformation of the Bcr-Abl KD, as does imatinib, and while the two TKIs are 

structurally similar, nilotinib differs in the substitution of the piperazine ring with a trifluoromethyl/ 

imidazole phenyl moiety (GREEN/ORANGE) which results in a much greater potency and better 

topological fit of nilotinib into the KD binding pocket92. 
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commonly occurs due to mutation of the Bcr-Abl KD106-110 and amplification of BCR-ABL107-109,111-113 at 

both the genomic and transcript levels.  However, resistance to TKIs is a multifactorial process with 

reductions in bioavailability likely to be a key component of resistance development.  Because TKIs are 

administered orally, variations in gastrointestinal absorption, increased metabolism by the liver and 

increased sequestration by α1 acid glycoprotein in the plasma have all been attributed to reduced TKI 

concentrations which may lead to resistance114.  Resistance may also develop due to events occurring 

at the cellular level: alterations in expression of cellular proteins can reduce intracellular TKI 

concentrations as well as activate alternative signalling pathways governing proliferation and survival.  

Increased expression of drug efflux transporters such as ABCB1 and ABCG2 has been observed during 

development of resistance in vitro107,111,115-118; overexpression of Src and other tyrosine kinases116,119-128 

have been observed in imatinib and nilotinib resistant cells; and Bcr-Abl independent mechanisms of 

resistance129 have also been described (Figure 1.8). 

 

1.3.2. Mutations to the Bcr-Abl Kinase Domain Prevent TKI Binding 

Because TKIs bind to the Bcr-Abl KD, interacting in a highly specific manner with a small number of 

amino acids62,63, mutations to the KD can either sterically hinder this interaction or prevent the kinase 

from adopting the conformation necessary for effective TKI binding.  Sequencing BCR-ABL from 

patients with secondary imatinib resistance demonstrated that these mutations occur in four distinct 

clusters within the KD: the ATP-binding (P-) loop, at amino acids T315 and M351 (the catalytic domain) 

and at the activation (A-) loop108,131-133 (Figure 1.9).  Importantly, with the exception of the T315I 

‘gatekeeper’ mutation, the KD mutation profiles for nilotinib and dasatinib are distinct, thus allowing 

patients who develop a KD mutation while on imatinib therapy the option of subsequent treatment with 

an alternative second generation TKI (Figure 1.10). 
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Figure 1.8: Mechanisms of TKI resistance (Apperley130) 

Reduced oral bioavailability, caused by poor compliance, reduced gastrointestinal absorption, increased 

drug metabolism or binding of TKI by α1 acid glycoprotein in the plasma can lead to lowered 

concentrations of TKIs available for inhibition of leukaemic cell proliferation.  This can result in acquired 

resistance to TKIs which most commonly occurs due to mutation of the Bcr-Abl KD and amplification of 

BCR-ABL.  However, resistance has also been attributed to increased expression of drug efflux 

transporters, overexpression of Src and other tyrosine kinases, and more recently, Bcr-Abl independent 

mechanisms of resistance. 
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Figure 1.9: The crystal structure of the Bcr-Abl KD with imatinib and common mutations 

superimposed (modified from Schindler et al63) 

Following elucidation of Abl’s crystal structure63 (shown here in complex with imatinib (PINK)), point 

mutations detected in patients were assigned to regions of Bcr-Abl.  The seven most common mutations 

conferring imatinib resistance, depicted in RED, cluster in four distinct regions of the KD: P-loop 

(YELLOW) mutations (G250, Y253, E255) affect the induced fit conformation required for satisfactory 

imatinib binding136.  Mutations to amino acid T315 abrogate binding of imatinib to Bcr-Abl via disruption 

of a critical hydrogen bond63.  Mutations altering amino acids in the catalytic domain (M351, F359) and 

the A-loop (GREEN; H396), prevent Bcr-Abl from adopting the inactive confirmation necessary for 

effective imatinib binding69,137. 
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Figure 1.10: The crystal structure of the Bcr-Abl KD with nilotinib and dasatinib and common 

mutations superimposed (used with permission from Susan Branford) 

Nilotinib (PINK) binds the inactive conformation of Bcr-Abl while dasatinib (PURPLE) binds the active 

conformation.  The most common mutations conferring resistance to each of the TKIs are depicted in 

RED, and with the exception of the T315I mutation, nilotinib and dasatinib have unique mutation 

profiles. 
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1.3.3. BCR-ABL Over-Expression 

Amplification of the BCR-ABL gene, as well as increased expression of Bcr-Abl mRNA transcript, have 

been demonstrated in both cell lines107,111,112 and patient cells108,109,113 resistant to TKIs.  It has been 

hypothesised that an increase in BCR-ABL may function as an initial resistance mechanism 

destabilising the leukaemic cell, thus rendering it susceptible to further damage including KD mutations.  

Indeed, we have observed overexpression of Bcr-Abl prior to emergence of KD mutations in cell lines 

resistant to imatinib or dasatinib107.  This phenomenon has also been noted by others in BC patient 

cells109 and cell lines134.  Conversely, a study in patient progenitor cells, suggests that while increased 

levels of Bcr-Abl result in increased proliferation and anti-apoptotic signalling, there is no direct effect on 

imatinib resistance135, however, evidence for the former notion exceeds that of the latter. 

 

1.3.4. Altered Expression of Drug Efflux Transporters 

There is mounting in vitro evidence that increased expression of the multidrug resistance protein 1 

(MDR1, ABCB1), a cellular efflux pump, leads to decreased intracellular concentrations of imatinib and 

hence, it has been a suggested mechanism of imatinib resistance.  Over-expression of ABCB1 in cell 

lines resulted in decreased intracellular availability and concentration of imatinib in vitro107,111,115,118,138-

140.  Furthermore, increased ABCB1 expression has been observed during development of imatinib 

resistance in Bcr-Abl positive cell lines107,111.  However, some conflicting results have been reported 

with two other studies concluding ABCB1 overexpression confers only minimal resistance to 

imatinib141,142.  One possible explanation for this is the large variation in intrinsic imatinib sensitivity of 

the cell lines utilised in each study.  Further confounding this issue is the fact that ABCB1 

overexpression was not observed upon analysis of primary BC patient cells115, although the cohort 

examined was extremely small.  Additionally, neither up-regulation of MDR1 gene nor protein 

expression was observed in a follow-up in vivo study143.  The contentious nature of these observations 

remains when MDR1 expression at the blood brain barrier is taken into consideration.  In vivo 
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experiments have demonstrated that mdr1a/b (-/-) knockout mice have greater CNS penetration of 

imatinib when compared with their wildtype counterparts144,145 thus lending further weight to the 

argument for over-expression of MDR1 influencing imatinib resistance.   

 

A further study has suggested that over-expression of another common efflux pump, the breast cancer 

resistance protein (BCRP, ABCG2), can facilitate imatinib resistance in cell lines expressing this 

transporter146.  These results further support the notion that drug transporters affect imatinib resistance.  

In addition to over-expression of efflux transporters, altered expression of the human Organic Cation 

Transporter 1 (OCT-1) – the major imatinib influx transporter147 – has also been implicated in imatinib 

resistance.  It has previously been demonstrated that OCT-1 expression is predictive of patient 

outcome, where those patients with high OCT-1 expression achieve superior imatinib-treatment 

outcomes148 and those with low levels of OCT-1 expression respond poorly to treatment149.  However, 

our laboratory has shown that OCT-1 activity, rather than expression, is a strong determinant for patient 

response150-152.  Patients with low OCT-1 activity fail to achieve treatment milestones, have significantly 

lower overall survival, as well as event-free survival, and also have a greater chance of developing KD 

mutations151.  Thus, while there is consensus for influx of imatinib by OCT-1 and efflux by MDR1, less is 

known about the interactions of the second generation TKIs with cellular transporters.  Recent in vitro 

data has highlighted the importance of drug transporters in the efflux of nilotinib from leukemic cells153-

155 with one study postulating overexpression of MDR1 may contribute to nilotinib resistance116.  

However, reports are conflicting, and the TKI:transporter interactions complicated, hence additional 

investigations are warranted and further explored and discussed in this thesis (Chapter 4). 

 

1.3.5. Over-Expression of Src Family Kinases and other Tyrosine Kinases 

The Src family of non-receptor tyrosine kinases consists of the following nine members: Blk, Fgr, Fyn, 

Hck, Lck, Lyn, Src, Yes and Yrk156.  Hck and Lyn have been shown to interact with and phosphorylate 
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Bcr-Abl and have thus been postulated to play a role in Bcr-Abl driven leukaemogenesis157-159.  More 

recently it has been suggested that active Hck, Lyn and Fyn are all capable of phosphorylating Bcr-Abl 

at the SH3-SH2 region of Abl and in doing so hold the kinase domain in its active conformation123,160.  

Increased phosphorylation of Hck and Lyn, as well as overexpression at the mRNA and protein levels, 

have previously been implicated in resistance to imatinib, nilotinib and dasatinib.  Increased expression 

and activation of Hck and Lyn have been observed in imatinib resistant cell lines120,121,123,125,128 and 

those patients who have failed imatinib121,123,125,161 and dasatinib therapy161.  More recently, increased 

Lyn phosphorylation122,124 and overexpression of Lyn mRNA and protein have also been suggested as a 

resistance mechanism to nilotinib in both patients116 and cell lines116,122. 

 

AXL is a receptor tyrosine kinase that was originally identified in myeloid leukaemia cells162 and 

overexpression of mRNA and protein, as well as increased phosphorylation, have been observed in 

nilotinib resistant patients126 and cell lines119,126,127.  Immunoprecipitation assays have recently 

suggested AXL belongs to a ternary complex with Lyn and Syk which undergoes increased tyrosine 

phosphorylation in nilotinib resistant cells126. 

 

A third family of proteins, the Cbl ubiquitin ligases, of which c-Cbl is a member, were originally 

implicated in acute myeloid leukaemia pathogenesis163,164.  c-Cbl has been demonstrated to interact 

with Abl165 as well as Fyn, Syk166 and Hck167, and recently the role of c-Cbl in CML has been 

investigated yielding preliminary evidence for its involvement in Lyn- and Axl-mediated nilotinib 

resistance168. 

 

1.3.6. Direct Versus Indirect Resistance 

α1 acid glycoprotein (AGP), a plasma protein, has previously been demonstrated to tightly bind imatinib 

thus reducing the concentration of drug available for dissemination to the tissues where it exerts its 
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activity114.  Co-administration of compounds that compete with imatinib for AGP binding, significantly 

reduce in vitro cell proliferation and in vivo disease progression114 however, it is unlikely AGP is directly 

responsible for imatinib resistance169.  Instead, AGP most likely lowers the concentration of imatinib 

available to leukaemic cells leading to inadequate growth inhibition, disease progression and the 

emergence of additional mutations which render the patient imatinib-resistant114,169.  AGP may also play 

a pivotal role in determining intracellular TKI concentrations.  This is particularly evident in the case of 

nilotinib where, despite its increased potency, this TKI fails to achieve sufficiently high intracellular levels 

to overcome mutations predicted to be sensitive to this agent.  Current nilotinib dosing regimens 

produce plasma concentrations between 2 µM and 4 µM (steady state trough and peak levels 

respectively)170.  However, these levels do not appear to correlate with intracellular drug concentrations 

given that clinical studies show nilotinib resistant patients harbour mutations171 with IC50 values 

predicted to be in the low nanomolar range81.  Furthermore, when kinase inhibition in patient cells 

following initiation of nilotinib therapy was correlated with their IC50NIL gradient, we observed substantial 

kinase inhibition in the presence of sub 150 nM nilotinib.  Hence the concentration of intracellular 

nilotinib required to effectively inhibit Bcr-Abl is significantly lower than steady-state plasma levels.  

Conversely, imatinib plasma levels are reflective of intracellular drug concentrations, and thus it would 

be appropriate to explore and compare the in vivo kinase inhibition observed in patients receiving up 

front imatinib versus nilotinib. 

 

 Cellular Transport of TKIs 1.4.

1.4.1. ATP-Binding Cassette (ABC) Transporter Superfamily 

The ABC superfamily contains 49 members which can be grouped into seven smaller subgroups: 

ABCA–ABCG172.  In order to be functionally active, ABC transporters must contain at minimum, two 

cytoplasmic ATP binding domains, which bind and hydrolyse ATP, as well as two trans-membrane 

domains which interact with the substrate as it crosses the lipid bilayer172 (Figure 1.11).  Some of the
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Figure 1.11: Schematic diagram of ABC transporters (modified from Rees et al 173) 

ABC exporters have at least two trans-membrane domains (TMD) and two ATP-binding domains (ABC) 

which, upon substrate (BLUE) binding, form a closed dimer containing two ATP molecules (GREEN) at 

the interface.  Following conformational changes, during which binding affinity is decreased and the 

substrate is released, ATP hydrolysis occurs.  The subsequent release of ADP (PINK) and an inorganic 

phosphate molecule (Pi) returns the dimer to its open conformation to allow additional substrate binding 

whereby the cycle repeats. 
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more common members of ABC transporters are ABCB1 (MDR1, P-glycoprotein/P-gp), ABCG2 (BCRP) 

and ABCC1 (Multidrug Resistance-associated Protein 1/MRP1).  ABC transporters naturally function to 

maintain cholesterol and fatty acid levels in our cells however they are also capable of exporting other 

lipophilic compounds including xenobiotics and chemotherapeutic agents173.  For this reason ABC 

transporters have been implicated in multidrug resistance which can be critical in the treatment of CML 

and other leukaemia. 

 

The transporters feature different levels of tissue distribution, with ABCB1 and ABCG2 concentrated at 

points of drug penetration (blood brain barrier, intestine) as well as other sites of drug uptake and 

excretion (liver, kidney)172.  Importantly, high expression of these transporters has been demonstrated 

on primitive haematopoietic stem cells174,175.  ABCC1 is commonly found in the testes, lungs, kidneys 

and peripheral blood mononuclear cells (PBMNCs)172.  Thus, these transporters have key roles in 

preserving the sanctuary sites (brain and testes) from infiltration by chemotherapeutics such as TKIs.  

The understanding gained from further investigation of these, and other closely related transporters, 

may help target CNS disease and residual leukaemic cells present in sanctuary sites that may 

contribute to the loss of remission observed in some patients176. 

 

1.4.2. Influx and Efflux of TKIs from the Leukaemic Cell 

1.4.2.1. Imatinib and Dasatinib Influx and Efflux 

It is well established that imatinib is predominantly actively transported into leukaemic cells via OCT-

1147-150 and that patients with high activity of this cellular protein have better treatment 

outcomes151,152,177.  However, much speculation still exists as to the mechanism of export of imatinib as 

well as the other, more recent, TKIs.  It is widely agreed that imatinib is an ABCB1 substrate138,145,176, 

hence its overexpression has been implicated as a factor in imatinib resistance111,115,118,138-140.  There is 

also agreement that imatinib is not a substrate of ABCC1176,178. 
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Conversely, the interaction between imatinib and ABCG2 reported in the literature is far more 

inconsistent with some studies reporting imatinib as a substrate of ABCG2138,179, others suggesting 

imatinib is an ABCG2 inhibitor146,178,180-182, and further studies indicating imatinib can function as both 

substrate and inhibitor depending on its concentration146,153,154.  The disparity observed in the literature 

with regard to the TKI:transporter relationship can likely be attributed to inconsistencies in 

methodologies utilised.  The differences in model substrates, temperatures and times of incubation, as 

well as the drug concentrations used in each of the individual studies, are all likely to influence 

experimental outcome. 

 

In contrast to imatinib, research in our laboratory183, as well as another’s184, has demonstrated it is 

unlikely dasatinib utilises OCT-1 to gain access to the cell.  In addition, we have demonstrated that 

dasatinib is a substrate of both ABCB1 and ABCG2183, with results corroborated by others154,185,186. 

 

1.4.2.2. Nilotinib Influx and Efflux 

We have demonstrated that nilotinib is unlikely to be transported by OCT-1150 and that it enters the cell 

in a predominantly passive manner, a theory supported by others187.  However, the efflux of nilotinib 

remains controversial with differences in results again appearing to be mainly due to disparities in drug 

concentrations assayed, a concept discussed in further detail in Chapter 4.  Initial investigations using 

the ABCB1 specific inhibitor PSC-833 demonstrated an interaction between nilotinib and ABCB1, while 

a vanadate sensitive ATPase assay confirmed nilotinib is indeed an ABCB1 substrate at low nanomolar 

concentrations155.  Subsequent IC50 experiments revealed ABCB1 overexpressing cell lines exhibit 

increased resistance which is reversible upon ABCB1 inhibition154.  However, it has been reported that 

at high micromolar concentrations nilotinib functions as a potent inhibitor of both ABCB1 and 

ABCG2154,155,187-189.  In those studies which concluded that nilotinib was an ABCB1 inhibitor, extremely 

high concentrations of drug were used based on peak plasma drug levels170.  However, the high degree 
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to which nilotinib is protein bound in the plasma170,190 would significantly lower the concentration of free 

drug available to the leukaemic cell.  Based on in vitro experimentation, nilotinib is 98% protein bound190 

and once this is taken into account the concentration of circulating nilotinib available to the leukaemic 

cell decreases significantly.  For example, the plasma concentrations of nilotinib based on a 400 mg 

twice daily dosing regimen are predicted to be 4270 nM and 1945 nM (Cmax total and Cmin total), but once 

protein binding is allowed for this could decrease to concentrations as low as 85 nM and 39 nM (Cmax free 

and Cmin free)170.  While the protein interactions determining the concentration of nilotinib available to the 

cell are complex, this may partly explain why nilotinib resistant patients harbour mutations predicted to 

be sensitive based on IC50 values determined in vitro81.  Thus, the use of high in vitro drug 

concentrations may not be representative of the in vivo situation and as such these results should be 

viewed with caution. 

 

 The Effect of Combination and Concomitant Therapies on TKI Transport and 1.5.

Efficacy 

1.5.1. TKI Combination Therapy versus Single Agent Treatment 

Initial TKI combination studies were performed in vitro comparing the incidence and type of KD 

mutations that arise due to single agent treatment versus combination therapy81,191.  In theory, 

combination cocktails of TKIs should limit or delay onset of KD mutations since mutations insensitive to 

one TKI are sensitive to another, with the exception of T315I81.  Indeed, researchers found that drug 

combinations using lower concentrations were far more effective at suppressing the growth of resistant 

clones, suggesting a drug cocktail may be equipotent to higher dose single agents191.  This strategy 

would also limit dose related toxicity and the occurrence of adverse events associated with higher 

concentrations of TKI necessary in some single agent regimens.  Furthermore, recent preliminary 

evidence utilising preclinical models suggests that removal of one of the drugs, once substantial 
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inhibition of the leukaemic clone has occurred, has no detrimental effect on long term disease 

progression192. 

 

More recent experimentation assessing the efficacy of imatinib and nilotinib against cell lines expressing 

wildtype and imatinib resistant Bcr-Abl confirmed previous results.  Both in vitro and in vivo assays 

demonstrated the combination of imatinib and nilotinib resulted in additive to synergistic impairment of 

cell growth and disease burden respectively, without adverse toxicity in normal bone marrow193.  These 

results are in accord with in vitro studies performed in our laboratory assessing the simultaneous 

administration of imatinib and nilotinib which demonstrated a significant, imatinib-mediated increase in 

intracellular concentrations of nilotinib.  Conversely, we have also demonstrated that nilotinib decreases 

the intracellular concentration of imatinib194 which others have reported to be due to inhibition of OCT-

1187.  However, the most likely mechanism by which imatinib increases intracellular nilotinib 

concentrations is by inhibition of efflux transporters.  It has previously been demonstrated that imatinib 

can act as both substrate138,145,176 and inhibitor of ABCB1118,154.  Thus, as it is likely nilotinib is also 

transported by ABCB1153,154,176, imatinib-mediated inhibition of, or competitive transport though ABCB1, 

would result in an increase in intracellular nilotinib. 

 

Combination studies involving imatinib and dasatinib have also been conducted in vitro with results 

demonstrating a reduction in both the number of resistant clones and the range of mutations emerging, 

although the concentration of imatinib used is unlikely to be clinically achievable195.  This observed 

synergy is likely due, at least in part, to interactions with efflux transporters since dasatinib is also a 

reported substrate of ABCB1 and ABCG2154,183,185,186.  However, the fact that dasatinib and imatinib 

bind different conformations of Bcr-Abl may also contribute to the synergy observed195. 
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Sequential treatment with nilotinib following failure of imatinib therapy has highlighted the clinical 

relevance of combination TKI therapy196.  Taken together with in vitro data demonstrating the synergistic 

effect of these TKIs, and the fact that lower doses are required when used in combination compared 

with single agent treatment, up front combination nilotinib:imatinib therapy may provide superior 

response in terms of adverse toxicity and suppression of mutation development. 

 

1.5.2. Effect of Concomitant Medications on TKI Therapy 

In addition to TKIs interacting with efflux transporters, other commonly administered medications are 

also known to modulate ABCB1 and ABCG2 function, by direct inhibition or through indirect 

conformational changes.  Proton pump inhibitors (PPIs), such as pantoprazole and esomeprazole, 

reduce gastric acid production and are readily prescribed to CML patients to combat imatinib-mediated 

gastric side effects.  PPIs have previously been shown to inhibit both ABCB1 and ABCG2197-199 and as 

such may potentially affect transport of TKIs.  Indeed, in vitro investigations within our laboratory with 

simultaneously administered nilotinib and PPIs, demonstrate a significantly decreased IC50 in the 

presence of PPI.  Concurrent experimentation assessing intracellular nilotinib levels revealed this is 

most likely due to an increase in intracellular nilotinib200.   

 

Simvastatin and lovastatin are two commonly prescribed drugs used to lower cholesterol and treat 

cardiovascular disease.  Growing evidence suggests that the statin class of drugs is able to modulate 

ABCB1-mediated transport both directly and indirectly.  Initial in vitro experiments demonstrated the 

statins’ ability to inhibit ABCB1-mediated rhodamine-123 effllux201.  More recently, these results were 

confirmed using the fluorescent ABCB1 substrate calcein, with results demonstrating the addition of 

simvastatin directly inhibits ABCB1202.  However, it has also been reported that statins are capable of 

indirectly inhibiting ABCB1 function through a reduction in glycosylation and subsequent alteration in 

protein conformation.  The reduction in glycosylation may also adversely affect protein half-life as down 
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regulation of ABCB1 protein in the presence of simvastatin has also been observed202.  A recent in vitro 

study using imatinib in combination with lovastatin provides preliminary evidence for statins increasing 

the cytotoxic effect of imatinib203.  Thus concomitant administration of drugs such as PPIs and statins, 

which are already widely prescribed with human pharmacology well understood, make these 

medications attractive options with the potential to further enhance the efficacy of TKIs. 

 

 Summary and Project Aims 1.6.

TKIs have resulted in significantly improved treatment outcomes for the majority of patients with CML.  

However, there still remains a group of patients who demonstrate primary resistance, and a further 

group who develop secondary resistance following a successful treatment phase.  The underlying 

mechanisms of resistance to nilotinib remain poorly understood and with nilotinib now a front line 

therapy option, improvement of treatment outcomes is necessary for these patients.  It is also important 

to understand the cellular transport of nilotinib in order to elucidate possible interactions with other TKIs 

and drug efflux pumps, as well as investigate the effect of concomitant therapies on intracellular nilotinib 

concentrations.  This information will assist in tailoring treatment strategies to individual patients which is 

particularly important as we move into the era of customised therapeutics in CML.  Therefore, this thesis 

addresses two primary aims: 

• To study the interaction of nilotinib with the major cellular drug transporters and assess  

a) how concomitant administration of other drugs could be used to enhance the effects of 

nilotinib in patients; and 

b) how altered expression or inhibition of these transporters affects nilotinib transport and 

function 

• To generate an in vitro cell line model of nilotinib resistance to recapitulate and study modes of 

nilotinib resistance in vivo 
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Results from this research will provide a greater understanding of nilotinib transport, particularly with 

respect to ABC transporters.  The findings presented here may assist in developing new therapeutic 

strategies using TKIs in combination with other medications in order to enhance intracellular 

concentrations of TKI.  Additionally, further insight into the modes of resistance to nilotinib, as well as 

the kinetics of resistance mechanism emergence, may assist in determining treatment options for CML 

patients and predicting patients at risk of losing response to therapy. 
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2.1. Commonly Used Reagents 

Table 2.1: Suppliers and catalogue numbers of commonly used reagents 

Reagent Supplier 
Catalogue 
Number 

4G10-PE Antibody Millipore  FCMAB232PE 

7-Aminoactinomycin D (7-AAD) Invitrogen A1310 

14C-Tetraethylammonium Bromide (TEA) Perkin Elmer NEC298050UC 

Acetic Acid Fisher Scientific 0400 

Ammonium Persulfate (APS) Sigma A9164 

Annexin V-PE BD Biosciences 556421 

Axl Antibody (138 kDa) Cell Signalling 4977 

β-Actin Antibody (43 kDa) Santa Cruz sc-130656 

BD Cytofix BD Biosciences 554655 

BD Phosflow Fix Buffer I BD Biosciences 557870 

BD Phosflow Perm Buffer III BD Biosciences 558050 

β-mercaptoethanol Sigma M6250 

Benchmark Protein Ladder  Invitrogen 10748-010 

Bis-Acrylamide solution 37.5:1 (40% Acrylamide) Biorad 161-0149 

BODIPY-Prazosin Invitrogen B-7433 

Bovine Serum Albumin (BSA) Powder Sigma 49418 

Bromophenol Blue Sigma 114391 

c-Abl Antibody (Bcr-Abl 210 kDa) Cell Signalling 2862 

Calcium Chloride (CaCl2) Sigma 449709 

CD243-PE (ABCB1) Antibody Beckman Coulter PN IM 2370U 

cdc25C Antibody (60 kDa) Cell Signalling 4688 

Chk2 Antibody (62 kDa) Cell Signalling 2662 

Chloroform Merck 100776B 

Crkl Antibody (Crkl 36 kDa; p-Crkl 39 kDa) Santa Cruz SC-319 

Cyclosporin A RAH Pharmacy  

DEPC H2O MP Biomedicals Inc. 821739 

D-Glucose Sigma G7528 

Dimethyl Sulphoxide (DMSO) Merck K39661852 

Dulbecco's Modified Eagle's Medium (DMEM) Sigma D6046 

dNTP Set (N=A, C, G, T) GE Healthcare 27-2035-02 

DTT 0.1 M Invitrogen 18064-014 

ECF Substrate GE Healthcare RPN 5785 

Ethylenediaminetetraacetic Acid (EDTA) APS 180-500G 

Ethanol Merck 4.10230.2511 

Foetal Calf Serum (FCS) JRH Biosciences 12003-500M 
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Formaldehyde BDH 10113 

G-418, Geneticin Invitrogen 10131-027 

Glycerol Ajax Finechem 242 

Glycine Sigma G8898 

Glycogen Roche 901393 

Hanks Balanced Salt Solution (HBSS) Sigma H9394 

hBCRP-PE (ABCG2) Antibody R&D Systems FAB995P 

HEPES 1 M Sigma H0887 

Hydrochloric Acid (HCl, 35%) Fisher Scientific 1100 

Indomethacin (MW=357.79) Sigma I7378 

Isopropanol Ajax Finechem 425-2.5L PL 

Kaleidoscope Prestained Standards Biorad 161-0375 

L-glutamine 200 mM SAFC Biosciences SAFC 59202C 

Lymphoprep Axis Shield 1114547 

Lyn Antibody (56 kDa) Cell Signalling 2732 

MAP3K5 (ASK1) Antibody (155 kDa) Cell Signalling 3762 

Methanol Chem Supply MA004-P 

Methyl Violet BDH 34033 

MICROSCINT-20 Scintillation Fluid Perkin Elmer 6013621 

Mouse IgG Antibody (AP-conjugated) Cell Signalling 7056 

Mouse IgG1-AF488 Antibody BD Biosciences 557782 

Mouse IgG1-PE Antibody R&D Systems IC002P 

Mouse IgG2a-PE Antibody DakoCytomation X095001 

Mouse IgG2b-PE Antibody DakoCytomation X095101 

p-Akt-PE (pT308) Antibody BD Biosciences  558275 

Pantoprazole (MW=383.4) RAH Pharmacy  

Paraformaldehyde (16%) ProSciTech 15710 

p-Axl Antibody (pY779; 140 kDa) R&D Systems AF2228 

p-c-Abl Antibody (p-Bcr-Abl pY245; 210 kDa) Cell Signalling 2861 

p-CrkL-PE (pY207) Antibody BD Biosciences 560788 

p-Erk 1&2-PE (pT202/pY204) Antibody BD Biosciences  612566 

p-Lyn Antibody (pY396; 61 kDa) abcam ab40660 

p-Stat5-PE (pY694) Antibody BD Biosciences  612567 

p-Syk Antibody (pY525/526; 72 kDa) Cell Signalling 2711 

PDGFR-β Antibody (190 kDa) Cell Signalling 3175 

Penicillin 5000 U/mL Streptomycin 5000 µg/mL Sigma P4458 

Phosphate Buffered Saline (PBS) SAFC Biosciences 59331C 

Prazosin Hydrochloride (MW=419.9) Sigma P7791 

Probenecid (MW=285.4) Sigma P8761 
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PSC-833 (MW=1214.7) Novartis  

PVDF (Western Blot Membrane) GE Healthcare PRN 303F 

Rabbit IgG Antibody (AP-conjugated) Santa Cruz SC2007 

Random Hexamer Primer Geneworks RP-6 

Rhodamine-123 Invitrogen R-302 

RPMI-1640 Medium w/o L-glutamine Sigma R0883 

SDS (Sodium Dodecyl Sulphate)  Sigma L4509 

Sodium Azide (NaN3) Sigma S2002 

Sodium Chloride (NaCl) Ajax Finechem 1128 

Sodium Fluoride (NaF) Sigma S7920 

Sodium (ortho) Vanadate (Na3VO4) Sigma S6508 

Superscript II Reverse Transcriptase Invitrogen 18064-014 

SYBR Green Supermix SA Biosciences PA-012-24 

Syk Antibody (72 kDa) Cell Signalling 2712 

Taqman Master Mix Applied Biosystems 4318157 

TEMED Sigma T7024 

Tris (hydroxymethyl) Aminomethane Merck 1083870500 

TRIzol Reagent Invitrogen 15596-018 

Trypan Blue Solution (0.4%) Sigma T8154 

Trypsin SAFC Biosciences 59417C 

Tween®20 Sigma P9416 

Verapamil Hydrochloride (MW=491.1) RAH Pharmacy  

Western Blot Recycling Kit Alpha Diagnostic 90100 

 

2.2. Solutions, Buffers, Media & Inhibitors 

2.2.1. Adherent Cell Line Wash Buffer 

HBSS – 500 mL 

0.53 mM EDTA (1 M) – 530 µL 

0.25% Trypsin (2.5%) – 1 mL 

 

2.2.2. phospho-Flow Wash Buffer 

1×PBS – 500 mL 

1% FCS – 5 mL 

0.1% NaN3 – 0.5 g 
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The solution can be stored at 4°C indefinitely. 

 

2.2.3. Cell Culture Media 

RPMI-1640 medium – 500 mL for suspension cells 

DMEM – 500 mL for adherent cells 

2 mM L-Glutamine (200 mM) – 5 mL 

25000 Units Penicillin (5000 U/mL) – 5 mL 

25000 µg Streptomycin sulphate (5000 µg/mL) – 5 mL 

10% FCS – 50 mL 

 

The media was stored at 4°C and preheated to 37°C in a water bath prior to use. 

 

2.2.4. Cytotoxicity Assay Staining Buffer 

HBSS – 47.5 mL 

100 mM CaCl2 – 2.5 mL 

 

2.2.5. dNTP Set (N=A, C, G, T) 

Stock: 25 mM = 40 µL of each dNTP 

Working stock: 5 mM = 20 µL of 25 mM stock in 80 µL DEPC water 

 

2.2.6. Flow Cytometry Fixative (FACS Fixative) 

1×PBS – 500 mL 

40% w/v Formaldehyde – 5 mL 

D-glucose – 10 g 

0.02% NaN3 – 0.1 g 
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The solution was stored at 4°C for ~6 months. 

 

2.2.7. Freeze Mix 

70% HBSS 

20% FCS 

10% DMSO 

 

The solution was made up fresh for each batch of samples to be cryopreserved. 

 

2.2.8. Imatinib Mesylate, MW=589.72 

Imatinib mesylate (imatinib; Glivec; formerly STI-571) was provided by Novartis Pharmaceuticals (Basel, 

Switzerland).  Stock solutions of this compound were prepared at 10 mM with distilled water, sterile 

filtered and stored at -70°C. 

 

2.2.9. 50% 14C-Imatinib (100 µM) 

14C-Imatinib (1695.72 µM) – 29.5 µL 

10 mM imatinib – 5 µL 

RPMI-1640 medium – 966 µL 

 

14C-imatinib (specific activity 3.394 MBq) was provided by Novartis Pharmaceuticals.  Stock solutions 

were prepared at 1 mg/mL with distilled water and stored at -70ºC. 
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2.2.10. Inhibitors of ABC Transporters 

2.2.10.1. Cyclosporin A – Inhibits ABCB1, ABCB4, ABCB11, ABCC1, ABCC2, ABCC3, 

ABCG2 

Cyclosporin A (RAH Pharmacy, Adelaide, Australia) was used at 10 µM from a 4.15 mM stock. 

41.5 mM stock = 250 mg/5 mL 5% glucose solution 

Further dilute this stock 1:10 in 5% glucose solution 

 

2.2.10.2. Indomethacin – Inhibits ABCC1, ABCC2, ABCC4, ABCC6, ABCC11 

Indomethacin (Sigma) was used at 100 µM from a 10 mg/mL stock. 

10 mg/mL = 10 mg/1 mL DMSO 

 

2.2.10.3. Ko143 – Inhibits ABCG2 

Ko143 is an analogue of fumitremorgin C kindly provided by Dr John Allen, Centenary Institute, Sydney, 

Australia.  1 mM stock solutions and 10 µM working solutions were prepared in sterile water and stored 

at -70ºC.   

 

2.2.10.4. Pantoprazole – Inhibits ABCB1, ABCC6, ABCG2 

Pantoprazole (RAH Pharmacy) was used at 200 µM from a 10 mM stock. 

10 mM stock = 40 mg dissolved in 10 mL 0.9% NaCl 

 

2.2.10.5. Probenecid – Inhibits ABCC1, ABCC2, ABCC3, ABCC4, ABCC5, ABCC6, ABCC11 

Probenecid (Sigma) was used at 1 mM from a 175 mM stock. 

175 mM stock = 125 mg dissolved in 2.5 mL DMSO 
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2.2.10.6. PSC-833 – Inhibits ABCB1, ABCB4, ABCC1, ABCC4 

PSC-833 is a Cyclosporin A derivative kindly provided by Novartis Pharmaceuticals and was used at 10 

µM from 8.23 mM stock. 

8.23 mM stock = 10 mg/mL = 10 mg/500 µL 9:1 Ethanol:Tween®20, +500 µL water 

 

2.2.10.7. Verapamil – Inhibits ABCB1, ABCB4, ABCC1, ABCC3, ABCC4, ABCG2, OCT-1 

Verapamil (RAH Pharmacy) was used at 50 µM from a 2.5 mg/mL stock dissolved in H2O. 

2.5 mg/mL = 5.091 mM 

 

2.2.11. Laemmli’s Buffer 

50 mM Tris-HCl (pH 6.8) 

10% Glycerol 

2% SDS 

5% β-Mercaptoethanol 

0.1% Bromophenol Blue 

1 mM Na3VO4 

10 mM NaF 

 

The buffer was stored in 1 mL aliquots at -20 ºC and thawed before use. 

 

2.2.12. Membrane Blocking Solutions 

2.2.12.1. 2.5% Skim Milk 

Non-fat milk powder – 12.5 g  

1×TBST – 500 mL  
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The following proteins require blocking in 2.5% non-fat milk powder: p-Crkl. 

 

2.2.12.2. 5% Skim Milk 

Non-fat milk powder – 25 g  

1×TBST – 500 mL  

 

The following proteins require blocking in 5% non-fat milk powder: β-actin, Chk2, p-Axl. 

 

2.2.12.3. 2% BSA 

BSA – 10 g  

1×TBST – 500 mL  

 

The following proteins require blocking in 2% BSA: Axl, Syk, p-Syk. 

 

2.2.12.4. 5% BSA 

BSA – 25 g 

1×TBST – 500 mL  

 

The following proteins require blocking in 5% BSA: c-Abl, cdc25C, Lyn, MAP3K5, p-c-Abl, p-Lyn. 

 

2.2.13. Nilotinib, MW = 529.5 

Nilotinib (Tasigna; formerly AMN107) was provided by Novartis Pharmaceuticals.  Stock solutions were 

prepared at 10 mM in DMSO and stored at 4°C. 
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2.2.14. 14C-Nilotinib (10 µM) 

2.2.14.1. 50% 14C-Nilotinib 

14C-Nilotinib (1882 µM) – 2.66 µL 

1 mM nilotinib – 5 µL 

RPMI-1640 medium – 992.3 µL 

 

2.2.14.2. 100% 14C-Nilotinib 

14C-Nilotinib (1882 µM) – 5.32 µL 

RPMI-1640 medium – 994.7 µL 

 

14C-nilotinib (specific activity 3.31 MBq) was provided by Novartis Pharmaceuticals.  Stock solutions 

were prepared at 1 mg/mL with methanol and stored at -70°C. 

 

2.2.15. Ponatinib (Free Base), MW=532.56 

Ponatinib was provided by Ariad Pharmaceuticals (Cambridge, Massachusetts).  Stock solutions were 

prepared at 10 mM with DMSO, sterile filtered and stored at 4°C. 

 

2.2.16. Prazosin Hydrochloride – Inhibits OCT-1, OCT-2, OCT-3 

Prazosin hydrochloride (Signma) was used at 100 µM from a 10 mM stock. 

10 mM stock = 4.2 mg in 1 mL of methanol 

 

2.2.17. Random Hexamer Primer (100 mg stock) 

Working stock: 250 ng/mL = 100 mg in 400 µL DEPC water 

 



Chapter Two – Materials and Methods 

- 41 - 

2.2.18. 1×SDS-PAGE Running Buffer 

25 mM Tris-HCl – 3.026 g (pH 8.3)  

192 mM Glycine – 14.413 g 

0.1% SDS – 1 g 

 

Reagents were dissolved in 750 mL RO H2O and then made up to 1 L. 

 

2.2.19. SDS-Polyacrylamide Gel 

2.2.19.1. Specific for Hoefer Ruby SE600 Tank 

 Resolving gel (12%) Stacking gel (5%) 

H2O 12.9 mL 6 mL 

40% Acrylamide 9 mL 1.26 mL 

1.5 M Tris Buffer A 7.5 mL  

1.5 M Tris Buffer B  2.52 mL 

10% SDS 300 µL 100 µL 

10% APS 300 µL 100 µL 

TEMED  8 µL 10 µL 

 

2.2.19.2. Specific for Hoefer SE260 Tank 

 Resolving gel (14%) Stacking gel (5%) 

H2O 3.8 mL 3 mL 

40% Acrylamide 3.5 mL 630 µL 

1.5 M Tris A 2.5 mL  

1.5 M Tris B  1.26 mL 

10% SDS 100 µL 50 µL 

10% APS 100 µL 50 µL 

TEMED  6 µL 5 µL 

 

2.2.20. 10× Tris Buffered Saline (TBS) 

200 mM Tris-HCl – 24.2 g (pH 7.5) 

1.5 M NaCl – 87.6 g 
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Reagents were dissolved in 750 mL RO H2O, the pH adjusted to 7.5 with HCl and the solution made up 

to 1 L. 

 

2.2.20.1. 1×TBS 

10×TBS stock – 100 mL 

RO H2O – 900 mL 

 

2.2.20.2. 1×TBST 

10×TBS stock – 100 mL 

0.1% Tween®20 – 1 mL 

RO H2O – 900 mL 

 

2.2.21. 100% 14C-Tetraethylammonium Bromide (TEA; 2500 µM) 

14C-TEA (28600 µM) – 87.4 µL 

RPMI-1640 medium – 912.6 µL 

 

14C-TEA (specific activity 1.85 MBq) was purchased from Perkin Elmer and stored at 4ºC; working 

solutions were prepared as required. 

 

2.2.22. Thaw Solution 

HBSS – 500 mL 

5% FCS – 25 mL 

5% ACD – 25 mL 

HEPES – 5 mL 
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The solution (without ACD) was stored at 4°C.  ACD was added and the solution heated to 37°C in a 

water bath prior to use. 

 

2.2.23. 1×SDS-PAGE Transfer Buffer 

25 mM Tris-HCl – 3.026 g (pH 8.3)  

192 mM Glycine – 14.413 g 

20% Methanol – 200 mL 

 

Reagents were dissolved in 750 mL RO H2O and then made up to 1 L. 

 

2.2.24. Tris Buffer A 

Milli-Q® H2O – 500 mL 

1.5 M Tris-HCl – 90.855 g (pH 8.8)  

 

2.2.25. Tris Buffer B 

Milli-Q® H2O – 500 mL 

0.5 M Tris-HCl – 30.285 g (pH 6.8)  

 

2.2.26. White Cell Fluid 

Glacial Acetic Acid – 2 mL 

Milli-Q® H2O – 98 mL 

Methyl Violet – a few crystals 

 

Acetic acid was added slowly to Milli-Q® H2O.  The methyl violet (Gurr®, BDH) was then added, and the 

solution mixed well to ensure that the crystals dissolved completely.  The solution was filtered using a 



Chapter Two – Materials and Methods 

- 44 - 

0.2 µm bottle top filter, and stored at room temperature. 

 

2.3. General Techniques 

2.3.1. Lymphoprep Isolation of Peripheral Blood Mononuclear Cells (PBMNCs) 

Peripheral blood (PB) from patients with CML (40–60 mL) was collected in lithium heparin tubes.  All 

samples were collected with informed consent in accordance with the Institutional Ethics approved 

protocols and with reference to the Declaration of Helsinki.  A white cell count was performed using 

white cell fluid and a maximum of 1×108 cells (maximum of 15 mL of blood) were transferred into a 50 

mL polypropylene conical tube (Falcon tube).  The blood volume was brought to 35 mL using HBSS 

+1% HEPES and underlain with 15 mL of lymphoprep.  Tubes were centrifuged at 306 × g for 30 min 

with no brake.  The interface containing the PBMNCs was then transferred to another 50 mL Falcon 

tube and washed once in HBSS +1% HEPES. 

 

2.3.2. Cell Counts and Viability 

Patient PBMNC concentration was determined by diluting the cell suspension in white cell fluid (WCF).  

Viability of patient PBMNCs and cell lines was assessed by diluting samples with trypan blue solution.  

10 µL of these suspensions was transferred to a haemocytometer counting chamber (Neubauer 

Improved, Assistant, Germany) and cell concentration and viability calculated accordingly. 

 

2.3.3. Maintenance of Cell Lines 

2.3.3.1. Cell Line Specifications 

K562 cells were originally derived from the pleural effusion of a 53 year old female with blast crisis 

CML204 and were obtained from the American Type Tissue Culture Collection (ATCC, Manassas, VA).  

K562 cells were transfected by electroporation with pcDNA3 vector containing full length ABCG2 (kindly 

provided by Prof. Douglas Ross, University of Maryland, Baltimore, MD).  The resultant K562-ABCG2 



Chapter Two – Materials and Methods 

- 45 - 

cells were cultured in 500 µg/mL G418 (Invitrogen, Carlsbad, CA) and assessed for appropriate ABCG2 

expression by quantitative PCR and flow cytometry183.  K562-Dox cells stably overexpress ABCB1 

following continuous passage of K562 cells in doxorubicin (kindly provided by Prof. Leonie Ashman, 

University of Newcastle, Callaghan, NSW).  KCL22 cells were originally derived from the pleural effusion 

of a blast crisis CML patient205 (kindly provided by Prof. Junia Melo, Centre for Cancer Biology, 

University of Adelaide, Adelaide, SA).  KU812 cells were established from the peripheral blood of a 38 

year old male with blast crisis CML206 and were obtained from the ATCC.  VBL-100 cells stably 

overexpress ABCB1 following the continuous passage of CEM cells in vinblastine (kindly provided by 

Leonie Ashman).  HeLa cells were originally derived from a 31 year old female with cervical cancer207 

(kindly provided by Dr Bruce Lyons, School of Medicine, University of Tasmania, Hobart, TAS).  HepG2 

cells were originally derived from the liver tissue of a 15 year old male with hepatocellular carcinoma208 

(kindly provided by Prof. Andrew Zannettino, Centre for Cancer Biology and Centre for Stem Cell 

Research/Robinson Institute, University of Adelaide, Adelaide, SA). 

 

2.3.3.2. Culture of General Cell Lines 

All appropriate tissue culture techniques were performed in a Class two “biohazard” laminar flow hood 

(Gelman Sciences).  Suspension cell lines (K562, K562-ABCG2, K562-Dox, KCL22, KU812, VBL100) 

were maintained at a cell density between 1×105–1×106 cells/mL in 25cm2, 75cm2 or 175cm2 tissue 

culture flasks (Greiner).  Media was pre-warmed to 37°C prior to use.  Cultures were incubated in a 

37°C/5% CO2 incubator.  Cell cultures were checked every second day for contamination, counted and 

recultured at the above concentrations.  Adherent cell lines (HeLa, HepG2) were maintained in 75cm2 

tissue culture flasks at a cell density of 1×107 cells in 20 mL media.  Prior to reculture, cells were rinsed 

twice with pre-warmed adherent cell wash buffer and trypsinised at 37ºC for ~10 min with 0.25% trypsin.  

Cell aggregates were separated by pipetting and resuspended in fresh media devoid of trypsin. 
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2.3.3.3. Culture of Nilotinib Resistant Cell Lines 

K562 and K562-Dox cell lines were gradually exposed to increasing concentrations of nilotinib to yield 

one nilotinib resistant K562 cell line and two nilotinib resistant K562-Dox cell lines.  Nilotinib culture was 

initiated at 15 nM and the concentration increased at a rate of 25–500 nM every 10–20 days depending 

on cell proliferation and viability until reaching 2 µM (approximately 6 months duration for K562 cells and 

7 and 8 months duration for the two K562-Dox cell lines).  Serial dilutions of nilotinib (in DMSO) were 

prepared from 10 mM stocks such that no more that 0.1% DMSO was present in culture.  Control cell 

lines cultured in 0.1% DMSO were maintained in parallel.  Prior to nilotinib escalation, cells were 

harvested as follows: 

3× 1×107 aliquots of cells for TRIzol preparations, frozen for later RNA extraction 

3× 1×107 aliquots of cells for cryopreservation 

 

2.3.4. Cryopreservation of Cells 

Cells were pelleted at the desired concentration, resuspended in 1 mL of Freeze Mix per 1×107 cells 

and quickly transferred to cryo-ampoules (Nalgene).  Patient PBMNCs were frozen to -80ºC using a 

Controlled Rate Freezer (Planer KRYO10 Series II) at a rate of 1°C per min.  Cell lines were 

cryopreserved using a ‘Mr Frosty’ container (Nalgene) for a minimum of 4 h at -70ºC.  Samples were 

stored for up to 10 years in liquid nitrogen (-196°C). 

 

2.3.5. Thawing of Cells 

Cells were removed from liquid nitrogen and thawed rapidly in a 37°C water bath.  In a laminar flow 

hood, the cell suspension was quickly transferred to a 50 mL Falcon tube, and approximately 20 mL of 

thaw solution (warmed to 37°C) was added drop-wise with constant mixing.  The sample volume was 

then increased to 30 mL with thaw solution and the cells pelleted by centrifugation at 306 × g for 10 min.  

The supernatant was aspirated and the procedure repeated to remove all residual DMSO. 
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2.3.6. Cytotoxicity Assay 

Cells were washed and resuspended in fresh culture media to remove traces of drug before being 

cultured in a 24-well plate.  To ensure accurate concentrations of drug in each replicate, TKI was added 

in increasing concentrations as detailed in Appendix 1A to 4 mL of cell suspension at 2×105 cells/mL.  

The 24-well plates were seeded with 1 mL of cell suspension in triplicate, then placed in sterilised cake 

boxes and incubated for 72 h before staining with Annexin V/7-AAD and trypan blue to observe cell 

death. 

 

2.3.7. Fluorescence Activated Cell Sorting (FACS) for ABCG2 Positive Cells 

2.5×107 cells were aliquoted into 10× 5 mL polystyrene round bottom tubes (Falcon, FACS tubes) at a 

concentration of 2.5×106 cells/tube and each tube stained with 100 µL ABCG2-PE.  Test cells were 

sorted for ABCG2 positivity on a Becton Dickinson Aria, using FACS Diva Software version 6.1.3 (BD 

Biosciences).  Only the top 20% of positive cells were selected for reculture. 

 

2.3.8. Antibody Staining for Flow Cytometric Analysis 

2.3.8.1. Visualisation of Surface Proteins 

2×105–1×106 cells were transferred to 5 mL FACS tubes and following suspension in approximately 250 

µL of buffer, PE-conjugated antibodies were added to tubes as specified (Table 2.2).  Cells were 

incubated for a period of 40 min on ice in the dark, washed twice with buffer and re-suspended in FACS 

fixative.  Samples were stored at 4°C in the dark until analysis was performed.  Control tubes were 

stained with isotype control IgG-PE antibodies and these were used to define the gates for positive and 

negative expression.  The fluorescence intensity of cell suspensions was examined using an FC500 

flow cytometer (Beckman Coulter, Miami, FL) and FCS Express 4 software (De Novo Software, Los 

Angeles, CA).  Cell populations were analysed based on the forward and side light scattering properties 

and the fluorescence intensity of PE fluorochromes. 
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Table 2.2: Antibody staining for surface flow cytometry 

Antibody Cell Number Concentration Volume Buffer 

IgG2a-PE 5×105 100 µg/mL 5 µL HBSS +1% HEPES 

ABCB1-PE 1×106 25 µg/mL 20 µL HBSS +1% HEPES 

IgG2b-PE 5×105 100 µg/mL 5 µL HBSS +1% HEPES 

ABCG2-PE 1×106 25 µg/mL 20 µL HBSS +1% HEPES 

 

2.3.8.2. Visualisation of Phospho-Proteins 

5×105–1×106 cells were transferred to 5 mL FACS tubes and 500 µL phospho-flow wash buffer added 

(Section 2.2.2).  Cells were washed twice and the supernatant aspirated.  250 µL BD Cytofix was 

added to each tube while vortexing and cells incubated on ice for 30 min.  Following incubation, cells 

were washed in 500 µL phospho-flow wash buffer and then permeabilised in 250 µL ice cold BD 

Phosflow Perm Buffer III while vortexing.  Following 30 min incubation on ice, cells were washed 3× in 

500 µL phospho-flow wash buffer and supernatant aspirated.  Cells were then resuspended in 100 µL 

phospho-flow wash buffer and stained with antibodies in line with manufacturers’ instructions according 

to Table 2.3 at room temperature for 1 h in the dark. 

 

Table 2.3: Antibody staining for phospho-flow cytometry 

Antibody Volume 

IgG2b-PE 5 µL 

4G10-PE (1:10 in PBS) 10 µL 

IgG1-PE 5 µL 

p-Akt-PE (pT308) 5 µL 

IgG2a-PE 5 µL 

p-CrkL-PE (pY207) 5 µL 

IgG1-PE 5 µL 

p-Erk-PE (T202/Y204) 5 µL 

IgG1PE 5 µL 

p-Stat5-PE (Y694) 5 µL 
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Cells were then washed in 500 µL phospho-flow wash buffer, supernatant aspirated and resuspended in 

200 µL phospho-flow wash buffer.  Samples were stored at 4°C in the dark until analysis was 

performed.  Control tubes were used to define the gates for positive and negative expression.  The 

fluorescence intensity of cell suspensions was examined using an FC500 flow cytometer and FCS 

Express 4 software.  Cell populations were analysed based on the forward and side light scattering 

properties and the fluorescence intensity of PE fluorochromes. 

 

2.3.8.3. Determination of Cell Viability 

Cell viability was measured by staining cells with both 7-Amino-actinomycin (7-AAD) and Annexin V-PE 

and analysing using a flow cytometer.  7-AAD is excluded by viable cells but can penetrate the 

membranes of dying or dead cells where it intercalates into double stranded nucleic acids.  Annexin V is 

a Ca++-dependent phospholipid-binding protein that binds to phosphatidlyserine residues of the cell 

membrane.  In normal cells, these residues are located in the inner surface of the cell membrane and 

are therefore inaccessible to Annexin V.  However, at an early stage of apoptosis, the 

phosphatidlyserine residues are translocated to the outside of the cell making them subsequently 

available for binding by Annexin V209. 

 

Following cytotoxicity assays, cells were mixed thoroughly and transferred from 24-well plates to 5 mL 

round bottom FACS tubes (one tube per plate well).  A 20 µL aliquot per tube was deposited in a 96-well 

plate for trypan blue viability determination then cells were centrifuged at 845 × g for 2 min and the 

supernatant removed (all centrifugation in this method is at 845 × g  for 2 min).  7-AAD and Annexin V 

were thawed in darkness on ice before being diluted in staining buffer (Section 2.2.4).  7-AAD was used 

at 0.5 µL of 1 mM stock diluted in 39.5 µL staining buffer (40 µL per sample), while Annexin V was used 

at 1 µL of stock diluted in 9 µL staining buffer (10 µL per sample).  To make the Annexin V positive 

control, 500 µL of zero drug culture was added to an equal volume of DMSO in a 5 mL FACS tube and 
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incubated at room temperature for 20 min.  To make the 7-AAD positive control, 500 µL of zero drug 

culture were added to 2 mL cold ethanol (70%) in a 5 mL FACS tube and incubated on ice for 20 min.  

To make the negative control, 500 µL zero drug culture was washed with 1 mL staining buffer in a 5 mL 

FACS tube and then stored on ice.  7-AAD and Annexin V control cells were washed twice in 2 mL PBS 

then both control and experimental cells washed once in staining buffer.   Supernatants were removed 

by aspiration leaving ~50 µL, Annexin V and/or 7-AAD added as per Table 2.4 and cells incubated at 

room temperature in the dark for 15 min.  Cells were then resuspended in 400 µL staining buffer and the 

tube stored on ice for a maximum of 1 h prior to flow cytometric analysis. 

 

Table 2.4: Staining for cell viability 

 Annexin V 7-AAD 

Negative Control – – 

Annexin V Positive Control 10 µL – 

7-AAD Positive Control – 40 µL 

Experimental Samples 10 µL 40 µL 

 

2.3.9. Fluorescent Substrate Efflux Studies 

2.3.9.1. Rhodamine-123 Efflux for ABCB1 Function 

During the accumulation period, 1 mL of K562-Dox cells were resuspended at 1×106/mL in 5 mL round 

bottom FACS tubes.  Cells were then incubated for 30 min at 37°C in the absence or presence of 

rhodamine-123 as per Table 2.5a.  PSC-833 was used as a positive control for ABCB1 inhibition.  K562 

cells, which do not express ABCB1, were used as negative controls and incubated under the same 

conditions.  Following the accumulation period, efflux was initiated by centrifuging cells twice at 845 × g 

for 2 min in cold PBS.  Cells were then resuspended in warm RPMI-1640 medium supplemented with 

10% FCS as per Table 2.5b and incubated at 37ºC for 60 min to allow efflux to take place.  Following 

the efflux period, cells were again washed twice in PBS and resuspended in 400 µL PBS supplemented 
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with 5% BSA before flow cytometric analysis.  Assessment of ABCB1 expression (Section 2.3.3.1) was 

conducted simultaneously to ensure appropriate expression levels. 

 

Table 2.5a: Incubation conditions for rhodamine-123 accumulation 

K562-Dox/K562 
Rhodamine-123 

(0.5 µg/mL) 
PSC-833 
(10 µM) 

Unstained – – 

Rhodamine-123 Efflux � – 

No Efflux � � 

 

Table 2.5b: Incubation conditions for rhodamine-123 efflux 

K562-Dox/K562 
Rhodamine-123 

(0.5 µg/mL) 
PSC-833 
(10 µM) 

Unstained – – 

Rhodamine-123 Efflux – – 

No Efflux – � 

 

2.3.9.2. BODIPY-Prazosin Efflux for ABCG2 Function 

During the accumulation period, 1 mL of K562-ABCG2 cells were resuspended at 1×106/mL in 5 mL 

round bottom FACS tubes.  Cells were then incubated for 30 min at 37ºC in the absence of presence of 

BODIPY-prazosin as per Table 2.6a.  Ko143 was used as a positive control for ABCG2 inhibition.  K562 

cells, which do not express ABCG2, were used as negative controls and incubated under the same 

conditions.  Following the accumulation period, efflux was initiated by centrifuging cells twice at 845 × g 

for 2 min in cold PBS.  Cells were then resuspended in warm RPMI-1640 medium supplemented with 

10% FCS as per Table 2.6b and incubated at 37ºC for 60 min to allow efflux to take place.  Following 

the efflux period, cells were again washed twice in PBS and resuspended in 400 µL PBS supplemented 

with 5% BSA before flow cytometric analysis.  Assessment of ABCG2 expression (Section 2.3.3.1) was 

conducted simultaneously to ensure appropriate expression levels. 
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Table 2.6a: Incubation conditions for BODIPY-prazosin accumulation 

K562-ABCG2/K562 
BODIPY-Prazosin 

(250 nM) 
Ko143 
(1 µM) 

Unstained – – 

BODIPY-prazosin Efflux � – 

No Efflux � � 

 

Table 2.6b: Incubation conditions for BODIPY-prazosin efflux 

K562-ABCG2/K562 
BODIPY-Prazosin 

(250 nM) 
Ko143 
(1 µM) 

Unstained – – 

BODIPY-prazosin Efflux – – 

No Efflux – � 

 

2.4. Specialised Techniques 

2.4.1. Imatinib/Nilotinib Intracellular Uptake and Retention (IUR) Assay 

The IUR and OCT-1 activity assays were performed as previously described by White et al.150.  All 

assay points were performed in triplicate.  2×105 viable cells were incubated in 2 mL of RPMI-1640 

medium +10% FCS in the presence or absence of varying concentrations of 14C-imatinib or -nilotinib 

ranging from 0–4 µM.  Inhibitors of influx and efflux (prazosin, verapamil and Ko143) were also added 

as required.  Cells and reagents were incubated for 2 h at 37°C/5% CO2.  Following incubation the 

cellular and aqueous phases were separated by centrifugation at 4300 × g for 5 min, then pulse spun to 

16000 × g  for 30 sec.  A 20 µL aliquot of supernatant (S/N) from each tube was then added to 100 µL of 

Microscint-20 in a 96-well flat bottomed plate.  The remaining supernatant was aspirated from the tubes 

and 50 µL of Microscint-20 was added.  The tubes were vortexed thoroughly, and pulse spun for 15 sec 

at 16000 × g.  The lysed cells were transferred to a 96-well plate with wells containing 50 µL of 

Microscint-20.  The plate was covered with an adhesive plastic seal and was then counted on a Top 

Count scintillation counter (Perkin Elmer) as counts per minute (cpm).  The incorporation of 14C-imatinib 

or -nilotinib in ng/200 000 cells was then calculated using the formula below: 
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  (cpm cells – background)        × ng of 14C-TKI added 

   [(cpm cells – background) + (cpm S/N – background)] 

 

2.4.1.1. OCT-1 Activity 

The OCT-1 inhibitor prazosin was used in the IURimatinib assay at 100 µM.  The OCT-1 activity was 

calculated as the difference between the IURimatinib in the absence of prazosin and the IURimatinib in the 

presence of prazosin.  Where IUR values in the presence of prazosin were equal or higher than the 

values in the absence of prazosin, these patients were scored as having negligible (0 ng/200 000 cells) 

OCT-1 activity. 

 

2.4.2. IC50 Assay Specific for phosphorylated-Crkl (p-Crkl) Inhibition 

2×105 Bcr-Abl positive cell lines and 2×106 patient PBMNCs were incubated for 2 h at 37ºC with 

concentrations of nilotinib ranging 0–100 000 nM, imatinib ranging 0–100 µM and dasatinib ranging 0–

5000 nM.  To determine the effect of cellular transporters such as ABCB1, ABCG2 and ABCC6 on TKI 

transport, IC50 experiments were incubated in the absence and presence of various inhibitors of 

transport (Section 2.2.10).  Following incubation cells were washed once with cold PBS and lysed in 

Laemmli’s buffer (Section 2.2.11) by boiling for 12 min.  Lysates were clarified by microfugation and 

stored at -20ºC before resolution by SDS-PAGE. 

 

2.4.3. SDS-PAGE and Western Blot 

2.4.3.1. Specific for p-Crkl 

Western blotting for p-Crkl was performed as previously described by White et al.210.  2×105 cells (cell 

lines) or 2×106 cells (patient PBMNCs) were placed into a 1.5 mL microtube (Eppendorf), and pelleted 

by centrifugation for 5 min at 4300 × g.  All supernatant was removed and cells were lysed in 20 µL of 

Laemmli's buffer, by boiling in a 100°C heat block for 12 min.  Cell lysates were stored at -20°C.  
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Protein lysate (corresponding to 1×105 cell lines or 2×106 patient PBMNCs) was resolved on an SDS 

12% polyacrylamide gel, and the protein electrophoretically transferred to a PVDF membrane (GE 

Healthcare) at 65 mA overnight.  The membrane was incubated for 1 h at room temperature with 2.5% 

skim milk powder.  The membrane was then probed for 2 h at room temperature with 1:500 anti-Crkl 

antibody (Santa Cruz) in 2.5% skim milk powder.  Following this, the membrane was rinsed in 1×TBST 

buffer (Section 2.2.20.2), and then washed for 3× 5 min with 1×TBST buffer.  The membrane was then 

incubated with 1:2000 alkaline-phosphatase conjugated anti-rabbit immunoglobulin antibody 

(SantaCruz) in 2.5% skim milk powder for 1 h at room temperature.  The membrane was rinsed in 

1×TBST buffer, washed for 3× 5 min in 1×TBST buffer and then washed for 3× 5 min in 1×TBS buffer 

(Section 2.2.20.1).  Bound antibodies were detected with ECF substrate (Amersham Biosciences) by 

FluorImager analysis (Molecular Dynamics). 

 

2.4.3.2. Specific for High Molecular Weight Proteins (>100 kDa) 

Western blotting for the high molecular weight proteins Axl, p-Axl, c-ABL, p-c-ABL, and MAP3K5 was 

performed using the BIO-RAD Trans-Blot® Turbo™ Blotting System according to the manufacturer’s 

instructions.  Briefly, lysates of 1×106 cells were made as described in Section 2.4.3.1, resolved on a 

BIO-RAD 4-15% Criterion™TGX™ Precast Gel and transferred to PVDF membrane using Midi Transfer 

Packs (BIO-RAD) at 2.5 A for 10 min.  Membranes were then incubated in blocking solution for 1 h at 

room temperature before being probed with primary antibody as per Table 2.7.  Following overnight 

incubation at 4ºC, membranes were rinsed in 1×TBST buffer, and then washed for 3× 5 min with 

1×TBST buffer.  The membrane was then incubated with secondary antibody as per Table 2.7 for 1 h at 

room temperature.  Following incubation, the membrane was rinsed in 1×TBST buffer, washed for 3× 5 

min with 1×TBST buffer and then washed in 1×TBS buffer for 3× 5 min.  Bound antibodies were 

detected with ECF substrate by FluorImager analysis.  For Bcr-Abl IC50 determination (Section 6.3.6), 

membranes were initially probed for p-Bcr-Abl and then stripped with Western Stripping Buffer (Alpha 



Chapter Two – Materials and Methods 

- 55 - 

Diagnostic).  Following stripping, membranes were probed for Bcr-Abl.  Membranes were also probed 

for the control protein β-actin following the same incubation conditions as described for primary proteins.  

Detected proteins were quantified using ImageQuant software and expression normalised to control. 

 

Table 2.7: Incubation conditions for high molecular weight western blot 

1° Antibody Diluent Concentration 2° Antibody Diluent Concentration 

Axl 2% BSA/TBST 1:1000 α-rabbit-AP 2% BSA/TBST 1:2000 

p-Axl 
5% skim milk 
powder/TBST 

1:200 α-rabbit-AP 
5% skim milk 
powder/TBST 

1:2000 

c-Abl 5% BSA/TBST 1:1000 α-rabbit-AP 5% BSA/TBST 1:2000 

p-c-Abl 5% BSA/TBST 1:500 α-rabbit-AP 5% BSA/TBST 1:2000 

MAP3K5 5% BSA/TBST 1:1000 α-rabbit-AP 5% BSA/TBST 1:2000 

 

2.4.3.3. Specific for Low Molecular Weight Proteins (<100 kDa) 

Western blotting for the low molecular weight proteins β-actin, cdc25C, Chk2, Lyn, p-Lyn, Syk and p-

Syk was performed using the BIO-RAD Trans-Blot® Turbo™ Blotting System according to the 

manufacturer’s instructions.  Briefly, lysates of 4×105–1×106 were made as described in Section 

2.4.3.1, resolved on a BIO-RAD 4-15% Criterion™TGX™ Precast Gel and transferred to PVDF 

membrane using Midi Transfer Packs (BIO-RAD) at 2.5 A for 7 min.  Membranes were then incubated in 

blocking solution for 1 h at room temperature before being probed with primary antibody as per Table 

2.8.  Following overnight incubation at 4ºC, membranes were rinsed in 1×TBST buffer, and then washed 

for 3× 5 min with 1×TBST buffer.  The membrane was then incubated with secondary antibody as per 

Table 2.8 for 1 h at room temperature.  Following incubation, the membrane was rinsed in 1×TBST 

buffer, washed for 3× 5 min with 1×TBST buffer and then washed in 1×TBS buffer for 3× 5 min.  Bound 

antibodies were detected with ECF substrate by FluorImager analysis.  Detected proteins were 

quantified using ImageQuant software and expression normalised to control. 
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Table 2.8: Incubation conditions for lower molecular weight western blot 

1° Antibody Diluent Concentration 2° Antibody Diluent Concentration 

β-actin 
5% skim milk 
powder/TBST 

1:1000 α-rabbit-AP 
5% skim milk 
powder/TBST 

1:2000 

cdc25C 5% BSA/TBST 1:1000 α-rabbit-AP 5% BSA/TBST 1:2000 

Chk2 
5% skim milk 

powder/ TBST 
1:1000 α-rabbit-AP 

5% skim milk 
powder/TBST 

1:2000 

Lyn 5% BSA/TBST 1:1000 α-rabbit-AP 5% BSA/TBST 1:2000 

p-Lyn 5% BSA/TBST 1:1000 α-rabbit-AP 5% BSA/TBST 1:2000 

Syk 2% BSA/TBST 1:1000 α-rabbit-AP 2% BSA/TBST 1:2000 

p-Syk 2% BSA/TBST 1:1000 α-rabbit-AP 2% BSA/TBST 1:2000 

 

2.4.3.4. Densitometry Analysis using ImageQuant Software 

Phosphorylated and non-phophorylated Crkl bands were quantified using ImageQuant software 

(Molecular Dynamics) and p-Crkl as a percentage of the total Crkl protein calculated.  The average 

signal for each protein band was determined and background signal from blank membrane deducted.  

Bands of p-Crkl were measure and graphed as a percentage of the intensity of the total Crkl (ie: p-Crkl 

+Crkl=100%).  The percentages were then normalised with 0 nM TKI representative of 100% p-Crkl and 

the highest concentration of TKI (eg 100 µM imatinib) representative of 0% p-Crkl.  The IC50 value was 

then taken as the concentration of TKI when normalised p-Crkl reached 50%. 

 

2.4.4. Full Moon BioSystems Antibody Microarray 

The antibody microarrays utilise fluorescent detection of proteins and provide a high-throughput system 

for expression profiling and comparison between treated and untreated samples.  For full details of the 

proteins contained in each array see Appendix 1B.  The arrays were carried out according to the 

manufacturer’s instructions.  Briefly, 2.5×106 K562 and K562-Dox cells were harvested, placed in a 50 

mL Falcon tubes and centrifuged for 5 min at 417 × g.  Supernatant was aspirated and cells washed 3× 

in cold PBS.  Cells were transferred to clean 1.7 mL tubes before addition of lysis beads and 200 µL 
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extraction buffer.  Cells were vortexed vigorously for 1 min before incubation on ice for 10 min.  The 

vortexing step was repeated at 10 min intervals for the next 60 min. 

 

Following this, cells were centrifuged at 16000 × g for 20 min at 4°C and transferred to clean tubes.  

Supernatant was applied to spin columns 100 µL at a time, the columns placed in collection tubes and 

tubes centrifuged for 2 min at 750 g.  The UV absorptions of resultant protein lysates were measured 

using a NanoDrop Spectrophotometer (Thermo scientific).  Subject to satisfactory absorbance and 

concentration readings in line with the manufacturer’s instructions, 45 µg of lysates were mixed with 

labelling buffer and 3 µL Biotin/DMF solution.  The mixture was incubated at room temperature for 2 h 

before addition of 35 µL stop reagent.  After incubation at room temperature for 30 min, lysates were 

combined with 6 mL coupling solution and poured over pre-blocked microarray slides.  Slides were 

incubated for 2 h at room temperature on an orbital shaker before washing twice for 10 min in wash 

solution.  Slides were rinsed extensively in Milli-Q® H2O before detection with detection buffer containing 

60 µL Cy3-Streptavidin (0.5 mg/mL).  Completed slides were sent to Full Moon BioSystems Array 

Scanning Service for analysis. 

 

2.4.5. Real Time Quantitative PCR (RQ-PCR) 

2.4.5.1. RNA Extraction 

1×106–1×107 cells were lysed in 1 mL of TRIzol reagent and incubated at room temperature for 5 min.  

200 µL of chloroform was added, tubes then shaken vigorously for 15 sec and incubated at room 

temperature for 2–3 min.  Following this time, the tubes were centrifuged at 12000 × g for 15 min at 

4°C.  The aqueous phase (top layer) was transferred to a fresh RNase/DNase free 1.5 mL tube.  RNA 

was precipitated by the addition of 1 µL glycogen (20 µg) and 500 µL isopropanol.  The samples were 

gently mixed and incubated at room temperature for 10 min. RNA was pelleted by centrifugation at 

12000 × g for 10 min at 4°C.  The supernatant was removed from the RNA pellet, and the pellet washed 
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in 1 mL of 75% ethanol and centrifuged at 7500 × g for 5 min at 4°C.  Supernatant was removed and 

tubes pulse spun to facilitate removal of excess ethanol.  The RNA pellet was briefly dried then 

dissolved in 20–100 µL DEPC water (depending on size of pellet) at 55°C for 10 min.  RNA was 

quantified using a NanoDrop Spectrophotometer and samples diluted with DEPC water to achieve the 

desired concentration of between 250 ng–1 µg/µL and stored at -70°C. 

 

2.4.5.2. cDNA Synthesis 

1 µg of RNA was added to 1 µL of random hexamers (250 ng/µL) and total volume taken to 11 µL with 

DEPC water.  The mixture was heated to 70°C for 10 min and chilled briefly at 4°C.  The first strand 

synthesis reagent mix was prepared as described below in Table 2.9. 

 

Table 2.9: First strand synthesis reagent mix 

Reagent Volume (Per Sample) 

5× First strand buffer 4 µL 

0.1 M DTT 2 µL 

5 mM dNTPs 2 µL 

Superscript II 1 µL 

 

9 µL of the reagent mix was then added to each tube, contents gently mixed and placed in a 

Mastercycler (Eppendorf).  Incubation conditions were as follows: 

Hold 1 @ 25°C for 10 min 

Hold 2 @ 42°C for 50 min 

Hold 3 @ 70°C for 10 min 

Hold 4 @ 4°C ∞ 

 

At the completion of this cycle, 20 µL DEPC water was added to each tube, and the cDNA stored at       

-20°C. 
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2.4.5.3. RQ-PCR for Transporter and Src Family Kinase mRNA Expression 

RQ-PCR for transporter mRNA expression was performed as previously described by White et al.177.  

Primers (see Table 2.10) were designed using Primer Express software v2.0 (Applied Biosystems, 

Foster City, CA), and were diluted to a working stock of 100 ng/µL in DEPC water.  PCR master mix 

was prepared as per Table 2.11 for each primer set to be tested. 

 

Table 2.10: Primer sequences for transporter PCR 

Primer Name Sequence 5’ to 3’ 

Genes of interest  

ABCA9 forward CCT TCC ACG AAA CAA GGA AA 

ABCA9 reverse CAG TTC CCA CGG GTA ACT TTT 

ABCB1 forward AGA CAT GAC CAG GTA TGC CTA T 

ABCB1 reverse AGC CTA TCT CCT GTC GCA TTA 

ABCC1 forward AGG TGG ACC TGT TTC GTG AC 

ABCC1 reverse AGG TGA TCC TCG ACA GGA AG 

ABCC2 forward CTG GGA ACA TGA TTC GGA AGC 

ABCC2 reverse GAG GAT TTC CCA GAG CCG AC 

ABCC4 forward GGT TCC CCT TGG AAT CAT TT 

ABCC4 reverse ATC CTG GTG TGC ATC AAA CA 

ABCC6 forward ACA CTT CAA TTG GGG AGC AG 

ABCC6 reverse TGT TGT TCC CTG GAG TAG CC 

ABCC12 forward CTC AGT AGG GGA ACG TCA GC 

ABCC12 reverse TCG CAG TTG AGA ACT GTG TTG 

ABCG2 forward CAC CTT ATT GGC CTC AGG AA 

ABCG2 reverse CCT GCT TGG AAG GCT CTA TG 

AQP1 forward ATT AAC CCT GCT CGG TCC TT 

AQP1 reverse CAT CCA GGT CAT ACT CCT CCA 

AXL forward TGC ATG AAG GAA TTT GAC CA 

AXL reverse TCG TTC AGA ACC CTG GAA AC 

CBL forward GCA GCC CAT TAG TAG GTC CA 

CBL reverse TAA ATG GCA TTG GCA GAT GA 

FYN forward ACG GGA GGT TCA CAA TCA AG 

FYN reverse TTG GTG ACC AGC TCT GTG AG 

LYN forward AAG TTG GTG AAA AGG CTT GG 

LYN reverse GCC ACC TTG GTA CTG TTG TTA 
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SLC10A1 forward CCA TAG GGA TCG TCC TCA AA 

SLC10A1 reverse AGG TGG CAA TCA AGA GTG GT 

SLC28A3 forward CTT CGG TGG GCT CAT AAT GT 

SLC28A3 reverse TGA AGC ACC AGC ATC TGT GTA 

SYK forward CAC CAA GGA GGG CAA ATA GA 

SYK reverse TCC CAG CTT CCC AAA TGT AG 

  

Standard  

hRANKL-D Forward TCA GCC TTT TGC TCA TCT CAC TAT 

hRANKL-G Reverse CCA CCC CCG ATC ATG GT 

House-keeping genes  

BCR Forward CCT TCG ACG TCA ATA ACA AGG AT 

BCR Reverse CCT GCG ATG GCG TTC AC 

GUSB forward CTG AAC AGT CAC CGA CGA GA 

GUSB reverse GAA CGC TGC ACT TTT TGG TT 

 

Table 2.11: Preparation of PCR master mix 

Reagent Volume (per sample) 

SYBR Green 5 µL 

Forward Primer (100 ng/µL) 0.5 µL 

Reverse Primer (100 ng/µL) 0.5 µL 

DEPC H2O 2 µL 

 

8 µL of appropriate Master Mix was added to each tube.  The standard used in RQ-PCR is Receptor 

Activator of Nuclear Factor Kappa-B Ligand (RankL).  This was originally supplied by Peter Diamond as 

a plasmid and serial dilutions made to achieve 10 000 copies per µL.  1 µL of RankL standard cDNA 

was added to RANKL tubes and 2 µL of unknown or cell line control cDNA was added to the allocated 

tubes.  Tubes were then placed into a 72 well Rotor-Gene (Corbett Research).  Results were analysed 

using Rotor-Gene 6000 Series software (Corbett Research) and transporter expression was calculated 

as a percentage of house-keeping gene expression (BCR for transporter genes, GUSB for Src kinase 

genes). 

Profile settings on the Rotor-Gene were as follows: 

Hold 1 @ 50°C, 2 min 
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Hold 2 @ 95°C, 15 min 

Cycling (48 repeats)  Step 1 @ 95°C, hold 15 sec 

Step 2 @ 60°C, hold 26 sec 

Step 3 @ 72°C, hold 10 sec, acquiring to Cycling A (Sybr) 

Hold 3 @ 72°C, 30 sec 

 

2.4.5.4. RQ-PCR for BCR-ABL mRNA Expression 

Previously designed primers and probes211 (see Table 2.12) for the b3a2 Bcr-Abl transcript contained in 

K562 and K562-Dox cells were used.  Standards for each transcript (copy number 10–106 for b3a2 and 

103–106 for BCR) were prepared and run in every batch.  The Hammersmith Hospital supplied the 

standard as a plasmid containing a modified b3a2 transcript derived from the K562 cell line.  

Approximately 200 bases are removed from ABL exons 2 and 3 and 100 bases of a different sequence 

ligated in that region.  The resultant plasmid contains an intact sequence in the region of the b3a2 

Taqman target sequence.  Master mixes were made using the TaqMan Universal PCR Master Mix 

(Applied BioSystems) as per Table 2.13. 

 

Table 2.12: Primer sequences for Bcr-Abl PCR 

Primer Name Sequence 5’ to 3’ 

BCR forward CCT TCG ACG TCA ATA ACA AGG AT 

BCR reverse CCT GCG ATG GCG TTC AC 

TaqMan BCR probe TCC ATC TCG CTC ATC ATC ACC GAC A 

b3a2 forward GGG CTC TAT GGG TTT CTG AAT G 

b3a2 reverse CGC TGA AGG GCT TTT GAA CT 

TaqMan b3a2 probe CAT CGT CCA CTC AGC CAC TGG ATT TAA GC 

 

Table 2.13: Preparation of PCR master mix 

Reagent Volume (per sample) 

TaqMan Universal PCR Master Mix 12.5 µL 

DEPC H2O 9.55 µL 
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Forward Primer (50 µM) 0.1 µL 

Reverse Primer (50 µM) 0.1 µL 

Probe 0.25 µL 

 

22.5 µL of master mix was pipetted into the appropriate wells of a 96-well PCR plate (on ice), before 

adding 2.5 µL of standards in duplicate (see Setup sheet in Appendix 1C).  Standard wells were 

capped before addition of 2.5 µL cDNA to corresponding wells.  HeLa cells were used as a negative 

control and were included in every experiment along with a no template control.  High and low quality 

control samples at two different levels of Bcr-Abl were also included to ensure consistency between 

assays.  The PCR was run on the ABI Prism 7500 Sequence Detection System (Applied Biosystems) 

with the following cycler conditions: 

Hold 1 @ 50°C, 2 min 

Hold 2 @ 95°C, 10 min 

Cycling (45 repeats)  Step 1 @ 95°C, hold 15 sec 

Step 2 @ 60°C, hold 1 min 

 

After completion of the run, wells were checked for evaporation and the plate discarded.  Results were 

analysed using the ABI Prism 7500 software (Applied Biosystems). 

 

2.4.6. Taqman Transporter Array 

The transporter arrays utilise gene-specific primer and probe sets in order to compare gene expression 

between treated and untreated samples.  For full details of the genes contained the arrays see 

Appendix 1D.  The arrays were carried out according to the manufacturer’s instructions.  Briefly, 6 

tubes of cDNA per experimental condition were synthesised as per Section 2.4.5.2 but the 20 µL DEPC 

water was not added.  cDNA was pooled in a UV cabinet and master mixes made as per Table 2.14. 
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Table 2.14: Preparation of Taqman array master mix 

Reagent Volume (per plate) 

TaqMan Universal PCR Master Mix 1040 µL 

DEPC H2O 936 µL 

cDNA 104 µL 

 

20 µL master mix was added to each well of the Taqman array plate and the PCR run on the ABI Prism 

7500 Sequence Detection System with the following cycler conditions: 

Hold 1 @ 50°C, 2 min 

Hold 2 @ 95°C, 10 min 

Cycling (40 repeats)  Step 1 @ 95°C, hold 15 sec 

Step 2 @ 60°C, hold 1 min 

After completion of the run, wells were checked for evaporation and the plate discarded.  Results were 

analysed using the ABI Prism 7500 software (Applied Biosystems). 

 

2.4.7. Long PCR and BCR-ABL Kinase Domain Sequencing 

Previously designed primers (Table 2.15) were used for Long PCR and a master mix made as per 

Table 2.16. 

 

Table 2.15: Primer sequences for Bcr-Abl Long PCR 

Primer Name Sequence 5’ to 3’ 

LongF 0810 ACT ATG AGC GTG CAG AGT GGA 

LongR 0510 GAG GGA GCA ATG GAG ACA CG 

 

Table 2.16: Preparation of sequencing master mix 

Reagent Volume (per sample) 

dNTP (25 mM) 0.75 µL 

DEPC H2O 18.325 µL 

10× Buffer 3 2.5 µL 
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MgCl (25 mM) 0.75 µL 

Forward or Reverse Primer 0.15 µL 

Expand Enzyme Mix 0.375 µL 

 

Expand enzyme mix and 10× Buffer 3 were used from the Expand Long Template PCR System kit 

(Roche Diagostics).  23 µL of master mix was pipetted into a flat top PCR tube and 2 µL cDNA added 

per corresponding sample.  The PCR was then run according to the following cycler conditions: 

Hold 1 @ 94°C, 2 min 

Cycling (10 repeats)  Step 1 @ 94°C, hold 10 sec 

Step 2 @ 60°C, hold 30 sec  

Step 3 @ 68°C, hold 2 min  

Cycling (30 repeats)  Step 1 @ 94°C, hold 10 sec 

Step 2 @ 60°C, hold 30 sec  

Step 3 @ 68°C, hold 2 min – increase by 20 sec every cycle 

Hold 2 @ 68°C, 7 min 

Hold 3 @ 4°C, ∞ 

 

After completion of the run, PCR products were visualised on a 2% agarose gel (stained with ethidium 

bromide) to confirm success of the reaction.  The PCR products were then cleaned using an 

UltraClean™ PCR clean-up DNA purification kit (Mo Bio Laboratories) and diluted 1:4 before being used 

as a template for sequencing as described previously212. 

 

The primers for forward and reverse sequencing reactions are as detailed in Table 2.17 and the master 

mixes were made as per Table 2.18. 
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Table 2.17: Primer sequences for Bcr-Abl kinase domain sequencing 

Primer Name Sequence 5’ to 3’ 

ABL Kinase F CGC AAC AAG CCC ACT GTC T 

Nest R 1010 CAA GGT ACT CAC AGC CCC ACG GA 

 

Table 2.18: Preparation of PCR master mix 

Reagent Volume (per sample) 

Big Dye 1 µL 

Sequencing Buffer 2 µL 

Forward Primer (50 µM) 0.15 µL 

Reverse Primer (50 µM) 0.15 µL 

DEPC H2O 5.85 µL 

 

9 µL of master mix was pipetted into a flat top PCR tube and 1 µL of purified long PCR product added 

before cycling as follows: 

Cycling (25 repeats)  Step 1 @ 99°C, hold 10 sec 

Step 2 @ 50°C, hold 5 sec  

Step 3 @ 60°C, hold 4 min  

Hold 1 @ 4°C, ∞ 

 

The sequencing reaction was cleaned using the BigDye®XTerminator™ Purification Kit (Applied 

Biosystems) as follows:  45 µL SAM™ solution and 10 µL XTerminator™ solution were added to each 

sample and vortexed for 30 min.  Tubes were then centrifuged for 2 min at 1000 g before being sent to 

the sequencing department for in-house sequencing.  Results were analysed using Mutation Surveyor 

version 3.24 (SoftGenetics). 

 

2.5. Clinical Details of CML Patients 

Newly diagnosed chronic phase CML patients who had not received prior TKI therapy were used in this 

study.  Patients may have been enrolled in the TIDEL II or ENESTxtnd trials.  TIDEL II is a phase II 
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study in adult patients of initial intensified imatinib therapy (600 mg once daily), and sequential dose-

escalation (800 mg once daily) followed by treatment with nilotinib (400 mg  twice daily) in suboptimal 

responders to determine the rate and duration of major molecular response.  ENESTxtnd is a phase III 

study in adult patients to evaluate efficacy of initial nilotinib therapy (300 mg twice daily) using molecular 

response. 

 

2.6. Statistical Analyses 

Figures were constructed using GraphPad Prism 5.01© software (GraphPad Software Inc.) and 

Microsoft Excel 2010 software.  Column graphs represent the mean plus the standard error of the mean 

(SEM) except where specified.  Box plots display the median value, the upper 25th and lower 75th 

percentiles and the whiskers encompass the 10th and 90th percentiles; points outside this range are 

depicted as individual dots.  All statistical analyses were performed using SigmaStat 3.0© software 

(SPSS Inc.).  Normality tests were performed on each data set using a Kolmogorov-Smirnov test.  The 

Levene Median Test was used to assess for equal variance when appropriate.  The Mann-Whitney 

Rank Sum or the Student’s t-test were used to determine differences between experimental groups.  

Where the data sets passed the normality and equal variance tests a t-test was applied, where the data 

failed either test a Mann-Whitney Rank Sum was used.  Differences were considered to be statistically 

significant when the probability value (p-value) was <0.05. 
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 Introduction 3.1.

We, and others, have previously demonstrated that imatinib is predominantly imported into the 

leukaemic cell via active transport through the organic cation transporter 1 (OCT-1)147-150.  OCT-1 

activity is determined by the difference between imatinib Intracellular Uptake and Retention (IUR) in the 

absence and presence of the specific OCT-1 inhibitor prazosin and is highly predictive of patient 

response151,177.  Conversely, nilotinib does not require OCT-1 to gain entry to leukaemic cells150 and 

instead this drug appears to enter cells in a predominantly passive manner187.  Previous research from 

our laboratory has demonstrated that the addition of nilotinib to radiolabelled imatinib reduced the 

intracellular concentrations of imatinib, however this reduction failed to reach statistical significance194.  

More recently it was proposed that the nilotinib-mediated reduction of intracellular imatinib was due to 

inhibition of OCT-1187.  This suggestion could have significant implications for imatinib/nilotinib 

combination therapies as well as an adversely affecting the action of concomitantly administered 

medications transported by OCT-1, such as the diabetes drug metformin213,214 and ranitidine215 which 

inhibits the production of stomach acid.  This chapter aims to assess the effect of nilotinib on imatinib 

OCT-1 activity as this measurement is the key predictor of long term patient response151. 

 

 Approach 3.2.

IUR experiments were performed as described (Section 2.4.1) on CML cell lines as well as thawed 

CML patient mononuclear cells (MNCs) (Section 2.3.5) isolated from peripheral blood diagnosis 

samples.  OCT-1 activity was measured using the OCT-1 inhibitor prazosin (Section 2.4.1.1).  The IUR 

and OCT-1 activity are expressed as ng of TKI per 200 000 cells.  To investigate the transport kinetics 

of nilotinib compared with imatinib, K562 cells were incubated with either 14C-imatinib or -nilotinib (2 µM) 

at 37°C versus 4°C for timepoints ranging from 2 min to 2 h.  At 37°C all modes of cellular transport are 

functional whereas at 4°C active transport in the cell is inhibited and any alterations in intracellular drug 

concentrations are predominantly due to passive transport.  To investigate the effect of nilotinib on 
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imatinib OCT-1 activity, patient cells were incubated with 14C-imatinib at 1 µM and 2 µM for 2 h at 37°C 

alone and in combination with prazosin (100 µM) and non-radiolabelled nilotinib (1 µM and 2 µM).  

Imatinib was used at 1 and 2 µM as these concentrations accurately reflect trough levels seen in patient 

plasma.  Nilotinib was used at 1 and 2 µM as we have previously shown a nilotinib-mediated decrease 

in intracellular imatinib at these concentrations194 and it has been postulated that this is due to inhibition 

of OCT-1 by nilotinib187.  Thus, in order to distinguish the effects of nilotinib on passive versus active 

(OCT-1-mediated) imatinib import, experiments were performed in K562 cells at both 37°C and 4°C.  

Additionally, it has previously been suggested that higher concentrations of nilotinib could abolish 

uptake of OCT-1 substrates such as imatinib and tetraethylammonium bromide (TEA).  Thus, in order to 

investigate this hypothesis, IUR experiments were performed with 14C-imatinib and -TEA in the absence 

and presence of 4 µM nilotinib.  The analyses discussed in this chapter were used to determine how 

nilotinib uptake kinetics differ from those of imatinib and whether there is any detrimental effect on 

imatinib OCT-activity when used in combination with nilotinib. 

 

 Results 3.3.

3.3.1. The Uptake Kinetics of Nilotinib are Different to Imatinib and Provide a Strong 

Indication for ATP-Dependent Efflux 

K562 cells were incubated in the presence of 2 µM 14C-labelled TKI at differing temperatures and time 

points.  Results demonstrated that after 15 min incubation with 14C-nilotinib there was no significant 

difference in the IUR of nilotinib at 4°C versus 37°C (p=0.972; Table 3.1), arguing against an active 

mode of influx.  However, after 2 h incubation the IUR of nilotinib was significantly less at 37°C than at 

4°C (p<0.001; Figure 3.1) providing a strong indication for this drug undergoing ATP-dependent efflux.   

Conversely, the IUR of imatinib was significantly higher at 37°C than at 4°C for both timepoints 

(p=0.008 and p=0.024 respectively; Figure 3.2).  Thus, data demonstrate that the kinetics of 

intracellular drug accumulation of nilotinib is statistically different to that of imatinib and indicates that 
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Table 3.1: The uptake kinetics of nilotinib are significantly different to imatinib 

        

   

15 min 
(ng/200 000 cells) 

 2 h 
(ng/200 000 cells)   

 
14C-nilotinib at 37°C 

 
279 ± 88 

 
89 ± 22 p<0.001 

 

 
14C nilotinib at 4°C 

 
283 ± 75 

 
283 ± 94 p=0.951 

 

 
 

 
p=0.972 

 
p<0.001  

 

 
14C-imatinib at 37°C 

 
44 ± 10 

 
35 ± 10 p=0.342 

 

 
14C-imatinib at 4°C 

 
22 ± 8 

 
21 ± 6 p=0.576 

 

 
 

 
p=0.008 

 
p=0.024  

 

 

K562 cells were incubated in the presence of 2 µM 14C-labelled TKI as indicated.  Data suggest that 

nilotinib is actively pumped out of the cell at 37°C but not at 4°C indicating passive influx and an ATP-

dependent efflux mechanism.  Conversely, imatinib IUR remains stable over 2 h at both 37°C and 4°C 

confirming imatinib enters the cell in an active manner.  The data represent the median of at least five 

separate experiments performed in triplicate ±SD.  Statistical analyses were performed using Student’s 

t-test with statistically significant p-values highlighted in bold. 
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Figure 3.1: Nilotinib enters K562 cells passively followed by active efflux at 37°C 

K562 cells were incubated in the presence of 2 µM 14C-nilotinib at differing temperatures for 2 min to 2 

h.  Data indicate uptake of 14C-nilotinib within the first 15 min of incubation is efficient and predominantly 

passive; however a temperature dependent, ATP-related efflux mechanism subsequently predominates 

resulting in a reduction in IUR at 37°C but not at 4°C.  The data represent the mean of seven separate 

experiments performed in triplicate.  Statistical analyses were performed using Student’s t-test with 

statistically significant p-values denoted by asterisks at the corresponding time points (* p<0.05; ** 

p<0.01; *** p<0.001).  Error bars represent SEM. 
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Figure 3.2: Imatinib enters K562 cells via active transport and is retained for at least two hours 

K562 cells were incubated in the presence of 2 µM 14C-imatinib at differing temperatures for 2 min to 2 

h.  Data indicate OCT-1 mediated active uptake of 14C-imatinib contributing to the stability of intracellular 

concentrations over the 2 h time period assayed.  The data represent the mean of five separate 

experiments performed in triplicate.  Statistical analyses were performed using Student’s t-test with 

statistically significant p-values denoted by asterisks at the corresponding time points (* p<0.05; ** 

p<0.01).  Error bars represent SEM.  Imatinib IUR experiments were conducted by Amity Frede who 

had no role in the analysis of the data. 
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nilotinib is rapidly taken into cells in an ATP-independent manner.  This is in contrast to active influx of 

imatinib via OCT-1.  Once equilibrium between influx and efflux of imatinib was established over the two 

hour time period, a balance occurred between active import by OCT-1 and efflux, resulting in the 

characteristically stable intracellular imatinib concentrations observed.  However, since the uptake of 

nilotinib is most likely passive, along a concentration gradient, the same pattern of transport kinetics did 

not occur.  Instead, the active efflux component predominated resulting in the export of nilotinib from the 

cell and the subsequent reduction observed in intracellular concentrations.   

 

3.3.2. Nilotinib has No Significant Effect on OCT-1 Activity in CML Patient Cells 

In order to examine the effects of nilotinib on intracellular imatinib concentrations, as well as the 

functional activity of the OCT-1 protein, patient MNCs were incubated with nilotinib and imatinib in 

combination.  While intracellular concentrations of 14C-imatinib in patient cells were reduced in the 

presence of 1 µM and 2 µM nilotinib when the two TKIs were incubated simultaneously at 37°C, this 

reduction failed to reach statistical significance at either concentration: 1 µM imatinib alone=8.1, +1 µM 

nilotinib=7.6, +2 µM nilotinib=7.6 ng/200 000 cells; 2 µM imatinib alone=17.1, +1 µM nilotinib=15.1, +2 

µM nilotinib=15.1 ng/200 000 cells; p>0.05 for all data points (Figure 3.3).  There was also no 

significant effect of 1 µM and 2 µM nilotinib when used in conjunction with the OCT-1 inhibitor prazosin, 

and therefore no effect on imatinib OCT-1 activity in this patient cohort (n=7, p=0.710 and 0.974 

respectively).  Similar experiments were performed with K562 cells, with results confirming those 

observed in patient cells (Figure 3.4).  Again, addition of nilotinib to 14C-imatinib decreased imatinib IUR 

without this reduction reaching statistical significance: 1 µM imatinib alone=12.9, +1 µM nilotinib=11.1, 

+2 µM nilotinib=11.2 ng/200 000 cells; 2 µM imatinib alone=26.9, +1 µM nilotinib=21.0, +2 µM 

nilotinib=21.2 ng/200 000 cells; p>0.05 for all data points.  It is important to note that while the 

reductions observed in imatinib IUR upon addition of nilotinib and prazosin in most patients and cell 

lines are not statistically significant, these reductions occur consistently in every experiment performed.  
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Figure 3.3: Nilotinib reduces imatinib IUR without affecting OCT-1 activity in patient cells 

Patient MNCs were incubated with 14C-imatinib and the IUR determined by scintillation counting.  The 

percentage change in the presence of 1 µM and 2 µM nilotinib was calculated when compared with cells 

incubated in the absence of nilotinib.  OCT-1 activity is a read out for the functional activity of the OCT-1 

protein and data demonstrate that the addition of nilotinib has no significant effect on the OCT-1 activity 

of imatinib.  Data represent the mean from experiments performed in triplicate from seven different 

patients.  Statistical analyses were performed using Student’s t-test.  p-values on the left correlate with 

MNCs incubated with 1 µM nilotinib while p-values on the right correlate with MNCs incubated with 2 µM 

nilotinib.  Error bars represent SEM.  IM=imatinib; NIL=nilotinib. 
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Figure 3.4: Nilotinib reduces imatinib IUR without affecting OCT-1 activity in cell lines 

K562 cells were incubated with 14C-imatinib at 37ºC in the absence and presence of prazosin and the 

IUR determined by scintillation counting.  Data demonstrate that the addition of 1 µM and 2 µM nilotinib 

consistently reduces the IUR of imatinib (1 and 2 µM).  The addition of prazosin further reduces imatinib 

IUR while having no effect on OCT-1 activity.  Data represent the mean from three separate 

experiments performed in triplicate.  Statistical analyses were performed using Student’s t-test.  Error 

bars represent SEM.  IM=imatinib; NIL=nilotinib. 
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Thus, it is possible that even though nilotinib does not adversely affect the major mode of imatinib 

uptake (OCT-1), it is able to exert influence over a minor efflux mode.  Consistent with this reasoning is 

the fact that the most notable reduction in intracellular imatinib concentrations in CML patient MNCs is 

observed in the 2 µM imatinib +prazosin arm of the experiment, in which the OCT-1 independent, most 

likely passive, influx of imatinib is measured (Figure 3.3).  While uptake of imatinib is primarily active, a 

passive component also contributes to intracellular drug levels.  Thus, these data suggest that nilotinib 

is affecting this mode of imatinib transport rather than the OCT-1-mediated import upon which patient 

response is dependent. 

 

3.3.3. Nilotinib Hinders Passive Imatinib Uptake 

In order to investigate the effect of nilotinib on passive imatinib uptake further, IUR experiments with 

K562 cells performed at 37ºC and 4ºC were compared.  As detailed above, at 37ºC a reduction in 

intracellular 14C-imatinib in the presence of 1 µM and 2 µM nilotinib was observed, confirming results 

from patient cells.  Importantly, there was no effect on OCT-1 activity (Figure 3.4).  Similar experiments 

conducted at 4ºC (Figure 3.5), a temperature at which OCT-1 mediated uptake of imatinib is inhibited, 

demonstrated that the level of 2 µM imatinib alone is reduced to levels comparable to those observed in 

the 37ºC +prazosin arm of the experiment (16.8 vs 20.2 ng per 200 000 cells respectively; p=0.368).  

Furthermore, at 4ºC there was an additional reduction in the intracellular concentration of imatinib in the 

presence of 1 µM and 2 µM nilotinib (13.1 and 13.7 ng per 200 000 cells respectively) suggesting that 

the effect of nilotinib is mediated through passive, and not active, ATP-dependent mechanisms such as 

inhibition of OCT-1.  As anticipated, there was no measurable effect of prazosin at 4ºC. 

 

It has previously been suggested that high micromolar concentrations of nilotinib are capable of 

reducing uptake of OCT-1 substrates187.  Thus, in order to further examine the effect of nilotinib on 

OCT-1 mediated drug uptake, the experiments of Davies et al., in which 4 µM nilotinib reduced the 
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Figure 3.5: Nilotinib reduces imatinib IUR by inhibiting passive uptake 

K562 cells were incubated with 2 µM 14C-imatinib at 37ºC and 4ºC in the absence and presence of 

prazosin and IUR determined by scintillation counting.  Data demonstrate that the IUR of imatinib at 4ºC 

in the absence and presence of nilotinib is comparable to that seen at 37ºC in the presence of prazosin.  

Addition of 1 µM and 2 µM nilotinib consistently reduces the IUR of imatinib.  The addition of prazosin 

further reduces imatinib IUR while having no effect on OCT-1 activity.  Data represent the mean from 

four separate experiments performed in triplicate.  Error bars represent SEM.  IM=imatinib; NIL=nilotinib. 
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uptake of both imatinib and the model OCT-1 substrate TEA, were recapitulated.  In contrast to this 

previous report, we found that 4 µM nilotinib did not reduce the intracellular concentrations of either 

imatinib (Table 3.2) or TEA (Table 3.3). 

 

 Discussion 3.4.

While much is known about the transport kinetics of imatinib, to date, little has been published on those 

of nilotinib.  A better understanding of how nilotinib is transported into and out of the leukaemic cell may 

allow enhancement of drug uptake and retention via modulation of any drug transporters involved.  

Additionally, increased knowledge of nilotinib transport may also lead to new advances regarding the 

efflux of this TKI, with the possibility of inhibition of any drug transporters involved.  The findings 

described in this chapter strongly suggest that nilotinib enters the leukaemic cell in a passive manner 

which is in contrast to the active OCT-1-dependent influx of imatinib.  Maximum intracellular 

concentrations of 14C-nilotinib are reached within 15 min of incubation, followed by a rapid, temperature-

sensitive decrease.  The kinetics of imatinib uptake demonstrate that at 37ºC equilibrium exists between 

active/passive influx and active/passive efflux resulting in the high stable intracellular levels observed.  

At 4ºC, there is again equilibrium between influx and efflux, however, at this temperature transport is 

predominantly passive resulting in the lowered stable intracellular levels observed.  The kinetics of 

nilotinib differ to those of imatinib in that influx is likely due to passive mechanisms only.  Thus, at 37ºC, 

active efflux predominates resulting in intracellular levels that decline over time.  However, at 4ºC the 

equilibrium that exists between passive influx and efflux results in the stable intracellular levels observed 

(Figure 3.6). 

 

One might wonder why the decline in intracellular nilotinib occurs after fifteen minutes rather than 

immediately following drug exposure.  There are two possible explanations for this: the first being that 

nilotinib may up-regulate expression of its own transporter, a phenomenon observed previously with 
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Table 3.2: High concentrations of nilotinib have no effect on the IUR of imatinib 

 

K562 and KCL22 cells were incubated for 2 h at 37ºC in the presence of the indicated drug 

combinations.  The IUR of imatinib in the absence and presence of 4 µM nilotinib was then determined 

via scintillation counting.  Data demonstrate that nilotinib has no significant effect on imatinib IUR at 

concentrations previously reported to abolish 14C-imatinib uptake.  All values were calculated in ng per 

200 000 cells.  Data represent the mean from three separate experiments performed in triplicate ±SEM.  

Statistical analyses were performed using Student’s t-test. 

 

 

 

 

 

  

         

   0.5 µM imatinib  1 µM imatinib  2 µM imatinib  

    +nilotinib   +nilotinib   +nilotinib  

 K562 7.5 ± 0.5 7.0 ± 1.3  13.0 ± 2.5 13.1 ± 2.8  26.7 ± 3.4 23.3 ± 4.4  

 p-values  0.738   0.982   0.575  

 KCL22 7.4 ± 0.4 7.6 ± 0.3  14.6 ± 1.3 15.6 ± 0.2  30.1 ± 3.2 27.4 ± 3.2  

 p-values  0.715   0.467   0.595  
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Table 3.3: High concentrations of nilotinib have no effect on the IUR of TEA 

 

K562 cells were incubated for time periods ranging from 2 min to 2 h at 37ºC with 14C-TEA (5 µM) in the 

absence and presence of 4 µM nilotinib.  The concentration of TEA per 200 000 cells was then 

determined via scintillation counting.  Data demonstrate that the addition of nilotinib has no significant 

effect on the IUR of TEA as previously reported.  Data represent the mean of four separate experiments 

performed in triplicate ±SEM.  Statistical analyses were performed using Student’s t-test. 

 

 

 

 

 

 

  

         

 Time points (min) 0 2 15 30 60 120  

 TEA alone 0 9.9 ± 1.2 9.6 ± 0.6 9.2 ± 0.9 10.1 ± 0.5 11.3 ± 0.7  

 +4 µM nilotinib 0 9.9 ± 0.8 10.9 ± 1.3 10.5 ± 0.7 11.1 ± 0.7 11.3 ± 1.2  

 p-values N/A 0.982 0.422 0.316 0.300 0.973  
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Figure 3.6: Schematic representation of the net effect of temperature on TKI transport 

At 37ºC, the equilibrium between imatinib influx and efflux results in a stable high intracellular 

concentration.  At 4ºC the intracellular levels remains stable but are lower due to the absence of active 

transport.  Conversely, at 37ºC active efflux of nilotinib predominates over passive influx resulting in 

intracellular levels that decline over time.  Whereas at 4ºC, passive transport of nilotinib results in stable 

intracellular levels analogous to those of imatinib. 
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other xenobiotics138,216-219 and further discussed in Chapter 7.  Secondly, movement of substrates 

through transporters is not instantaneous with prior research demonstrating that substrate traversal of 

the lipid bilayer via ABCB1 can take from minutes (doxorubicin) up to an hour (rhodamine-123)220.  

Therefore, it is possible that nilotinib requires approximately fifteen minutes to move through its efflux 

transporter/s whereby explaining the delay before intracellular levels begin to decline.  Because efflux 

transporters appear to play such a critical role in the determination of intracellular nilotinib 

concentrations, it is unlikely that accumulation of nilotinib can be further improved by alteration of drug 

influx, but instead, potentially by inhibition of efflux transporters as discussed in further chapters. 

 

OCT-1 activity is defined as the functional activity of the OCT-1 protein and is determined by assessing 

the levels of imatinib in the absence and presence of the OCT-1 inhibitor, prazosin.  Our laboratory has 

previously demonstrated this measure is highly predictive of long term patient response to 

imatinib151,177.  We194 and others187 have observed a decrease in intracellular imatinib in the presence of 

nilotinib and this has been postulated to be due to inhibition of the OCT-1 protein187.  Thus, determining 

whether nilotinib adversely affects imatinib OCT-1 activity is crucial, especially given the increasing 

emphasis on combination and individualised therapy regimes in the treatment of CML.  The data 

described here provide no evidence of a nilotinib-mediated effect on imatinib OCT-1 activity.  Although 

the addition of nilotinib to imatinib does result in a decrease in the intracellular concentration of imatinib, 

this reduction fails to reach statistical significance.  No evidence was found that this decrease is 

mediated through OCT-1 or any other active process, suggesting that nilotinib may interfere with the 

passive uptake of imatinib.  It is well established that nilotinib is more lipophilic than imatinib, offering the 

possible explanation that nilotinib is more likely to be trapped in the plasma membrane resulting in steric 

hindrance of the passive import of imatinib through the cell membrane (Figure 3.7). 
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Figure 3.7: Schematic summary of the effects of nilotinib and temperature on imatinib influx 

At 37ºC both active and passive influx of imatinib occurs, whereas at 4ºC only passive influx occurs resulting in a lowered IUR (upper figures).  Passive influx 

of imatinib is blocked in the presence of nilotinib at both 37ºC and 4ºC but the IUR at 4ºC is significantly decreased due to the additional inhibition of active 

influx at this temperature (middle figures).  In the presence of both prazosin and nilotinib, the IUR is comparable to that in the 4ºC imatinib +nilotinib arm of 

the experiment as here both active and passive transport is also inhibited (lower figure). 
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OCT-1 has a large extracellular substrate binding domain containing multiple binding sites, hence we 

wanted to determine whether the influx of other OCT-1 substrates was also affected by nilotinib.  

Studies performed by Davies et al.187 suggest that nilotinib is able to reduce uptake of the model OCT-1 

substrate, tetraethylammonium bromide (TEA), and the authors conclude this is due to nilotinib 

disrupting the function of OCT-1.  However, as we did not observe any effect of nilotinib on OCT-1 

activity, we sought to replicate these experiments.  In agreement with data from the imatinib and 

nilotinib combination experiments described, we found the uptake of TEA was unaffected by addition of 

nilotinib after two hours co-incubation.  Davies et al. performed timecourse experiments assessing the 

effect of nilotinib on the uptake of TEA over a period of 10 min–2 h.  Results demonstrated an initial 

inhibition of TEA uptake in the presence of 4 µM nilotinib, however, the difference was abolished by 

later time points.  In fact, results confirmed those described here with no difference in intracellular TEA 

concentrations apparent following two hours incubation with nilotinib.  Moreover, the extremely high 

micromolar concentrations of nilotinib used in their studies are unlikely to be achieved intracellularly in 

patients, demanding caution in interpretation of their results.  Thus, while we conclude it is unlikely that 

OCT-1-mediated transport of drugs such as imatinib and metformin would be blocked when co-

administered with nilotinib, due to the multiple binding sites within the OCT-1 protein, it is not possible to 

infer from experiments performed with one OCT-1 substrate a universal effect on all substrates.  The 

interaction of different substrates must be independently assessed as binding regions within the 

extracellular domain may or may not overlap or interact.   

 

In conclusion, data presented here demonstrates that the transport kinetics of nilotinib differ from those 

of imatinib and suggest that transport of this drug is mediated by passive influx and active efflux.  The 

findings presented in this chapter also illustrate that while nilotinib does decrease what is most likely 

passive imatinib uptake, albeit insignificantly, it has no effect on OCT-1 activity.  Nilotinib also has no 

significant effect on the uptake of the model OCT-1 substrate TEA.  No evidence was found that nilotinib 
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would result in significant reductions in the intracellular concentration of co-administered drugs, such as 

imatinib, metformin or ranitidine, which are also transported through OCT-1. 
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 Introduction 4.1.

Intracellular drug concentrations are dependent on numerous parameters including absorption, 

distribution, metabolism, excretion and toxicity (ADME-Tox).  One of the major groups of transporters 

involved in ADME-Tox is the ATP-Binding Cassette (ABC) superfamily.  These transporters are capable 

of transporting chemotherapeutics and other xenobiotics across cell membranes and have been 

identified as a cause of multidrug resistance172.  ABC transporters are expressed at points of drug 

penetration and hence play a key role in the removal of a wide variety of toxic agents from cells as well 

as the prevention of such compounds from traversing tissue barriers and penetrating ‘sanctuary’ sites 

such as the brain and testes.  ABC transporters are comprised of, at minimum, four characteristic 

domains: two helical transmembrane regions embedded within the cell membrane and two cytoplasmic 

ATP-binding domains.  While the ATP-binding domains are highly conserved, the transmembrane 

domains vary, thus allowing interaction with, and transport of, a diverse range of compounds173.  Two 

prominent members of the ABC superfamily, ABCB1 and ABCG2 have previously been implicated in the 

efflux of tyrosine kinase inhibitors (TKIs) from Chronic Myeloid Leukaemia (CML) cells115,140,146.  

However, much conjecture exists concerning the TKI:ABC transporter relationship.  Some studies 

suggest TKIs are ABC transporter substrates145,153,154,176,179, while others suggest the TKIs have an 

inhibitory function155,180-182,187,189.  Furthermore, the reported TKI:ABC transporter relationships vary with 

each TKI and transporter, as well as with the specific concentration of TKI tested in individual studies. 

 

ABCB1 (multidrug resistance protein 1, MDR1; P-glycoprotein, PgP) is a 170 kDa protein primarily 

expressed at blood-tissue barriers such as blood-brain and blood-testis as well as at the apical surface 

of cells found in the liver, intestine, kidney and importantly, primitive haematopoietic stem cells172.  The 

transporter consists of twelve membrane spanning regions and two ATP-binding domains221 (Figure 

4.1) which hydrolyse molecules of ATP in two separate reactions in order to transport a substrate; 

usually a hydrophobic molecule of neutral or positive charge222.  The first hydrolysis reaction provides 
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Figure 4.1: Structure of ABCB1 

a) Schematic representation showing the protein’s twelve transmembrane regions and two ATP-binding 

sites223.  b) A two-dimensional model of ABCB1 showing the 1280 amino acid sequence (PURPLE) with 

key point mutations altering substrate specificity shown in BLACK and sites of phosphorylation 

designated (P) (modified from Ambudkar et al.222).    

 

(a) 

(b) 
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energy for substrate transportation while the second is required to transform the transporter back to its 

original conformation ready for substrate binding224.  It has been proposed that ABCB1 contains at least 

three drug binding sites which interact to cooperatively transport substrate225-228, (Figure 4.2a).  

However, more recent studies suggest a single large, flexible binding region containing subsites for 

binding of multiple drug molecules simultaneously.  These distinct but over lapping domains allow 

induced fit of numerous substrates through hydrogen bonding and hydrophobic interactions with the 

amino acids lining the binding pocket.  Additionally, the number, magnitude and specificity of these 

interactions determine the strength of drug binding (Figure 4.2b)229,230. 

 

ABCG2 (breast cancer resistance protein, BCRP) is a 72 kDa protein which is also primarily expressed 

at blood-tissue barriers with mRNA analysis indicating this transporter is most prevalent in placental 

tissue231,232.  ABCG2 is also expressed to a lesser extent at the apical surface of brain, liver, prostate, 

intestinal and stem cells172,231.  Unlike ABCB1, ABCG2 exists as a half-transporter consisting of six 

transmembrane regions and one ATP-binding domain (Figure 4.3a) that dimerises to form a functional 

homodimer223,233.  In addition, it has been suggested that ABCG2 subunits are also capable of 

assembling into a functional tetrameric structure with a central aqueous region bridged by disulphide 

bonds234-236.  To date, no crystal structure is available for ABCG2, however, computational modelling 

based on closely related bacterial transporters combined with predicted secondary structures have 

resulted in a hypothetical structure237 .  Images from high resolution electron microscopy confirm that 

ABCG2 most likely functions as a tetrameric complex comprised of four ABCG2 homodimers234-236 

transporting diverse substrates of both positive and negative charge, sulphate conjugates as well as 

organic anions (Figure 4.3b)232.  In contrast to most other ABC transporters, ABCG2 contains the ATP-

binding domain at the N-terminal of the protein.  However, like ABCB1, ABCG2 is also predicted to have 

multiple binding sites with over lapping specificities238. 
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Figure 4.2: High resolution crystal structures of ABCB1 bound to different peptide molecules 

a) One possible model of ABCB1 binding sites suggests three distinct sites operate cooperatively: one 

molecule of QZ59-RRR (GREEN, a cyclic peptide) binds to the middle site of the drug binding region; 

two molecules of QZ59-SSS (a steroisomer of QZ59-RRR) are able to bind to the upper (YELLOW) and 

lower (RED) binding sites in different orientations (adapted from Eckford et al233). b) Another possible 

model suggests a single binding site able to accommodate multiple molecules: one QZ59-RRR 

molecule (GREEN) and two QZ59-SSS molecules (BLUE and CYAN) bind simultaneously (modified 

from Aller et al229). 

(b) 

(a) 
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Figure 4.3: Schematic diagram of ABCG2 and the predicted structure of an ABCG2 

homotetramer 

a) Schematic representation showing the half-transporter’s six transmembrane regions and single ATP-

binding site223.  b) A central (left) and side (right) view of a hypothetical ABCG2 homo-tetramer predicted 

by computational modelling235. 

(b) 

(a) 
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Numerous inhibitors of both ABCB1 and ABCG2 that reverse the multi-drug resistance phenotype have 

been identified.  While these compounds do not result in cell death directly, when co-administered with 

certain cytotoxic drugs known to be transported by ABCB1 and/or ABCG2, the efflux of the cytotoxic 

drug is prevented resulting in increased concentrations within the cell.  Competitive inhibitory 

compounds bind to the transporter with high affinity, preventing the transport of other substrates.  

Alternatively, these inhibitors may induce a conformational change upon binding consequently 

preventing substrate binding and/or ATP-hydrolysis.  Inhibitors can also be substrates; these 

compounds lock the transporter in a futile and repetitive transport cycle resulting in a much slower rate 

of transport of the cytotoxic substrate resulting in increased intracellular concentrations and subsequent 

cell death233.  

 

The concentration at which transport modulators and cytotoxic compounds are used appears to be 

extremely important.  It has been demonstrated that the small molecule sulfinpyrazone can function as 

both an enhancer239 and inhibitor240 of ABC transporter-mediated export depending on the 

sulfinpyrazone concentration and experimental system utilised.  Similarly, the disparity observed in the 

literature with regard to the TKI:transporter relationship may also be explained by variations in 

methodologies used in individual studies, with differences in model substrates, temperatures and times 

of incubation and, importantly, drug concentrations all likely to influence experimental outcome.  

Conflicting reports exist identifying nilotinib as both a substrate and inhibitor of ABCB1 and ABCG2.  

Generally, it appears that at high micromolar concentrations (>1 µM) nilotinib functions as an inhibitor of 

both ABCB1 and ABCG2153-155,187-189 whereas at lower, nanomolar concentrations nilotinib is a substrate 

of these transporters153-155 (Tables 4.1a and b).  Indeed, Hegedus et al. aptly demonstrated that 

vanadate-sensitive ATPase activity varied with TKI concentration155.  Similarly, utilisation of this 

colorimetric assay has revealed that at concentrations below 10 µM, verapamil acts as a stimulator of 

ABCB1 ATPase activity whereas at higher concentrations it functions as an inhibitor241. 



Chapter Four – Nilotinib-Mediated Kinase Inhibition is Decreased by High Levels of ABCB1 but not ABCG2 

- 93 - 

 

 

 

 

Table 4.1a: Different nilotinib:ABCB1 interactions occur at different TKI concentrations 
 

Substrate Inhibitor Concentration Reference 

����  <100 nM Dohse et al.154 

����  500 nM–1 µM Hegedus et al.155 

 ���� 5 µM Davies et al.187 

 ���� 500 nM–2.5 µM Dohse et al.154 

 ���� >1 µM Hegedus et al.155 

 ���� >1 µM Hiwase  et al.188 

 ���� >2.5 µM Tiwari  et al.189 

 
 
Table 4.1b: Different nilotinib:ABCG2 interactions occur at different TKI concentrations 
 

Substrate Inhibitor Concentration Reference 

����  10 and 25 nM Brendel et al.153 

����  <100 nM Dohse et al.154 

����  10 nM–1 µM Hegedus et al.155 

 ���� 100–200nM Brendel et al.153 

 ���� 2.5 µM Davies et al.187 

 ���� 500 nM–2.5 µM Dohse et al.154 

 ���� >1 µM Hegedus et al.155 

 ���� >1 µM Tiwari et al.189 
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To overcome the discrepancies observed previously due to differences in methodologies, in this study 

we have used Bcr-Abl kinase inhibition as the confirmatory readout for drug:transporter interactions.  

We have previously demonstrated that the degree of kinase inhibition achieved is linked to patient 

response210.  The amount of TKI which enters and is retained in the target leukaemic cells influences 

the degree of kinase inhibition.  High drug efflux results in lower intracellular drug concentrations, hence 

lower kinase inhibition and a greater concentration of TKI required to inhibit kinase activity by 50% 

(higher IC50 value).  The C1T10 regulator of kinase like (Crkl) protein is an immediate downstream 

effector molecule of Bcr-Abl, with levels of its phosphorylated form (p-Crkl) directly proportional to Bcr-

Abl kinase activity.  Thus, by measuring alterations of Crkl phosphorylation status in the presence of 

TKIs and high or low ABCB1 and ABCG2 expression, the differences in calculated IC50 values provide 

direct evidence for TKI:transporter interactions.  The use of a range of TKI concentrations selected to 

span the IC50 value also provides insight into these interactions at pharmacologically relevant TKI 

concentrations.  Thus, because the level of kinase inhibition is a key determinant of patient response, 

the approach described is both clinically applicable, and the most relevant approach for assessment of 

the effect of ABC transporters on TKI mode of action. 

 

 Approach 4.2.

To investigate the role of ABCB1 and ABCG2 in the transport of nilotinib, TKI-mediated kinase inhibition 

was used as the key readout for determining TKI:transporter interactions.  This enabled a direct 

assessment of TKI-mediated kinase inhibition over a large concentration range, thus resolving current 

conjecture within the literature pertaining to clinically relevant dosages.  IC50 experiments (Section 

2.4.2) and western blot assays specific for p-Crkl inhibition (Section 2.4.3.1) were performed on the 

parental K562 cell line, as well as ABCB1/ABCG2 over-expressing variants, in the absence and 

presence of specific inhibitors of efflux (Section 2.2.10).  Verapamil was used at a concentration of 50 

µM as this has previously been demonstrated to specifically inhibit ABCB1 activity242 whereas at higher 
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concentrations inhibition of ABCG2 and/or ABCC1 may also occur174,243.  PSC-833 is also known to be 

a potent inhibitor of ABCB1 and was used at 10 µM244,245.  If nilotinib is a substrate for ABCB1/ABCG2, 

one would expect that in the presence of efflux inhibition nilotinib will be more effectively retained within 

the cell leading to increased kinase inhibition which reads out as a decreased IC50 value.  Expression 

levels of ABCB1 and ABCG2 were assessed prior to each experiment using flow cytometric analysis 

(Section 2.3.8.1).  Additionally, efflux studies (Section 2.3.9) were performed to confirm that 

transporters were functionally active.  Fluorescently labelled rhodamine-123 was used as a probe for 

ABCB1 function while BODIPY-prazosin was used as a probe for both ABCB1 and ABCG2 function.  In 

these experiments, low levels of probe indicate high expression and function of ABCB1 or ABCG2.  

Upon addition of ABCB1/ABCG2 inhibitors levels of probe should increase due to export being 

prevented.  Efflux studies were also performed in the presence of five different concentrations of 

nilotinib: 150 nM, 500 nM, 1 µM, 2 µM and 5 µM in order to determine whether low versus high nilotinib 

concentrations have differing inhibitory effects on ABCB1 and ABCG2 function. 

 

In a separate series of experiments, cell lines were incubated in the absence and presence of ABCB1 

and ABCG2 specific inhibitors using 150 nM nilotinib in order to determine whether this lower 

concentration caused sufficient inhibition of Bcr-Abl kinase activity as measured by p-Crkl protein levels.  

To investigate the effect of ABCB1 and ABCG2 inhibition on intracellular concentrations of radiolabelled 

nilotinib, Intracellular Uptake and Retention (IUR) assays (Section 2.4.1) were performed for time points 

ranging from 2 min to 2 h on cell lines in the absence and presence of ABCB1/ABCG2 specific 

inhibitors.  In these experiments, inhibitors were added for 30 min prior to addition of radiolabelled TKI to 

allow sufficient inhibition of the transporter to take place.  To determine whether nilotinib:ABC 

transporter interactions were concentration specific, intracellular 14C-nilotinib levels were assessed 

following incubation with both 150 nM and 2 µM nilotinib.  A secondary set of IC50NIL experiments were 

conducted in parallel using various concentrations of the proton pump inhibitor pantoprazole.  Proton 
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pump inhibitors, such as pantoprazole, are frequently prescribed to CML patients to alleviate gastric 

side effects experienced as a result of TKI therapy or as ongoing therapy.  Thus it was pertinent to 

evaluate whether concomitant administration of pantoprazole had an effect on nilotinib-mediated kinase 

inhibition.  The analyses discussed in this chapter were used to determine the impact of high levels of 

ABCB1 and ABCG2 on nilotinib-mediated kinase inhibition.  This approach enabled resolution of current 

discrepancies as a result of differences in methodologies between studies.  In addition, these analyses 

emphasised the importance of concentration when studying TKI:ABC transporter relationships and 

highlighted the possibility of ABC transporters other than ABCB1/ABCG2 playing a role in nilotinib 

transport. 

 

 Results 4.3.

4.3.1. High Levels of ABCB1 but not ABCG2 Decrease Nilotinib-Mediated Kinase Inhibition 

Flow cytometric analyses were performed on all cell lines prior to each experiment to confirm levels of 

ABCB1 and ABCG2 expression.  The mean fluorescence intensity (MFI) for each cell line was 

compared with the corresponding isotype control.  K562 and KU812 cells had characteristically low 

expression of both ABCB1 and ABCG2 (<3% and 2–7% respectively).  K562-Dox cells demonstrated 

very high ABCB1 expression 92–99% and negligible ABCG2 expression, while K562-ABCG2 cells 

demonstrated 55–70% ABCG2 expression and negligible expression of ABCB1 (Figure 4.4). 

 

ABCB1 and ABCG2 substrate efflux studies were also performed to confirm the functional activity of 

transporters.  In the K562-Dox and K562-ABCG2 cell lines where there is 99% and >50% expression 

(ABCB1 and ABCG2 respectively), addition of specific inhibitors resulted is near complete inhibition of 

the transporters’ functional activity as assessed by rhodamine-123 and BODIPY-prazosin.  Results for 

all cell lines were consistent with expression levels of ABCB1/ABCG2 and are summarised in Figure 

4.5 and Table 4.2.  K562 cells demonstrated high levels of rhodamine-123 and BODIPY-prazosin in the 
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Figure 4.4: ABCB1 and ABCG2 protein expression in Bcr-Abl positive cell lines 

K562 (a, b), K562-Dox (c, d), K562-ABCG2 (e, f) and KU812 (g, h) cells were stained with fluorescently 

labelled antibodies for ABCB1 (a, c, e, g) and ABCG2 (b, d, f, h) and transporter protein expression 

levels determined by flow cytometric analysis.  The bold BLACK lines represent cells stained with either 

ABCB1-PE or ABCG2-PE antibodies, while the GREY filled histograms represent cells stained with 

corresponding isotype control antibodies.  The percentages displayed denote cells positive for 

transporter expression.  Data are representative of typical expression levels. 

(b) (a) 

(c) (d) 

(e) (f) 

(g) (h) 
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Table 4.2: Summary of the MFI depicted by the histograms in Figure 4.5 

Cell Line rho-123 rho-123 + PSC-833  B-P B-P +Ko143  B-P B-P +PSC-833 

K562 770.5 1236.0  128.29 134.05  128.29 71.53 

K562-Dox 9.42 855.4  10.65 11.54  10.65 120.68 

K562-ABCG2 903.9 1239.0  77.41 147.73  77.41 56.73 

 

Figure 4.5: Functional studies with rhodamine-123 and BODIPY-prazosin in Bcr-Abl positive cell lines 

Cells were stained with fluorescent substrates and fluorescence determined in the absence and presence of specific inhibitors of ABCB1 (PSC-833) and 

ABCG2 (Ko143).  K562 cells demonstrated characteristically high levels of rhodamine-123 (rho-123) and BODIPY-prazosin (B-P) in the absence and 

presence of inhibitors, consistent with the low expression levels of ABCB1 and ABCG2 observed.  K562-Dox cells demonstrated high levels of rhodamine-

123 and BODIPY-prazosin in the presence of PSC-833, consistent with ABCB1 inhibition resulting in retention of substrates.  In the absence of inhibitors, 

rhodamine-123 and BODIPY-prazosin levels were low, consistent with efflux of substrates from cells.  K562-ABCG2 cells demonstrated high levels of 

BODIPY-prazosin in the presence of Ko143, and lower levels in its absence; high levels of rhodamine-123 in both the absence and presence of inhibitors.  

These results are consistent with high levels of ABCG2 and low levels of ABCB1.  The values displayed in the table denote the MFI of cells positive for 

fluorescent substrate.  Data are representative of typical MFI levels.  The GREY filled histograms represent unstained control, the BLACK lines represent 

fluorescent substrate alone and the BLUE and RED lines represent fluorescent substrate in the presence of PSC-833 and Ko143 respectively. 
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Figure 4.5 (continued): Functional studies with rhodamine-123 and BODIPY-prazosin in Bcr-Abl positive cell lines 
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absence and presence of ABCB1/ABCG2 inhibition consistent with the low expression levels of these 

transporters in this cell line.  K562-Dox cells demonstrated low levels of rhodamine-123 and BODIPY-

prazosin in the absence of ABCB1 inhibition, however upon addition of the ABCB1 inhibitor PSC-833 

levels of both fluorescent substrates increased (rhodamine-123 MFI from 9.42 to 855.4; BODIPY-

prazosin MFI from 10.65 to 120.68).  Similarly, K562-ABCG2 cells demonstrated low levels of BODIPY-

prazosin in the absence of ABCG2 inhibition, however, upon addition of Ko143, levels increased from 

an MFI of 77.41 to 147.73.  Importantly, there was no change in BODIPY-prazosin levels in K562-Dox 

cells in the presence of Ko143 or in K562-ABCG2 cells in the presence of PSC-833 demonstrating 

specificity of inhibition. 

 

To assess the effects of ABCB1 on nilotinib-related kinase inhibition, K562 and the ABCB1 over-

expressing variant K562-Dox were incubated in increasing concentrations of nilotinib.  Cells were 

cultured for 2 h in increasing concentrations of nilotinib and over-expression of ABCB1 resulted in a 

significant increase in IC50NIL (219 nM to 411 nM, n>4, p=0.011; Figure 4.6).  Additionally, in the 

presence of PSC-833, the IC50NIL in K562-Dox cells was reduced by 69% (K562-Dox alone: 411 nM; 

+PSC-833 129 nM; n=4, p=0.016; Figure 4.6).  In contrast, no significant change was observed in the 

K562 cells (negligible ABCB1 expression) with only a 7% decrease in IC50NIL measured (K562 alone: 

219 nM; +PSC-833 204 nM; n>4, p=0.787; Figure 4.6).  These data strongly suggest that ABCB1 has a 

role in nilotinib mediated kinase inhibition and nilotinib transport. 

 

It is now well documented that PSC-833 has an unexplained effect on nilotinib uptake150,187.  For this 

reason a second ABCB1 inhibitor, verapamil, was used at a concentration previously demonstrated to 

be specific for ABCB1 inhibition (50 µM)174,242,243.  Results observed for K562-Dox cells incubated with 

verapamil were similar to those observed with PSC-833; the IC50NIL reduced by 71% in the presence of 

inhibitor (IC50NIL: 121 nM; n=4, p=0.018, Figure 4.6) adding further support for ABCB1 involvement in 
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Figure 4.6: ABCB1 overexpression increases IC50NIL 

IC50 was determined via incubating cells for 2 h at 37°C in the absence and presence of 10 µM PSC-

833 and 50 µM verapamil.  Crkl western blot was performed to determine the concentration of nilotinib 

required to inhibit Bcr-Abl kinase activity by 50%.  Data demonstrate that the high levels of ABCB1 in 

K562-Dox cells significantly increase IC50NIL.  Similarly, IC50NIL significantly decreases upon ABCB1 

inhibition in K562-Dox cells but not K562 control cells.  The western blot analysis shown is 

representative of at least three separate experiments with densitometry analysis shown below.  IC50 

values were calculated separately for individual experiments and the mean values for each nilotinib 

concentration plotted.  Error bars represent SEM.  NIL=nilotinib; ver=verapamil; PSC=PSC-833. 
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nilotinib transport.  Verapamil had no significant effect on IC50NIL in K562 cells (K562 alone: 219 nM; 

+verapamil 162 nM; 26% decrease; n>7, p=0.071; Figure 4.6).   

 

In contrast, overexpression of ABCG2 did not result in a significant increase in IC50NIL (K562: 219 nM; 

K562-ABCG2: 221 nM, n>5, p=0.710; Figure 4.7).  Additionally, when K562-ABCG2 cells were treated 

with Ko143 no significant change in IC50NIL was observed: (K562-ABCG2 alone: 221 nM; +Ko143: 180 

nM; n=5, p=0.222, 18% decrease).  Again, no significant change was observed in K562 control cells 

(K562 alone: 219 nM; +Ko143: 268 nM; n>4, p=0.231, 22% increase) indicating ABCG2 has minimal 

impact on nilotinib-related kinase inhibition and an insignificant role in nilotinib transport at clinically 

relevant dosages (Figure 4.7). 

 

4.3.2. Nilotinib Likely Inhibits Efflux Transporters at 2 µM 

The IC50NIL experiments highlighted an important trend indicating substantial kinase inhibition occurs in 

the presence of 2 µM nilotinib (80–90% p-Crkl reduction).  Thus near maximal kinase inhibition occurs at 

concentrations often specified as clinically relevant.  However, because nilotinib is highly plasma protein 

bound, this concentration of nilotinib is unlikely to be clinically relevant with respect to mediating kinase 

inhibition.  Additionally, concentrations in the high micromolar range are likely to saturate any 

transporters involved in nilotinib efflux causing an inhibitory effect.  Indeed, IUR experiments performed 

with 2 µM nilotinib in four cell lines known to express disparate levels of ABCB1 and ABCG2 (Figure 

4.4) demonstrated no significant difference in intracellular nilotinib concentrations at any of the time 

points assayed (p>0.05; Figure 4.8).  Thus, it is likely that at 2 µM, nilotinib acts as an inhibitor of both 

ABCB1 and ABCG2 resulting in the similar patterns of transport kinetics seen for K562, K562-Dox, 

K562-ABCG2 and KU812 cells.   Supporting this hypothesis are data from rhodamine-123 and BODIPY-

prazosin efflux experiments performed in K562-Dox and K562-ABCG2 cells in the presence of nilotinib.  

As expected, nilotinib had no significant effect on rhodamine-123 efflux in K562, K562-ABCG2 or 
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Figure 4.7: High levels of ABCG2 have no significant effect on IC50NIL in CML cell lines 

IC50 was determined via incubating cells for 2 h at 37°C in the absence and presence of 0.5 µM Ko143.  

Crkl western blot was performed to determine the concentration of nilotinib required to inhibit Bcr-Abl 

kinase activity by 50%.  Data demonstrate that high levels of ABCG2 do not significantly increase 

IC50NIL.  Similarly, IC50NIL does not significantly decrease upon ABCG2 inhibition in either K562-ABCG2 

cells or K562 control cells.  The western blot analysis shown is representative of three separate 

experiments with the corresponding densitometry analysis representing the mean.  NIL=nilotinib. 
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Figure 4.8: No difference is observed in 2 µM nilotinib transport kinetics in cell lines expressing 

varying levels of ABCB1 and ABCG2 

K562, K562-Dox, K562-ABCG2 and KU812 cells were incubated in the presence of 2 µM 14C-nilotinib 

for time points ranging 2 min to 2 h.  Data demonstrate that there is no significant difference in the 

uptake of 14C-nilotinib regardless of ABCB1 and ABCG2 expression levels indicating that at 2 µM 

nilotinib is likely acting as an inhibitor of both of these transporters.  The data represent the mean of at 

least three separate experiments performed in triplicate.  Statistical analyses were performed using 

Student’s t-test.  Error bars represent SEM.  
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KU812 cells.  However, in K562-Dox cells, addition of high micromolar concentrations of nilotinib (2 µM 

and 5 µM) resulted in inhibition of ABCB1 and a corresponding increase in intracellular rhodamine-123 

levels (Figure 4.9a).  Again, as expected, addition of nilotinib to K562 and KU812 cells had no effect on 

BODIPY-prazosin efflux.  In K562-ABCG2 cells micromolar concentrations of nilotinib (1 µM and 2 µM) 

inhibited BODIPY-prazosin efflux to the same extent as the known ABCG2 inhibitor Ko143.  Similarly, in 

K562-Dox cells, addition of nilotinib at concentrations above 500 nM resulted in dose dependent 

inhibition of BODIPY-prazosin efflux via ABCB1.  Interestingly, 1 µM and 2 µM nilotinib was more 

effective than PSC-833 at inhibiting BODIPY-prazosin efflux (Figure 4.9b).  Importantly 150 nM nilotinib 

had no significant effect on either ABCB1 or ABCG2 function and thus this concentration was chosen 

for further in vitro investigations. 

 

4.3.3. ABCB1 Inhibition Increases Intracellular 14C-Nilotinib at 150 nM but not at 2 µM 

In light of the results observed with 2 µM nilotinib, the interaction of nilotinib with ABCB1 at a 

concentration of 150 nM was subsequently assessed.  While the reported plasma concentration for 

nilotinib falls between 2 µM and 4 µM (steady state trough and peak levels respectively)170, it has 

previously been demonstrated, both in vitro81 and in vivo171, that clinically relevant Bcr-Abl kinase 

domain mutations known to cause resistance to nilotinib have IC50NIL values in the low nanomolar 

range.  Thus evaluating nilotinib:transporter interactions at a lower concentration was an appropriate 

next step.  However, it was first necessary to determine that 150 nM was a suitable concentration to 

achieve measurable kinase inhibition in cell lines.  Hence a series of experiments were performed over 

a 48 h time period where K562, K562-Dox and K562-ABCG2 cells were incubated with 150 nM nilotinib 

in the absence and presence of PSC-833, verapamil and Ko143.  Within 2 h, in the absence of transport 

inhibition, 28–47% kinase inhibition occurred (Figure 4.10).  Upon addition of 10 µM PSC-833 or 50 µM 

verapamil there was no significant change in kinase inhibition in K562 cells at any of the time points 

investigated (p>0.05; Figure 4.10a), however, in K562-Dox cells these inhibitors increased the level of 
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Figure 4.9: High micromolar concentrations of nilotinib inhibit the function of both ABCB1 and ABCG2 

Cells were stained with fluorescent substrates a) rhodamine-123 and b) BODIPY-prazosin and fluorescence determined in the absence and presence of 

increasing concentrations of nilotinib.  K562 and KU812 cells demonstrated characteristically high levels of rhodamine-123 and BODIPY-prazosin in the 

absence and presence of nilotinib, consistent with low expression levels of ABCB1 and ABCG2.  K562-Dox cells demonstrated higher levels of rhodamine-

123 and BODIPY-prazosin in the presence of high micromolar concentrations of nilotinib, consistent with ABCB1 inhibition resulting in retention of substrates.  

In the absence of inhibition, rhodamine-123 and BODIPY-prazosin levels were low, consistent with efflux of substrates from cells.  K562-ABCG2 cells 

demonstrated higher levels of BODIPY-prazosin in the presence of >150 nM nilotinib and lower levels in its absence.  These results are consistent with 

nilotinib functioning as an inhibitor of both ABCB1 and ABCG2 at high micromolar concentrations but not at low nanomolar concentrations.  Data are 

representative of typical MFI levels with the geometric mean of the peaks detailed.  The GREY filled histograms represent fluorescent substrate alone, the 

BLUE histograms represent control inhibitors (either PSC-833 or Ko143 depending on substrate and cell line) while the coloured histograms represent 150 

nM, 500 nM, 1 µM, 2 µM and 5 µM nilotinib respectively. 
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Figure 4.10: 150 nM nilotinib results in sufficient kinase inhibition in Bcr-Abl positive cell lines 

a) K562 b) K562-Dox c) K562-ABCG2 cells were incubated in the absence and presence of ABCB1 and 

ABCG2 inhibitors over a 48 h time period.  Cells were incubated for 2–48 h at 37°C in the absence and 

presence 10 µM PSC-833, 50 µM verapamil and 0.5 µM Ko143 and % kinase activity determined.  Data 

demonstrate that 150 nM nilotinib causes sufficient inhibition of kinase activity within 2 h and inhibition 

of ABCB1, but not ABCG2 causes a consistent increase in kinase inhibition which reaches significance 

at 24 h.  The western blot analyses shown are representative of three separate experiments with the 

corresponding densitometry analysis representing the mean.  Statistical analyses were performed using 

Student’s t-test with statistically significant p-values denoted by asterisks (* p<0.05).  Error bars 

represent SEM.  % kinase activity was normalised and activity at 0 h denoted as 100%. 
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kinase inhibition at all time points reaching significance at 24 h (p<0.004; Figure 4.10b).  The addition of 

0.5 µM Ko143 had no significant effect on nilotinib kinase inhibition in either K562 or K562-ABCG2 cells 

(p>0.05; Figure 4.10a, c).  These results are consistent with IC50NIL experiments, further supporting the 

notion of nilotinib acting as an ABCB1 substrate at clinically relevant concentrations. 

 

Since both PSC-833 and verapamil have similar effects on nilotinib kinase inhibition and rhodamine-123 

efflux (Appendix 2A) we believe verapamil to be a reliable and selective ABCB1 inhibitor for use in IUR 

experiments in lieu of the more widely used PSC-833.  The use of verapamil eliminates the confounding 

interference of PSC-833 on nilotinib uptake187.  Thus, verapamil was used to investigate the effect of 

ABCB1 inhibition on nilotinib IUR over a 2 h period in K562-Dox cells.  IUR assays were initially 

performed using 2 µM 14C-nilotinib and no difference in IUR was observed when cells were pre-

incubated with verapamil at any of the time points investigated (p>0.05, n=4; Figure 4.11a).  However, 

when experiments were replicated using the much lower concentration of 150 nM 14C-nilotinib, there 

was a clear increase in IUR in the presence of verapamil at all time points (n=5; Figure 4.11b).  These 

data indicate that nilotinib transport via ABCB1 may be concentration dependent with efflux taking place 

at lower concentrations that are likely to be more clinically relevant81,171.  Importantly, K562 control cells 

also showed no significant difference in nilotinib IUR in the presence of verapamil (p>0.05, n=3; Figure 

4.12b). 

 

Conversely nilotinib does not appear to exhibit a strong interaction with ABCG2 at low nanomolar 

concentrations.  IUR experiments performed with 150 nM 14C-nilotinib in K562-ABCG2 cells in the 

absence or presence of 0.5 µM Ko143 demonstrated no significant difference in intracellular levels of 

nilotinib (p>0.05, n=3; Figure 4.12a). 
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Figure 4.11: ABCB1 inhibition increases IUR when nilotinib is used at 150 nM but not at 2 µM 

IUR experiments were performed with a) 2 µM and b) 150 nM 14C-nilotinib in K562-Dox cells.  Cells 

were incubated for 2 min–2 h at 37°C in the absence and presence of 50 µM verapamil and ng of 

incorporated nilotinib determined.  Data demonstrate inhibition of ABCB1 causes a consistent increase 

in nilotinib IUR when 150 nM but not 2 µM nilotinib concentration is used.  Experiments were performed 

in triplicate at least four times with data representing the median.  Statistical analyses were performed 

using Student’s t-test.  Error bars represent SEM.  NIL=nilotinib. 
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Figure 4.12: ABCG2 inhibition has no effect on nilotinib IUR 

IUR experiments were performed with 150nM 14C-nilotinib in a) K562-ABCG2 and b) K562 cells.  Cells 

were incubated for 2 min–2 h at 37°C with 150nM 14C-nilotinib in the absence and presence of a) 0.5 

µM Ko143 or b) 50 µM verapamil and ng of incorporated nilotinib determined.  Data demonstrate 

inhibition of ABCG2 has no significant effect on nilotinib IUR at 150 nM nilotinib.  Data also demonstrate 

no significant effect of ABCB1 inhibition on nilotinib IUR in K562 control cells.  Experiments were 

performed in triplicate at least three times with data representing the median.  Statistical analysis was 

performed using Student’s t-test.  Error bars represent SEM.  NIL=nilotinib. 
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4.3.4. Nilotinib may be Effluxed by other ABC Transporters 

IC50 experiments, analogous to those performed in cell lines with ABCB1/ABCG2 inhibitors, were used 

to investigate effects of the commonly prescribed medication pantoprazole on nilotinib-mediated kinase 

inhibition.  K562, K562-Dox, K562-ABCG2 and KU812 cells were incubated in increasing concentrations 

of nilotinib in the absence and presence of various concentrations of pantoprazole, an inhibitor of both 

ABCB1 and ABCG2.  Results demonstrated that pantoprazole had a significant effect on nilotinib 

mediated kinase inhibition in all four cell lines.  IC50NIL was significantly decreased in the presence of as 

little as 50 µM pantoprazole with the percentage reduction increasing correspondingly with the 

concentration of pantoprazole (Figure 4.13 and Table 4.4).  In K562-Dox cells addition of 50 µM 

pantoprazole resulted in a 56% decrease in IC50NIL while addition of 200 µM and 500 µM pantoprazole 

resulted in 57% and 69% decrease respectively (n>3, p<0.05).  Similar results were observed in K562-

ABCG2, KU812 and K562 control cells.  These data suggest that there may be other efflux 

transporter/s, closely related to ABCB1 and ABCG2 and expressed in all four cell lines, also involved in 

nilotinib transport. 

 

 Discussion 4.4.

ABCB1 and ABCG2 are expressed at points of drug penetration (blood brain barrier, intestine) as well 

as other sites of drug uptake and excretion (liver, kidney)172, indicating an essential role in tissue 

absorption, distribution and excretion, and ultimately in the plasma level of drug achieved.  Importantly, 

expression of these transporters has been demonstrated on primitive hematopoietic stem cells174,175 as 

well as CML CD34+ cells181,187, and here they are likely to impact the efficacy of TKI therapy.  Clinically, 

interactions of TKIs with these ABC transporters may be further exacerbated by drug:drug interactions 

resulting from the use of concomitant therapies (for example pantoprazole, esomeprazole and sildenafil) 

which also associate with ABC transporters174,175,199,246-249.  Gaining a better understanding of TKI:ABC 

transporter interactions may provide important insights into the mechanism of TKI resistance in CML 
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Figure 4.13: Pantoprazole significantly decreases IC50NIL in CML cell lines 

IC50 was determined via incubating a) K562-Dox, b) K562-ABCG2, c) KU812 and d) K562 cells for 2 h 

at 37°C in the absence and presence of various concentrations of pantoprazole ranging 50–500 µM.  

Crkl western blot was performed to determine the concentration of nilotinib required to inhibit Bcr-Abl 

kinase activity by 50%.  Data demonstrate that addition of pantoprazole significantly decreases IC50NIL.  

The western blot analyses shown are representative of at least three separate experiments with the 

corresponding densitometry analysis representing the mean.  NIL=nilotinib; PP=pantoprazole. 

(a) 
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Table 4.4: The effect of increasing concentrations of pantoprazole on IC50NIL in cell lines 
 

K562-Dox IC50NIL (nM) % decrease n value p-value 

Control 463  n=5  

+50 µM PP 202 56% n=3 p=0.021 

+200 µM PP 201 57% n=4 p=0.010 

+500 µM PP 145 69% n=3 p=0.010 

     

K562-ABCG2 IC50NIL (nM) % decrease n value p-value 

Control 261  n=6  

+50 µM PP 122 53% n=5 p=0.007 

+100 µM PP 157 40% n=5 p=0.041 

+200 µM PP 120 54% n=5 p=0.011 

     

KU812 IC50NIL (nM) % decrease n value p-value 

Control 305  n=5  

+50 µM PP 149 51% n=5 p=0.010 

+100 µM PP 146 62% n=5 p=0.011 

+250 µM PP 96 69% n=5 p=0.004 

     

K562 IC50NIL (nM) % decrease n value p-value 

Control 388  n=6  

+50 µM PP 254 34% n=3 p=0.012 

+200 µM PP 217 44% n=5 p=0.001 

+500 µM PP 114 71% n=4 p<0.001 

 

Statistical analyses were performed using Student’s t-test; NIL=nilotinib, PP=pantoprazole. 
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and may assist clinical decision making regarding the use of concomitant medications which may also 

interact with ABCB1 and/or ABCG2. 

 

To resolve the disparity seen in the literature Bcr-Abl kinase inhibition was utilised to determine the 

interaction of nilotinib with the cellular efflux transporters ABCB1 and ABCG2.  This is the first study to 

do so and because this approach measures actual target inhibition by nilotinib over a large 

concentration range, the conjecture surrounding clinically relevant dosages can be better addressed. 

 

It has previously been demonstrated that increased expression of ABCB1111,115,118,138-140 and ABCG2146 

in vitro leads to decreased intracellular concentrations of imatinib and hence has been a suggested 

mechanism of imatinib resistance.  Furthermore, in vivo studies have demonstrated that ABCB1(-/-) 

knockout mice have greater imatinib penetration of the central nervous system when compared with 

their wildtype ABCB1 counterparts144,145.  Similarly, there is mounting evidence that over-expression of 

ABCB1 can lead to resistance to nilotinib in cell lines116 (discussed further in Chapters 5 and 6).  

However, transport of nilotinib reported in the literature is controversial, with differences in results 

appearing to be mainly due to disparities in concentrations assayed.  It is reported that at high 

micromolar concentrations nilotinib functions as a potent inhibitor of both ABCB1 and 

ABCG2116,155,187,189,250,251 however at lower nanomolar concentrations nilotinib may be a substrate of 

these transporters116,153,155,250.  In many of the studies which conclude that nilotinib is an inhibitor, 

extremely high concentrations were used based on the peak plasma drug levels of 4 µM170.  However, 

due to the fact that in the plasma, nilotinib is greater than 95% protein bound170,190, the concentration of 

free drug available to the leukaemic cell is likely to be significantly lower.  Furthermore, the finite number 

of transporters present on the cell surface means that at high concentrations in vitro, nilotinib may 

saturate the transporter252 and thus mask any subtle interactions that may take place in vivo.  Therefore 

the use of high drug concentration in vitro and nilotinib’s purported inhibitory effects may not be
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representative of the in vivo situation and as such these results should be viewed with caution. 

 

This investigation demonstrated that nilotinib-mediated kinase inhibition is impacted by high expression 

of ABCB1 but not ABCG2.  Inhibition of ABCB1 resulted in decreased IC50NIL prompting the postulation 

that this is most likely due to increased intracellular levels of TKI, thus indicating this transporter plays a 

clinically relevant role in nilotinib efflux.  Conversely, nilotinib does not appear to have a strong 

interaction with ABCG2.  It could be postulated that the mixed population of cells present in the K562-

ABCG2 culture is interfering with the analysis and leading to the erroneous conclusion that ABCG2 

overexpression has no effect on nilotinib-mediated kinase inhibition.  Thus it was necessary to re-sort 

the K562-ABCG2 cells at a later date to attain a pure population of overexpressing cells (Section 2.3.7).  

Additional IC50NIL and IC50IM experiments were performed, again in the absence and presence of 

ABCB1/ABCG2 inhibitors, to confirm that the mixed population of cells used in initial experimentation 

was not causing misleading artefacts in the analysis.  Importantly, this additional experimentation 

demonstrated that overexpression of ABCG2 did not significantly increase IC50NIL thus confirming initial 

results (Appendix 2B).  Furthermore, while the specific IC50NIL values have decreased, the trend 

observed mimicked that of prior experiments whereby addition of Ko143 had no effect on nilotinib-

mediated kinase inhibition.  The tendency for cell line IC50 values to drift over time is not a new concept 

with our laboratory observing a decrease in IC50 as passage number increases.  Thus, experiments 

performed a year or more apart may have different absolute IC50 values but because the decrease is 

uniform, the trends observed upon addition of inhibitors remains the same. 

 

Unfortunately, assessment of the effect of ABCB1 and ABCG2 inhibition was not possible in primary 

cells due to the low expression levels of these transporters in patient mononuclear cells.  While it has 

previously been demonstrated that ABCB1 and ABCG2 are expressed at higher levels in CML CD34+ 

cells181,187,244, the large numbers of cells required to perform IC50s in the absence and presence of 
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inhibitors prevented these experiments from being conducted.  However, the relevance of ABC 

transporters in the patient setting remains, with our laboratory previously demonstrating a connection 

between high expression of ABCB1 and the development of kinase domain mutations and/or disease 

resistance in a small cohort of patients253.  There is also evidence in cell line models to suggest that 

increasing levels of ABCB1 (at both the mRNA and protein level) are frequently associated with the 

development of TKI resistance107,111,116,244 (discussed further in Chapters 5 and 6).   

 

IC50 experiments in the presence of the proton pump inhibitor pantoprazole demonstrated a consistent 

decrease in IC50NIL in Bcr-Abl positive cell lines irrespective of ABCB1/ABCG2 overexpression status.  

These data raise the possibility that there is another, pantoprazole-inhibitable, transporter expressed in 

all four cell lines also involved in nilotinib transport (discussed further in Chapter 7). 

 

The results detailed here clarify some inconsistencies present in the current literature concerning the 

nilotinib:ABC transporter relationship.  This approach uses kinase inhibition as the key readout for the 

interaction of nilotinib with ABCB1 and ABCG2 whereas previous publications utilise methods that do 

not assess the direct action of TKIs.  Additionally, our laboratory has demonstrated a direct correlation 

between kinase inhibition and patient response210 and has previously employed this technique to 

ascertain the dasatinib:ABCB1/ABCG2 interaction with results confirming the work of 

others155,183,186,210,250.  Interestingly, IC50NIL experiments emphasised the fact that at high micromolar 

concentrations, maximum kinase inhibition occurred thus alluding to the possibility that concentrations 

of nilotinib in excess of 2 µM may mask subtle TKI:transporter interactions and may not accurately 

reflect the in vivo situation.  Adding further weight to this hypothesis are data from IUR assays in Bcr-Abl 

positive cell lines expressing low and high levels of ABCB1 and ABCG2.  These data demonstrated no 

significant difference in intracellular concentrations of nilotinib when used at 2 µM.  However, 

experiments repeated using nilotinib at lower nanomolar concentrations supported the results from 
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kinase inhibition studies.  Inhibition of ABCB1 but not ABCG2 resulted in a consistent and substantial 

increase in intracellular levels of radiolabelled nilotinib.  Additionally, efflux studies utilising high and low 

concentrations of nilotinib demonstrated that at concentrations in excess of 2 µM, nilotinib functions as 

an inhibitor of both ABCB1 and ABCG2 in vitro.  The clear evidence of the concentration dependence of 

ABCB1-mediated nilotinib efflux provided here likely explains the lack of consensus on this question in 

previous studies.  From the clinical perspective, these findings suggest that nilotinib is likely to be 

susceptible to resistance mediated by over-expression of ABCB1.  Hence, as this will be particularly 

evident in patients with low plasma concentrations of TKIs, these patients may benefit from combination 

TKI:ABCB1 inhibitor therapy.  While limited clinical data is available on patients receiving up front 

nilotinib who go on to develop resistance, future studies assessing ABCB1 levels in such patients may 

be of value. 

 

In conclusion, the findings detailed in this chapter strongly suggest that ABCB1 but not ABCG2 is 

involved in nilotinib efflux.  We have demonstrated that high levels of ABCB1 significantly decrease 

nilotinib-mediated kinase inhibition resulting in a significantly increased IC50NIL.  Inhibition of ABCB1 

significantly decreases IC50NIL, most likely due to an increase in intracellular nilotinib concentrations.  

Nilotinib may also be effluxed by another ABC transporter, closely related to ABCB1, and combination 

TKI:ABC transporter inhibitor therapy may present an attractive option to enhance TKI efficacy. 
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 Introduction 5.1.

The synthesis and clinical development of small molecule inhibitors designed to block the kinase activity 

of Bcr-Abl has revolutionised the treatment of chronic myeloid leukaemia (CML).  Imatinib, the first of 

these tyrosine kinase inhibitors (TKIs), has induced complete cytogenetic remissions (CCyR) in over 

87% of newly diagnosed CML patients by five years254.  More recently the second generation of TKIs, 

nilotinib and dasatinib, have resulted in significantly better treatment outcomes for the majority of 

patients with CML.  However, there still exists a group of patients who demonstrate primary resistance 

to TKI therapy and a second group who develop secondary resistance following an initially successful 

treatment phase.  Primary resistance is observed in 15–25% of patients and occurs once they fail to 

achieve a landmark response, for example a complete haematological response (CHR) by 3 months or 

a CCyR by 18 months254.  Secondary resistance is recognised when a patient loses cytogenetic or 

molecular remission or undergoes disease progression while on treatment.  Primary resistance to 

imatinib may be due, in part, to decreased OCT-1 activity resulting in inadequate imatinib uptake and 

function177, however, the cause of primary nilotinib resistance remains unclear.  Primary resistance is 

usually overcome by alteration of TKI therapy, either by dose increase or use of a more potent TKI.  In 

contrast, it may be possible to identify patients at risk of developing secondary nilotinib resistance and 

intervene before this occurs.  In order to determine which patients are more likely to develop TKI 

resistance following a successful treatment phase, it is necessary to understand the kinetics of 

resistance emergence.  In previous studies in which nilotinib resistant cell lines were generated, 

resistance mechanisms were determined only once cells demonstrated overt resistance to the final 

concentration of nilotinib; however, researchers failed to examine modes of resistance in the 

intermediary cells created during incremental increases of nilotinib.  In this study, cultured cells were 

sampled at every stage of resistance generation allowing the dynamics of resistance development and 

the interplay between resistance mechanisms to be studied.  This may allow the identification of early 

warning signs in patients who are more likely to develop overt resistance later. 
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There are several overlapping modes of resistance to the first and second generation TKIs which can 

be broadly classified as Bcr-Abl dependent and independent.  Bcr-Abl overexpression has been 

observed both in vitro and in vivo and has been attributed to duplication of the Ph chromosome109,255, 

mutations in the promoter region of BCR-ABL256 and the presence of double minutes carrying BCR-

ABL107,257.  Double minutes are small, circular fragments of extra chromosomal DNA which lack 

centromeres.  This means that they segregate randomly into daughter cells during mitosis giving these 

cells a potential growth advantage258.  BCR-ABL amplification by any of these mechanisms presumably 

leads to an increase in transcription and translation causing a substantial increase in the amount of Bcr-

Abl protein within the cell thus rendering clinically achievable concentrations of TKI ineffective. 

 

The most common mode of secondary TKI resistance observed clinically is mutation of the Bcr-Abl 

kinase domain (KD) with up to 40% of resistant patients developing mutations while undertaking TKI 

therapy171,212,259,260.  Imatinib and nilotinib bind the inactive conformation of the KD while dasatinib binds 

the active conformation and spontaneous mutations in key regions of the binding pocket can prevent 

TKI binding.  With the exception of the T315I mutation which disrupts a critical KD:TKI hydrogen bond, 

nilotinib and dasatinib have complementary inhibition profiles such that a patient with a nilotinib-resistant 

mutation will still be sensitive to dasatinib and vice versa (Figure 5.1). 

 

Overexpression of the drug efflux transporters ABCB1107,111,115,116,118,138-140 and ABCG2146 have been 

implicated in resistance to imatinib, nilotinib and dasatinib in vitro.  Additionally, as described in Chapter 

4, ABCB1 overexpression leads to significantly increased IC50NIL which is negated upon ABCB1 

inhibition suggesting ABCB1-mediated nilotinib transport.  Thus, the interplay between ABCB1/ABCG2 

overexpression and other resistance mechanisms was investigated and is discussed in the current 

chapter. 
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Figure 5.1: Sensitivity of Bcr-Abl KD mutants to imatinib, nilotinib and dasatinib as determined 

by in vitro cell proliferation assays (modified from O’Hare et al.110) 

The IC50 values in nM indicate the concentration of inhibitor required to reduce cell viability by 50%.  

GREEN shading represents sensitive mutations, YELLOW shading represent intermediate sensitivity 

and RED shading represents resistant mutations.  
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Dasatinib is a dual Bcr-Abl-Src family kinase (SFK) inhibitor whereas imatinib and nilotinib are not active 

against SFKs.  Accordingly, overexpression and activation of SFK are often observed in imatinib and 

nilotinib resistant cells, both in vitro116,119-123,125,128 and in vivo116,121,123,125,161. 

 

The SFKs consist of Fyn, Src and Yes which are ubiquitously expressed as well as Blk, Fgr, Hck, Lck, 

Lyn and Yrk which are expressed in cells of the haematopoietic lineage156.  These proteins are 

structurally related, with each member consisting of a highly variable ‘unique’ domain at the N-terminal 

containing a myristoyl moiety; the SH1, or kinase, domain which is responsible for the enzymatic 

activity; an SH2 domain which allows the protein to interact with phosphotyrosine motifs; and the SH3 

domain which allows autoregulation of kinase activity through intramolecular interactions as well as 

direct binding to adapter proteins261,262 (Figure 5.2). 

 

SFKs are involved in numerous signalling pathways governing cell proliferation and survival as well as 

homeostasis (Figure 5.3) and have previously been implicated in a variety of human cancers262.  For 

this reason, activation of SFKs is tightly regulated via intramolecular interactions.  Phosphorylation of a 

tyrosine residue in the kinase domain results in activation of the kinase.  However, phosphorylation of a 

tyrosine residue in the carboxy terminal by negative regulators such as the tyrosine kinase CSK263, 

coupled with interactions between the SH3 domain and the kinase linker region, results in the 

catalytically inactive, closed conformation (Figure 5.4).  Autophosphorylation at the amino terminal 

supersedes inhibitory phosphorylation at the carboxy end making the kinase insensitive to negative 

regulation by CSK264,265; however, there is some evidence that additional SFK members as well as other 

tyrosine kinases, including Bcr-Abl, are also capable of phosphorylating amino terminal residues159.  

Overexpression of Lyn is common in the development of imatinib and nilotinib resistance and is usually 

referred to as a Bcr-Abl independent resistance mechanism57,116,121,126.  However, it has been 

demonstrated that SFKs and Bcr-Abl engage in reciprocal phosphorylation123,158,160.  Indeed, it has been 
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Figure 5.2: Schematic diagram of the protein domains of four commonly studied SFKs (modified from Ingley et aI. and Tegtmeyer et al.261,266) 

SFK members contain a poorly conserved, myristoylated ‘unique’ region of 50–70 residues at the N-terminal, an SH1 (kinase) domain of ~300 residues which 

provides enzymatic activity, an SH2 domain of ~100 residues which allows intramolecular phosphotyrosine interactions and an SH3 domain of ~50 residues 

which interacts with the protein’s own kinase linker region as well as other adapter proteins.  Phosphorylatable tyrosine (Y) residues are indicated which, 

while varying slightly in position, are conserved between members and govern the activity of the kinase. 
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Figure 5.3: Schematic summary of signalling pathways involving SFKs (modified from Summy et 

al.262) 

SFKs have been implicated in signalling pathways involved in cell survival and proliferation as well as 

having a role in cellular homeostasis (not shown).  Two key signalling pathways important in the 

pathogenesis of CML are highlighted here with kinases represented by ovals and adapter proteins 

represented by hexagons. 
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Figure 5.4: Schematic representation of the transition from active to inactive SFK as a result of 

differential phosphorylation (adapted from Ingley et aI. and Tegtmeyer et al.261,266) 

The active kinase on the left demonstrates the open conformation with the SH2 and SH3 domains 

available for substrate and regulatory molecule binding.  The carboxy terminal is dephosphorylated 

leaving the substrate binding site exposed while autophosphorylation results in phosphorylation of a 

tyrosine (Y) residue and maximal kinase activity (Y418 in the case of Src depicted here).  Upon 

phosphorylation of a tyrosine in the carboxy terminal (Y527 for Src) by negative regulators such as CSK, 

the kinase adopts the catalytically inactive, closed conformation facilitated by intramolecular interactions 

between the SH3 domain and the kinase linker region. 



Chapter Five – ABCB1 Overexpression is the Initiator of Resistance in K562 Cells 

- 132 - 

recently suggested that active Fyn, Hck and Lyn are all capable of phosphorylating Bcr-Abl at the SH3-

SH2 region of Abl and, in doing so, hold the kinase domain in its active conformation such that dasatinib 

is able to bind but imatinib and nilotinib are not123,160.  Thus, it is likely that resistance due to Lyn 

overexpression is not independent of Bcr-Abl but instead favours the active conformation of the kinase 

in the presence of nilotinib and imatinib. 

 

Another kinase implicated in TKI resistance is the receptor tyrosine kinase Axl.  Axl was originally 

described in patients with CML162,267,268 and other myeloproliferative disorders268,269 but is detected 

ubiquitously in a wide variety of organs and cells162.  This 140 kDa protein is comprised of two Ig 

repeats coupled with two fibronectin type III repeats in the extracellular region and a tyrosine kinase 

domain in the intracellular region270 (Figure 5.5).  Axl overexpression and/or increased phosphorylation 

has been described in both patients and Bcr-Abl positive cell lines resistant to imatinib and 

nilotinib119,126,127 as well as several other types of cancer including colon271 and breast272.  Yeast two 

hybrid experiments demonstrated that Axl interacts with proteins from the PI3-K and Ras-ERK signalling 

pathways indicating a role in cell survival, proliferation and migration (Figure 5.6).  Because many of the 

binding partners of Axl contain an SH2 domain, which likely forms the Axl:binding protein interface273, it 

is expected that Axl binds to SFK members.  However, this was not demonstrated until recently when 

immunoprecipitation experiments using resistant CML cell lines revealed that Lyn and Axl interact within 

a ternary complex also containing spleen tyrosine kinase (Syk)126.   

 

Syk is a non-receptor tyrosine kinase primarily expressed in haematopoietic cells274 with overexpression 

initially observed in AML275, and more recently, a role in CML proposed126.  Syk is a 72 kDa cytoplasmic 

protein containing a kinase domain and two tandem SH2 domains276 (Figure 5.7).  Its activity, like 

SFKs, is regulated via autophosphorylation of tyrosine residues in the activation loop of the kinase 

domain277,278 as well as phosphorylation of tyrosines 342 and 352 by other kinases such as Lyn126,279.  
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Figure 5.5: Schematic representation of the Axl receptor tyrosine kinase (modified from Hafizi et 

al.270 

Axl is composed of two Ig repeats and two fibronectin type III repeats in the extracellular region and a 

tyrosine kinase domain in the intracellular region.  The kinase domain is capable of constitutive 

activation in the absence of extracellular stimulation and thus gives the kinase oncogenic potential. 
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Figure 5.6: Schematic summary of signalling pathways involving Axl (modified from Hafizi et 

al.270) 

Phosphorylated tyrosine residues Y779 and Y821, on Axl’s intracellular kinase domain, act as docking 

sites for proteins involved in signalling pathways governing cell proliferation and survival.  Axl interacts 

with binding partners, such as Src, Grb2 and various subunits of PI3-K through SH2 domains. 
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Figure 5.7: Schematic representation of Syk protein domains (adapted from Efremov et al.276) 

Syk comprises of two tandem SH2 domains which facilitate interaction with SFK members.  Activation of Syk occurs via autophosphorylation of tyrosine (Y) 

residues Y525 and Y526 in the kinase domain activation loop in conjunction with phosphorylation of Y342 and Y352 by SFKs such as Lyn. 
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In addition to regulating the phosphorylation of Axl126, Syk has also been demonstrated to interact with 

Fyn and the ubiquitin ligase c-Cbl166,280.  Accordingly, c-Cbl may be a ‘master regulator’ with recent 

evidence suggesting an inverse relationship exists between c-Cbl and Lyn/Axl whereby low levels of c-

Cbl facilitate increased levels of Lyn and Axl leading to imatinib and nilotinib resistance in vitro123,168.  

The interactions between these cellular kinases are extremely complex, with many signalling pathways 

and phosphorylation targets overlapping making dissecting the causative event leading to 

overexpression and activation of SFKs difficult.  Thus, while much is known about the Bcr-Abl 

dependent modes of resistance relating to KD mutations and Bcr-Abl overexpression, the mechanisms 

underlying Lyn-mediated resistance require further investigation.  Consequently, there is much need for 

an in vitro system in which to study TKI resistance and this forms the basis of the analyses detailed in 

the current chapter. 

 

 Approach 5.2.

The Bcr-Abl positive cell line K562 was cultured long term in gradually increasing concentrations of 

nilotinib starting with 15 nM and increasing to 2 µM (Section 2.3.3.3; Table 5.1).  Control cells were 

cultured in parallel in a constant diluent concentration of 0.1% DMSO to control for the DMSO present in 

cell cultures containing nilotinib.  Cell growth was monitored visually, while cell viability was monitored 

by trypan blue exclusion of dead cells (Section 2.3.2).  The concentration of nilotinib was increased 

once >80% of cells demonstrated survival (nilotinib tolerance) in culture for at least 10 consecutive 

days.  At each stage of nilotinib escalation, ampoules of cells were frozen (Section 2.3.4) to allow 

thawing and re-culture at a later time point (Section 2.3.5).  In addition, aliquots of cells were lysed in 

TRIzol reagent for RNA extraction and cDNA synthesis (Section 2.4.5).  Concentrations of nilotinib up 

to 100 nM were tolerated easily, however growth and viability substantially reduced upon exposure to 

125 nM nilotinib (Table 5.1).  Once cells demonstrated ~80% survival in 125 nM nilotinib, the level of 

resistance was determined via IC50 assays based on p-Crkl protein expression (Section 2.4.2).  
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Table 5.1: Summary of nilotinib concentrations to which cell line resistance intermediates were 

exposed and the corresponding number of days before dose was increased 

 

K562 

Nilotinib Concentration % Live Cells Days in Culture 

15 nM NIL 95.0 10 

25 nM NIL 99.1 11 

50 nM NIL 96.7 10 

75 nM NIL 93.7 14 

100 nM NIL 94.6 12 

125 nM NIL 83.6 28 

140 nM NIL 87.4 17 

200 nM NIL 85.2 13 

300 nM NIL 93.3 12 

400 nM NIL 90.8 14 

1 µM NIL 83.9 12 

2 µM NIL 94.1 Ongoing 
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Resistance was confirmed by cytotoxicity assays (Section 2.3.6).  Nilotinib dose escalation continued 

until a concentration of 2 µM was reached to reflect plasma levels achieved in vivo in nilotinib treated 

patients170 and resistance was again determined by cytotoxicity assays and p-Crkl IC50.  Modes of 

resistance were investigated as summarised in Figure 5.8.  Briefly, because ABCB1 and ABCG2 

overexpression has previously been linked to TKI resistance115,116,118,138,139, cell surface expression of 

these transporters was assessed routinely during resistance development and prior to each IC50 and 

cytotoxicity assay using flow cytometric analysis (Section 2.3.8.1).  Cell lines were screened for 

increased BCR-ABL expression, and overexpression of the kinases LYN, AXL and SYK (Sections 2.4.3 

and 2.4.5).  Cells were also assessed for kinase domain mutations (Section 2.4.7). 

 

 Results 5.3.

5.3.1. K562 Cells Cultured in 125 nM Nilotinib Demonstrate Resistance to TKIs In Vitro 

Nilotinib resistant K562 2 µM NIL cells were generated through exposure to gradually increasing 

concentrations of nilotinib.  Nilotinib concentrations up to 100 nM were easily tolerated, however, upon 

exposure to 125 nM nilotinib, cell growth stalled and viability significantly decreased (Table 5.2).  After 

approximately one month exposure to 125 nM nilotinib, cell viability increased to >80% and resistance 

to nilotinib was evaluated by IC50 specific for p-Crkl protein expression.  These assays rely on Bcr-Abl 

kinase inhibition as the key readout and thus enable a distinction between Bcr-Abl dependent and Bcr-

Abl independent mechanisms of resistance; an increase in IC50 value indicates on target, Bcr-Abl 

dependent resistance.  K562 125 nM NIL cells demonstrated significantly increased IC50NIL when 

compared with control cells: IC50NIL increased from 199 nM to 1826 nM, p<0.001 (Figure 5.9a).  

Resistance was confirmed by cytotoxicity assay with K562 125 nM NIL cells demonstrating significantly 

increased survival compared with control cells when exposed to 1000 nM nilotinib for 72 h: 69% vs 

100% survival, p<0.001 (Figure 5.10a). 

 



Chapter Five – ABCB1 Overexpression is the Initiator of Resistance in K562 Cells 

- 139 - 

 

Figure 5.8: Schematic summary of generation and determination of nilotinib resistance in K562 

cells 

K562 cells were cultured in gradually increasing concentrations of nilotinib.  At nilotinib concentrations 

125 nM and 2 µM, resistance was assessed by various in vitro methods (ORANGE BOXES).  In 

addition, mRNA levels and KD mutations were determined in all resistance intermediates (GREEN 

BOXES).  All assays were also performed on K562 control cells for comparison.  Bold arrows represent 

steps in escalation of nilotinib.  Dashed arrows denote which assays were performed on each 

intermediate.  NIL=nilotinib; KD=kinase domain.  



Chapter Five – ABCB1 Overexpression is the Initiator of Resistance in K562 Cells 

- 140 - 

 

 

 

 

 

 

 

 

Table 5.2: Summary of live K562 cells after exposure to 125 nM nilotinib for the corresponding 

number of days 

 

Days in Culture % Live Cells 

2 96.9 

4 70.9 

7 39.3 

22 73.4 

25 80.6 

28 83.6 
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Figure 5.9: K562 125 nM NIL cells are significantly resistant to TKI-mediated kinase inhibition 

IC50 was determined via incubating cells for 2 h at 37°C in the presence of increasing concentrations of 

a) nilotinib, b) imatinib and c) dasatinib.  Crkl western blot was performed to determine the concentration 

of TKI required for 50% Bcr-Abl kinase inhibition.  Data demonstrate that K562 125 nM NIL cells have a 

significantly increased IC50 when compared with control cells; for example at 30 000 nM nilotinib, p-Crkl 

is completely inhibited in K562 control cells but this is not the case in K562 125 nM NIL cells.   The 

western blot analyses shown are representative of at least three separate experiments with the 

corresponding densitometry analysis representing the mean.  Statistical analyses were performed using 

Student’s t-test with statistically significant p-values denoted by asterisks (* p<0.05; *** p<0.001).  Error 

bars represent SEM.  NIL=nilotinib; IM=imatinib; DAS=dasatinib. 

 

(a) 
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(c) 
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Figure 5.10: K562 125 nM NIL and K562 2 µM NIL cells have decreased TKI-mediated cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell death determined by Annexin V/7-AAD staining.  Data demonstrate that K562 125 nM NIL cells and 

K562 2 µM NIL cells have significantly increased survival in the presence of TKIs when compared with 

control cells.  Results were confirmed visually and with trypan blue staining (Appendices 3A and 3B).  

It is important to note that trypan blue staining demonstrates near complete cell death, while Annexin 

V/7-AAD staining results in a maximum of 40% cell death even at the highest TKI concentrations.  The 

FACS plots shown are representative of at least three separate experiments performed in triplicate with 

the corresponding survival curves representing the mean.  Data were normalised to 0 nM TKI with the 

number of live cells in the absence of TKI set at 100%.  Statistical analyses were performed using 

Student’s t-test with statistically significant p-values denoted by asterisks and carets, representing K562 

125 nM NIL and K562 2 µM NIL cell lines respectively (* p<0.05; ** p<0.01; *** p<0.001).  Error bars 

represent SEM.  NIL=nilotinib; IM=imatinib; DAS=dasatinib. 

(a) 
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K562 125 nM NIL cells were also assessed for resistance to two other TKIs currently available: imatinib 

and dasatinib.  Again, K562 125 nM NIL cells demonstrated significantly increased IC50 when 

compared with control cells: IC50IM increased from 3.3 µM to 20.5 µM, p=0.011; IC50DAS increased from 

5.6 nM to 11.7 nM, p<0.001 (Figure 5.9b and c).  These results were confirmed by cytotoxicity assay 

with cells demonstrating increased survival in the presence of TKI when compared with control cells: 

65% vs 100% survival in the presence of 5 µM imatinib, p<0.001; 70% vs 83% survival in the presence 

of 500 nM dasatinib (Figure 5.10b and c). 

 

5.3.2. K562 Cells Cultured in 2 µM Nilotinib Demonstrate Resistance to TKIs In Vitro 

Culture of K562 cells in nilotinib was continued to a concentration of 2 µM in order to reflect the trough 

plasma levels observed in patients170.  Once this concentration was tolerated, the resultant K562 2 µM 

NIL cells were assessed for maintenance of increased IC50NIL compared with control cells: 199 nM vs 

1661 nM, p<0.001 (Figure 5.11a).  Again, this resistance was confirmed by cytotoxicity assay with K562 

2 µM NIL cells demonstrating significantly increased survival compared with control cells when exposed 

to 1000 nM nilotinib for 72 h: 69% vs 100% survival, p=0.002 (Figure 5.10a). 

 

K562 2 µM NIL cells were assessed for resistance to three other TKIs currently available: imatinib, 

dasatinib and ponatinib.  Cells demonstrated significantly increased IC50 when compared with control 

cells for imatinib and ponatinib: IC50IM increased from 3.3 µM to 21.3 µM, p<0.001; IC50PON increased 

from 4.6 nM to 12.2 nM, p=0.004 (Figure 5.11b and d).  Interestingly, cells were not as resistant to 

dasatinib demonstrating only a marginal increase in IC50: K562 control IC50DAS=6.3 nM, K562 2 µM NIL 

IC50DAS=7.6 nM, p=0.021 (Figure 5.11c).  These results were confirmed by cytotoxicity assay: survival 

increased from 65% to 100% in the presence of 5 µM imatinib, p<0.001; from 70% to 84% survival in 

the presence of 500 nM dasatinib, p=0.030 (Figure 5.10b and c).  These data indicate the presence of 

additional resistance mechanism/s which allow discrimination between imatinib/nilotinib resistance 
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Figure 5.11: K562 2 µM NIL cells are significantly resistant to TKI-mediated kinase inhibition 

IC50 was determined via incubating cells for 2 h at 37°C in the presence of increasing concentrations of 

a) nilotinib, b) imatinib, c) dasatinib and d) ponatinib.  Crkl western blot was performed to determine the 

concentration of TKI required for 50% Bcr-Abl kinase inhibition.  Data demonstrate that K562 2 µM NIL 

cells have a significantly increased IC50NIL, IM, DAS, PON when compared with control cells.  The western 

blot analyses shown are representative of at least three separate experiments with the corresponding 

densitometry analysis representing the mean.  Statistical analyses were performed using Student’s t-

test with statistically significant p-values denoted by asterisks (* p<0.05; ** p<0.01; *** p<0.001).  Error 

bars represent SEM.  NIL=nilotinib; IM=imatinib; DAS=dasatinib; PON=ponatinib. 
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compared with dasatinib resistance.  Possible candidate mechanisms include overexpression of SFKs 

and/or overexpression of efflux transporters and are discussed later in this current chapter and in further 

detail in Chapter 7. 

 

5.3.3. Onset of Resistance to Nilotinib in K562 Cells Coincides with ABCB1 Overexpression 

Once overt resistance had been established, it was necessary to determine the mechanism/s by which 

this resistance occurred.  Firstly, cells were assessed for increased expression of three ABC 

transporters previously implicated in multidrug resistance in leukaemia281: ABCB1, ABCG2 and ABCC1.  

The onset of resistance at 125 nM nilotinib coincided with a significant increase in ABCB1 mRNA 

expression with resistant cells demonstrating up to 5-fold greater levels when compared with control 

cells (p<0.001; Figure 5.12a).  Surface protein expression was also significantly increased with K562 

125 nM NIL cells demonstrating up to 15-fold greater levels when compared with control cells (Figure 

5.12b).  Interestingly, ABCG2 mRNA levels peaked earlier suggesting that ABCB1 and ABCG2 may 

work in concert (Figure 5.13a).  However, this increase in mRNA failed to translate to an increase in 

protein (Figure 5.13b) suggesting ABCG2 is unlikely to play a role in the development of nilotinib 

resistance.  There was no significant change in mRNA levels of ABCC1 in any nilotinib resistance 

intermediates compared with control cells, indicating ABCC1 is also unlikely to be involved in 

development of nilotinib resistance (p>0.05; Figure 5.14). 

 

5.3.4. Sustained Culture of K562 Cells in Nilotinib Results in Decreased ABCB1 Expression 

and Continued TKI Resistance 

Continued culture in concentrations of nilotinib up to 2 µM resulted in decreased levels of ABCB1 mRNA 

and protein (Figure 5.12), however IC50NIL, IC50IM and IC50PON remained high (Figure 5.11).  It was 

also observed that ABCB1 protein expression decreased as passage number in the same concentration 

of nilotinib increased: K562 125 nM NIL passage 33=42% ABCB1, compared with passage 69=2.2%  
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Figure 5.12: Onset of nilotinib resistance in K562 cells coincides with ABCB1 overexpression 

with levels decreasing upon continued nilotinib exposure 

Expression levels of ABCB1 a) mRNA and b) protein were assessed in K562 NIL cells.  Data 

demonstrate overexpression of ABCB1 at the onset of resistance in K562 125 nM NIL cells.  This is 

followed by a steady decline upon continued exposure to nilotinib back to levels comparable with those 

observed in control cells.  mRNA expression represents the mean of six independent experiments 

performed in triplicate while the histograms shown are representative of typical expression levels.  The 

percentages displayed in the histograms denote cells positive for ABCB1 expression.  The bold BLACK 

and BLUE lines represent control and resistant cells stained with ABCB1 antibody while the GREY 

filled histograms represent cells stained with isotype control antibody.  Statistical analyses were 

performed on mRNA levels as a percentage of BCR using Student’s t-test.  Statistically significant p-

values are denoted by asterisks (** p<0.01; *** p<0.001).  Error bars represent SEM. 

(a) 

(b) 
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Figure 5.13a: ABCG2 mRNA levels increase upon exposure to low levels of nilotinib 

Expression levels of ABCG2 mRNA were assessed in K562 nilotinib resistance intermediates.  Data 

demonstrate increased ABCG2 expression prior to the onset of resistance with levels decreasing as 

ABCB1 levels increase.  mRNA expression represents the mean of six independent experiments 

performed in triplicate.  Statistical analyses were performed on mRNA levels as a percentage of BCR 

using Student’s t-test.  Statistically significant p-values are denoted by asterisks (** p<0.01; *** 

p<0.001).  Error bars represent SEM. 
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Figure 5.13b: ABCG2 protein levels do not increase upon exposure to nilotinib 

Expression levels of ABCG2 protein were assessed in K562 nilotinib resistance intermediates.  Data demonstrate no increase in ABCG2 protein expression 

prior to the onset of resistance (50 nM) nor in cells following the onset of resistance (125 nM and 2 µM) when compared with control cells.  The histograms 

shown are representative of typical expression levels.  The percentages displayed in the histograms denote cells positive for ABCG2 expression.  The bold 

BLACK lines represent control cells while the bold GREEN, RED and BLUE lines represent 50 nM, 125 nM and 2 µM resistant cells respectively, stained 

with ABCG2 antibody.  The GREY filled histograms represent cells stained with isotype control antibody. 
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Figure 5.14: ABCC1 levels do not increase during development of nilotinib resistance in K562 

cells 

Expression levels of ABCC1 mRNA were assessed in K562 nilotinib resistance intermediates.  Data 

demonstrate no increase in ABCC1 expression at any time during development of nilotinib resistance.  

mRNA expression represents the mean of six independent experiments performed in triplicate.  

Statistical analyses were performed on mRNA levels as a percentage of BCR using Student’s t-test.  

Error bars represent SEM.  
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ABCB1 (Table 5.3).  Additionally, ABCB1 expression directly impacted IC50NIL: over a period of seven 

days ABCB1 expression decreased from 85% to 72% to 61% with a corresponding decrease in IC50NIL 

from 2700 nM to 2120 nM to 1570 nM (Figure 5.15).  This raised the important question as to whether 

ABCB1 overexpression was necessary for the initiation of nilotinib resistance or whether it was simply a 

cellular stress response that would occur in the presence of any xenobiotic.  Hence, IC50NIL 

experiments were performed in the absence and presence of cyclosporin A; an ABCB1 inhibitor282.  

Results demonstrated a decrease in the IC50NIL in the presence of cyclosporin A: 2030 nM to 1530 nM.  

This decrease was not observed in control cells: 203 nM to 285 nM in the absence and presence of 

cyclosporin A respectively (Figure 5.16).  If ABCB1 overexpression was the sole mechanism of 

resistance, one would expect ABCB1 inhibition to increase the intracellular concentration of nilotinib 

resulting in an increase in Bcr-Abl kinase inhibition and a subsequent reduction in p-Crkl levels and 

IC50NIL back to levels observed in control cells.  Intriguingly however, inhibition of ABCB1 in resistant 

cells did not reduce IC50NIL to levels comparable to those seen control cells, thus it was postulated 

these cells harbour further resistance mechanism/s. 

 

5.3.5. Nilotinib Resistant K562 Cells have Additional Resistance Mechanisms 

Because Bcr-Abl overexpression is a common form of TKI resistance observed in patients109, resistant 

K562 cells were screened for increased expression of Bcr-Abl mRNA and protein.  Results 

demonstrated this possibility was unlikely since no overexpression of Bcr-Abl mRNA was observed in 

any of the resistance intermediates (Figure 5.17a).  Furthermore, there was no increase in Bcr-Abl 

protein in early or late stage resistance intermediates (Figure 5.17b). 

 

The fact that K562 2 µM NIL cells were resistant to nilotinib and imatinib, while maintaining sensitivity to 

dasatinib, indicated these cells may have developed a mutation such as Y253H, E255K or F359V which 

are known to confer resistance to both nilotinib and imatinib, but not dasatinib (Figure 5.1).  Thus all  
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Table 5.3: ABCB1 protein expression decreases as passage number in the same concentration 

of nilotinib increases 

 

Passage Number 
ABCB1 Expression in 

K562 125 nM NIL 

33 47.0% 

52 36.5% 

56 25.0% 

58 17.2% 

64 5.4% 

69 2.1% 

  

Passage Number 
ABCB1 Expression in 

K562 2 µM NIL 

5 15.4% 

13 14.1% 

15 9.4% 

17 7.1% 

21 4.7% 

 

ABCB1 % expression was determined by flow cytometry. 
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Figure 5.15: ABCB1 expression levels decrease over time with IC50NIL values decreasing proportionally 

In order to determine the effect of continued cell culture on ABCB1 expression, the K562 50 nM NIL cell line was freshly thawed and, over a period of seven 

days, ABCB1 expression and IC50NIL examined.  IC50 was determined via incubating cells for 2 h at 37°C in the presence of increasing concentrations of 

nilotinib.  Crkl western blot was performed to determine the concentration of TKI required for 50% Bcr-Abl kinase inhibition.  Simultaneously, expression 

levels of ABCB1 protein were assessed by flow cytometric analysis.  Data demonstrate that K562 cells cultured in 50 nM nilotinib for a period of seven days 

lose expression of ABCB1 exhibiting a corresponding decrease in IC50NIL.  The western blot analyses shown are representative of one experiment with the 

corresponding ImageQuant analyses also depicted and the corresponding IC50NIL values shown above.  The percentages displayed in the histograms denote 

cells positive for ABCB1 expression.  The bold BLUE and BLACK lines represent resistant and control cells respectively, stained with ABCB1 antibody 

while the GREY filled histograms represent cells stained with isotype control antibody. 
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Figure 5.16: ABCB1 inhibition decreases p-Crkl protein levels in resistant K562 2 µM NIL cells 

IC50 was determined via incubating cells for 2 h at 37°C in the presence of increasing concentrations of nilotinib.  Crkl western blot was performed to 

determine the concentration of TKI required for 50% Bcr-Abl kinase inhibition.  Simultaneously, expression levels of ABCB1 protein were assessed by flow 

cytometric analysis.  Data demonstrate that K562 2 µM NIL cells have a decreased IC50NIL in the presence of ABCB1 inhibition compared with IC50NIL in the 

absence of ABCB1 inhibition.  Cyclosporin A is PSC-833 analogue and was used in lieu of PSC-833 due to its commercially availability.  A concentration of 

10 µM was demonstrated to effectively inhibit ABCB1-mediated rhodamine-123 efflux from K562-Dox cells (Appendix 3C).  The western blot analyses shown 

represent one experiment with the corresponding ImageQuant analyses also depicted.  The histograms shown are representative of typical expression levels.  

The percentages displayed in the histograms denote cells positive for ABCB1 expression.  The bold BLUE and BLACK lines represent resistant and control 

cells respectively, stained with ABCB1 antibody while the GREY filled histograms represent cells stained with isotype control antibody.  NIL=nilotinib. 
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Figure 5.17: No Bcr-Abl overexpression was observed during development of nilotinib 

resistance in K562 cells 

Expression levels of Bcr-Abl a) mRNA and b) protein were assessed in K562 nilotinib resistance 

intermediates.  Data demonstrate no increase in Bcr-Abl mRNA or protein expression during 

development of nilotinib resistance.  The error bars in b) represent SEM.  No error bars are plotted in a) 

as the mRNA expression shown is the mean of two independent experiments.  Western blot analyses 

shown are representative of at least three separate experiments with the quantitation representing the 

mean.  Bcr-Abl protein levels were normalised to β-actin control.  NIL=nilotinib. 

(b) 

(a) 
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K562 resistance intermediates were screened for Bcr-Abl kinase domain mutations.  However, results 

indicated that no mutations were present (Appendix 3D). 

 

5.3.6. Nilotinib Resistant K562 Cells have Increased Expression of Src Family Kinases 

In addition to inhibiting tyrosine kinases such as Bcr-Abl, dasatinib also has activity against Src Family 

Kinases (SFKs) including Fyn, Lyn and Src80,91.  Hence, in the absence of a kinase domain mutation, 

SFK overexpression offers a potential explanation for the differential sensitivity to TKIs observed in 

K562 2 µM NIL cells.  Thus, expression levels of SFKs Lyn and Fyn, as well as Syk and Axl, two cellular 

kinases demonstrated to interact with SFKs126,166,280 and previously linked to TKI resistance119,125-127,168, 

were determined.  Results demonstrated that upon development of nilotinib resistance in K562 125 nM 

NIL cells, mRNA expression of Lyn, Fyn, Axl and Syk increased and remained high for the remainder of 

nilotinib culture.  The most striking increase was observed for Lyn expression with resistant cells 

exhibiting 15–18 fold greater levels when compared with control cells (p<0.05).  Resistant cells also 

demonstrated significantly increased levels of Axl (7–10 fold increase, p<0.01), Fyn (up to 4 fold 

increase, p<0.001) and Syk (~3.5 fold increase, p<0.05; Figure 5.18). 

 

While total protein levels for Lyn and Axl did not increase, the level of phosphorylation of both of these 

proteins increased in resistant cells (Figure 5.19a and b).  Activation of Lyn increased significantly and 

there was also a trend for increased phosphorylation of Axl, however, this failed to reach statistical 

significance.  Autophosphorylation of Lyn at tyrosine 396 (Y396) results in catalytic activation of the 

kinase.  Resistant K562 cells demonstrated a significant increase in phosphorylation of this residue 

corresponding with onset of resistance at 125 nM nilotinib and Lyn mRNA overexpression (p=0.008).  

Phosphorylation of Axl at Y779 is associated with activation of PI3-K/Akt signalling.  Resistant K562 

cells demonstrated a possible increase in phosphorylation of Axl Y779 indicating a potential role for this 

signalling pathway in the reduced apoptosis and increased cell proliferation observed. 
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Figure 5.18: Nilotinib resistant K562 cells exhibit increased mRNA expression of Lyn, Axl, Fyn 

and Syk kinases 

Expression levels of Lyn, Axl, Fyn and Syk mRNA were assessed in K562 nilotinib resistance 

intermediates.  Data demonstrate a significant increase in Lyn, Axl and Fyn expression coinciding with 

the onset of resistance at 125 nM nilotinib.  Data also demonstrate a marked increase in Syk mRNA 

levels reaching significance at 125 nM, 200 nM and 400 nM nilotinib.  mRNA expression represents the 

mean of at least four independent experiments performed in triplicate.  Statistical analyses were 

performed on mRNA levels as a percentage of GusB using Student’s t-test.  Statistically significant p-

values are denoted by asterisks (* p<0.05; ** p<0.01; *** p<0.001).  Error bars represent SEM. 
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Figure 5.19: Nilotinib resistant K562 cells exhibit increased phosphorylation of Lyn and Axl 

proteins 

Protein expression levels of a) Lyn and b) Axl and c) Syk were assessed in K562 control and resistant 

cells.  Data demonstrate that there is no increased expression of Lyn or Axl protein; however, the level 

of p-Lyn (Y396) and p-Axl (Y779) increased significantly indicating high levels of activated kinases.  

Conversely, levels of Syk but not p-Syk (Y525/526) are elevated in resistant cells.  Western blot 

analyses shown are representative of at least three separate experiments with the corresponding 

quantitation representing the mean.  Protein levels were normalised to β-actin control.  Statistical 

analyses were performed using Student’s t-test with statistically significant p-values denoted by 

asterisks (** p<0.01).  Error bars represent SEM.  Ramos cells stimulated with goat anti-human IgM 

provide the positive control for Syk protein. 

(a) 
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Conversely, there appears to be an increase in levels of total Syk protein, although this failed to reach 

statistical significance; however, there was no detectable expression of p-Syk (Y525/526) (Figure 

5.19c).  Syk has previously been implicated in the regulation of Axl phosphorylation126, hence the 

increased levels of Syk observed here may explain the increased phosphorylation of Axl.   

 

c-Cbl has been hypothesised as the master regulator of the Lyn-Axl-Syk ternary complex126, targeting 

the proteins for ubiquitination and degradation123.  Hence, levels of c-Cbl mRNA were assessed in K562 

nilotinib resistance intermediates.  Results demonstrated a modest, yet significant decrease in c-Cbl 

which may be responsible for the increased levels of Syk observed in resistant cells; although this 

requires further investigation (Figure 5.20). 

 

Thus, during development of nilotinib resistance in K562 cells, ABCB1 overexpression precedes 

increased activation of cellular kinases such as Lyn and Axl.  This renders cells resistant to both nilotinib 

and imatinib, however, a degree of sensitivity to dasatinib is retained. 

 

 Discussion 5.4.

The introduction of imatinib revolutionised the treatment of CML, however, 30–40% of patients develop 

resistance to imatinib therapy with Bcr-Abl kinase domain (KD) mutations the most common cause of 

resistance283.  The second generation TKIs, nilotinib and dasatinib, have activity against many imatinib 

resistant mutations although a group of patients who develop resistance remains.  As we move into the 

era of customised treatment regimes, it becomes important to predict which patients are likely to 

respond to a given TKI such that treatment plans are tailored to the individual.  Thus, in vitro cell line 

models are key in determining, not only common modes of TKI resistance, but also kinetics of 

resistance development and interplay of resistance mechanisms.  In this study, a K562 cell line model 

resistant to 2 µM nilotinib was generated and the resistance emergence extensively examined. 
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Figure 5.20: c-Cbl levels decrease during development of nilotinib resistance in K562 cells 

Expression levels of c-Cbl mRNA were assessed in K562 nilotinib resistance intermediates.  Data 

demonstrate a decrease in c-Cbl expression during development of nilotinib resistance that reaches 

significance at 300nM, 1 µM and 2 µM.  mRNA expression represents the mean of six independent 

experiments performed in triplicate.  Statistical analyses were performed on mRNA levels as a 

percentage of GusB using Student’s t-test.  Statistically significant p-values are denoted by asterisks (* 

p<0.05).  Error bars represent SEM. 
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5.4.1. ABCB1 Overexpression is the Initiator of Resistance to Nilotinib In Vitro 

ABCB1 overexpression was the mechanism utilised to initiate resistance in K562 cells.  Notably, this is 

the first report of ABCB1 overexpression, at both the mRNA and protein levels, in the K562 cell line in 

response to exposure to nilotinib.  Importantly, IC50NIL was demonstrated to directly correlate with 

ABCB1 expression confirming the notion that nilotinib is an ABCB1 substrate thus supporting results 

detailed in Chapter 4.  Continued culture in increasing concentrations of nilotinib resulted in a loss of 

ABCB1 expression back to control levels, prior to additional resistance mechanisms predominating. 

 

Intriguingly, ABCG2 mRNA overexpression was also observed in early K562 resistance intermediates.  

One potential explanation for this increase is the level of redundancy that exists between closely related 

transporters, such as those from the ABC superfamily.  Indeed, it has previously been noted in knockout 

studies that the reduction of one transporter modifies the expression of another, closely related, efflux 

pump: ABCB1 knockout mice have up-regulated levels of ABCG2284.  Additionally, a similar 

phenomenon has been observed in our laboratory with Oct-1 specific siRNA: levels of Oct-2, Oct-3 and 

Oct-6 mRNA increased significantly in response to Oct-1 knockdown (Jane Engler, unpublished results).  

Thus, it is possible that the presence of nilotinib directly impacts levels of ABCB1 mRNA which in turn 

impact ABCG2 mRNA levels, independently of nilotinib.  Data described in Figure 5.13a is in keeping 

with this theory: ABCB1 expression initially decreased when compared with control levels and this 

corresponded with an increase in ABCG2 expression.  However, upon ABCB1 overexpression, ABCG2 

expression decreased.  Importantly, the increase in ABCG2 mRNA failed to translate to overexpression 

of ABCG2 protein; hence it is unlikely that ABCG2 plays a role in development of nilotinib resistance.  

Similarly, levels of ABCC1 mRNA also did not increase significantly during development of nilotinib 

resistance also making it highly unlikely this transporter plays a role in nilotinib resistance. 
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5.4.2. ABCB1 Overexpression Precedes Bcr-Abl Dependent Mechanisms of Resistance in 

K562 Cells 

Following ABCB1 overexpression in nilotinib resistant K562 cells, additional mechanisms of resistance 

predominated.  IC50NIL and IC50IM remained significantly higher in K562 2 µM NIL resistant cells 

compared with control cells; however, a degree of sensitivity to dasatinib was maintained.  The fact that 

IC50NIL and IC50IM values remained elevated suggested the TKIs were no longer effectively inhibiting 

Bcr-Abl which is indicative of a Bcr-Abl dependent mechanism of resistance.  In addition to inhibiting 

Bcr-Abl, dasatinib also has activity against members of the Src family of tyrosine kinases (SFKs)80,91 

while nilotinib and imatinib do not.  Bcr-Abl and SFKs have been demonstrated to phosphorylate each 

other favouring the active conformation of Bcr-Abl, to which nilotinib and imatinib are unable to 

bind123,160.  Thus, cells which exhibit resistance to nilotinib and imatinib, but retain sensitivity to 

dasatinib, are likely to harbour SFK-related resistance mechanisms.  Indeed, K562 2 µM NIL cells 

demonstrated mRNA overexpression of the SFKs Lyn and Fyn.  These cells also demonstrated mRNA 

overexpression of two other cellular kinases reportedly involved in development of nilotinib resistance: 

Axl119,126,127 and Syk126.  Although increased expression of Lyn and Axl proteins were not observed, 

there was increased tyrosine phosphorylation of Lyn relating to increased activity of the kinase.  There 

was also a trend for increased phosphorylation of Axl, although this failed to reach statistical 

significance.  Thus, in order to confirm a role for Axl in the development of nilotinib resistance in K562 

cells, further investigations are required.   Additionally, resistant cells had increased levels of Syk protein 

even though phosphorylation of this protein was not observed.  Determination of Fyn protein levels was 

attempted; however, failure to optimise the assay necessitates additional experimentation in order to 

confirm a functional role for Fyn in the development of resistance in K562 cells. 

 

The current study investigated the emergence of resistance in K562 cells upon exposure to nilotinib 

(Table 5.4).  Based on the results described, one possible scenario by which K562 cells develop 
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Table 5.4: Summary of resistance mechanisms in K562 cells 

 K562 125 nM NIL K562 2 µM NIL 

Resistance by cytotoxicity to all TKIs ���� ���� 

IC50NIL ↑↑↑ ↑↑↑ 

IC50IM ↑↑↑ ↑↑↑ 

IC50DAS ↑↑↑ ↑ 

KD mutations × × 

ABCB1 protein overexpression ���� × 

ABCG2 protein overexpression × × 

Increased Bcr-Abl protein × × 

Increased Lyn protein × × 

Increased p-Lyn ���� ���� 

Increased Axl protein × × 

Increased p-Axl ND ���� 

Increased Syk protein ND ���� 

Increased p-Syk ND No phosphorylation 
 

����=yes; ×=no; ↑=increase; ↓=decrease; ↔=no change; ND=not determined. 
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nilotinib resistance involves decreased levels of intracellular nilotinib caused by ABCB1-mediated efflux 

creating favourable conditions for increased activity of Lyn.  Constitutively activated Lyn, which exists in 

a ternary complex with Syk and Axl126, causes phosphorylation of Bcr-Abl stabilising it in the active 

conformation.  Nilotinib and imatinib are no longer able to bind effectively resulting in inadequate 

inhibition and the observed increase in IC50NIL and IC50IM.  Phosphorylated Bcr-Abl subsequently 

activates effector molecules in downstream signalling pathways governing apoptosis, growth and 

survival, leading to resistant cells capable of proliferating in the presence of TKI.  Syk regulates the 

phosphorylation of Axl126, thus, overexpression of Syk leads to increased phosphorylation of Axl at 

Y779.  This residue then forms the docking site for effector molecules involved in signalling pathways 

governing apoptosis and proliferation273, allowing resistant cells to survive in the presence of TKI.  The 

causative event/s resulting in Lyn activation may involve down regulation of c-Cbl as previously 

suggested123,168, although this requires further investigation including analysis of c-Cbl protein levels 

(Figure 5.21). 

 

It is likely that the events following ABCB1 up regulation, while dependent on the cell line studied, are 

stochastic in nature and thus the same modes of resistance may not be observed if the process was 

repeated.  Also of interest, is the fact that K562 2 µM NIL cells still exhibit a degree of resistance to 

dasatinib, despite dasatinib-mediated inhibition of both Bcr-Abl and Lyn.  This suggests there is a third 

mechanism of resistance present; a concept discussed further in Chapter 7. 

 

In conclusion, the findings detailed in this chapter strongly suggest that, in K562 cells, ABCB1 

overexpression provides the initial catalyst required for additional Bcr-Abl dependent mechanisms of 

resistance to occur.  Results detailed here demonstrate that ABCB1 overexpression not only provides a 

favourable intracellular environment for the manifestation of other mutations/aberrant protein activation 

but that it is also directly responsible for nilotinib resistance.  Subsequently, additional modes of 
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Figure 5.21: Schematic representation of the interplay existing between resistance mechanisms 

in K562 cells 

Lyn, Axl and Syk have previously been demonstrated to exist in a ternary complex in CML cells that is 

targeted for degradation by c-Cbl126.  Decreased levels of c-Cbl may result in the increased levels of 

phosphorylated Lyn (p-Lyn) present in the K562 2 µM NIL resistant cell line.  An increase in levels of 

Syk protein was also observed in resistant cells compared with control cells possibly explaining the 

increased phosphorylation of Axl126 which has previously been demonstrated to interact with proteins 

from the PI3-K and Ras signalling pathways270.  Active p-Lyn and Bcr-Abl then engage in reciprocal 

phosphorylation leading to greatly increased levels of p-Bcr-Abl such that imatinib and nilotinib are no 

longer able to effectively inhibit its activity.  Thus, constitutive activation of downstream signalling 

pathways governing cell survival and apoptosis occurs.  Adapter proteins are depicted in PURPLE, 

transcription factors in BLUE, kinases in GREEN and apoptosis related proteins in RED.  IM=imatinib; 

NIL=nilotinib. 
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resistance occurred: activation of Lyn was observed and potentially activation of Axl.  Overall, the in 

vitro model of resistance described presents a valuable tool for studying resistance in patients. 
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 Introduction 6.1.

As described in Chapter 5, the most common form of secondary resistance observed in CML patients is 

kinase domain (KD) mutations (Figure 5.1).  However, approximately 50% of patients who relapse do 

not have detectable KD mutations.  These patients are also at high risk of failing to respond to second-

line TKI therapy and usually relapse a second time, again without detectable KD mutations171,285.  

Additionally, a group of frankly resistant, relapsed patients exist who still have adequate inhibition of 

Bcr-Abl activity108.  In these patients a Bcr-Abl independent mechanism is most likely driving resistance, 

with a number of signalling pathways postulated to be the cause: JAK-STAT286,287 and PI3-K 

signalling129,288, for example.  While these signalling pathways function in cells containing non-mutated, 

wildtype BCR-ABL, in the context of Bcr-Abl independent resistance, it is likely that the need for 

signalling through Bcr-Abl is circumvented through other receptors such as PDGFR or GM-CSFR289 

(Figure 6.1).  In addition, TKIs also have activity against other cellular kinases, for example c-kit and 

PDGFR and additionally, in the case of dasatinib, non-receptor tyrosine kinases such as Src family 

kinases (SFK).  Therefore, if kinase activity is key to disease pathogenesis, it is possible for somatic 

mutations in these targets to cause Bcr-Abl independent resistance to TKIs; although the evidence for 

this in CML patients is limited.  There is currently a very poor understanding of the cellular events 

leading to Bcr-Abl-independent resistance and unfortunately, those patients resistant to TKIs in the 

absence of KD mutations will not be effectively targeted by TKIs alone.  Thus, better understanding of 

the initiating mechanisms leading to Bcr-Abl independent resistance is required before rational 

therapeutic interventions can take place.  Consequently, there is much need for an in vitro system in 

which to study TKI resistance in the Bcr-Abl independent setting and this forms the basis of the 

analyses detailed in the current chapter. 

 

Our laboratory has previously observed a stochastic emergence of resistance both within and between 

cell lines exposed to the same TKI107.  Exposure of K562 cells to gradually increasing concentrations of 
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Figure 6.1: Schematic representation of Bcr-Abl signalling pathways aberrantly activated in CML 

(modified from O’Hare et al.290) 

Upon Bcr-Abl dimerization, trans autophosphorylation causes activation of the kinase and formation of 

docking sites for adapter proteins (PURPLE) such as Grb2 and Crkl.  In the context of Bcr-Abl 

dependent signalling, subsequent activation of downstream pathways facilitates enhanced proliferation 

and survival as well as reduced apoptosis.  Selected pathways such as JAK-STAT, PI3-K and Ras-ERK 

are depicted with transcription factors shown in BLUE, kinases in GREEN and apoptosis related 

proteins in RED, however many other pathways not depicted have also been reported.  In the context of 

Bcr-Abl independent signalling, activation of downstream pathways in the absence or inhibition of Bcr-

Abl may occur through activation of these pathways by alternate receptors (bold RED arrows). 
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nilotinib resulted in the initial overexpression of ABCB1 followed by the predomination of over active Lyn 

and Axl kinases (Chapter 5).  Additionally, we have previously demonstrated in a small cohort of 

chronic phase CML patients, that high ABCB1 expression at diagnosis may be associated with the 

development of KD mutations and/or disease resistance in patients receiving imatinib therapy253.  In 

accord with these observations, in the current study, we sought to investigate resistance emergence in 

K562-Dox cells.  K562-Dox cells have stably overexpressed ABCB1 for many years as a result of 

continued passage in doxorubicin and thus provide a suitable model in which to study the association 

between ABCB1 expression and nilotinib resistance. 

 

The cell lines generated and subsequent analyses discussed in this chapter were used to investigate 

the onset and interplay of nilotinib resistance mechanisms in vitro thus allowing possible identification of 

and early intervention for patients at risk of developing resistance to TKI therapy.  Additionally, the two 

cell lines generated harbour resistance mechanisms independent of Bcr-Abl.  This is the first description 

of an in vitro model in which cells retain kinase inhibition yet are completely resistant to TKIs and may 

provide explanation for patients who lose response to TKI therapy in the absence of KD mutations and 

other known mechanisms of resistance. 

 

 Approach 6.2.

The Bcr-Abl positive cell line K562-Dox (ABCB1 overexpressing) was cultured long term in gradually 

increasing concentrations of nilotinib starting with 15 nM and increasing to 2 µM (Section 2.3.3.3; Table 

6.1).  Control cells were cultured in parallel in a constant diluent concentration of 0.1% DMSO to control 

for the DMSO present in cell cultures containing nilotinib.  Cell growth was monitored visually, while cell 

viability was monitored by trypan blue exclusion of dead cells (Section 2.3.2).  The concentration of 

nilotinib was increased once ~70% of cells demonstrated survival (nilotinib tolerance) in culture for at 

least 10 consecutive days.  At each stage of nilotinib escalation, ampoules of cells were frozen (Section 
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Table 6.1: Summary of nilotinib concentrations to which cell line resistance intermediates were 

exposed and the corresponding number of days before dose was increased 

K562-Dox 

Nilotinib Concentration % Live Cells Days in Culture 

15 nM NIL 99.6 11 

30 nM NIL 96.9 10 

60 nM NIL 98.5 11 

100nM NIL #1 91.3 12 

125 nM NIL #1 73.6 81 

200 nM NIL #1 76.6 16 

300 nM NIL #1 63.2 11 

1 µM NIL #1 75.8 19 

2 µM NIL #1 90.7 Ongoing 

   

50 nM NIL #2 86.4 39 

100 nM NIL #2 85.7 23 

125 nM NIL #2 87.9 13 

200 nM NIL #2 90.0 18 

1 µM NIL #2 61.0 26 

2 µM NIL #2 87.0 Ongoing 
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2.3.4) to allow thawing and re-culture at a later time point (Section 2.3.5).  In addition, aliquots of cells 

were lysed in TRIzol reagent for RNA extraction and cDNA synthesis (Section 2.4.5).  Concentrations 

of nilotinib up to 100 nM were tolerated easily, however growth and viability substantially reduced upon 

exposure to 125 nM nilotinib (Table 6.1).  For this reason a second line (termed #2) of K562-Dox cells 

was created from the K562-Dox 100 nM NIL #1 line.  A frozen ampoule of cells cultured in 100 nM 

nilotinib was thawed and re-escalation of nilotinib began at 50 nM.  Once cells demonstrated ~80% 

survival in 125 nM nilotinib, the level of resistance was determined via IC50 assays based on p-Crkl 

protein expression (Section 2.4.2) and confirmed by cytotoxicity assays (Section 2.3.6).  Nilotinib dose 

escalation continued until a concentration of 2 µM was reached to reflect plasma levels achieved in vivo 

in nilotinib treated patients170 and resistance was again determined by cytotoxicity assays and p-Crkl 

IC50.  Modes of resistance were investigated as summarised in Figure 6.2.  Briefly, because ABCB1 

and ABCG2 overexpression has previously been linked to TKI resistance115,116,118,138,139, cell surface 

expression of these transporters was assessed routinely during resistance development and prior to 

each IC50 and cytotoxicity assay using flow cytometric analysis (Section 2.3.8.1).  ABCB1 function was 

also assessed by rhodamine efflux studies (Section 2.3.9.1).  Cell lines were screened for total tyrosine 

phosphorylation status (Section 2.3.8.2) and phosphorylation status of Bcr-Abl, Lyn, Axl and Syk 

(Section 2.4.3), as well as altered levels of other cellular kinases and cancer signalling proteins when 

compared with control cells (Section 2.4.4).  Levels of ABCB1 mRNA were also determined in de novo 

CML patients prior to initiation of nilotinib therapy. 

 

 Results 6.3.

6.3.1. K562-Dox Cells Cultured in 125 nM Nilotinib Demonstrate Resistance to TKIs In Vitro 

Initially, one line of nilotinib resistant K562-Dox cells was generated through exposure to gradually 

increasing concentrations of nilotinib (K562-Dox NIL #1).  Nilotinib concentrations up to 100 nM were 

easily tolerated, however, upon exposure to 125 nM nilotinib, cell growth stalled and viability 
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Figure 6.2: Schematic summary of generation and determination of nilotinib resistance in K562-

Dox cells 

K562-Dox cells were cultured in gradually increasing concentrations of nilotinib.  At nilotinib 

concentrations 125 nM and 2 µM, resistance was assessed by various in vitro methods (ORANGE 

BOXES).  In addition, mRNA levels were determined in all resistance intermediates (GREEN BOXES).  

All assays were also performed on K562 control cells for comparison.  Bold arrows represent steps in 

escalation of nilotinib.  Dashed arrows denote which assays were performed upon each intermediate.  

NIL=nilotinib.  
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significantly decreased (Table 6.2a).  However, after approximately three months exposure to 125 nM 

nilotinib, cell viability increased to >60%.  Because growth of K562-Dox NIL #1 cells in 125 nM nilotinib 

was so laboured, culture of a second K562-Dox cell line (K562-Dox NIL #2) was initiated from a frozen 

ampoule of 100 nM NIL #1 cells and re-escalation in nilotinib commenced.  These cells were also slow 

growing, however, after approximately two and a half months, were able to tolerate 125 nM nilotinib with 

cell viability reaching 88% (Table 6.2b).  Thus, resistance to nilotinib in both K562-Dox 125 nM NIL #1 

and K562-Dox 125 nM NIL #2 cells was evaluated by cytotoxicity assay.  K562-Dox 125 nM NIL #1 cells 

demonstrated increased survival compared with control cells when exposed to 1000 nM nilotinib for 72 

h: 42% vs 98% survival.  K562-Dox 125 nM NIL #2 also demonstrated increased survival compared with 

control cells when exposed to 1000 nM nilotinib for 72 h: 42% vs 98% survival (Figure 6.3a).   

 

Resistance to imatinib and dasatinib were assessed with resistant cells demonstrating increased 

survival when compared with control cells.  In the presence of 5 µM imatinib: K562-Dox control=31% 

survival, K562-Dox 125 nM NIL #1=92% survival, K562-Dox 125 nM NIL #2=93% survival.  In the 

presence of 500 nM dasatinib: K562-Dox control=11% survival, K562-Dox 125 nM NIL #1=95% survival, 

K562-Dox 125 nM NIL #2=77% survival (Figure 6.3b and c).   

 

6.3.2. K562-Dox 125 nM NIL #1 and K562-Dox 125 nM NIL #2 Cells Demonstrate Differential 

IC50 

IC50NIL, IC50IM and IC50DAS specific for p-Crkl protein expression were determined for both K562-Dox 

125 nM NIL #1 and K562-Dox 125 nM NIL #2 cells.  Interestingly, while both cell lines demonstrated 

resistance via cytotoxicity assays, only K562 125 nM NIL #2 cells demonstrated significantly increased 

IC50NIL when compared with control cells: 507 nM vs 888 nM, p<0.001 (Figure 6.4a).  IC50DAS also 

increased from 108 nM to 210 nM, p=0.018; however, IC50IM demonstrated no change from 10.4 µM to 

10.1 µM, p=0.953 which was unexpected (Figure 6.4b and c). 



Chapter Six – ABCB1 Overexpression Precedes Bcr-Abl Independent Resistance in K562-Dox Cells 

- 185 - 

 

 

 

 

 

 

 

Table 6.2a: Summary of live K562-Dox NIL #1 cells after exposure to 125 nM nilotinib for the 

corresponding number of days 

Days in Culture % Live Cells 

2 94.0 

6 68.1 

9 46.2 

12 44.8 

16 56.5 

55 45.5 

74 58.8 

76 54.4 

79 62.7 

81 73.6 

83 62.4 

88 62.3 
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Table 6.2b: Summary of live K562-Dox NIL #2 cells after exposure to increasing concentrations 

of nilotinib for the corresponding number of days 

[Nilotinib] Days in Culture % Live Cells 

50 nM 2 58.7 

 4 29.1 

 14 65.0 

 18 84.9 

 21 58.5 

 23 39.6 

 25 44.3 

 28 53.5 

 31 79.1 

 33 79.4 

 35 88.2 

 39 86.4 

   

100 nM 9 64.5 

 12 69.4 

 23 85.7 

   

125 nM 2 91.3 

 6 75.0 

 9 87.2 

 13 87.9 
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Figure 6.3: K562-Dox 125 nM NIL #1 and K562-Dox 125 nM NIL #2 cells have significantly 

decreased TKI-mediated cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell death determined by Annexin V/7-AAD staining.  Data demonstrate that K562-Dox 125 nM NIL #1 

and K562-Dox 125 nM NIL #2 cells have increased survival in the presence of TKIs when compared 

with control cells.  Results were confirmed with trypan blue staining (Appendix 4A).  The FACS plots 

shown represent one experiment performed in triplicate with the corresponding survival curves 

representing the mean.  Data were normalised to 0 nM TKI with the number of live cells in the absence 

of TKI set at 100%.  NIL=nilotinib; IM=imatinib; DAS=dasatinib. 

 

(a) 
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Figure 6.4: K562-Dox 125 nM NIL #1 and K562-Dox 125 nM NIL #2 cells have contrasting levels of 

Bcr-Abl kinase inhibition 

IC50 was determined via incubating cells for 2 h at 37°C in the presence of increasing concentrations of 

a) nilotinib, b) imatinib and c) dasatinib.  Crkl western blot was performed to determine the concentration 

of TKI required for 50% Bcr-Abl kinase inhibition.  Data demonstrate that K562-Dox 125 nM NIL #1 cells 

have significantly decreased IC50 when compared with control cells whereas K562-Dox 125 nM NIL #2 

cells have significantly increased IC50 when compared with control cells.  The western blot analyses 

shown are representative of at least three separate experiments with the corresponding densitometry 

analysis representing the mean.  Statistical analyses were performed using Student’s t-test with 

statistically significant p-values denoted by asterisks (* p<0.05; ** p<0.01; *** p<0.001).  Error bars 

represent SEM.  NIL=nilotinib, IM=imatinib, DAS=dasatinib. 

(a) 
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Intriguingly, K562 125 nM NIL #1 cells demonstrated a significantly decreased IC50NIL, IC50IM and 

IC50DAS when compared with control cells, despite being fully resistant via cytotoxicity assays.  IC50NIL 

decreased from 507 nM to 219 nM, p<0.001; IC50IM decreased from 10.4 µM to 1.3 µM, p=0.003; and 

IC50DAS decreased from 108 nM to 13 nM, p=0.003 (Figure 6.4). 

 

6.3.3. IC50 in Resistant K562-Dox Cells is Dependent on ABCB1 Expression 

ABCB1 expression was assessed to investigate whether overexpression also played a role in resistance 

development in K562-Dox cells.  Data demonstrated that ABCB1 mRNA and protein expression directly 

correlated with IC50.  In K562-Dox 125 nM NIL #2 cells, in which IC50NIL and IC50DAS were high, 

ABCB1 protein expression increased from 274 MFI in control cells to 515 MFI in resistant cells 

(p=0.002; Figure 6.5a).  Additionally, ABCB1 mRNA also increased 2.2-fold when compared with 

control cells (p=0.003; Figure 6.6a).   However, in K562-Dox 125 nM NIL #1 cells, in which IC50NIL, 

IC50IM and IC50DAS were low, two populations of cells were present: ABCB1-positive cells and an 

ABCB1-negative population.  Interestingly the ABCB1-negative population increased in size, with a 

corresponding decrease in the ABCB1-positive population, as time elapsed (Figure 6.5b).  Likewise, 

ABCB1 mRNA was decreased by 3.8-fold when compared with control cells (p=0.002; Figure 6.6a). 

 

6.3.4. Sustained Culture of K562-Dox Cells in Nilotinib Results in Decreased ABCB1 

Expression and Loss of ABCB1 Function 

Continued culture in concentrations of nilotinib up to 2 µM resulted in decreased levels of ABCB1 mRNA 

and protein (Figure 6.6) in both K562-Dox NIL #1 and K562-Dox NIL #2 cell lines.  In K562-Dox 2 µM 

NIL #1 cells expression levels of ABCB1 protein and mRNA decreased by 33- and 200-fold respectively 

(p<0.001 and p=0.002 respectively).  Similarly, in K562-Dox 2 µM NIL #2 cells, expression levels of 

ABCB1 protein and mRNA decreased by 97- and 250-fold respectively (p<0.001 and p=0.002 

respectively; Figure 6.6). 
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Figure 6.5: ABCB1 protein expression directly correlates with IC50 in K562-Dox NIL resistant 

cells 

Expression levels of ABCB1 protein were assessed in a) K562-Dox 125 nM NIL #2 and b) K562-Dox 

125 nM NIL #1 cells.  Data demonstrate K562-Dox 125 nM NIL #2 cells have increased expression 

levels of ABCB1 protein when compared with control cells and this correlates with the increased IC50NIL 

and IC50DAS.  Data also demonstrate K562-Dox 125 nM NIL #1 cells comprise two distinct populations: 

ABCB1-positive and ABCB1-negative cells.  The ABCB1-negative cell population increased over time 

with a corresponding decrease in ABCB1-positive cells.  K562-Dox 125 nM NIL #1 cells had decreased 

IC50NIL, IC50IM and IC50DAS when compared with control cells.  The histograms displayed in a) 

represent typical ABCB1 MFI levels.  The percentages displayed in b) denote cells positive for ABCB1 

expression.  The bold BLACK and BLUE lines represent control and resistant cells respectively, 

stained with ABCB1 antibody.  The GREY filled histograms represent cells stained with isotype control 

antibody.  

(a) 
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Figure 6.5 (continued): ABCB1 protein expression directly correlates with IC50 in K562-Dox NIL resistant cells 

(b) 
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Figure 6.6a: Culture of K562-Dox cells in 2 µM nilotinib causes complete loss of ABCB1 mRNA 

Expression levels of ABCB1 mRNA were assessed in a) K562-Dox NIL #1 and b) K562-Dox NIL #2 

resistance intermediates.  Data demonstrate a significant decrease in ABCB1 expression when cells are 

cultured in concentrations of nilotinib up to 2 µM.  The mRNA expression represents the mean of six 

independent experiments performed in triplicate.  Statistical analyses were performed on mRNA levels 

as a percentage of BCR using Student’s t-test.  Statistically significant p-values are denoted by 

asterisks (** p<0.01; *** p<0.001).  Error bars represent SEM.  NIL=nilotinib. 

(a) 

(b) 
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Figure 6.6b: Culture of K562-Dox cells in 2 µM nilotinib causes complete loss of ABCB1 protein  

Expression levels of ABCB1 protein were assessed in a) K562-Dox 2 µM NIL #1 and b) K562-Dox 2 µM NIL #2 cells.  Data demonstrate a significant 

decrease in ABCB1 expression.  The histograms shown are representative of typical expression levels.  The percentages displayed in the histograms denote 

cells positive for ABCB1.  The bold BLACK and BLUE lines represent control and resistant cells respectively, stained with ABCB1 antibody.  The GREY 

filled histograms represent cells stained with isotype control antibody. 

(a) (b) 
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Following long term exposure of K562 cells to the ABCB1 substrate doxorubicin, resultant K562-Dox 

cells have stably expressed ABCB1 for over a decade.  This is the first time loss of ABCB1 expression 

in K562-Dox cells due to continued culture in TKI has been described.  Thus, it was important to 

determine whether there was also a loss of ABCB1 function.  Therefore, K562-Dox 2 µM NIL #1 and 

K562-Dox 2 µM NIL #2 cells were assessed for ability to effectively efflux the ABCB1 substrate 

rhodamine-123.  Results demonstrated a complete loss of ABCB1 function with both resistant cell lines 

demonstrating comparable rhodamine-123 levels to the parental K562 cell line.  Rhodamine-123 levels 

in K562-Dox control cells were as expected (Figure 6.7).   

 

No significant increase in levels of ABCG2 mRNA was observed in any K562-Dox NIL #1 resistance 

intermediates; there was, however, a significant decrease.  Furthermore, no significant increase in 

ABCG2 protein was observed in either K562-Dox 125 nM NIL #1 or K562-Dox 2 µM NIL #1 cells 

(Figure 6.8a).  However, in early K562-Dox NIL #2 resistance intermediates, a significant increase in 

ABCG2 mRNA was observed although this failed to translate to a significant increase in ABCG2 protein 

and it was not maintained within later resistance intermediates (Figure 6.8b).  Thus, because no 

functional ABCG2 protein was present, it is unlikely this transporter plays a role in resistance to nilotinib 

in K562-Dox cells. 

 

Similarly, no significant increase in ABCC1 mRNA was observed in K562-Dox NIL #2 resistant cells.  

However, a slight increase in ABCC1 levels was observed in K562-Dox NIL #1 cells, although this 

increase was inconsistent and non-substantial (Figure 6.9).  Thus, while it is unlikely ABCC1 plays a 

role in nilotinib resistance in K562-Dox cells, this possibility cannot be completely ruled out. 
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Figure 6.7: K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells lose the ability to effectively efflux rhodamine-123 when cultured in 2 µM 

nilotinib 

Cells were stained with the fluorescent substrate rhodamine-123 and fluorescence determined in the absence and presence of the specific ABCB1 inhibitor 

PSC-833.  K562-Dox control cells demonstrated characteristically high levels of rhodamine-123 in the presence of PSC-833 consistent with ABCB1 inhibition 

resulting in retention of substrate.  In the absence of inhibition, rhodamine-123 levels were low, consistent with efflux of substrate from cells.  Parental K562 

cells demonstrated characteristically high levels of rhodamine-123 in the absence and presence of PSC-833 consistent with negligible levels of ABCB1.  

Similarly, K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells also demonstrated high levels of rhodamine-123 in the absence and presence of PSC-833 

indicating these cells had lost all functional ABCB1 protein.  Data are representative of typical MFI levels with the geometric mean of the peaks detailed.  The 

BLACK histograms represent fluorescent substrate alone while the BLUE histograms represent PSC-833-mediated inhibition of ABCB1. 
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Figure 6.8a: ABCG2 levels do not increase in K562-Dox NIL #1 cells 

Expression levels of ABCG2 mRNA and protein were assessed in K562-Dox NIL #1 nilotinib resistance 

intermediates.  Data demonstrate no increase in ABCG2 expression during development of nilotinib 

resistance: a significant decrease in mRNA expression and no change in protein levels were observed.  

mRNA expression represents the mean of six independent experiments performed in triplicate while the 

histograms shown are representative of typical expression levels.  The bold BLACK lines represent 

control cells while the bold RED and BLUE lines represent K562-Dox 125 nM NIL #1 and K562-Dox 2 

µM NIL #1 cells respectively, stained with ABCG2 antibody.  The GREY filled histograms represent cells 

stained with isotype control antibody.  Statistical analyses were performed on mRNA levels as a 

percentage of BCR using Student’s t-test.  Statistically significant p-values are denoted by asterisks (* 

p<0.05; ** p<0.01).  Error bars represent SEM.  NIL=nilotinib. 
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Figure 6.8b: ABCG2 protein levels do not increase in K562-Dox NIL #2 cells 

Expression levels of ABCG2 mRNA and protein were assessed in K562-Dox NIL #2 cells.  Data 

demonstrate an increase ABCG2 mRNA in early stage K562-Dox NIL #2 resistance intermediates but 

this decreases in later stage nilotinib resistance  Importantly, this increase in mRNA fails to translate to 

an increase in ABCG2 protein levels in either K562-Dox 125 nM NIL #2 or K562-Dox 2 µM NIL #2 cells.  

mRNA expression represents the mean of six independent experiments performed in triplicate while the 

histograms shown are representative of typical expression levels.  The bold BLACK lines represent 

control cells while the bold RED and BLUE lines represent K562-Dox 125 nM NIL #2 and K562-Dox 2 

µM NIL #2 cells respectively, stained with ABCG2 antibody.  The GREY filled histograms represent cells 

stained with isotype control antibody.  Statistical analyses were performed on mRNA levels as a 

percentage of BCR using Student’s t-test.  Statistically significant p-values are denoted by asterisks (* 

p<0.05; ** p<0.01).  Error bars represent SEM.  NIL=nilotinib. 
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Figure 6.9: ABCC1 levels do not increase in K562-Dox NIL #2 cells 

Expression levels of ABCC1 mRNA were assessed in a) K562-Dox NIL #1 and b) K562-Dox NIL #2 

cells.  Data demonstrate no consistent increase in ABCC1 expression during development of nilotinib 

resistance.  mRNA expression represents the mean of six independent experiments performed in 

triplicate.  Statistical analyses were performed on mRNA levels as a percentage of BCR using Student’s 

t-test.  Statistically significant p-values are denoted by asterisks (* p<0.05; ** p<0.01; *** p<0.001).  

Error bars represent SEM.  NIL=nilotinib. 
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6.3.5. K562-Dox Cells Cultured in 2 µM Nilotinib Demonstrate Bcr-Abl Independent 

Resistance to TKIs In Vitro 

Importantly, while K562 2 µM NIL #1 and K562 2 µM NIL #2 cells demonstrated negligible levels of 

ABCB1, they were still completely resistant to three currently available TKIs.  K562-Dox 2 µM NIL #1 

cells demonstrated significantly increased survival compared with control cells when exposed to 1000 

nM nilotinib for 72 h: 44% vs 120% viable cells (p=0.002; Figure 6.10a).  Survival also increased in the 

presence of 5 µM imatinib with viable cells increasing from 39% to 103% (p<0.001) and in the presence 

of 500 nM dasatinib from 37% to 102% (p<0.001; Figure 6.10b and c).  Similar results were observed 

in K562 2 µM NIL #2 cells: the percentage of viable cells in the presence of 1000 nM nilotinib increased 

from 44% to 112% (p<0.001), viable cells in the presence of 5 µM imatinib increased from 39% to 109% 

(p<0.001), and viable cells in the presence of 500 nM dasatinib increased from 37% to 106% (p<0.001; 

Figure 6.10a–c). 

 

Interestingly, the IC50NIL, IC50IM and IC50DAS were all significantly decreased in both cell lines indicating 

a Bcr-Abl independent mode of resistance.  In K562-Dox 2 µM NIL #1 cells, the IC50NIL decreased 

significantly when compared with control cells (507 nM to 106 nM, p<0.001).  Similar results were 

observed for K562-Dox 2 µM NIL #2 cells: IC50NIL=159 nM, p<0.001 (Figure 6.11a).  Likewise, IC50IM 

decreased significantly in both K562-Dox 2 µM NIL #1 (760 nM, p=0.001) and K562-Dox 2 µM NIL #2 

(1.1 µM, p=0.003) when compared with control cells (10.4 µM, Figure 6.11b).  IC50DAS decreased from 

108 nM in control cells to 2.3 nM and 2.4 nM, K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 

respectively (p=0.001, Figure 6.11c).  IC50PON decreased from 10.1 nM in control cells to 4.2 nM in 

K562 2 µM NIL #2 cells (p<0.001, Figure 6.11d). 

 

6.3.6. p-Crkl Protein Levels Provide an Accurate Surrogate for Bcr-Abl Kinase Activity 

It has recently been proposed that p-Crkl protein levels may not accurately reflect Bcr-Abl activity291.  
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Figure 6.10: K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells have significantly decreased 

TKI-mediated cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell death determined by Annexin V/7-AAD staining.  Data demonstrate that K562-Dox 2 µM NIL #1 and 

K562-Dox 2 µM NIL #2 cells have increased survival in the presence of TKIs when compared with 

control cells.  Results were confirmed visually and with trypan blue staining (Appendices 4B and 4C).  

The FACS plots shown are representative of at least three separate experiments performed in triplicate 

with the corresponding survival curves representing the mean.  Data were normalised to 0 nM TKI with 

control values set at 100% live cells.  Statistical analyses were performed using Student’s t-test with 

statistically significant p-values denoted by asterisks and carets representing K562-Dox 2 µM NIL #1 

and K562-Dox 2 µM NIL #2 cell lines respectively (** p<0.01; *** p<0.001).  Error bars represent SEM.  

NIL=nilotinib; IM=imatinib; DAS=dasatinib. 

(a) 
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Figure 6.11: K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells have significantly decreased 

IC50 

IC50 was determined via incubating cells for 2 h at 37°C in the presence of increasing concentrations of 

a) nilotinib, b) imatinib, c) dasatinib and d) ponatinib.  Crkl western blot was performed to determine the 

concentration of TKI required for 50% Bcr-Abl kinase inhibition.  Data demonstrate that both K562-Dox 2 

µM NIL #1 and K562-Dox 2 µM NIL #2 cells have significantly decreased IC50 when compared with 

control cells.  The western blot analyses shown are representative of at least three separate 

experiments with the corresponding densitometry analysis representing the mean.  Statistical analyses 

were performed using Student’s t-test with statistically significant p-values denoted by asterisks (*** 

p<0.001).  Error bars represent SEM.  NIL=nilotinib; IM=imatinib; DAS=dasatinib; PON=ponatinib. 

(a) 
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Thus, in order to determine whether p-Crkl protein constitutes a valid surrogate marker for Bcr-Abl 

activity, protein levels of p-Crkl as well as Bcr-Abl and phosphorylated Bcr-Abl (p-Bcr-Abl) were 

assessed in cells incubated in increasing concentrations of nilotinib.  Indeed, results demonstrated that 

p-Crkl inhibition parallels Bcr-Abl kinase inhibition with a steady decrease in levels of both p-Crkl and p-

Bcr-Abl in the presence of increasing concentrations of nilotinib.  Importantly, levels of total Bcr-Abl 

protein remained constant  Furthermore, levels of p-Bcr-Abl in nilotinib resistant cells demonstrated 

sufficient inhibition of Bcr-Abl kinase activity despite resistance to 2 µM nilotinib thus confirming results 

from p-Crkl specific IC50NIL (Figure 6.12). 

 

6.3.7. Bcr-Abl Inhibition in K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells is 

Reversed upon Drug Washout 

Following the validation of p-Crkl as an indicator of Bcr-Abl kinase activity, it was necessary to confirm 

that the resistance mechanism present in these cells was Bcr-Abl independent.  Thus nilotinib was 

removed from the culture media by thorough washing and K562-Dox 2 µM NIL #1 and K562-Dox 2 µM 

NIL #2 cells allowed equilibrate overnight.  Total Bcr-Abl levels and p-Bcr-Abl levels were then 

determined and compared with the levels in cells that remained in culture with nilotinib.  Results 

demonstrated that in both cell lines kinase activity was completely inhibited in the presence of nilotinib 

causing a significant decrease in p-Bcr-Abl protein levels when compared with control cells (p<0.05).  

However, upon drug washout, reactivation of the Bcr-Abl kinase occurred resulting in similar levels of p-

Bcr-Abl in both resistant and control cells (p>0.05).  Importantly, total Bcr-Abl levels remained 

unaffected in the absence and presence of nilotinib (Figure 6.13).  Thus, while nilotinib was effective at 

inhibiting Bcr-Abl kinase activity, both cell lines demonstrated complete resistance indicating the 

presence of a genuine Bcr-Abl independent resistance mechanism. 
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Figure 6.12: p-Crkl protein levels reflect Bcr-Abl kinase activity in the presence of nilotinib 

a) K562-Dox control, b) K562-Dox 2 µM NIL #1 and c) K562-Dox 2 µM NIL #2 cells were incubated for 2 

h at 37°C in the presence of increasing concentrations of nilotinib.  Western blot for total Bcr-Abl, p-Bcr-

Abl, Crkl and β-actin were performed.  Data demonstrate that levels of total Bcr-Abl remain constant in 

the presence of nilotinib, however, levels of p-Bcr-Abl decrease as nilotinib concentration increases.  

Levels of p-Crkl decrease concordantly indicating this protein is a valid surrogate for Bcr-Abl kinase 

activity.  The western blot analyses shown are representative of three separate experiments.  

NIL=nilotinib. 
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Figure 6.13: Bcr-Abl activity is inhibited in K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells; kinase reactivation occurs upon drug washout 

Total Bcr-Abl and p-Bcr-Abl protein levels were determined in K562-Dox cells either cultured continuously in 2 µM nilotinib or thoroughly washed and cultured 

overnight in the absence of nilotinib.  Data demonstrate that total Bcr-Abl levels remain constant in the absence or presence nilotinib.  Conversely, levels of p-

Bcr-Abl, which are significantly reduced in the presence of nilotinib, increase to levels comparable with those in control cells upon nilotinib washout, thus 

indicating Bcr-Abl independent resistance.  Western blot analyses shown are representative of three separate experiments with the corresponding 

quantitation representing the mean.  Bcr-Abl levels were normalised to β-actin control.  Statistical analyses were performed using Student’s t-test with 

statistically significant p-values denoted by asterisks (* p<0.05).  Error bars represent SEM.  NIL=nilotinib. 
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6.3.8. No Increase in Lyn or Axl Expression or Activity was Observed in Nilotinib Resistant 

K562-Dox Cells 

While it has already been established that Lyn and Bcr-Abl engage in reciprocal phosphorylation thus 

rendering Lyn overexpression and/or activation a Bcr-Abl dependent mechanism of resistance123,158,160, 

persistent activation of Lyn may be the result of a conformational change induced by a point mutation125.  

Hence, mRNA and protein levels of Lyn and Axl, two common tyrosine kinases involved in nilotinib 

resistance, were determined.  However, results demonstrated that neither mRNA (Figure 6.14a) nor 

protein (Figure 6.15a) levels of Lyn increased significantly; in fact, Lyn levels decreased, although this 

failed to reach statistical significance.  There was also no increase in Lyn activity, with p-Lyn (Y396) 

levels in both K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells slightly reduced when compared 

with those in control cells, although again, this failed to reach statistical significance (Figure 6.15a).  

Similarly, there was also no increase in Axl mRNA (Figure 6.14b) nor in total and p-Axl (Y779) protein 

levels (Figure 6.15b).  Levels of total Axl protein appeared decreased when compared with control cell 

levels, although this also failed to reach statistical significance.  Levels of Syk and p-Syk (Y525/526) 

were undetectable in both control and resistant cells (Figure 6.15c). 

 

6.3.9. Total Tyrosine Phosphorylation is Decreased in Nilotinib Resistant K562-Dox Cells 

In the case of Bcr-Abl independent resistance, activation of alternative signalling pathways such as 

JAK-STAT286,287 and PI3-K129,288 may occur.  For this reason, total tyrosine phosphorylation in K562-Dox 

2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells was assessed via flow cytometry.  Results demonstrated 

that, in both resistant cell lines, tyrosine phosphorylation significantly decreased when compared with 

control cells.  The percentage of cells staining positive for 4G10 antibody deceased significantly from 

78.1% in control cells to 2.2% and 4.1% in K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells 

respectively (p<0.001, Figure 6.16a).  Further investigation into specific effector molecules contained in 

these pathways (Figure 6.1) demonstrated a reduction in phosphorylation of Akt (T308), Erk 



Chapter Six – ABCB1 Overexpression Precedes Bcr-Abl Independent Resistance in K562-Dox Cells 

- 217 - 

Control 15 nM
NIL #1

30 nM
NIL #1

60 nM
NIL #1

100 nM
NIL #1

125 nM
NIL #1

200 nM
NIL #1

1 µM
NIL #1

2 µM
NIL #1

0.0

0.5

1.0

*

 

 

Figure 6.14: Lyn and Axl mRNA levels do not increase during development of nilotinib resistance 

in K562-Dox Cells 

Expression levels of a) Lyn and b) Axl mRNA were assessed in K562-Dox nilotinib resistance 

intermediates.  Data demonstrate no increase in either Lyn or Axl expression at any time during 

development of resistance.  mRNA expression represents the mean of at least three independent 

experiments performed in triplicate.  Statistical analyses were performed on mRNA levels as a 

percentage of GusB using Student’s t-test with statistically significant p-values denoted by asterisks (* 

p<0.05; ** p<0.01).  Error bars represent SEM.  NIL=nilotinib. 

(a) 
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Figure 6.14 (continued): Lyn and Axl mRNA levels do not increase during development of 

nilotinib resistance in K562-Dox Cells 

 

(b) 
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Figure 6.15: Nilotinib resistant K562-Dox cells do not exhibit increased expression or activity of 

Lyn, Axl or Syk proteins 

Protein expression levels of a) Lyn, b) Axl and c) Syk were assessed in K562-Dox control and resistant 

cells.  Data demonstrate that there is no increase in expression of Lyn, Axl or Syk proteins; importantly 

there is also no increase in levels of p-Lyn (Y396), p-Axl (Y779) or p-Syk (Y525/526) indicating no 

increase in activity of these proteins.  Western blot analyses shown are representative of at least three 

separate experiments with the corresponding quantitation representing the mean.  Protein levels were 

normalised to β-actin control.  Error bars represent SEM.  Ramos cells stimulated with goat anti-human 

IgM provide the positive control for Syk protein.  NIL=nilotinib. 

(a) 
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Figure 6.16: Total tyrosine phosphorylation is decreased in nilotinib resistant K562-Dox cells 

K562-Dox control and K562-Dox 2 µM NIL resistant cells were stained with a) 4G10 antibody to assess 

total tyrosine phosphorylation status.  Phosphorylation status of the oncoproteins b) Akt, c) Erk, d) Stat5 

and e) Crkl was also determined.  Data demonstrate a significant decrease in total tyrosine 

phosphorylation in resistant cells when compared with control cells.  Additionally, there was no increase 

in phosphorylation of the oncoproteins.  Data are representative of typical MFI levels.  The GREY filled 

histograms represent cells stained with isotype control antibody.  The bold BLACK, RED and BLUE 

histograms represent K562-Dox control, K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells 

respectively, stained with the antibodies detailed on the histograms.  Flow cytometry was conducted by 

Amity Frede who had no role in the analysis of the data. 

(b) 

(a) 
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(T202/Y204) and Stat5 (Y694) although this failed to reach statistical significance; phosphorylation of 

Crkl was also reduced, confirming results from western blot (Figure 6.16b-e). 

 

6.3.10. Nilotinib Resistance in K562-Dox Cells may be due to Aberrant Expression of 

Proteins Governing Cell Survival and Apoptosis 

None of the previously reported causes of Bcr-Abl independent resistance in CML appeared to be the 

source of resistance to nilotinib in the K562-Dox cells here, thus a more global approach was employed 

in an attempt to determine the resistance mechanism/s present.  Commercially available micro array 

plates (Fullmoon Biosystems) were used to compare protein expression levels of various cellular 

kinases and proteins involved in cancer signalling in resistant cells versus control cells.  The arrays 

were analysed by Fullmoon Biosystems and the percentage change in expression levels determined 

(Appendix 4D).  A smaller selection of interesting candidate proteins exhibiting large percentage 

changes were then validated by western blot where possible: PDGFR-β, MAP3K5, cdc25C and Chk2 

(unfortunately western blot for PDGFR-β was unable to be optimised).   

 

Platelet-derived growth factor receptors (PDGFR), such as PDGFR-β, are receptor tyrosine kinases 

involved in signalling pathways governing cell growth, differentiation and migration292.  Additionally, 

overactivity of these receptors caused by abnormal gene rearrangement has previously been implicated 

in various malignancies including CML293.  Upon comparison of protein levels in K562-Dox cells, array 

data demonstrated a 109% and 98% increase in expression of PDGFR-β in K562-Dox 2 µM NIL #1 and 

K562-Dox 2 µM NIL #2 cells respectively when compared with control cells (Table 6.3). 

 

Mitogen-activated protein kinase kinase kinase 5 (MAP3K5) is a cellular kinase involved in stress-

related apoptosis.  Activation of this protein induces cell death; conversely decreased expression and/or 

reduced activity promotes cell survival.  Array results demonstrated a 57% and 54% decrease in K562- 
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Table 6.3: Summary of proteins yielding large changes in expression in K562-Dox NIL resistant 

versus K562-Dox control cells 

Cell Line Protein Fold Change % Change 

K562-Dox 2 µM NIL #1 PDGFR-β 1.09 +109 

 MAP3K5 -0.57 -57 

 cdc25C 1.45 +145 

 Chk2 0.98 +98 

    

    

K562-Dox 2 µM NIL #2 PDGFR-β 0.98 +98 

 MAP3K5 -0.54 -54 

 cdc25C -0.47 -47 

 Chk2 1.04 +104 
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Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells respectively when compared with control cells (Table 

6.3).  These data were confirmed by western blot with resistant cells demonstrating a clear reduction in 

MAP3K5 protein levels (Figure 6.17a). 

 

Chk2 and cdc25C are proteins involved in DNA damage repair pathways.  cdc25C is a protein 

phosphatase that regulates the entry of cells into mitosis while Chk2 acts by inhibiting cdc25C thus 

preventing premature mitosis from occurring.  Array results demonstrated an increase in expression of 

both cdc25C and Chk2 in K562-Dox 2 µM NIL #1 cells of 145% and 98% respectively (Table 6.3).  

However, western blot results did not confirm this with data showing a clear decrease in levels of 

cdc25C and no significant change in levels of Chk2 (Figure 6.17b and c).  Array results demonstrated 

an increase in Chk2 expression in K562-Dox 2 µM NIL #2 cells of 104% which was confirmed by 

western, although this failed to reach statistical significance (Table 6.3, Figure 6.17c).  However, the 

decrease in cdc25C expression observed in the array for K562-Dox 2 µM NIL #2 cells (47%, Table 6.3) 

was confirmed by western blot (Figure 6.17b). 

 

6.3.11. Newly Diagnosed CML Patients Exhibit a Range of ABCB1 mRNA Expression Levels 

Our laboratory has previously demonstrated a correlation between high levels of ABCB1 expression at 

diagnosis and loss of response to imatinib therapy253.  Accordingly, ABCB1 mRNA levels were 

determined in 83 newly diagnosed CML patients receiving 300 mg upfront nilotinib twice daily to 

investigate whether the same is true for nilotinib.  Peripheral blood diagnosis samples were used prior to 

therapy commencement such that baseline ABCB1 levels were determined.  Data demonstrate a large 

variation in ABCB1 mRNA levels from <1% to 78% with a median level of 9.6% (Figure 6.18).  Patients 

were divided in half about the median and early molecular response at three months assessed (<10% 

Bcr-Abl).  However, because nilotinib has a far greater potency compared with imatinib, the majority of 

patients achieved this landmark reduction in Bcr-Abl levels by three months making this time frame 
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Figure 6.17: Nilotinib resistant K562-Dox cells exhibit differing levels of cellular proteins when 

compared with control cells 

Expression levels of a) MAP3K5 b) cdc25C and c) Chk2 proteins were assessed in K562-Dox control 

and resistant cells.  Data demonstrate that resistant cells exhibit decreased levels of MAP3K5 and 

cdc25C, but no significant change in Chk2.  Western blot analyses shown are representative of at least 

three separate experiments with the corresponding quantitation representing the mean.  Protein levels 

were normalised to β-actin control.  Statistical analyses were performed using Student’s t-test with 

statistically significant p-values denoted by asterisks (* p<0.05).  Error bars represent SEM.  

NIL=nilotinib.   

 

 

 

  

(a) 



Chapter Six – ABCB1 Overexpression Precedes Bcr-Abl Independent Resistance in K562-Dox Cells 

- 228 - 

 

 

 

 

 

%
 c

d
c

25
C

 (
n

o
rm

a
lis

ed
)

Control 2 µM
NIL #1

2 µM
NIL #2

0

20

40

60

80

100

*

 

%
 C

h
k2

 (
n

o
rm

a
lis

e
d

)

Control 2 µM
NIL #1

2 µM
NIL #2

0

10

20

30

40

50

 

 

 

 

 

 

(b) 

(c) 



Chapter Six – ABCB1 Overexpression Precedes Bcr-Abl Independent Resistance in K562-Dox Cells 

- 229 - 

 

 

 

Figure 6.18: De novo CML patients exhibit diverse levels of ABCB1 mRNA 

ABCB1 mRNA levels were assessed in the peripheral blood of 83 de novo CML patients prior to 

commencement of nilotinib therapy.  Data demonstrate a wide variation in expression.  Patients were 

divided in half about the median based on ABCB1 expression.  mRNA expression was determined as a 

percentage of BCR and represents the mean of three independent experiments performed in triplicate.  

VBL100 (ABCB1 over expressing) cells were used as a control for reproducibility in all assays.  

Experiments in which control results were inconsistent were repeated and the results were not included 

in the analysis.  
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unsatisfactory for predicting long term response.  Unfortunately, 12 month data is not yet available on a 

large enough cohort of patients for any conclusions to be drawn regarding long term response.  As an 

alternative, patients were assessed for ability to achieve a major molecular response (MMR) of <1% 

Bcr-Abl at three months.  However, results demonstrated no correlation between ABCB1 

overexpression and achievement of MMR at three months: 64.3% of patients with low ABCB1 

expression achieved MMR compared with 85.4% of patients with high ABCB1 expression.  Although 

again, 3 months may be too short a time frame for meaningful predictions of long term response to be 

drawn. 

 

 Discussion 6.4.

TKIs such as imatinib, and more recently nilotinib and dasatinib, have resulted in significantly better 

treatment outcomes for the majority of patients with CML.  However, a substantial group remains (up to 

35%) that develops secondary resistance; most commonly due to kinase domain (KD) mutations102,103.  

Furthermore, there are some patients who relapse following a successful imatinib treatment phase with 

an absence of KD mutations.  These patients are also at risk of failing to respond to treatment with 

either of the second generation TKIs and usually relapse a second time, again without detectable KD 

mutations171,285.  Additionally, a group of frankly resistant, relapsed patients exist who still have 

adequate inhibition of Bcr-Abl activity108, although this study utilised a small cohort of patients 

undergoing imatinib treatment and there have been no confirmatory results in the ensuing years.  

However, the long term treatment outcomes of nilotinib are yet to be defined and Bcr-Abl independent 

resistance may be applicable here.  Accordingly, a greater understanding of the kinetics of resistance 

development, especially in the Bcr-Abl independent setting, is required.  For this reason, two nilotinib 

resistant K562-Dox cell lines were generated so that resistance emergence could be observed in the 

presence of ABCB1 overexpression. 
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6.4.1. ABCB1 Overexpression is the Initiator of Resistance to Nilotinib In Vitro 

ABCB1 overexpression was established as an important initiator of nilotinib resistance in K562 cells 

(Chapter 5).  Importantly, further overexpression of ABCB1 was also observed in K562-Dox cells with 

expression levels directly correlating with IC50NIL.  Interestingly, continued culture in increasing 

concentrations of nilotinib resulted in a loss of ABCB1 expression back to parental K562 levels as 

additional resistance mechanisms emerged.  It is likely that ABCB1 overexpression caused increased 

export of nilotinib leading to lower intracellular nilotinib concentrations.  This then resulted in suboptimal 

Bcr-Abl inhibition which presumably created a favourable environment for development of other 

resistance mechanisms (Figure 6.19).  

 

Our laboratory has previously demonstrated a correlation between high levels of ABCB1 mRNA at 

diagnosis and subsequent development of KD mutations in patients receiving imatinib therapy253.  We 

have also demonstrated a significant reduction in IC50NIL in CML patient mononuclear cells incubated in 

the presence of the ABCB1 inhibitor pantoprazole compared with those incubated in the absence of 

pantoprazole294.  These results were supported by clinical in vivo data295: retrospective analyses were 

performed in newly diagnosed, chronic phase CML patients receiving up front nilotinib as well as those 

patients with imatinib resistant disease being treated with nilotinib as a second line therapy.  Molecular 

and cytogenetic responses were assessed in patients receiving concomitant pantoprazole (or another 

similar proton pump inhibitor, PPI) compared with those patients who did not receive any co-medication.  

Results demonstrated that concurrent use of PPIs had no adverse effect on nilotinib efficacy; in fact, a 

modest increase in molecular and cytogenetic responses was observed.  Accordingly, ABCB1 mRNA 

levels were assessed in 83 de novo CML patients receiving up front nilotinib therapy.  Results 

demonstrated large variation in ABCB1 expression which will later be correlated with response at 12 

months once this data becomes available.  Dependent on these data, patients exhibiting high levels of 

ABCB1 at diagnosis may benefit from combination ABCB1 inhibitor:TKI therapy. 
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Figure 6.19: Schematic summary of resistance generation in cell lines 

ABCB1 overexpression is the initiating event facilitating nilotinib resistance in vitro.  This was observed 

in resistant K562, as well as K562-Dox cell lines, and was thus not dependent on ABCB1 expression 

status at the start of resistance generation.  ABCB1-mediated nilotinib efflux presumably occurred 

resulting in a decreased level of intracellular nilotinib.  This then resulted in inferior Bcr-Abl inhibition 

leading to a cellular environment that promoted further mutations/aberrant activation of proteins 

ultimately resulting in the Bcr-Abl dependent (K562 cells) and Bcr-Abl independent (K562-Dox cells) 

resistance observed. 



Chapter Six – ABCB1 Overexpression Precedes Bcr-Abl Independent Resistance in K562-Dox Cells 

- 233 - 

ABCG2 mRNA overexpression was also observed in early resistance intermediates from K562-Dox NIL 

#2 cells.  However, this failed to translate to an overexpression in ABCG2 protein and thus data 

described here does not support a role for ABCG2 in development of nilotinib resistance.  As discussed 

in the previous chapter, this is most likely due to the level of redundancy that exists between closely 

related transporters, such as those from the ABC superfamily.  It is likely the presence of nilotinib 

directly impacts levels of ABCB1 mRNA, which in turn impact ABCG2 mRNA levels independently of 

nilotinib, as was demonstrated in ABCB1 knockout mice284. 

 

Importantly, whereas ABCB1 mRNA overexpression occurred consistently and incrementally with 

increasing nilotinib concentration in all resistant cell lines generated, ABCG2 overexpression did not.  

Similarly, levels of ABCC1 mRNA were also inconsistent, both within and between cell lines.  Thus, 

even though the difference in levels of ABCC1 mRNA in resistant versus control cells may have reached 

significance in the late stage K562-Dox resistance intermediates, it is unlikely this transporter plays a 

role in nilotinib resistance. 

 

6.4.2. ABCB1 Overexpression Precedes Bcr-Abl Independent Resistance in K562-Dox Cells 

Following ABCB1 overexpression in nilotinib resistant K562-Dox cells, a Bcr-Abl independent 

mechanism of resistance predominated, which, to date, remains undetermined.  Interestingly, K562-Dox 

2 µM NIL #1 cells lost ABCB1 expression at an earlier time point (125 nM) than K562-Dox 2 µM NIL #2 

cells (1 µM).  As mentioned previously, IC50 correlated with ABCB1 expression: low ABCB1 expression, 

low IC50; high ABCB1 expression, high IC50.  However, once cultured in 2 µM nilotinib, both K562-Dox 

2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells had negligible levels of ABCB1 mRNA and protein.  

IC50NIL, IC50IM and IC50DAS were all significantly decreased yet both resistant cells lines demonstrated 

significantly increased survival in the presence of all three TKIs when compared with control cells.  

K562-Dox cells have been stably expressing ABCB1 for over a decade and this is the first report of 
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complete loss of ABCB1 expression back to levels observed in parental K562 cells.  Importantly, loss of 

expression was accompanied by loss of function as demonstrated by inability to efflux the ABCB1 

substrate rhodamine-123.  

 

Intriguingly, investigation of other common modes of TKI resistance failed to determine the cause of 

resistance in these cell line models (Table 6.4).  There was no overexpression of Lyn or Axl mRNA in 

any of the resistance intermediates from either K562-Dox 2 µM NIL #1 or K562-Dox 2 µM NIL #2 cells.  

There was also no overexpression of Lyn, Axl or Syk proteins nor increased phosphorylation of these 

proteins in 2 µM nilotinib resistant cells.  Total tyrosine phosphorylation was reduced, as was 

phosphorylation of Akt, Erk and Stat5, which are all important effector molecules in pathways governing 

cell proliferation and survival290.  IC50 data demonstrated that Bcr-Abl kinase activity was sufficiently 

inhibited in resistant cells and this was confirmed by flow cytometry specific for p-Crkl.  It is important to 

note that the growth rates of the resistant cells did not differ from that of the control cells thus excluding 

decreased growth as a potential explanation for the decreased cytotoxicity observed in spite of Bcr-Abl 

inhibition.  Taken together, these data suggest a Bcr-Abl independent mode of resistance and thus 

these cell lines may offer an in vitro model for those frankly resistant, relapsed patients who maintain 

sufficient Bcr-Abl inhibition108. 

 

6.4.3. Crkl Phosphorylation Status Provides an Adequate Surrogate for Bcr-Abl Activity 

Due to the unstable nature of Bcr-Abl upon disruption of patient cells290, a surrogate marker of Bcr-Abl 

kinase activity was required.  Crkl is the major tyrosine-phosphorylated protein in neutrophils from 

patients with CML but is unphosphorylated in Bcr-Abl negative cells296 and thus p-Crkl is considered the 

most specific readout of Bcr-Abl activity.  Importantly, we210,297, and others298,299, have demonstrated 

that the degree of Crkl phosphorylation is strongly predictive of molecular response in patients treated 

with imatinib.  Conversely, it has recently been suggested that p-Crkl may not accurately represent Bcr-
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Table 6.4: Summary of resistance mechanisms in K562-Dox NIL #1 and K562-Dox NIL #2 cells 

 K562-Dox 125 nM NIL #1  K562-Dox 2 µM NIL #1 K562-Dox 125 nM NIL #2  K562-Dox 2 µM NIL #2 

Resistance by cytotoxicity to all TKIs ���� ���� ���� ���� 

IC50NIL ↓↓↓ ↓↓↓ ↑↑↑ ↓↓↓ 

IC50IM ↓↓ ↓↓↓ ↔ ↓↓↓ 

IC50DAS ↓↓ ↓↓↓ ↑ ↓↓↓ 

ABCB1 protein overexpression × × ���� × 

ABCG2 protein overexpression × × × × 

Increased Bcr-Abl protein ND × ND × 

Increased Lyn protein ND × ND × 

Increased p-Lyn ND × ND × 

Increased Axl protein ND × ND × 

Increased p-Axl ND × ND × 

Increased Syk protein ND No expression ND No expression 

Increased p-Syk ND No phosphorylation ND No phosphorylation 

Increased total tyrosine phosphorylation ND × ND × 

Increased PDGFR-β protein ND ���� ND ���� 

Decreased MAP3K5 protein ND ���� ND ���� 

����=yes; ×=no; ↑=increase; ↓=decrease; ↔=no change; ND=not determined. 

-
 235 -
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Abl kinase activity.  In vitro experiments with dasatinib, employing a rigorous washing technique in 

which residual TKI was washed out, demonstrated p-Crkl levels did not correlate with presence or 

absence of TKI, although this may be cell type specific291.  However, for the purposes detailed in this 

current study, in which CML cells are continuously exposed to nilotinib, results clearly demonstrate 

levels of p-Bcr-Abl (Y245) mimic those of p-Crkl thus confirming p-Crkl as an accurate and sensitive 

surrogate for Bcr-Abl kinase activity. 

 

6.4.4. Activation of Signalling Pathways Governing Growth and Survival May Occur Via 

PDGFR-β Circumventing Bcr-Abl 

Determination of p-Bcr-Abl levels in K562-Dox 2 µM resistant cells demonstrated near complete 

inhibition in the presence of nilotinib which was reversible upon drug washout.  Thus, TKI-mediated 

inhibition is taking place yet the cells remain resistant indicating a Bcr-Abl independent mechanism of 

resistance.  In order to ascertain a contributing signalling pathway, global protein arrays assessing 

levels of cellular kinases and cancer signalling proteins in resistant versus control cells were conducted.  

Results indicated a potential role for PDGFR-β, MAP3K5 and the DNA damage checkpoint proteins 

cdc25C and Chk2.   

 

Western validation confirmed array results for MAP3K5 in both K562-Dox 2 µM NIL #1 and K562-Dox 2 

µM NIL #2 cells.  Western results also validated array results for cdc25C and Chk2 in K562-Dox 2 µM 

NIL #2 cells but were not as convincing for cdc25C and Chk2 in K562-Dox 2 µM NIL #1 cells (Table 

6.5).  This is most likely due to the stage of the cell cycle at which the cells were sampled for array 

processing (K562-Dox 2 uM NIL #1 cells were growing at a higher concentration than that of K562-Dox 

2 uM NIL #2 cells).  cdc25C is constitutively phosphorylated during interphase and thus the antibody on 

the array would not have recognised a modified protein.  Therefore, if cells were no longer in the 

exponential growth phase, feasibly this may have affected the levels of cdc25C observed.  However, 
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Table 6.5: Comparison of protein levels in resistant K562-Dox cells versus control cells as 

determined by protein array and western blot 

Cell Line Protein Array Western 

K562-Dox 2 µM NIL #1 PDGFR-β ↑ N/A 

 MAP3K5 ↓ ↓ 

 cdc25C ↑ ↓ 

 Chk2 ↑ ↔ 

    

    

K562-Dox 2 µM NIL #2 PDGFR-β ↑ N/A 

 MAP3K5 ↓ ↓ 

 cdc25C ↓ ↓ 

 Chk2 ↑ ↑ 

↑=increase; ↓=decrease; ↔=no change; N/A=western unable to be optimised. 
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upon validation by western, which was repeated five times, cells were sampled and lysed during the 

growth phase giving a more realistic depiction of cdc25C levels in resistant cells. 

 

Collectively, the array results, in conjunction with western validation, indicate that DNA damage has 

occurred in resistant cells resulting in up regulation of Chk2 and a corresponding down regulation of 

cdc25C.  This DNA damage may be related to an activating mutation of PDGFR-β causing aberrant 

activation of the PI3-K/Akt pathway in the absence of Bcr-Abl signalling ultimately leading to increased 

proliferation and reduced apoptosis (Figure 6.20).  Activating mutations of PDGFR-α have previously 

been reported in the pathology of gastrointestinal tumours (GIST)300, however, activating mutations in 

PDGFR-β are yet to be described in myeloproliferative disorders such as CML.  Alternatively, it has also 

been demonstrated that binding of PDGFR-β, for example, with abnormal binding partners can cause 

constitutive activation and aberrant overexpression of the receptor301.  While fusions of different genes 

with PDGFR-α have already been reported in atypical CML302 and other diseases303,304, the abnormal 

overexpression and/or activation of PDGFR-β described here could provide a novel mode of Bcr-Abl 

independent resistance in CML in response to nilotinib; a line of investigation we intend to pursue in the 

future.  Further to this, PDGFR-β has been demonstrated to interact with other downstream effector 

molecules in signalling pathways governing cellular proliferation.  PDGFR-β is capable of directly 

activating proteins downstream of Erk305 which may explain why no increased phosphorylation of Erk 

was observed in these cell lines.   

 

Additionally, the reduced levels of MAP3K5 observed, which under normal conditions is activated in 

response to external stress306, may also be involved in the reduced apoptosis and increased survival 

exhibited by resistant cells.  MAP3K5 has previously been demonstrated to play a role in the inactivation 

of members of the Bcl-2 family of proteins resulting in apoptosis (Figure 6.21).  However, in vitro 

experimentation demonstrated that a dominant-negative form of MAP3K5 was unable to correctly 
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Figure 6.20: Schematic representation of the interplay existing between resistance mechanisms 

in K562-Dox cells 

Abnormal expression and/or activity of PDGFR-β in nilotinib resistant K562-Dox cells may cause 

aberrant growth and survival.  Activating mutations of PDGFR-α, which is closely related to PDGFR-β, 

have previously been implicated in disease phenotypes300.  Additionally, binding of PDGFR-β to 

abnormal binding partners has been demonstrated to cause constitutive activation of the receptor 

leading to deregulation of downstream signalling pathways301.  This, coupled with decreased levels of 

MAP3K5 leading to reduced apoptosis, may be responsible for the uncontrolled growth and survival 

exhibited by resistant K562-Dox 2 µM cells in the presence of adequate Bcr-Abl inhibition.  Adapter 

proteins are depicted in PURPLE, transcription factors in BLUE, kinases in GREEN and apoptosis 

related proteins in RED. 
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Figure 6.21 Schematic representation of the role of MAP3K5 in the regulation of apoptosis 

Bcl-2 family members such as Bcl-2 and Bcl-XL are involved in regulation of apoptosis.  Phosphorylation 

of the anti-apoptotic Bcl-2 protein causes its inactivation, resulting in apoptosis.  MAP3K5 has been 

demonstrated to promote Bcl-2 phosphorylation (upper diagram), however, dominant-negative versions 

of the kinase result in decreased apoptosis in vitro307 (lower figure).  Presumably, decreased levels of 

MAP3K5, as apparent in K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells, would have the same 

effect, offering a potential explanation for the reduced apoptosis observed in these cell lines. 
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phosphorylate Bcl-2 leading to reduced apoptosis307.  Thus, it is likely that the decreased levels of 

MAP3K5 present in K562-Dox 2 µM NIL #1 and K562-Dox 2 µM NIL #2 cells are responsible, in part, for 

the reduced apoptosis observed in the presence of nilotinib (Figure 6.20).  Supporting this notion, array 

results demonstrated reduced phosphorylation of Bcl-2 in both K562-Dox 2 µM NIL #1 and K562-Dox 2 

µM NIL #2 cells: decreases of 19% (-0.19 fold change) and 23% (-0.23 fold change) were observed 

respectively (Appendix 4D). 

 

In conclusion, the findings detailed in this chapter strongly suggest that ABCB1 overexpression provides 

the initial platform required for additional Bcr-Abl dependent and independent mechanisms of resistance 

to occur.  The results described here demonstrate that ABCB1 overexpression not only provides a 

favourable intracellular environment for the manifestation of other mutations/aberrant protein activation 

but that it is also directly responsible for nilotinib resistance.  Subsequently, different modes of 

resistance occurred in different cell lines.  In K562 2 µM NIL resistant cells increased activation of Lyn 

and Axl was observed, whereas in K562-Dox 2 µM NIL resistant cells Bcr-Abl independent resistance 

predominated.  Thus, patients in whom ABCB1 expression is initially high may be predisposed to 

developing Bcr-Abl independent resistance while others may develop alternative forms of resistance.  

Overall, the in vitro models of resistance described present a valuable tool for studying resistance in 

patients. 
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 Introduction 7.1.

Through thorough investigation, ABCB1 and ABCG2 have been implicated in the efflux of tyrosine 

kinase inhibitors (TKIs) from Chronic Myeloid Leukaemia (CML) cells115,140,146.  However, the 

relationship between TKIs and other closely related transporters, such as those belonging to the 

Multidrug Resistance Protein (MRP) subfamily, has not been as widely studied. 

 

The MRP family consists of nine transporters (MRP1-9) that have been implicated in the efflux of 

chemotherapeutic compounds from cancer cells.  MRPs are capable of extruding a wide variety of 

substrates from cells308.  MRPs are expressed in different tissues and can be divided into two groups 

depending on the number of membrane spanning regions (Table 7.1).  ABCC6 (MRP6) is a 160 kDa 

protein that was first identified in human tissues and cancer cell lines309.  ABCC6 is primarily expressed 

in the liver and kidney309-311 and has previously been shown to confer resistance to a number of anti-

cancer agents such as etoposide, doxorubicin and daunorubicin312.  Additionally, ABCC6 bears striking 

sequence homology to ABCC1309.  ABCC6 consists of seventeen transmembrane domains and two 

ATP-binding domains which hydrolyse ATP in order to transport substrates, usually lipophilic molecules 

of negative charge221,312 (Figure 7.1). 

 

As detailed previously (Chapter 4), IC50NIL experiments were performed in four cell lines with different 

expression levels of ABCB1 and ABCG2, in the absence and presence of pantoprazole, a dual 

ABCB1/ABCG2 inhibitor.  However, results demonstrated a significant reduction in IC50NIL in the 

presence of pantoprazole in all cell lines regardless of ABCB1 or ABCG2 expression status (Table 7.2).  

These data suggest that there may be other ABC efflux transporter/s expressed in all four cell lines, also 

involved in nilotinib transport. 

 

Members of the ABC family of transporters have overlapping substrate specificities due to the high
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Table 7.1: Summary of properties of transporters from the MRP family (modified from Chen et 
al.313 
 

MRP 
Alternate 

Name 
Number 
of MSRs 

Tissue Expression Resistance Profile* 

MRP1 ABCC1 3 ubiquitous 
anthracyclines, camptothecins, MTX, 

etoposide, irinotecan 

MRP2 ABCC2 3 liver, kidney, intestine 
anthracyclines, camptothecins, MTX, 

etoposide, cisplatin, irinotecan 

MRP3 ABCC3 3 
small intestine, pancreas, 
colon, kidneys, placenta, 

adrenal gland 
MTX, tenoposide, etoposide 

MRP4 ABCC4 2 
prostate, testis, ovary, 

lung, hepatocytes, 
intestine, pancreas 

MTX, irinotecan, topotecan, AZT 

MRP5 ABCC5 2 all major tissues 
MTX, cisplatin, AZT, daunorubicin, 
doxorubicin, gemcitabine, Ara-C 

MRP6 ABCC6 3 kidney, liver 
doxorubicin, daunorubicin, etoposide, 
teniposide, cisplatin, actinomycin-D 

MRP7 ABCC10 3 most tissues 
paclitaxel, docetaxel, vincristine, 
vinblastine, Ara-C, gemcitabine 

MRP8 ABCC11 2 testis, breasts MTX, Ara-C 

MRP9 ABCC12 2 
testis, breasts, ovary, 

brain, skeletal muscles 
unknown 

 

* selected anticancer drugs 

MSR=Membrane Spanning Region; MTX=methotrexate; AZT=azathioprine; Ara-C=arabinofuranosyl 

cytidine 
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Figure 7.1: Structure of ABCC6 

a) Schematic representation showing the protein’s seventeen transmembrane domains and two ATP-

binding sites223.  b) A two dimensional model of ABCC6 based on structure of ABCC1 showing the 1503 

amino acid sequence (PURPLE).  The ATP binding domains are also indicated (BROWN), modified 

from Fulop et al.314. 

 

(a) 

(b) 
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Table 7.2: The effect of pantoprazole on IC50NIL in cell lines 
 

Cell Line ABCB1 ABCG2 % decrease p-value 

K562-Dox     

Control ���� –   

+200 µM PP ���� – 57% p=0.010 

K562-ABCG2     

Control – ����   

+200 µM PP – ���� 54% p=0.011 

KU812     

Control – –   

+250 µM PP – – 69% p=0.004 

K562     

Control – –   

+200 µM PP – – 44% p=0.001 

 

Statistical analyses were performed using Student’s t-test; PP=pantoprazole. 
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degree of homology observed both within and between the seven subgroups (ABCA–ABCG)315.  

Additionally, many inhibitors of ABC transport also have overlapping specificities which makes it difficult 

to determine which transporter a given inhibitor is acting on (Table 7.3).  For this reason, a panel of 

inhibitors was utilised to ascertain the involvement of various ABC transporters in the transport of 

nilotinib; an approach that has been successfully employed previously to eliminate those transporter 

unlikely to interact with imatinib147.  Proton pump inhibitors (PPIs) such as pantoprazole, esomeprazole 

and omeprazole, are frequently prescribed to CML patients to alleviate gastric side effects experienced 

as a results of TKI therapy or as ongoing therapy.  The effect of concomitant administration of PPIs in 

patients receiving nilotinib therapy has been investigated with no adverse effect on TKI efficacy 

described; in fact a modest, yet statistically insignificant improvement in major molecular response 

(MMR) was observed295.  Indeed, we have demonstrated in vitro that PPIs significantly increase the 

intracellular concentration of nilotinib in both cell lines and primary patient cells294. 

 

PPIs can be divided into two groups based on structure although all contain the timoprazole backbone.  

Omeprazole, esomeprazole and pantoprazole belong to the same group containing benzimidazole 

moieties (Figure 7.2).  Omeprazole was the first drug of this class, however, considerable inter-patient 

variability led to development of the S-isomer, esomeprazole.  Esomeprazole is a mirror image of 

omeprazole and both have been implicated in the inhibition of ABCC6-mediated efflux of cisplatin in 

vitro and in vivo197,312,316.  Pantoprazole shares considerable structural similarities with esomeprazole 

but addition of a difluoromethyl moiety resulted in increased half-life and greater solution stability317.  

Esomeprazole and pantoprazole are often cited as a dual ABCB1/ABCG2 inhibitors197,198,318 and thus, 

while not studied directly, it is possible that pantoprazole is also capable of ABCC6 inhibition.  Indeed, 

two separate in vitro studies investigating the interaction of PPIs with ABCB1 and ABCG2 confirmed the 

likelihood of pantoprazole inhibiting other transporters in addition to ABCB1 and ABCG2198,319. 

 



Chapter Seven – ABCC6 is Involved in Nilotinib Transport and Resistance Development 

- 249 - 

Table 7.3: Summary of inhibitors used in this study and the corresponding cellular transporters 

upon which they are active 

Transporter Inhibitor 

 PSC-833 Verapamil 

 Reference [Inhibitor] 
% 

Inhibition 
Reference [Inhibitor] % Inhibition 

Oct-1    
[213]213 
[320]320 

50 µM 
100 µM 

69–100% 
80% 

ABCB1 
[321]321 
[322]322 
[323]323 

10 µM 
41 µM 
5 µM 

75% 
100% 
67% 

[243]243 
[282]282 
[323]323 
[324]324 

100 µM 
100 µM 
20 µM 

234 µM 

51% 
70% 
30% 
50% 

ABCB4 [323]323 5 µM 62% [323]323 20 µM 42% 

ABCC1 [325]325 27 µM 50% [326]326 8 µM 36% 

ABCC2       

ABCC3    [327]327 111 µM 13.1% 

ABCC4 [328]328 10 µM 44% 
[328]328 
[329]329 

30 µM 
25 µM 

46% 
39% 

ABCC5       

ABCC6       

ABCC11       

ABCG2    
[174]174 
[178]178 

153 µM 
100 µM 

90% 
21% 
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Inhibitor 

Pantoprazole Indomethacin Probenecid 

Reference [Inhibitor] 
% 

Inhibition 
Reference [Inhibitor] 

% 
Inhibition 

Reference [Inhibitor] 
% 

Inhibition 

         

[197]197 
[198]198 

290 µM 
250 µM 

50% 
~75% 

      

         

   
[330]330 
[331]331 

10 µM 
100 µM 

29% 
25% 

[330]330 
[331]331 
[332]332 
[333]333 

1 mM 
1 mM 
1 mM 
5 mM 

29% 
90% 
95% 
65% 

   
[331]331 
[332]332 

100 µM 
600 µM 

5% 
50% 

[331]331 
[332]332 
[334]334 
[335]335 
[336]336 

1 mM 
1 mM 
1 mM 
1 mM 

260 µM 

78% 
25% 
90% 
90% 
60% 

      
[327]327 
[336]336 

333 µM 
260 µM 

65% 
70% 

   
[329]329 
[335]335 
[337]337 

50 µM 
100 µM 
50 µM 

26% 
95% 
89% 

[328]328 
[335]335 
[338]338 
[339]339 
[340]340 

300 µM 
1 mM 
1 mM 

100 µM 
1 mM 

51% 
80% 
40% 
48% 
90% 

      
[338]338 
[341]341 

1 mM 
50 µM 

>80% 
68% 

[197]197 
[197]197 

138 µM* 
145 µM^ 

69% 
80% 

[331]331 100 µM 83% [331]331 1 mM 30% 

   [342]342 10 µM 36% [342]342 10 µM 24% 

[144]144 
[199]199 
[247]247 

100 µM 
100 µM 
250 µM 

55% 
95% 
90% 

      

 
 

 
 

Results from *omeprazole and ^esomeprazole.  Pantoprazole demonstrated similar results but data was 
not shown. 
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Figure 7.2: Structure of three common PPIs (modified from Jain et al.343) 

The chemical structures of a) omeprazole, b) esomeprazole and c) pantoprazole are depicted.  All PPIs contain the timoprazole backbone (BLACK); 

esomeprazole is an analogue of omeprazole with both drugs containing the same terminal groups extending from the benzimidazole moieties (BLUE and 

RED respectively).  Pantoprazole differs slightly in that it contains a difluoromethyl group which increases its half-life and solution solubility (GREEN). 

(a) 

(c) 

(b) 
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Concomitant administration of inhibitors of ABC transporters have previously been demonstrated to 

increase the efficacy of various cytotoxic agents in vitro and in vivo344,345.  While some Phase III studies 

have demonstrated an association between increased toxicity and the combined usage of ABCB1 

inhibitors with cancer therapy346,347, other reports confirm results observed in vitro; increased response 

rates as well as overall survival have been observed in patients receiving conventional therapy 

combined with adjunct ABC transporter inhibitors in the treatment of solid tumours348,349, 

myelodysplastic syndromes350 and leukaemia351.  Administration of TKIs with such inhibitors may also 

present an attractive therapy option in order to enhance TKI efficacy in CML.  Thus, this chapter aims to 

assess the effect of concomitant administration of ABC inhibitors on in vitro intracellular concentrations 

of TKIs in patient mononuclear cells (MNCs). 

 

 Approach 7.2.

Previous studies have demonstrated that exposure of cells to xenobiotics results in an increase in 

mRNA expression of relevant transporters138,216-219.  Thus, in order to identify other candidate 

transporters potentially involved in the transport of nilotinib, mRNA expression levels in Bcr-Abl positive 

cell lines exposed to nilotinib were compared with those in cells incubated in the absence of nilotinib 

(Figure 7.3).  Commercially available Taqman Transporter Arrays (Applied Biosystems) containing 

primer and probe sets specific for 84 human transporters as well as 12 controls were utilised (Section 

2.4.6; Appendix 1D).  Based on previous studies, K562 and KU812 cells were initially exposed to 

varying concentrations of nilotinib (25 nM–500 nM) for time points ranging 12–48 h in order to determine 

the greatest length of time resulting in minimal cell death.  Once these variables had been determined, 

K562 cells were incubated with 75 nM nilotinib for 24 h and KU812 cells were incubated with 100 nM 

nilotinib for 12 h.  Additionally, K562 cells that had been growing long term in 300 nM and 2 µM nilotinib, 

as part of the resistance development detailed in Chapter 5, were also assessed for alterations in 

transporter expression compared with control cells.  This allowed identification of ‘transporters of 
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Figure 7.3: Schematic summary of approach used to ascertain relevant nilotinib transporters 

Cells were cultured in the absence or presence of nilotinib and transporter mRNA expression determined.  Relevance to nilotinib transport was confirmed in 

K562 and K562-Dox resistance intermediates.  The effect of ABCC6 inhibition on nilotinib-, imatinib- and dasatinib-mediated Bcr-Abl kinase inhibition was 

then assessed in de novo CML patient MNCs.  The effect of ABCC6 inhibition on IC50NIL was also determined in K562 2 µM NIL resistant cells.  NIL=nilotinib. 
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interest’ demonstrating overexpression in all four instances.  Resistance intermediates for K562 and 

K562-Dox nilotinib resistant cells were then interrogated for changes in mRNA expression of these 

transporters of interest by RQ-PCR (Section 2.4.5).  The number of PCR cycles required for 

amplification of product above threshold indicated extremely low expression levels for the majority of the 

transporters of interest thus making it unlikely these transporters were involved in nilotinib transport or 

resistance development.  However, levels of ABCC6 mRNA increased proportionally with increasing 

nilotinib concentration (and increasing nilotinib resistance) in K562 cells, making investigation of the 

effect of inhibition of this transporter warranted in patient MNCs. 

 

The involvement of ABCB1 in transport of, and resistance to, nilotinib has previously been discussed in 

Chapters 4, 5 and 6.  Thus, the effect of ABCB1 inhibition on intracellular concentrations of nilotinib in 

MNCs isolated from peripheral blood samples of de novo CML patients was assessed by p-Crkl specific 

IC50 (Section 2.4.2) prior to the onset of TKI therapy.  Three ABCB1 inhibitors were selected for use: 

PSC-833, verapamil and pantoprazole.  PSC-833 was used at 10 µM as previous publications have 

deemed this concentration sufficient to inhibit ABCB1321-323.  Additionally, rhodamine-123 efflux assays 

have demonstrated 10 µM PSC-833 completely inhibits ABCB1 function (Chapter 4).  Verapamil was 

used at 50 µM as this concentration is thought to be ABCB1 specific; higher concentrations (150 µM) 

may inhibit ABCG2 as well174.  50 µM verapamil is also sufficient to inhibit ABCB1-mediated rhodamine-

123 efflux (Chapter 4).  While 200 µM pantoprazole exceeds the reported Cmax
352, this concentration 

was chosen based on in vitro data197,198 as well as experimentation from our laboratory demonstrating 

the degree of kinase inhibition in patient MNCs in the presence of 200 µM pantoprazole mimics that 

observed in the presence of 10 µM pantoprazole294.  Pantoprazole was favoured over other well studied 

PPIs, esomeprazole and omeprazole, as it has been demonstrated in vivo, that pantoprazole has a 

greater half-life as well as greater stability at neutral pH353. 
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The effect of ABCC6 inhibition on intracellular concentrations of nilotinib, imatinib and dasatinib in de 

novo CML patient PBMNCs was assessed by p-Crkl specific IC50.  In addition to pantoprazole, two 

extra inhibitors of ABCC6 were selected for use: indomethacin and probenecid, which were used at 100 

µM and 1 mM respectively, based on previously published in vitro studies (Table 7.3).  Importantly, 

neither inhibitor has been demonstrated to interact with ABCB1.  Additionally, levels of ABCC6 mRNA 

were determined in 83 de novo CML patients prior to initiation of nilotinib therapy (Section 2.4.5) such 

that ABCC6 expression can be correlated with response once this data becomes available. 

 

IC50 experiments were also conducted on K562 2 µM NIL resistant cells (Section 2.3.3.3) in the 

absence and presence of the ABCC6 inhibitor indomethacin.  These cells exhibit overexpression of 

ABCB1 and ABCC6 mRNA.  Thus, as pantoprazole inhibits both ABCB1 and ABCC6, this was not 

deemed a specific inhibitor since inhibition of ABCB1 may have complicated results.  Similarly, 

probenecid exhibits less transporter specificity than indomethacin (Table 7.3) and was also omitted from 

this line of in vitro testing. 

 

 Results 7.3.

7.3.1. Exposure to Nilotinib Causes Alterations in mRNA Levels of Cellular Transporters 

Previous studies have demonstrated that >8 h incubation with various cytotoxic agents results in mRNA 

up regulation of transporters known to be relevant for those drugs217,218.  Thus, K562 and KU812 cells 

were cultured for 12–48 h in the presence of increasing concentrations of nilotinib (0–500 nM) to 

determine the optimum conditions at which minimal cell death occurred while in the presence of 

sufficient nilotinib to induce changes in mRNA.  Following incubation, cell death was determined by 

Annexin V/7-AAD flow cytometry and confirmed by trypan blue staining.  Results demonstrated minimal 

K562 cell death occurred when cells were cultured with 75 nM of nilotinib for 24 h; similarly minimal 

KU812 cell death occurred when cells were cultured with 100 nM nilotinib for 12 h (Appendix 5A).  
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Accordingly, cells were cultured under these conditions, the mRNA expression of cellular transporters 

assessed and compared with expression in cells incubated in the absence of nilotinib.  The fold 

changes in expression levels were calculated (Appendix 5B a–b) with those demonstrating greater 

than 8-fold increase of transporters in the presence of nilotinib summarised in Table 7.4.   

 

7.3.2. Cellular Transporter mRNA Expression is Different in Nilotinib Sensitive and 

Resistant Cells 

Once it was established that transient exposure to nilotinib induced changes in transporter mRNA 

expression, it was next determined whether long term exposure resulted in similar alterations.  

Consequently, nilotinib resistant K562 cells cultured long term in two different concentrations of nilotinib 

(300 nM and 2 µM) were assessed for changes in mRNA expression when compared with control cells.  

Again, the fold changes in mRNA expression were calculated (Appendix 5B c–d) and those 

demonstrating a greater than 5-fold increase in transporter expression in the presence of nilotinib 

determined (Table 7.5).   

 

7.3.3. ABCC6 mRNA Increases During Development of Nilotinib Resistance In Vitro 

Results from all four experiments were compared and transporters exhibiting consistent up regulation 

were further examined in the intermediates generated during development of nilotinib resistance in 

K562 cells (Chapter 5).  Unfortunately expression levels for ABCA9, ABCC12, SLC10A1 and SLC28A3 

were extremely low thus making it less likely that these transporters play a role in development of 

nilotinib resistance (Appendix 5C).  However, ABCC6 and Aquaporin 1 (AQP1) demonstrated 

significant up regulation of mRNA upon development of nilotinib resistance.  AQP1 mRNA levels 

reached a maximum of 5.4-fold greater in K562 125 nM NIL cells when compared with control cells 

(p<0.001; Figure 7.4a).  The increase observed in ABCC6 mRNA levels was more marked with mRNA 

expression levels reaching a maximum of 57-fold greater in K562 300 nM NIL cells compared with 
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Table 7.4a: mRNA levels of cellular transporters in K562 cells cultured in the absence and 

presence of 75 nM nilotinib demonstrating greater than 8-fold increase in expression 

Transporter Gene 0 nM NIL (Ct) +75 nM NIL (Ct) Fold Change 

ABCA1 37.2 34.3 8.7 

ABCA9 36.9 32.8 20.7 

ABCB5 36.9 33.0 17.9 

ABCC11 37.3 34.4 8.5 

ABCC12 40.0 37.0 9.1 

ABCC6 40.0 36.9 9.7 

AQP1 27.0 23.9 10.0 

AQP7 37.1 33.9 10.3 

SLC10A1 36.1 29.9 86.9 

SLC10A2 40.0 37.0 9.4 

SLC28A3 37.2 34.0 10.7 

SLC5A1 40.0 37.0 9.3 

SLCO1A2 30.9 28.0 8.7 

 

Table 7.4b: mRNA levels of cellular transporters in KU812 cells cultured in the absence and 

presence of 100 nM nilotinib demonstrating greater than 8-fold increase in expression 

Transporter Gene 0 nM NIL (Ct) +100 nM NIL (Ct) Fold Change 

ABCA9 37.0 21.5 53879.0 

ABCC12 37.2 33.2 17.8 

ABCC6 40.0 37.0 9.5 

AQP1 33.0 29.0 18.6 

SLC28A3 37.0 33.0 18.6 
 

 

 

 

Common transporters requiring further investigation are shown in BOLD. 

NIL=nilotinib; Ct=cycle threshold (the number of cycles required for the fluorescent signal to exceed 

background level). 
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Table 7.5a: mRNA levels of cellular transporters in K562 cells cultured long term in the absence 

and presence of 300 nM nilotinib demonstrating greater than 5-fold increase in expression 

Transporter Gene Control (Ct) +300 nM NIL (Ct) Fold Change 

ABCA13 29.7 27.4 5.2 

ABCA9 37.0 34.5 5.9 

ABCB1 29.6 25.4 19.9 

ABCC3 38.4 36.1 5.2 

ABCC6 37.4 31.6 64.5 

AQP1 30.8 26.9 16.2 

SLC10A1 40.0 34.3 58.2 

SLC16A3 30.7 27.3 11.2 

SLC28A3 37.9 33.7 20.3 

SLCO2B1 31.1 26.7 22.7 

 

Table 7.5b: mRNA levels of cellular transporters in K562 cells cultured long term in the absence 

and presence of 2 µM nilotinib demonstrating greater than 5-fold increase in expression 

Transporter Gene Control (Ct) +2 µM NIL (Ct) Fold Change 

ABCC6 37.0 33.9 8.1 

AQP1 30.0 27.0 7.9 

SLC10A1 40.0 32.0 248.3 

SLC16A3 33.0 29.0 16.0 

SLC19A3 40.0 13.2 119997543.9 

SLC22A8 37.0 7.7 621847739.5 

SLCO2B1 29.0 26.0 8.3 

 

Common transporters requiring further investigation are shown in BOLD. 

NIL=nilotinib; Ct=cycle threshold (the number of cycles required for the fluorescent signal to exceed 

background level). 
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Figure 7.4: Onset of nilotinib resistance in K562 cells coincides with overexpression of AQP1 

and ABCC6 

Expression levels of a) AQP1 and b) ABCC6 were assessed in K562 nilotinib resistance intermediates.  

Data demonstrate overexpression of both AQP1 and ABCC6 at the onset of resistance in K562 125 nM 

NIL cells.  Levels remain high as the concentration of nilotinib increases.  mRNA expression represents 

the mean of six independent experiments performed in triplicate.  Statistical analyses were performed 

on mRNA levels as a percentage BCR using Student’s t-test.  Statistically significant p-values are 

denoted by asterisks (* p<0.05; ** p<0.01; *** p<0.001).  Error bars represent SEM. 

(a) 

(b) 
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control cells (p=0.002; Figure 7.4b).  ABCC6 mRNA expression also increased in K562-Dox NIL #1 and 

K562-Dox NIL #2 cells during development of nilotinib resistance.  Levels peaked in K562-Dox 1 µM NIL 

#1 and K562-Dox 1 µM NIL #2 cells, reaching 33- and 23-fold greater levels respectively than those in 

control cells (p=0.002; Figure 7.5).  

 

ABCC1, ABCC2 and ABCC4 are all inhibited by both indomethacin and probenecid and are expressed 

at points of drug extrusion (liver, kidney).  Thus, mRNA levels of these transporters were also assessed 

in order to exclude them as potential candidates in the development of nilotinib resistance.  Importantly, 

there was no significant change in expression levels of ABCC1, ABCC2 or ABCC4 in any of the 

resistance intermediates from K562 cells making them unlikely candidates in the transport of, or 

development of resistance to, nilotinib (Figure 7.6). 

 

7.3.4. ABCB1 Inhibition Does Not Significantly Affect Nilotinib-Mediated Kinase Inhibition 

in Patient Mononuclear Cells 

ABCB1 expression has been implicated in the transport of nilotinib (Chapter 4); additionally, 

overexpression has been associated with development of nilotinib resistance in vitro (Chapters 5 and 

6).  Thus, the role of ABCB1 in nilotinib-mediated kinase inhibition was determined in patient MNCs.  

IC50NIL experiments were performed with the MNCs of de novo CML patients prior to the start of TKI 

therapy in the absence and presence of three ABCB1 inhibitors: PSC-833, verapamil and pantoprazole.  

It was expected that if ABCB1 is involved in nilotinib transport in patient MNCs, inhibition of this 

transporter should increase concentrations of intracellular nilotinib resulting in a reduction in IC50NIL 

(Figure 7.7).  However, a significant decrease in IC50NIL was observed only in those cells incubated in 

the presence of 200 µM pantoprazole: 41 nM versus 71 nM in control cells (p<0.001).  The addition of 

10 µM PSC-833 and 50 µM verapamil had no effect on IC50NIL: 76 nM and 80 nM respectively (p>0.05; 

Figure 7.8) suggesting ABCB1 may not play a critical role in the efflux of nilotinib from patient MNCs. 
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Figure 7.5: ABCC6 expression in K562-Dox cells increases with resistance 

Expression levels of ABCC6 mRNA were assessed in a) K562-Dox NIL #1 and b) K562-Dox NIL #2 

cells.  Data demonstrate overexpression of ABCC6 in both cell lines which reached a maximum in the 1 

µM NIL intermediates.  mRNA expression represents the mean of six independent experiments 

performed in triplicate.  Statistical analyses were performed on mRNA levels as a percentage of BCR 

using Student’s t-test.  Statistically significant p-values are denoted by asterisks (** p<0.01).  Error bars 

represent SEM.  NIL=nilotinib. 

(a) 

(b) 
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Figure 7.6: Neither ABCC1, ABCC2 nor ABCC4 levels increase during development of nilotinib 

resistance in K562 cells 

Expression levels of a) ABCC1, b) ABCC2 and c) ABCC4 mRNA were assessed in K562 nilotinib 

resistance intermediates.  Data demonstrate no increase in levels of ABCC1, ABCC2 or ABCC4 

expression at any time during development of nilotinib resistance.  mRNA expression represents the 

mean of at least three independent experiments performed in triplicate.  Statistical analyses were 

performed on mRNA levels as a percentage of BCR using Student’s t-test.  Error bars represent SEM. 

 

 

 

(a) 
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Figure 7.7: Schematic summary of p-Crkl specific IC50 experiments 

TKIs enter the cell (in the case of nilotinib by passive transport) and bind to Bcr-Abl inhibiting its kinase 

activity.  This results in a reduction of downstream effector molecules such as p-Crkl allowing calculation 

of an IC50 value.  In the absence of ABC inhibitors (upper figure), nilotinib is exported from the cell by 

efflux transporters.  If nilotinib is transported by ABCB1 for example, in the presence of ABCB1 

inhibitors such as PSC-833, verapamil and pantoprazole (lower figure) nilotinib is retained within the cell 

to a greater degree resulting in increased kinase inhibition and reduced IC50. 
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Figure 7.8: Inhibition of ABCB1 does not significantly decrease IC50NIL in patient MNCs 

IC50 was determined via incubating patient MNCs for 2 h at 37°C with increasing concentrations of 

nilotinib in the absence and presence of three ABCB1 inhibitors: 10 µM PSC-833, 50 µM verapamil and 

200 µM pantoprazole.  Crkl western blot was performed to determine the concentration of nilotinib 

required to inhibit Bcr-Abl kinase activity by 50%.  Data demonstrate that IC50NIL is significantly reduced 

in the presence of pantoprazole but no effect is observed in the presence of PSC-833 or verapamil.  

The western blot analyses shown depict one patient and are representative of typical results.  The 

corresponding box plots depict the median, the upper 25th and the lower 75th percentiles while the 

whiskers encompass the 10th and 90th percentiles.  Statistical analyses were performed using Student’s t-

test with statistically significant p-values denoted by asterisks (*** p<0.001).  NIL=nilotinib. 
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7.3.5. ABCC6 Inhibition Significantly Increases Nilotinib-Mediated Kinase Inhibition in 

Patient Mononuclear Cells 

Because pantoprazole has inhibitory activity against other ABC transporters (Table 7.3), IC50NIL 

experiments were repeated in the presence of two additional ABCC6 inhibitors: indomethacin and 

probenecid.  Results demonstrated a significant reduction in IC50NIL in the presence of both 

indomethacin and probenecid (IC50NIL in the absence of inhibitor=71 nM; +100 µM indomethacin=38 

nM; +1 mM probenecid=28 nM; p<0.001; Figure 7.9).  These results indicate it is likely ABCC6 plays a 

role in the transport of nilotinib. 

 

7.3.6. ABCC6 Inhibition Has No Significant Effect on Imatinib-Mediated Kinase Inhibition in 

Patient Mononuclear Cells 

Once the interaction between nilotinib and ABCC6 had been established, we sought to determine 

whether a similar interaction occurred between ABCC6 and the two other TKIs currently approved for 

treatment of CML: imatinib and dasatinib.  IC50IM experiments in the absence and presence of 

pantoprazole, indomethacin and probenecid were conducted in a cohort of 23 de novo CML patients 

prior to therapy.  Data demonstrated no significant reduction in IC50IM upon addition of any of the 

ABCC6 inhibitors (IC50IM in the absence of inhibitor=0.96 µM; +200 µM pantoprazole=1 µM; +100 µM 

indomethacin=1 µM; +1 mM probenecid=1.08 µM; p>0.05; Figure 7.10).  Thus, it is unlikely ABCC6 

plays a role in the transport of imatinib in patient MNCs. 

 

7.3.7. ABCC6 Inhibition Significantly Increases Dasatinib-Mediated Kinase Inhibition in 

Patient Mononuclear Cells 

Similarly, the role of ABCC6 in the transport of dasatinib within CML patient MNCs was also 

investigated.  Again, IC50DAS experiments were performed in the absence and presence of 

pantoprazole, indomethacin and probenecid.  Results demonstrated a significant decrease in IC50DAS in 
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Figure 7.9: Inhibition of ABCC6 significantly reduces IC50NIL in patient MNCs 

IC50 was determined via incubating patient MNCs for 2 h at 37°C with increasing concentrations of 

nilotinib in the absence and presence of three ABCC6 inhibitors: 200 µM pantoprazole, 100 µM 

indomethacin and 1 mM probenecid.  Crkl western blot was performed to determine the concentration of 

nilotinib required to inhibit Bcr-Abl kinase activity by 50%.  Data demonstrate that IC50NIL is significantly 

reduced in the presence of all three inhibitors.  The western blot analyses shown depict one patient and 

are representative of typical results.  The corresponding box plots depict the median, the upper 25th and 

the lower 75th percentiles while the whiskers encompass the 10th and 90th percentiles.  Statistical 

analyses were performed using Student’s t-test with statistically significant p-values denoted by asterisks (*** 

p<0.001).  NIL=nilotinib.  
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Figure 7.10: Inhibition of ABCC6 has no significant effect on IC50IM in patient MNCs 

IC50 was determined via incubating patient MNCs for 2 h at 37°C with increasing concentrations of 

imatinib in the absence and presence of three ABCC6 inhibitors: 200 µM pantoprazole, 100 µM 

indomethacin and 1 mM probenecid.  Crkl western blot was performed to determine the concentration of 

imatinib required to inhibit Bcr-Abl kinase activity by 50%.  Data demonstrate there is no significant 

change in IC50IM in the presence of any of the inhibitors.  The western blot analyses shown depict one 

patient and are representative of typical results.  The corresponding box plots depict the median, the 

upper 25th and the lower 75th percentiles while the whiskers encompass the 10th and 90th percentiles.  

Statistical analyses were performed using Student’s t-test.  IM=imatinib. 
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the presence of all three inhibitors (IC50DAS in the absence of inhibitor=4.3 nM; +200 µM 

pantoprazole=3.2 nM, p=0.014; +100 µM indomethacin=2.5 nM, p<0.001; +1 mM probenecid=2.2 nM, 

p<0.001; Figure 7.11).  Thus, it is likely ABCC6 plays a role in the efflux of dasatinib from patient 

MNCs. 

 

7.3.8. ABCC6 Inhibition in K562 2 µM NIL Resistant Cells Reduces IC50NIL and IC50DAS but 

has No Effect on IC50IM 

In order to confirm whether ABCC6 overexpression played a role in resistance to TKIs in vitro, IC50NI 

IC50IM and IC50DAS were evaluated in K562 2 µM NIL resistant cells in the absence and presence of 

indomethacin.  It is important to remember that this cell line harbours additional resistance mechanisms 

which may also contribute to the increased IC50NIL, IC50IM and IC50DAS observed (Chapter 5).  

Unfortunately, determination of IC50NIL was not possible due to incomplete inhibition of Bcr-Abl kinase 

activity at the highest nilotinib concentration (100 000 nM), although a decrease in IC50NIL in the 

presence of indomethacin was still observed in K562 2 µM NIL resistant cells (Figure 7.12a).  

Importantly, data from IC50IM and IC50DAS experiments, in which complete kinase inhibition was 

apparent, supported results observed in patients MNCs.  In the presence of 100 µM indomethacin, K562 

2 µM NIL IC50DAS was decreased to levels comparable to those observed in control cells (K562 

control=5.6 nM; K562 2 µM NIL=7.6 nM; K562 2 µM NIL +100 µM indomethacin=6.3 nM; Figure 7.12b).  

This is presumably due to inhibition of Lyn kinase by dasatinib and ABCC6 inhibition by indomethacin.  

Conversely, addition of indomethacin had no effect on IC50IM in K562 2 µM NIL cells, however the 

IC50IM value was not decreased to levels observed in control cells most likely due to overexpression of 

Lyn, against which imatinib has no activity.  As expected, the addition of indomethacin had no effect on 

IC50IM nor IC50DAS in K562 control cells (Figure 7.12c). 
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Figure 7.11: Inhibition of ABCC6 significantly reduces IC50DAS in patient MNCs 

IC50 was determined via incubating patient MNCs for 2 h at 37°C with increasing concentrations of 

dasatinib in the absence and presence of three ABCC6 inhibitors: 200 µM pantoprazole, 100 µM 

indomethacin and 1 mM probenecid.  Crkl western blot was performed to determine the concentration of 

dasatinib required to inhibit Bcr-Abl kinase activity by 50%.  Data demonstrate a significant decrease in 

IC50DAS in the presence of all three inhibitors.  The western blot analyses shown depict one patient and 

are representative of typical results.  The corresponding box plot depicts the median, the upper 25th and 

the lower 75th percentiles while the whiskers encompass the 10th and 90th percentiles.  Statistical 

analyses were performed using Student’s t-test with statistically significant p-values denoted by asterisks 

(p<0.05; *** p<0.001).  DAS=dasatinib.  
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Figure 7.12: ABCC6 inhibition reduces IC50DAS in K562 2 µM NIL cells 

IC50 was determined via incubating cells for 2 h at 37°C in the presence of increasing concentrations of 

a) nilotinib, b) imatinib and c) dasatinib in the absence and presence of the ABCC6 inhibitor, 

indomethacin.  Crkl western blot was performed to determine the concentration of TKI required for 50% 

Bcr-Abl kinase inhibition.  Data demonstrate that K562 2 µM NIL cells have a significantly increased 

IC50DAS which is negated upon ABCC6 inhibition.  IC50NIL is unable to be determined and IC50IM 

remains unaffected by ABCC6 inhibition.  These results support those observed in patient MNCs.  The 

western blot analyses shown are representative of at least three separate experiments with the 

corresponding densitometry analysis representing the mean.  Statistical analyses were performed using 

Student’s t-test with statistically significant p-values denoted by asterisks (* p<0.05).  Error bars 

represent SEM.  The arrows depict approximate nilotinib concentration required for achievement of 

equal levels of Crkl and p-Crkl proteins.  NIL=nilotinib; IM=imatinib; DAS=dasatinib; indo=indoemthacin.   
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7.3.9. Newly Diagnosed CML Patients Exhibit a Range of ABCC6 mRNA Expression Levels 

Inhibition of ABCC6 in patient MNCs suggested ABCC6-mediated transport of nilotinib and dasatinib.  

Accordingly, ABCC6 mRNA levels were determined in 83 newly diagnosed CML patients receiving 300 

mg upfront nilotinib twice daily to investigate whether a correlation exists between ABCC6 mRNA levels 

at diagnosis and response to therapy.  Peripheral blood samples were used to determine baseline 

ABCC6 levels.  Data demonstrated a large variation in ABCC6 mRNA levels from <1% to 40% with a 

median level of 3.2% (Figure 7.13).  Patients were divided in half about the median and early molecular 

response at three months assessed (<10% Bcr-Abl).  However, because nilotinib has a far greater 

potency compared with imatinib, the majority of patients achieved this landmark reduction in Bcr-Abl 

levels by three months thus making this time frame unsatisfactory for predicting long term response.  

Unfortunately, 12 month data is not yet available on a large enough cohort of patients for any 

conclusions to be drawn regarding long term major molecular response (MMR; <1% Bcr-Abl).  However, 

achievement of a MMR at three months was assessed when considering the existence of a correlation 

between ABCB1 overexpression and ability to achieve MMR (Chapter 6).  Hence, patient ABCC6 

mRNA levels and short term response were examined to determine whether or not a correlation existed 

between these factors.  Results demonstrated a weak correlation that may become stronger at 12 

months: 78.6% of patients with low ABCC6 expression achieved MMR compared with 70.7% of patients 

with high ABCC6 expression. 

 

7.3.10. ABCC6 mRNA Expression, in Conjunction with ABCB1 mRNA Expression, May be 

Used to Determine Response to Nilotinib Therapy 

ABCB1 and ABCC6 have been demonstrated to work in concert during nilotinib resistance development 

(Figure 7.14).  Thus, the predictive value of ABCB1 and ABCC6 mRNA levels, when assessed in 

combination, was determined in de novo CML patients.  Patients were divided into four groups based on 

transporter mRNA levels: no overexpression, ABCB1 overexpression, ABCC6 overexpression and 
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Figure 7.13: De novo CML patients exhibit diverse levels of ABCC6 mRNA 

ABCC6 mRNA levels were assessed in the peripheral blood of 83 de novo CML patients prior to 

commencement of nilotinib therapy.  Data demonstrate a wide variation in expression.  Patients were 

divided in half about the median based on ABCC6 expression.  mRNA expression was determined as a 

percentage of BCR and represents the mean of three independent experiments performed in triplicate.  

HepG2 cells (ABCC6 overexpressing) were used as a control for reproducibility in all assays.  

Experiments in which control results were inconsistent were repeated and the results were not included 

in the analysis. 
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Figure 7.14: ABCB1 and ABCC6 mRNA levels increase in concert during development of 

nilotinib resistance in K562 cells 

Expression levels of ABCB1 and ABCC6 mRNA were assessed in K562 resistance intermediates.  Data 

demonstrate a significant increase in both ABCB1 and ABCC6 expression when cells are cultured in 

increasing concentrations of nilotinib.  The mRNA expression represents the mean of six independent 

experiments performed in triplicate.  Statistical analyses were performed on mRNA levels as a 

percentage of BCR using Student’s t-test.  Statistically significant p-values are denoted by asterisks (* 

p<0.05; ** p<0.01; *** p<0.001).  Error bars represent SEM. 
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double overexpression and correlated with molecular response to nilotinib at 3 months (Figure 7.15).  

Results demonstrated that ABCC6 overexpression may be predictive of response to nilotinib therapy.  

Of those patients exhibiting ABCC6 overexpression, 52.6% achieved a MMR at 3 months, compared 

with 73.9% of patients exhibiting no overexpression or 85.0% of patients overexpressing ABCB1 only.  

Preliminary analyses of molecular response at 12 months for a small cohort of 29 patients appear to be 

even more predictive: 28.5% of patients exhibiting ABCC6 overexpression achieved a MMR compared 

with 44.4% of patients exhibiting no overexpression or overexpressing ABCB1 only.  However, analysis 

of a much larger cohort is required in order to conclude whether a definitive correlation exists, and this 

will be completed once 12 month data for the remaining patients become available.  

 

 Discussion 7.4.

We354 and others154,176 have previously implicated ABCB1 in the transport of nilotinib (Chapters 4, 5 

and 6).  For this reason, the effect of ABCB1 inhibition on IC50NIL in newly diagnosed CML patients was 

assessed using three known ABCB1 inhibitors: PSC-833, verapamil and pantoprazole.  If nilotinib is 

indeed transported by ABCB1 one would expect the IC50NIL to decrease in the presence of ABCB1 

inhibition.  However, results were unexpected with only pantoprazole demonstrating a significant effect 

on IC50NIL.  There are two possible explanations for this; firstly, nilotinib is not transported by ABCB1.  

This seems unlikely given the large volume of in vitro data supporting ABCB1 transport.  Alternatively, 

ABCB1 is not a relevant transporter in patient MNCs.  This seems more plausible given the low protein 

expression levels our laboratory has observed in routine screening of de novo CML patients 

(unpublished data).  This then casts doubt on the relevance of ABCB1 as a TKI transporter in the newly 

diagnosed setting.  However, high expression of ABCB1 has been demonstrated in primitive 

CD34+CD38– and CD34+CD38+ CML cells355 as well as cells at the blood-brain barrier145,356.  The ability 

of CD34+ cells to effectively efflux the ABCB1 substrate rhodamine-123 has also been demonstrated187.  

Thus, ABCB1-mediated TKI efflux may predominantly occur in primitive subsets of cells and in cells at  
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Figure 7.15: Schematic summary of ABCB1 and ABCC6 expression and corresponding patient 

response 

mRNA levels of ABCB1 and ABCC6 were determined and correlated with whether or not a patient 

achieved <1% Bcr-Abl levels (Major Molecular Response, MMR) by 3 months.  Patients were divided 

about the median for each transporter and separated into groups based on expression levels.  Patients 

overexpressing ABCB1, ABCC6 or both are contained within the YELLOW, PINK and ORANGE 

regions of the graph, respectively.  Data demonstrate that those patients overexpressing ABCC6 have 

less chance of achieving a MMR by 3 months than those patients that do not overexpress either 

transporter or overexpress ABCB1. 
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blood-tissue barriers.  ABCB1 overexpression may also be involved in progression of CML to more 

advanced phases of disease as well as exclusion of TKIs from sanctuary sites such as the CNS, brain 

and testes318,357.  Furthermore, results described in Chapter 4 comparing IC50NIL in K562 versus K562-

Dox cells confirmed the relevance of ABCB1 overexpression in nilotinib-mediated Bcr-Abl inhibition.  

Therefore, ABCB1 should not be discounted as a relevant TKI transporter and concomitant 

administration of ABCB1 inhibitors may increase TKI concentrations in sanctuary sites where drug 

penetration is of paramount importance for the treatment of residual disease, although this would 

require in vivo testing.  Future studies retrospectively assessing ABCB1 mRNA levels in patients who 

develop mutations, undergo disease progression or fail to achieve MMR while receiving up front imatinib 

will be conducted.  ABCB1 mRNA and protein levels are also currently being assessed in newly 

diagnosed patients receiving up front nilotinib both at diagnosis as well as subsequent time points post 

therapy.  These results will then be correlated with response once this data becomes available. 

 

Previous studies have demonstrated that, upon exposure to certain xenobiotics, cells increase mRNA 

expression of transporters known to interact with the substrate under investigation138,216-219.  The mRNA 

up regulation observed may be a direct result of exposure to the drug; alternatively, it could be the 

results of indirect mechanisms.  The decreased levels of protein available for drug binding due to 

occupation of binding pockets by the xenobiotic under investigation may cause an increase in mRNA.  

Preliminary in vitro experiments comparing transporter expression in control cells versus those 

transiently exposed to nilotinib, revealed increased expression of various cellular transporters.  

Additional experiments comparing the transporter mRNA levels in nilotinib-sensitive versus nilotinib-

resistant cell lines confirmed these results and highlighted several transporters of interest including 

ABCC6 and AQP1.   
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There are currently 13 known members of the Aquaporin family (AQP0–AQP12) and these proteins 

function as homotetramers358-360.  AQPs are water channels capable of transporting glycerol, small 

molecules and ions through the cell membrane360.  Thus, it is unlikely AQP1 would have any direct 

interaction with nilotinib which has a molecular weight of 529.52.  Instead it is possible AQP1 acts as a 

marker for nilotinib sensitivity, with levels increasing upon nilotinib exposure and resistance 

development in vitro.  Alternatively, AQP1 overexpression has previously been implicated in the 

pathogenesis of solid tumours and may play a role in cell cycle regulation361,362 which could also affect 

development of nilotinib resistance. 

 

ABCC6 belongs to the MRP family of efflux proteins which has been implicated in multidrug 

resistance308.  ABCC6 is primarily expressed in the liver and kidney309-311, both sites of drug extrusion, 

and confers resistance to a number of anti-cancer agents312.  Thus, ABCC6 presents a likely and novel 

candidate to function as a TKI transporter.  Accordingly, the role of ABCC6 in the transport of three TKIs 

currently approved for treatment of CML, nilotinib, imatinib and dasatinib, was investigated. 

 

The levels of ABCC6 mRNA were determined in three different cell lines conferring resistance to 2 µM 

nilotinib with results demonstrating a correlation between expression and development of nilotinib 

resistance in vitro.  Additionally, ABCC6 mRNA levels remained at least 20- and 6-fold greater in K562 2 

µM NIL and K562-Dox 2 µM NIL cells respectively compared with control cells, whereas ABCB1 mRNA 

levels declined in both cell lines following continued nilotinib exposure (Figure 7.14 and Chapters 5 and 

6).  This provides good evidence for a central role of ABCC6 in nilotinib resistance.  Furthermore, 

inhibition of ABCC6 in patient MNCs by three different inhibitors, pantoprazole, indomethacin and 

probenecid, resulted in a significant decrease in IC50NIL indicating ABCC6 likely functions as a 

transporter of nilotinib.  Subsequent investigation of the effect of ABCC6 inhibitors on IC50DAS and 

IC50IM revealed ABCC6 is also a likely transporter of dasatinib but not imatinib.  The use of a panel of 
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inhibitors to confirm ABCC6 as a relevant TKI transporter was necessary, since many commonly used 

inhibitors have over lapping specificities.  However, as demonstrated in Table 7.6, ABCC6 is the only 

transporter yielding consistent results.  Other transporters inhibited by both indomethacin and 

probenecid (ABCC1 and ABCC4) are also inhibited by either PSC-833 or verapamil.  Thus, one would 

anticipate an effect on IC50 in the presence of the latter two inhibitors which did not occur.  ABCC2 and 

ABC11, which are also inhibited by both indomethacin and probenecid, are unlikely candidates of TKI 

transport given that there are no reports of pantoprazole interacting with either transporter.  Additionally, 

no overexpression of ABCC2 was observed during nilotinib resistance development and ABCC11 is not 

expressed in tissues relevant to TKI absorption and extrusion. 

 

IC50 experiments in K562 2 µM NIL cells proved difficult due to the other resistant mechanisms present 

in this cell line (Chapter 5).  Calculation of IC50NIL was not possible, due, most likely, to Lyn 

overexpression.  However, a clear difference in the concentration of nilotinib required for equal 

percentages of Crkl and p-Crkl proteins was apparent in the absence and presence of indomethacin.  

No change was observed in IC50IM in the absence or presence of indomethacin which was as expected 

since ABCC6 is not a candidate transporter of imatinib.  Importantly, resistance to dasatinib was 

negated in the presence of indomethacin since both ABCC6 inhibition, and dasatinib-mediated Lyn 

inhibition, was occurring.  These data support results from cytotoxicity experiments detailed in Chapter 

5.  Briefly, K562 2 µM NIL cells incubated with increasing concentrations of nilotinib and imatinib for 72 

h demonstrated significantly increased survival when compared with control cells.  Presumably this was 

due to no inhibition of either Lyn or ABCC6.  However, when the same cells were incubated with 

increasing concentrations of dasatinib, which has inhibitory activity against Lyn, significant resistance 

was still observed; we propose this is most likely due to overexpression of ABCC6 through which 

dasatinib is transported.  Significance was lost at the upper end of the dasatinib concentration range.  

This also supports ABCC6-mediated dasatinib transport since transporters such as these have a finite 
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Table 7.6: Summary of transporters of interest and inhibitors which are active against them 

Transporter Inhibitor 

 PSC-833 Verapamil Pantoprazole Indomethacin Probenecid 

Oct-1 × ���� × × × 

ABCB1 ���� ���� ���� × × 

ABCB4 ���� ���� × × × 

ABCC1 ���� ���� × ���� ���� 

ABCC2 × × × ���� ���� 

ABCC3 × ���� × × ���� 

ABCC4 ���� ���� × ���� ���� 

ABCC5 × × × × ���� 

ABCC6 × × ���� ���� ���� 

ABCC11 × × × ���� ���� 

ABCG2 × ���� ���� × × 
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transport capacity which would be overcome at high substrate concentrations (Chapter 4). 

 

Finally, ABCC6 is known to transport substrates anionic in nature363.  Imatinib predominantly exists in 

vivo as a cation owing to the large degree of protonation at physiological pH.  In contrast, nilotinib and 

dasatinib exist as cations to a much lesser degree making nilotinib and dasatinib, but not imatinib, likely 

candidates for transport by ABCC6364.  Accordingly, expression levels of ABCC6 in de novo CML 

patients at diagnosis may prove predictive of response to nilotinib therapy.  ABCC6 mRNA levels were 

assessed in 83 de novo CML patients receiving up front nilotinib therapy.  Results demonstrated large 

variation in ABCC6 expression; data comparing response at three months with ABCC6 expression 

demonstrated a weak correlation which may become stronger once 12 month data becomes available 

on a larger cohort of patients.  Interestingly, when ABCC6 expression was assessed in conjunction with 

ABCB1 expression, results demonstrated those patients overexpressing ABCC6 only were far less likely 

to achieve MMR at 3 months when compared with those exhibiting no overexpression or ABCB1 

overexpression.  Preliminary analysis of a small cohort of patients suggests this prediction remains true 

for patients at 12 months; although it will be necessary to repeat the analyses on a larger cohort of 

patients once this data becomes available.  Dependent on data at this later time point, patients 

exhibiting high levels of ABCC6 only at diagnosis may benefit from combination ABCC6 inhibitor:TKI 

therapy. 

 

In conclusion, the findings detailed in this chapter strongly suggest that ABCC6 functions as a novel 

efflux transporter of nilotinib and dasatinib, but not imatinib in nilotinib resistant cell lines as well as 

patient MNCs.  Inhibition of ABCC6 significantly decreases IC50NIL and IC50DAS in patient MNCs, most 

likely due to an increase in intracellular TKI concentrations.  Additionally, experiments performed in 

nilotinib resistant cell lines confirm the likelihood of ABCC6-mediated nilotinib and dasatinib transport.  

Taken together with results from Chapter 4, it appears that while ABCB1 may not play a key role in 
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nilotinib transport in patient MNCs, in the context of overexpression, ABCB1 is likely to facilitate nilotinib 

transport (Table 7.7).  Furthermore, it may be possible to use ABCC6 and ABCB1 mRNA levels in 

patients at diagnosis to predict response to TKI therapy.  Subsequently, combination TKI:ABCC6 

inhibitor therapy may offer an attractive option to enhance TKI efficacy. 

 



Chapter Seven – ABCC6 is Involved in Nilotinib Transport and Resistance Development 

- 285 - 

 

 

Table 7.7: Summary of change in IC50 in the presence of the specified inhibitor when compared with the absence of inhibitor 

 
+10 µM      

PSC-833 
+50 µM 

Verapamil 
+200 µM 

Pantoprazole 
+100 µM 

Indomethacin 
+1 mM 

Probenecid 

Patient MNC IC50NIL ↔ ↔ ↓↓↓ ↓↓↓ ↓↓↓ 

Patient MNC IC50IM ND ND ↔ ↔ ↔ 

Patient MNC IC50DAS ND ND ↓ ↓↓↓ ↓↓↓ 

K562-Dox IC50NIL ↓ ↓ ↓ ND ND 

K562 IC50NIL ↔ ↔ ↓ ↔ ND 

K562 2 µM NIL IC50NIL ND ND ND ↓ ND 

K562 IC50IM ND ND ND ↔ ND 

K562 2 µM NIL IC50IM ND ND ND ↔ ND 

K562 IC50DAS ND ND ND ↔ ND 

K562 2 µM NIL IC50DAS ND ND ND ↓ ND 

 

↔=no change; ↓=decrease; ND=not determined.  The number of arrows delineates significance with ↓<0.05, ↓↓↓<0.001. 
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 Introduction 8.1.

Nilotinib is a highly potent second generation tyrosine kinase inhibitor (TKI) approved for use in chronic 

phase chronic myeloid leukaemia (CML) patients as both front line therapy as well as in chronic phase 

and accelerated phase individuals who have failed imatinib therapy101.  Nilotinib has demonstrated 

superior patient response compared with imatinib, however, there still exists a group of patients who 

demonstrate primary resistance or intolerance to nilotinib therapy and a second group who develop 

secondary resistance following an initially successful treatment phase.  Importantly, it may be possible 

to identify patients at risk of developing secondary resistance and intervene proactively.  Thus, it is 

pertinent to investigate potential molecular predictors of response as well as methods by which TKI 

efficacy can be enhanced.  Accordingly, the research described in this thesis aimed to generate in vitro 

models of nilotinib resistance such that a better understanding of in vivo resistance could be gained.  

Additionally, nilotinib transport and the relationship between nilotinib efflux and ABC transporters were 

examined.  This resulted in identification of a previously undescribed transporter that may also be 

involved in nilotinib transport and resistance.  Results from this research will provide a greater 

understanding of nilotinib transport, particularly with respect to ABC transporters.  As we move into the 

era of customised treatment regimes for all patients, it becomes important to predict which patients are 

likely to respond to a given TKI such that treatment plans are tailored to the individual.  The findings 

presented here may assist in developing new therapeutic strategies using TKIs in combination with 

other medications in order to enhance intracellular concentrations of TKI.  Additionally, further insight 

into the modes of resistance to nilotinib, as well as the kinetics of resistance mechanism emergence, 

may assist in determining treatment options for CML patients. 

 

 Major Findings 8.2.

8.2.1. Co-Administration of Nilotinib does not Adversely Affect Imatinib OCT-1 Activity 

Previous research from our laboratory has demonstrated that the addition of nilotinib to radiolabelled
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imatinib reduced the intracellular concentrations of imatinib, however, this reduction failed to reach 

statistical significance194.  More recently it was proposed that the nilotinib-mediated reduction of 

intracellular imatinib was due to inhibition of the main imatinib influx pump: OCT-1187.  This suggestion 

could have significant implications for imatinib/nilotinib combination therapies as well as adversely 

affecting the action of concomitantly administered medications transported by OCT-1, such as the 

diabetes drug metformin213,214 and ranitidine215 which inhibits the production of stomach acid.  Thus, we 

sought to assess the effect of nilotinib on imatinib OCT-1 activity as this measurement is the key 

predictor of long term patient response151.  As discussed in Chapter 3, while nilotinib does decrease 

what is most likely passive imatinib uptake, albeit insignificantly, no effect on OCT-1 activity was 

observed.  Nilotinib also has no significant effect on uptake of the model OCT-1 substrate 

tetraethylammonium bromide.  Therefore, nilotinib:imatinib combination therapy is still a viable option.  

This is contrary to the argument proposed by Davies et al, whereby nilotinib inhibits OCT-1 function and, 

when co-administered, may adversely affect the action of drugs transported by OCT-1187.  The data 

presented in the current study are supported by recent case reports of patients who lost molecular 

response after cessation of imatinib therapy due to intolerance.  Subsequent treatment with sub-

therapeutic doses of imatinib and nilotinib in combination was well tolerated and resulted in rapid re-

obtainment of molecular response365,366.  The results described in this thesis, combined with other in 

vitro modelling191,192 as well as the clinical observations from patients previously treated with TKIs, 

suggest that no adverse effect to patients will occur from the administration of nilotinib in combination 

with imatinib.  In fact, patients may perform better with respect to decreased intolerance and emergence 

of kinase domain mutations when a cocktail of TKIs is administered.  Thus, the findings presented here 

add to an increasing body of data suggesting clinical trials assessing upfront simultaneous 

administration of lower dose TKI therapy in order to reduce intolerance are warranted. 
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8.2.2. Nilotinib is Transported by ABCB1 but not ABCG2 

The data described in Chapter 3 strongly suggested that nilotinib enters the cell in a passive manner 

making it unlikely intracellular concentrations could be further improved by alteration of drug influx.  

Since this data also suggested active export, efflux transporters formed one of the main focus’ of this 

thesis.  A better understanding of how nilotinib is transported from the leukaemic cell may allow 

enhancement of drug retention via modulation of any drug transporters involved.  Much conjecture 

exists in the literature about the nilotinib:ABCB1 and nilotinib:ABCG2 relationships with some studies 

concluding nilotinib is a substrate of these transporters, others suggesting nilotinib functions as an 

inhibitor.  Furthermore, the reported TKI:ABC transporter relationships vary with methodologies and TKI 

concentrations used in individual studies.  In order to overcome the discrepancies reported previously, 

the current study utilised Bcr-Abl kinase inhibition as the confirmatory readout for drug:transporter 

interactions.  This is the first study to do so and because this approach measures actual target inhibition 

over a large concentration range, the relevant effects of TKI on Bcr-Abl kinase can be addressed 

directly.  The in vitro data in Bcr-Abl positive cell lines reported in Chapter 4 demonstrate that ABCB1, 

but not ABCG2, is involved in nilotinib efflux.  Furthermore, the experiments described here highlight the 

importance of nilotinib concentration when assessing the interaction of TKIs with transporters.  At low 

nanomolar concentrations, which more accurately reflect the clinical situation, intracellular nilotinib 

levels support ABCB1-mediated nilotinib efflux.  However, higher micromolar concentrations resulted in 

the inhibition of both ABCB1 and ABCG2 function.  The clear evidence of the concentration dependence 

of ABCB1-mediated nilotinib efflux provided likely explains the lack of consensus on this question in 

previous studies.  From the clinical perspective, these findings suggest that nilotinib is likely to be 

susceptible to resistance mediated by overexpression of ABCB1.  This would be particularly evident at 

points of drug extrusion (liver, kidney, intestine) and at the blood brain barrier where ABCB1 levels are 

high.  Since nilotinib enters cells passively along a concentration gradient and efflux occurs actively, the 

net effect would be low intracellular nilotinib levels leading to inadequate Bcr-Abl inhibition.  Thus, in 
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order to effectively target residual leukaemic cells, which have previously been hypothesised to cause 

TKI resistance and disease progression40,357, patients may benefit from combined ABCB1 inhibitor:TKI 

therapy; although careful consideration would have to be given when determining correct TKI dose to 

prevent the occurrence of off target toxicity. 

 

8.2.3. ABCB1 Acts as an Initiator of Nilotinib Resistance 

In vitro models of nilotinib resistance were generated in Bcr-Abl positive cell lines, K562 and the ABCB1 

overexpressing variant K562-Dox, by long term exposure to increasing concentrations of nilotinib 

(Chapters 5 and 6).  In all resistant cell lines generated in this study, ABCB1 overexpression, at both 

the mRNA and protein level, was the initiating mechanism of resistance.  Notably, this is the first report 

of ABCB1 overexpression in the K562 cell line in response to exposure to nilotinib.  There are two 

mechanisms by which this could occur: firstly, clonal selection of cells within the population that have 

increased expression of ABCB1.  Alternatively, up regulation of ABCB1 expression may have occurred 

as an immediate response following exposure to nilotinib.  ABCB1 expression levels in newly thawed 

K562 2 µM NIL cells pre-nilotinib exposure and after 24 h culture in the presence of 2 µM nilotinib 

suggest the latter scenario is more likely (Appendix 6A).  Importantly, IC50NIL was demonstrated to 

directly correlate with ABCB1 expression confirming the notion that nilotinib is an ABCB1 substrate and 

supporting results detailed in Chapter 4.  No increase in ABCG2 protein was observed making it 

unlikely this transporter plays a role in the transport of, or development of resistance to, nilotinib, also 

confirming results described in Chapter 4.  Continued culture in increasing concentrations of nilotinib 

resulted in a loss of ABCB1 expression in all cell lines, most likely by clonal selection, prior to the 

emergence of other resistance mechanisms.  The fact that two distinct populations were present in 

K562-Dox 125 nM NIL #1 cells (Chapter 6) and that the ABCB1-negative population increased in size 

with a corresponding decrease in the ABCB1-positive population, suggests those cells with decreased 

ABCB1 expression had a growth advantage and were clonally selected over time.  The same 
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phenomenon was observed in K562 50 nM NIL cells with ABCB1 expression decreasing gradually over 

time (Chapter 5).  Continued exposure of K562 cells to increasing concentrations of nilotinib resulted in 

increased activity of the Src family kinase, Lyn.  This resistance mechanism has previously been cited 

as Bcr-Abl independent68,120. However, in the current study, resistant K562 cells demonstrated 

increased IC50 which was unexpected if there was no involvement of Bcr-Abl.  This, combined with the 

fact that Lyn reportedly regulates Bcr-Abl activity123,158,160, suggests that Lyn overexpression is in fact a 

Bcr-Abl dependent mechanism of resistance, which is contrary to popular belief.  Consequently, one 

could speculate that those patients initially exhibiting negligible levels of ABCB1 but who then 

demonstrate ABCB1 overexpression (as was observed in the K562 model of nilotinib resistance) may 

be at risk of developing Lyn overexpression.  Such patients may benefit from monitoring of Lyn 

expression levels and a switch to dasatinib therapy, which has activity against Lyn and other Src family 

kinases, in the event that Lyn levels increase. 

 

8.2.4. Prolonged Exposure to Nilotinib Results in Bcr-Abl Independent Resistance in K562-

Dox Cells 

Continued exposure of K562-Dox cells to nilotinib resulted in complete loss of ABCB1 expression and 

function and the emergence of a genuine Bcr-Abl independent mechanism of resistance (Chapter 6).  

K562-Dox cells have been stably expressing ABCB1 for over a decade and this is the first report of loss 

of ABCB1 expression back to levels observed in parental K562 cells.  Interestingly, investigation of 

other previously reported nilotinib resistance mechanisms failed to determine the cause of resistance 

here.  There was no overexpression or increased activity of Axl, Syk or Lyn nor was total tyrosine 

phosphorylation increased.  Thus, it is likely a novel mechanism of resistance exists, possibly involving 

Bcr-Abl independent activation of PDGFR-β and decreased expression of MAP3K5.  Previously, a small 

cohort of patients with demonstrated imatinib resistance were found to have adequate Bcr-Abl kinase 

inhibition108.  Even though no confirmatory studies have been published subsequently, the long-term 
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treatment outcomes of nilotinib are yet to be defined and Bcr-Abl independent resistance may prove 

critical in this setting.  Potentially, these cell lines could provide an in vitro model for patients with 

undetermined resistance.  Additionally, this current model of nilotinib resistance suggests patients who 

exhibit ABCB1 overexpression initially may be prone to developing Bcr-Abl independent mechanisms of 

resistance.  Thus, it may prove valuable to determine the expression levels of ABCB1 in such patients 

at both diagnosis and relapse and compare these with levels in resistant patients with kinase domain 

mutations to determine if this theory is also applicable in vivo.  Taken together, these in vitro models 

highlight the importance of determining transporter expression at diagnosis and using this to monitor 

changes in expression while undergoing TKI therapy.  An increase in levels of ABCB1 may serve as an 

easily transferrable and valuable early warning system for loss of response and possible development of 

resistance. 

 

8.2.5. ABCC6 is a Novel Candidate Transporter of both Nilotinib and Dasatinib 

The interaction of nilotinib with ABCB1 and ABCG2 has been studied comprehensively; however, the in 

vitro data described in Chapter 4 suggested there may be another transporter/s with which nilotinib 

interacts.  Thus, mRNA expression of a set of candidate cell transporters was investigated in cells that 

had been both transiently exposed to nilotinib as well as resistant cells cultured long term in nilotinib 

(Chapter 7).  This approach has previously demonstrated mRNA levels of relevant transporters are up-

regulated upon exposure to xenobiotics138,216-219.  Results emphasised ABCC6 as a promising 

candidate: mRNA levels increased in both instances suggesting a role in transport of, and resistance to, 

nilotinib.  To investigate this further, a panel of ABC transporter inhibitors was employed to determine 

the effect of ABCC6 inhibition in patient mononuclear cells (MNCs).  Addition of three different ABCC6 

inhibitors resulted in significantly increased nilotinib-mediated Bcr-Abl kinase inhibition supporting the 

notion that ABCC6 is involved in nilotinib transport.  Cross referencing transporter and inhibition 

specificities validated ABCC6 as the only viable transporter.  Similar experiments utilising dasatinib and 
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imatinib indicated that ABCC6 may also be involved in the transport of dasatinib, but is unlikely to be 

involved in imatinib transport.  Importantly, in vitro data in resistant K562 cells which overexpress 

ABCC6 supported these hypotheses. 

 

These results highlighted ABCC6 as important in the efflux of nilotinib from patient MNCs which was in 

contrast to the ABCB1:nilotinib interaction in these cells.  Thus, it would appear ABCB1 expression 

levels may function as an indicator of loss of response or resistance development, while ABCC6 levels 

may potentially be used in order to predict those patients who will do poorly on nilotinib therapy.  

Comparing ABCB1 and ABCC6 mRNA levels in 83 de novo CML patients prior to initiation of nilotinib 

therapy supports this notion.  Patients were divided into four groups based on transporter mRNA levels: 

no overexpression, ABCB1 overexpression, ABCC6 overexpression and double overexpression and 

correlated with major molecular response (MMR; <1% Bcr-Abl) to nilotinib at 3 months (Chapter 7).  

Results demonstrated that ABCC6 overexpression may be predictive of response to nilotinib therapy.  

Of those patients exhibiting ABCC6 overexpression, 52.6% achieved a MMR at 3 months, compared 

with 73.9% of patients exhibiting no overexpression or 85.0% of patients overexpressing ABCB1 only.  

Preliminary analysis of molecular response at 12 months for a small cohort of patients appears to be 

even more predictive: 28.5% of patients exhibiting ABCC6 overexpression achieved a MMR compared 

with 44.4% of patients exhibiting no overexpression or overexpressing ABCB1 only.  However, analysis 

of a much larger cohort is required in order to conclude whether a definitive correlation exists, and this 

will be completed once data becomes available.  

 

These data highlighted the rather perplexing observation that the predictive capability of ABCC6 mRNA 

expression is only valuable when analysed in conjunction with ABCB1 expression.  If one were to look 

at ABBC6 expression in isolation, the correlation between high expression and inability to achieve MMR 

is considerably weaker (Chapter 7).  Because we hypothesise that both ABCB1 and ABCC6 are 
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important in the transport of nilotinib, it was expected that those patients demonstrating overexpression 

of both transporters would exhibit an inferior response compared with patients exhibiting no 

overexpression or overexpression of one transporter only; however, this was not the case.  As 

discussed earlier, ABCB1 is unlikely to be a major protein involved in nilotinib transport in MNCs.  

Instead, overexpression of this transporter may be a predictor of relapse or resistance development, 

since expression is high at sanctuary sites such as the brain and testes where it is hypothesised 

residual leukaemic cells remain318,357.  In contrast, ABCC6 has been demonstrated as an important 

nilotinib transporter in patient MNCs (IC50 experiments in the absence and presence of ABCC6 

inhibition, Chapter 7).  It has also been demonstrated that continued exposure to nilotinib results in a 

sustained increase in ABCC6 mRNA (development of nilotinib resistance in K562 cells, Chapter 7).  

Therefore, one could speculate that patients exhibiting high initial levels of ABCC6 would further 

overexpress this transporter during nilotinib therapy leading to decreased intracellular nilotinib 

concentrations and a reduced probability of achieving MMR.  However, this still does not explain why 

patients exhibiting high expression levels of both ABCB1 and ABCC6 do not have a decreased 

probability of achieving MMR when compared with patients exhibiting no overexpression.  A potential 

explanation originates from examination of ABCB1 and ABCC6 expression during development of 

nilotinib resistance in K562-Dox cells.  These cells initially overexpress ABCB1 and it was observed that 

early resistance intermediates, before development of overt resistance, demonstrated reduced 

expression of ABCC6 when compared with control cells, although ABCB1 levels remained constant 

(Figure 8.1).  As discussed previously, ABCB1 is capable of modulating expression of ABCG2 

(Chapters 5 and 6).  Thus, we hypothesise that in the setting of ABCB1/ABCC6 overexpression, 

ABCC6 levels are modulated following nilotinib therapy such that patients originally overexpressing both 

transporters overexpress ABCB1 only, which, as discussed earlier, is unlikely to be a major nilotinib 

transporter in MNCs nor does overexpression appear to predict long term response to nilotinib.  

However, we acknowledge the artificiality of using a cell line system, and will seek to confirm these 
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Figure 8.1: Early K562-Dox resistance intermediates demonstrate stable levels of ABCB1 mRNA 

and reduced levels of ABCC6 mRNA compared with control cells 

Expression levels of ABCB1 and ABCC6 were assessed in K562-Dox nilotinib resistance intermediates.  

Data demonstrate no significant change in ABCB1 levels during early development of nilotinib 

resistance however a significant reduction in ABCC6 mRNA was observed.  mRNA expression 

represents the mean of six independent experiments performed in triplicate.  Statistical analyses were 

performed on mRNA levels as a percentage BCR using Student’s t-test.  Statistically significant p-values 

are denoted by asterisks (** p<0.01; *** p<0.001).  Error bars represent SEM. 
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hypotheses by determining expression levels of ABCB1 and ABCC6 mRNA in patients following 12 

months of nilotinib therapy once this data becomes available.  

 

OCT-1 activity has been demonstrated as predictive of long term response to imatinib therapy151,177, and 

has not yet been tested for nilotinib therapy; currently no other measure for predicting response to 

nilotinib has been defined.  Having a reliable and easily disseminative predictor of response to TKI 

therapy at diagnosis is critical such that those patients likely to exhibit a suboptimal response are 

identified.  Determination of ABCC6 and ABCB1 levels prior to initiation of TKI therapy may offer a quick 

and widely applicable diagnostic tool for predicting response to nilotinib.  Additionally, this strategy may 

help identify those patients who would perform better on alternative TKI therapy or who may benefit 

from combined TKI:ABCC6 inhibitor therapy in order to improve response and prevent development of 

secondary resistance. 

 

 Summary 8.3.

The use of TKIs in the treatment of CML has resulted in successful treatment outcomes for the majority 

of patients.  However, the challenge now exists to induce the optimum response in all patients.  The 

availability of second generation TKIs means there should no longer be a ‘one treatment for all’ 

approach.  This, combined with the knowledge of relevant drug transporters for each of the TKIs, should 

allow customised treatment regimes where TKIs are combined with other drugs in order to enhance 

their efficacy. 

 

This study investigated the interaction of nilotinib with major cellular drug transporters and assessed 

how altered expression or inhibition of these transporters affected nilotinib transport and efficacy.  

Additionally, three nilotinib resistant cell lines were generated and used to investigate the kinetics of 

nilotinib resistance mechanism emergence.  Based on the findings presented in this thesis, Figure 8.2 
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Figure 8.2: Schematic summary of involvement of ABC transporters in nilotinib resistance 

Nilotinib is a substrate of both ABCB1 and ABCC6 and overexpression of these transporters causes a 

decreased level of intracellular nilotinib.  This then results in inferior Bcr-Abl inhibition leading to a 

cellular environment that promotes further mutations/aberrant activation of proteins ultimately leading to 

Bcr-Abl dependent or independent mechanisms of resistance. 
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presents a current hypothesis for the role of cellular transporters in development of resistance to 

nilotinib.  Nilotinib is a likely substrate of ABCB1 and ABCC6 and efflux by these transporters results in 

lower intracellular concentrations of nilotinib.  In the context of resistance, overexpression of ABCB1 

and/or ABCC6 creates a favourable environment in which mutations and aberrant expression of other 

proteins occurs. 

 

ABCC6 was also found to interact with dasatinib, but not imatinib, and this represents the first time 

ABCC6 has been linked to TKI resistance and transport.  In vitro experimentation in CML patient MNCs 

revealed a significant decrease in IC50NIL and IC50DAS in the presence of ABCC6 inhibition suggesting 

patients may benefit from concomitant administration of ABCC6 inhibitors to enhance nilotinib/dasatinib 

therapy, especially where there is high risk of emerging resistance.  Additionally, mRNA expression 

levels of ABCB1 and ABCC6 at diagnosis may be used as a predictor of response to nilotinib.  

Alterations in expression of ABCB1 following therapy may also be used as an early warning for 

development of resistance to nilotinib. 

 

 Future Directions 8.4.

As a result of the findings presented in this thesis, a number of lines of investigation have been 

proposed as essential for further understanding the development of nilotinib resistance and the role of 

ABCC6 in nilotinib efflux: 

• In order to confirm the interaction between ABCC6 and nilotinib, dasatinib and imatinib, ABCC6 

will be retrovirally overexpressed in cell lines; corresponding siRNA knockdown will also be 

performed.  Collaborators with expertise in this field have initiated this project, however, ABCC6 

was identified as a transporter of interest in the third year of study and complications in vector 

sequencing and ligation occurred, thus resulting in significant impediments to progress. 
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• Similarly, ABCC6 will be overexpressed in xenopus oocytes to determine whether a difference 

exists in concentrations of intracellular nilotinib in the absence versus the presence of ABCC6 

inhibition.  Oocytes do not express any cellular transporters thus, by engineering them to 

express ABCC6, any differences in intracellular nilotinib in the absence and presence of ABCC6 

inhibitors will be due to transport mediated by ABCC6.  Utilising oocytes will allow a definitive 

conclusion to be made regarding the nilotinib:ABCC6 relationship. 

• A custom ABCC6 antibody will be manufactured (current commercially available antibodies are 

poor) and then used to assess ABCC6 protein levels in stored patient MNC lysates. 

• Mutation analysis on PDGFR-β gene in K562-Dox resistant cell lines will be performed to 

determine if any activating mutations are present. 

• Intracellular nilotinib levels will be assessed and compared with plasma levels by mass 

spectrometry.  These data will be contrasted with those of imatinib and data used to compare in 

vivo kinase inhibition in patients receiving up front imatinib versus up front nilotinib. 

• mRNA and protein levels of ABCB1 will be determined in patients who develop mutations, 

undergo disease progression or fail to achieve MMR while receiving up front imatinib or 

nilotinib.  We hypothesise that ABCB1 overexpression plays a role in disease progression, 

resistance development and lack of response to therapy and thus expect these patients to 

exhibit increased levels of ABCB1 prior to onset of the adverse event. 

 

 Conclusion 8.5.

In conclusion, while nilotinib entered the cell in a predominantly passive manner, efflux comprised an 

active component making moderation of export an attractive approach to enhance nilotinib efficacy.  

Nilotinib was found to be a substrate of ABCB1 but not ABCG2 but was capable of inhibiting both these 

transporters at high concentrations.  Furthermore, the novel TKI transporter ABCC6 was identified, and 

was demonstrated to interact with both nilotinib and dasatinib, but not imatinib.  Inhibition of ABCC6 
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increased nilotinib- and dasatinib-mediated Bcr-Abl kinase inhibition in patient MNCs.  Accordingly, 

concomitant administration of ABCC6 inhibitors may increase TKI efficacy and prevent development of 

secondary resistance.  Moreover, patients exhibiting ABCC6 overexpression at diagnosis may be at risk 

of failing to achieve a major molecular response by 12 months.  Thus, examination of transporter mRNA 

levels in newly diagnosed CML patients, and continued monitoring during TKI therapy, could provide a 

useful indication for determining TKI and/or concomitant therapies. 
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Appendix 1 

Appendix 1A Cytotoxicity Assay Set Up Details 

Table 1A: Summary of TKI concentrations with corresponding volumes for cytotoxicity assays 

[TKI] [stock] Volume  [TKI] [stock] Volume  [TKI] [stock] Volume 

Nilotinib (nM)    Imatinib (µM)    Dasatinib (nM)   

0 DMSO 4 µL  0 – –  0 DMSO 4 µL 

25 100 µM 1 µL  0.1 0.1 mM 4 µL  10 10 µM 4 µL 

50  100 µM 2 µL  0.25 1 mM 1 µL  25 100 µM 1 µL 

100 100 µM 4 µL  0.5 1 mM 2 µL  50 100 µM 2 µL 

200 1 mM 0.8 µL  0.75 1 mM 3 µL  75 100 µM 3 µL 

250 1 mM 1 µL  1 1 mM 4 µL  100 100 µM 4 µL 

300 1 mM 1.2 µL  2.5 10 mM 1 µL  250 1 mM 1 µL 

500 1 mM 2 µL  5 10 mM 2 µL  500 1 mM 2 µL 

1000 1 mM 4 µL         

2000 10 mM 0.8 µL         

5000 10 mM 2 µL         
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Fullmoon kinase array antibody list 

 

Appendix 1B Full Moon Biosystems Antibody Microarray Protein List 
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Fullmoon kinase array plate layout 
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Fullmoon cancer array antibody list 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-
 307

 -
 

A
ppendix 1

B
 – F

ull M
oon B

io
system

s A
ntibody M

icroarray P
rotein Lists 

 

 



Appendix 1A – Cytotoxicity Assay Set Up Details 

- 308 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-
 308

 -
 

A
ppendix 1

B
 – F

ull M
oon B

io
system

s A
ntibody M

icroarray P
rotein Lists 

 

 



Appendix 1A – Cytotoxicity Assay Set Up Details 

- 309 - 

Fullmoon cancer array plate layout 
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Appendix 1C RQ-PCR for BCR-ABL mRNA Expression Set Up Details 
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Taqman array gene list 

 

 

Appendix 1D Taqman Transporter Array Gene List 
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Appendix 2A The Effect of PSC-833 and Verapamil on Rhodamine-123 Efflux 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2A: PSC-833 and verapamil specifically inhibit ABCB1 function 

K562 and K562-Dox cells were stained with rhodamine-123 and fluorescence determined in the 

absence and presence of PSC-833 and verapamil.  Data demonstrate that in K562-Dox cells PSC-833 

inhibits ABCB1 function.  While not as potent an inhibitor of ABCB1, verapamil also inhibits ABCB1 and 

is thus a reliable and selective alternative.  No significant effect of either inhibitor was observed in K562 

cells which express negligible levels of ABCB1.    Data are representative of typical MFI levels with the 

geometric mean of the peaks detailed.  The GREY filled histograms represent fluorescent substrate 

alone, the BLUE and RED histograms represent PSC-833 and the verapamil respectively. 
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Appendix 2B IC50NIL of Resorted K562-ABCG2 Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2B.1: ABCB1 and ABCG2 protein expression in K562 and K562-ABCG2 cells 

K562 (a, b), and K562-ABCG2 (c, d) cells were stained with fluorescently labelled antibodies for ABCB1 

(a, c) and ABCG2 (b, d) and transporter protein expression levels determined by flow cytometric 

analysis.  The bold BLACK line represents cells stained with either ABCB1-PE or ABCG2-PE 

antibodies, while the GREY filled histogram represents cells stained with corresponding isotype control 

antibodies.  The percentages displayed denote cells positive for transporter expression.  Data are 

representative of typical expression levels following cell sorting for ABCG2. 
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Figure 2B.2: High levels of ABCG2 have no significant effect on IC50NIL in Bcr-Abl positive cell 

lines 

IC50 was determined via incubating cells for 2 h at 37°C in the absence and presence of 0.5 µM Ko143.  

Crkl western blot was performed to determine the concentration of nilotinib required to inhibit Bcr-Abl 

kinase activity by 50%.  Data demonstrate that high levels of ABCG2 do not significantly increase 

IC50NIL.  Similarly, IC50NIL does not significantly decrease upon ABCG2 inhibition in either K562-ABCG2 

cells or K562 control cells.  The western blot analysis shown is representative of two separate 

experiments with the corresponding densitometry analysis representing the mean.  NIL=nilotinib. 
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Figure 2B.3: High levels of ABCG2 have no significant effect on IC50IM in Bcr-Abl positive cell 

lines 

IC50 was determined via incubating cells for 2 h at 37°C in the absence and presence of 0.5 µM Ko143.  

Crkl western blot was performed to determine the concentration of imatinib required to inhibit Bcr-Abl 

kinase activity by 50%.  Data demonstrate that high levels of ABCG2 do not significantly increase 

IC50IM.  Similarly, IC50IM does not significantly decrease upon ABCG2 inhibition in either K562-ABCG2 

cells or K562 control cells.  The western blot analysis shown is representative of two separate 

experiments with the corresponding densitometry analysis representing the mean.  IM=imatinib. 
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Appendix 3A Cell Death in K562 125 nM NIL and K562 2 µM NIL Cells Determined by Visual Assessment 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3A: K562 125 nM NIL and K562 2 µM NIL cells have significantly decreased TKI-mediated 

cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell viability assessed visually.  Metabolic products from live cells turn the colour of the growth media 

from pink to yellow thus allowing a crude assessment of cell viability.  Data demonstrate that K562 125 

nM NIL cells and K562 2 µM NIL cells have significantly increased survival in the presence of nilotinib 

and imatinib when compared with control cells.  Increased viability in the presence of dasatinib is not as 

obvious.  The pictures shown are representative of at least three separate experiments performed in 

triplicate.  The TKI concentrations are indicated. 

 
 

 

(a) 
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Figure 3B: K562 125 nM NIL and K562 2 µM NIL cells have significantly decreased TKI-mediated 

cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell death determined by trypan blue staining.  Data demonstrate that K562 125 nM NIL cells and K562 

2 µM NIL cells have significantly increased survival in the presence of TKIs when compared with control 

cells.  It is important to note that while trypan blue counts following cytotoxicity assays demonstrate near 

complete cell death, Annexin V/7-AAD staining shows a maximum of 40% cell death even at the highest 

TKI concentrations.  The data shown are representative of at least three separate experiments 

performed in triplicate with the corresponding survival curves representing the mean.  Data were 

normalised to 0 nM TKI with the number of live cells in the absence of TKI set at 100%.  Statistical 

analyses were performed using Student’s t-test with statistically significant p-values denoted by 

asterisks and carets representing K562 125 nM NIL and K562 2 µM NIL cell lines respectively (* p<0.05; 

** p<0.01; *** p<0.001).  Error bars represent SEM.  NIL=nilotinib. 

(a) 
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Figure 3C: Cyclosporin specifically inhibits ABCB1 function 

K562 and K562-Dox cells were stained with rhodamine-123 and fluorescence determined in the 

absence and presence of PSC-833 (10 µM) and cyclosporine (10 µM).  Data demonstrate that in K562-

Dox cells cyclosporin inhibits ABCB1 function as effectively as PSC-833.  No significant effect of either 

inhibitor was observed in K562 cells which express negligible levels of ABCB1.    Data are 

representative of typical MFI levels with the geometric mean of the peaks detailed.  The GREY filled 

histograms represent unstained control while the BLACK, BLUE and RED histograms represent 

fluorescent substrate alone, PSC-833 and the cyclosporin respectively. 
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Appendix 3D Mutation Analysis in K562 Resistance Intermediates 

 

 

Figure 3D: K562 resistance intermediates do not carry any Bcr-Abl kinase domain mutations 

DNA sequencing of the Bcr-Abl kinase domain of K562 control cells and resistance intermediates was conducted and compared with the GenBank ABL 

reference sequence.  Data demonstrate that neither the control cells nor any of the resistance intermediates contain mutations.  Data were analysed using 

Mutation Surveyor Version 3.24 with each peak representing a DNA base (A=Adenine; C=Cytosine; G=Guanine; T=Thymine) in the 5’-3’ direction of the ABL 

sequence.  The base number for both the reference sequence and the sequences of interest are indicated.  The amino acid and corresponding residue 

number are also indicated.  The amino acid sequences exactly match the reference sequence with none of the common kinase domain mutations 

summarised in Figure 5.1 present. 
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Appendix 4 

Appendix 4A Cell Death in K562-Dox 125nM NIL #1 and K562-Dox 125 nM NIL #2 Cells Determined by Trypan Blue Staining 

 

 

Figure 4A: K562-Dox 125 nM NIL #1 and K562-Dox 125 nM NIL #2 cells have significantly 

decreased TKI-mediated cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell death determined by trypan blue staining.  Data demonstrate that K562-Dox 125 nM NIL #1 and 

K562-Dox 125 nM NIL #2 cells have significantly increased survival in the presence of TKIs when 

compared with control cells.  It is important to note that while trypan blue counts following cytotoxicity 

assays demonstrate near complete cell death, Annexin V and 7-AAD staining shows a maximum of 40% 

cell death even at the highest TKI concentrations.  The data shown represent one experiment 

performed in triplicate with the corresponding survival curves representing the mean.  Data were 

normalised to 0 nM TKI with the number of live cells in the absence of TKI set at 100%.  NIL=nilotinib 

(a) 
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Figure 4B: K562-Dox 2 μM NIL #1 and K562-Dox 2 μM NIL #2 cells have significantly decreased 

TKI-mediated cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell viability assessed visually.  Metabolic products from live cells turn the colour of the growth media 

from pink to yellow thus allowing a crude assessment of cell viability.  Data demonstrate K562-Dox 2 μM 

NIL #1 cells and K562-Dox 2 μM NIL #2 cells have increased survival in the presence of nilotinib, 

imatinib and dasatinib when compared with control cells.  The pictures shown are representative of at 

least three separate experiments performed in triplicate.  The TKI concentrations are indicated. 

 

 

(a) 
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Figure 4C: K562-Dox 2 μM NIL #1 and K562-Dox 2 μM NIL #2 cells have significantly decreased 

TKI-mediated cell death 

Cells were cultured for 72 h in increasing concentrations of a) nilotinib b) imatinib and c) dasatinib and 

cell death determined by trypan blue staining.  Data demonstrate K562-Dox 2 μM NIL #1 cells and 

K562-Dox 2 μM NIL #2 cells have significantly increased survival in the presence of TKIs when 

compared with control cells.  It is important to note that while trypan blue counts following cytotoxicity 

assays demonstrate near complete cell death, Annexin V/7-AAD staining shows a maximum of 80% cell 

death even at the highest TKI concentrations.  The data shown are representative of at least three 

separate experiments performed in triplicate with the corresponding survival curves representing the 

mean.  Data were normalised to 0 nM TKI with the number of live cells in the absence of TKI set at 

100%.  Statistical analyses were performed using Student’s t-test with statistically significant p-values 

denoted by asterisks and carets representing K562-Dox 2 μM NIL #1 and K562-Dox 2 μM NIL #2 cell 

lines respectively (* p<0.05; ** p<0.01; *** p<0.001).  Error bars represent SEM.  NIL=nilotinib. 

(a) 
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Appendix 4D Expression Levels of Cellular Kinases and Cancer Signalling Proteins in Control Versus Nilotinib Resistant K562-Dox 

Cells 

 

 

 

 

 

 

Figure 4D: K562-Dox 2 μM NIL resistant cells exhibit altered protein expression compared with 

K562-Dox control cells 

Commercially available antibody array plates (Fullmoon Biosystems) were used to compare expression 

levels of various cellular kinases (a and c) and proteins involved in cancer signalling (b and d) in K562-

Dox 2 μM NIL #1 and K562-Dox 2 μM NIL #2 cells compared with control cells.  The arrays were 

analysed by Fullmoon Biosystems and the percentage change in expression levels determined.  

Proteins were then graded in descending order based on expression levels and the top ranked proteins 

chosen for further analysis.  Proteins exhibiting >50% increase in expression in resistant cells are 

shown in PINK and proteins exhibiting >50% decrease in expression levels are shown in GREEN.  

Background expression levels were set at 2.5× greater than that of negative controls; proteins falling 

below this value were excluded from analysis (GREY SHADED).   
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Figure 5A.1: Summary of K562 and KU812 cell death following incubation in increasing concentrations of nilotinib 

a) K562 and b) KU812 cells were cultured for time points ranging 12–48 h in increasing concentrations of nilotinib and cell death determined by Annexin V/  

7-AAD staining.  Data demonstrate that K562 cell death occurs following incubation for 36 h and 48 h; KU812 cells are more sensitive with substantial cell 

death occurring following incubation greater than 12 h.  However, there is minimal impact on K562 cell viability following incubation for 24 h in 75 nM nilotinib 

when compared with control cells.  Similarly, there is minimal impact on KU812 cell viability following incubation for 12 h in 100 nM nilotinib when compared 

with control cells.  Annexin V/7-AAD was performed in duplicate with the corresponding survival plots representing the mean.  Data represent one experiment 

and were normalised to 0 nM nilotinib with control values set at 100% live cells.  NIL=nilotinib. 
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Figure 5A.2: Summary of K562 and KU812 cell death following incubation in increasing concentrations of nilotinib 

a) K562 and b) KU812 cells were cultured for time points ranging 12–48 h in increasing concentrations of nilotinib and cell death determined by trypan blue 

staining.  Data demonstrate that K562 cell death occurs following incubation for 48 h; KU812 cells are more sensitive with substantial cell death occurring 

following incubation greater than 12 h.  However, there is minimal impact on K562 cell viability following incubation for 24 h in 75 nM nilotinib when compared 

with control cells.  Similarly, there is minimal impact on KU812 cell viability following incubation for 12 h in 100 nM nilotinib when compared with control cells.   

Data represent one experiment and were normalised to 0 nM nilotinib with control values set at 100% live cells.  NIL=nilotinib. 
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Table 5B.1: Summary of fold changes in transporter mRNA expression in K562 cells incubated 

for 24 h in the presence versus the absence of 75 nM nilotinib 

Appendix 5B Fold Change in Transporter mRNA Expression in Cell Lines 

 

Transporter Gene Type 0 nM NIL (Ct) +75 nM NIL (Ct) Fold Change 
18S Control 8.8 9.0 1.0 
ABCA1 Target 37.2 34.3 8.7 
ABCA12 Target 35.3 37.1 0.4 
ABCA13 Target 31.5 31.0 1.8 
ABCA2 Target 28.9 28.4 1.7 
ABCA3 Target 26.6 26.9 1.0 
ABCA4 Target 36.5 35.9 1.8 
ABCA9 Target 36.9 32.8 20.7 
ABCB1 Target 31.1 34.0 0.2 
ABCB11 Target 35.7 34.9 2.0 
ABCB4 Target 36.0 35.1 2.1 
ABCB5 Target 36.9 33.0 17.9 
ABCB6 Target 27.0 25.8 2.7 
ABCC1 Target 27.0 27.9 0.6 
ABCC10 Target 27.9 28.0 1.1 
ABCC11 Target 37.3 34.4 8.5 
ABCC12 Target 40.0 37.0 9.1 
ABCC2 Target 35.6 36.0 0.9 
ABCC3 Target 37.0 36.9 1.4 
ABCC4 Target 25.0 25.3 0.9 
ABCC5 Target 25.0 25.3 0.9 
ABCC6 Target 40.0 36.9 9.7 
ABCD1 Target 31.0 29.9 2.4 
ABCD3 Target 25.7 27.0 0.5 
ABCD4 Target 27.8 28.1 0.9 
ABCF1 Target 24.9 27.0 0.3 
ABCG2 Target 32.9 30.5 6.1 
ABCG8 Target 37.1 36.4 1.9 
ACTB Control 20.4 21.9 0.4 
AQP1 Target 27.0 23.9 10.0 



Appendix 5B – Fold Change in Transporter mRNA Expression in Cell Lines 

- 387 - 

AQP7 Target 37.1 33.9 10.3 
AQP9 Target 37.0 40.0 0.1 
ATP6V0C Target 25.0 25.9 0.6 
ATP7A Target 25.9 26.2 0.9 
ATP7B Target 24.9 24.6 1.4 
B2M Control 20.9 21.5 0.8 
GAPDH Control 19.0 19.9 0.6 
GUSB Control 24.9 25.0 1.1 
HMBS Control 24.9 25.5 0.8 
HPRT1 Control 22.9 24.0 0.6 
MVP Target 34.6 33.0 3.6 
PGK1 Control 20.8 22.9 0.3 
PPIA Control 18.7 19.9 0.5 
RPLP01 Control 18.9 18.9 1.1 
SLC10A1 Target 36.1 29.9 86.9 
SLC10A2 Target 40.0 37.0 9.4 
SLC15A1 Target 37.2 40.0 0.2 
SLC15A2 Target 32.6 30.9 3.7 
SLC16A1 Target 23.0 24.7 0.3 
SLC16A2 Target 40.0 40.0 1.2 
SLC16A3 Target 30.9 31.8 0.6 
SLC19A1 Target 24.9 28.0 0.1 
SLC19A2 Target 25.9 27.9 0.3 
SLC19A3 Target 36.9 40.0 0.1 
SLC22A1 Target 34.0 32.3 3.6 
SLC22A2 Target 37.3 40.0 0.2 
SLC22A3 Target 37.2 40.0 0.7 
SLC22A6 Target 40.0 40.0 1.2 
SLC22A7 Target 40.0 40.0 1.2 
SLC22A8 Target 40.0 40.0 1.2 
SLC22A9 Target 40.0 40.0 1.2 
SLC25A13 Target 24.9 26.0 0.6 
SLC28A1 Target 37.2 36.3 2.1 
SLC28A2 Target 37.1 36.3 1.9 
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SLC28A3 Target 37.2 34.0 10.7 
SLC29A1 Target 23.9 23.6 1.5 
SLC29A2 Target 26.0 28.0 0.3 
SLC2A1 Target 24.0 23.0 2.3388 
SLC2A2 Target 8.5 32.2 0.0 
SLC2A3 Target 23.0 30.4 0.0 
SLC31A1 Target 24.7 24.9 1.0 
SLC38A2 Target 23.9 25.5 0.4 
SLC38A5 Target 23.0 24.1 0.5 
SLC3A1 Target 37.1 36.1 2.4 
SLC3A2 Target 23.9 24.3 0.9 
SLC5A1 Target 40.0 37.0 9.3 
SLC5A4 Target 36.7 36.9 1.0 
SLC7A11 Target 26.1 25.9 1.3 
SLC7A5 Target 23.6 26.0 0.2 
SLC7A6 Target 25.7 28.0 0.3 
SLC7A7 Target 34.9 34.0 2.1 
SLC7A8 Target 26.8 27.0 1.1 
SLC7A9 Target 37.2 35.6 3.7 
SLCO1A2 Target 30.9 28.0 8.7 
SLCO1B1 Target 35.9 34.1 3.9 
SLCO1B3 Target 40.0 40.0 1.2 
SLCO2A1 Target 38.0 40.0 0.3 
SLCO2B1 Target 28.8 31.9 0.1 
SLCO3A1 Target 35.9 34.9 2.4 
SLCO4A1 Target 26.0 29.9 0.1 
TAP1 Target 30.0 30.0 1.1 
TAP2 Target 25.9 28.7 0.2 
TBP Control 24.7 25.9 0.5 
UBC Control 21.6 22.9 0.5 
VDAC1 Target 21.9 23.9 0.3 
VDAC2 Target 25.7 26.9 0.5 
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Table 5B.2: Summary of fold changes in transporter mRNA expression in KU812 cells incubated 

for 12 h in the presence versus the absence of 100 nM nilotinib 

Transporter Gene Type 0 nM NIL (Ct) +100 nM NIL (Ct) Fold Change 

18S Control 11.0 10.5 1.6 
ABCA1 Target 28.9 28.6 1.5 
ABCA12 Target 36.6 37.1 0.8 
ABCA13 Target 40.0 40.0 1.2 
ABCA2 Target 27.4 27.9 0.8 
ABCA3 Target 36.9 35.4 3.3 
ABCA4 Target 36.0 34.8 2.8 
ABCA9 Target 37.0 21.5 53879.0 
ABCB1 Target 29.6 29.9 0.9 
ABCB11 Target 34.9 35.4 0.9 
ABCB4 Target 30.7 28.9 3.8 
ABCB5 Target 36.9 34.5 6.3 
ABCB6 Target 26.8 26.9 1.1 
ABCC1 Target 27.0 27.9 0.6 
ABCC10 Target 27.9 27.9 1.2 
ABCC11 Target 36.9 35.8 2.5 
ABCC12 Target 37.2 33.2 17.8 
ABCC2 Target 32.9 33.3 0.9 
ABCC3 Target 40.0 40.0 1.2 
ABCC4 Target 25.0 25.4 0.9 
ABCC5 Target 25.0 24.9 1.2 
ABCC6 Target 40.0 37.0 9.5 
ABCD1 Target 31.8 31.9 1.1 
ABCD3 Target 25.0 25.9 0.6 
ABCD4 Target 28.6 27.9 1.8 
ABCF1 Target 24.7 26.0 0.5 
ABCG2 Target 31.0 31.0 1.2 
ABCG8 Target 37.0 40.0 0.1 
ACTB Control 21.0 22.9 0.3 
AQP1 Target 33.0 29.0 18.6 
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AQP7 Target 37.2 36.2 2.5 
AQP9 Target 37.1 40.0 0.2 
ATP6V0C Target 25.9 27.2 0.5 
ATP7A Target 26.8 27.0 1.0 
ATP7B Target 24.6 23.9 1.8 
B2M Control 24.0 24.7 0.7 
GAPDH Control 19.5 20.0 0.8 
GUSB Control 26.9 27.7 0.7 
HMBS Control 27.5 27.9 0.9 
HPRT1 Control 25.7 27.0 0.5 
MVP Target 32.9 31.9 2.4 
PGK1 Control 23.0 24.7 0.4 
PPIA Control 20.0 21.2 0.5 
RPLP01 Control 20.9 20.9 1.2 
SLC10A1 Target 40.0 40.0 1.2 
SLC10A2 Target 34.3 36.8 0.2 
SLC15A1 Target 40.0 40.0 1.2 
SLC15A2 Target 31.4 30.9 1.7 
SLC16A1 Target 23.1 23.9 0.7 
SLC16A2 Target 37.0 34.3 7.9 
SLC16A3 Target 32.0 33.8 0.3 
SLC19A1 Target 27.0 29.6 0.2 
SLC19A2 Target 27.9 28.9 0.6 
SLC19A3 Target 40.0 40.0 1.2 
SLC22A1 Target 36.0 35.6 1.5 
SLC22A2 Target 40.0 40.0 1.2 
SLC22A3 Target 38.0 40.0 0.3 
SLC22A6 Target 40.0 40.0 1.2 
SLC22A7 Target 40.0 38.0 4.7 
SLC22A8 Target 29.0 28.9 1.2 
SLC22A9 Target 40.0 40.0 1.2 
SLC25A13 Target 26.9 28.2 0.5 
SLC28A1 Target 40.0 40.0 1.2 
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SLC28A2 Target 37.1 40.0 0.2 
SLC28A3 Target 37.0 33.0 18.6 
SLC29A1 Target 23.9 27.1 0.1 
SLC29A2 Target 26.7 28.9 0.3 
SLC2A1 Target 24.8 25.0 1.1 
SLC2A2 Target 40.0 40.0 1.2 
SLC2A3 Target 26.0 29.9 0.1 
SLC31A1 Target 27.0 27.6 0.7 
SLC38A2 Target 25.9 27.0 0.5 
SLC38A5 Target 24.9 27.0 0.3 
SLC3A1 Target 37.0 36.3 1.8 
SLC3A2 Target 25.9 26.9 0.6 
SLC5A1 Target 37.1 40.0 0.2 
SLC5A4 Target 40.0 40.0 1.2 
SLC7A11 Target 28.9 30.2 0.5 
SLC7A5 Target 27.6 30.0 0.2 
SLC7A6 Target 27.8 29.9 0.3 
SLC7A7 Target 36.7 37.0 1.0 
SLC7A8 Target 26.0 26.7 0.7 
SLC7A9 Target 36.8 37.0 1.0 
SLCO1A2 Target 30.9 28.6 5.9 
SLCO1B1 Target 38.0 36.0 4.6 
SLCO1B3 Target 36.9 37.1 1.1 
SLCO2A1 Target 37.3 35.8 3.3 
SLCO2B1 Target 35.9 34.7 2.7 
SLCO3A1 Target 4.8 35.3 0.0 
SLCO4A1 Target 27.4 32.0 0.0 
TAP1 Target 29.9 28.5 3.1 
TAP2 Target 28.0 28.9 0.6 
TBP Control 25.0 25.8 0.7 
UBC Control 22.9 23.4 0.8 
VDAC1 Target 23.9 26.0 0.3 
VDAC2 Target 32.4 33.0 0.8 
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Table 5B.3: Summary of fold changes in transporter mRNA expression in K562 cells cultured 

long term in the presence of 300 nM nilotinib compared with control cells 

Transporter Gene Type Control (Ct) +300 nM NIL (Ct) Fold Change 

18S Control 14.7 14.3 1.4 
ABCA1 Target 37.0 34.9 4.9 
ABCA12 Target 36.9 36.3 1.6 
ABCA13 Target 29.7 27.4 5.2 
ABCA2 Target 27.4 25.9 3.0 
ABCA3 Target 25.1 26.1 0.6 
ABCA4 Target 32.4 31.6 1.9 
ABCA9 Target 37.0 34.5 5.9 
ABCB1 Target 29.6 25.4 19.9 
ABCB11 Target 32.9 34.2 0.5 
ABCB4 Target 34.9 34.3 1.6 
ABCB5 Target 37.7 36.7 2.2 
ABCB6 Target 25.1 24.6 1.6 
ABCC1 Target 24.7 24.8 1.1 
ABCC10 Target 25.3 25.9 0.7 
ABCC11 Target 35.2 36.5 0.4 
ABCC12 Target 40.0 39.0 2.1 
ABCC2 Target 34.8 35.7 0.6 
ABCC3 Target 38.4 36.1 5.2 
ABCC4 Target 24.8 24.8 1.1 
ABCC5 Target 23.2 24.3 0.5 
ABCC6 Target 37.4 31.6 64.5 
ABCD1 Target 28.7 27.9 1.9 
ABCD3 Target 24.5 25.3 0.6 
ABCD4 Target 26.9 27.9 0.6 
ABCF1 Target 23.8 24.2 0.8 
ABCG2 Target 32.6 34.7 0.3 
ABCG8 Target 37.9 36.4 3.1 
ACTB Control 21.0 21.2 0.9 
AQP1 Target 30.8 26.9 16.2 
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AQP7 Target 35.6 36.5 0.6 
AQP9 Target 33.6 34.5 0.6 
ATP6V0C Target 22.3 22.6 0.8 
ATP7A Target 26.5 27.5 0.5 
ATP7B Target 24.2 23.8 1.5 
B2M Control 19.5 19.7 1.0 
GAPDH Control 17.8 18.1 0.9 
GUSB Control 22.0 22.0 1.0 
HMBS Control 22.4 23.1 0.7 
HPRT1 Control 22.5 23.1 0.7 
MVP Target 29.7 29.7 1.1 
PGK1 Control 20.6 20.8 0.9 
PPIA Control 18.0 18.7 0.7 
RPLP0 Control 16.8 17.1 0.9 
SLC10A1 Target 40.0 34.3 58.2 
SLC10A2 Target 40.0 40.0 1.1 
SLC15A1 Target 35.8 40.0 0.1 
SLC15A2 Target 31.9 29.2 6.6 
SLC16A1 Target 21.8 22.7 0.6 
SLC16A2 Target 40.0 40.0 1.1 
SLC16A3 Target 30.7 27.3 11.2 
SLC19A1 Target 25.3 25.3 1.1 
SLC19A2 Target 24.9 25.1 1.0 
SLC19A3 Target 40.0 40.0 1.1 
SLC22A1 Target 32.6 31.1 3.1 
SLC22A2 Target 40.0 40.0 1.1 
SLC22A3 Target 40.0 40.0 1.1 
SLC22A6 Target 40.0 40.0 1.1 
SLC22A7 Target 40.0 38.8 2.4 
SLC22A8 Target 40.0 39.8 1.3 
SLC22A9 Target 40.0 39.9 1.2 
SLC25A13 Target 23.1 23.1 1.1 
SLC28A1 Target 40.0 40.0 1.1 



Appendix 5B – Fold Change in Transporter mRNA Expression in Cell Lines 

- 394 - 

SLC28A2 Target 40.0 40.0 1.1 
SLC28A3 Target 37.9 33.7 20.3 
SLC29A1 Target 22.5 21.7 1.9 
SLC29A2 Target 25.6 25.0 1.7 
SLC2A1 Target 21.8 20.9 2.0 
SLC2A2 Target 40.0 40.0 1.1 
SLC2A3 Target 21.9 23.9 0.3 
SLC31A1 Target 21.9 23.0 0.5 
SLC38A2 Target 22.1 22.4 0.9 
SLC38A5 Target 23.0 23.2 0.9 
SLC3A1 Target 39.1 37.3 3.6 
SLC3A2 Target 20.2 21.2 0.5 
SLC5A1 Target 37.8 37.0 1.9 
SLC5A4 Target 40.0 40.0 1.1 
SLC7A11 Target 22.5 23.2 0.7 
SLC7A5 Target 21.7 23.5 0.3 
SLC7A6 Target 23.7 24.3 0.7 
SLC7A7 Target 32.6 32.1 1.5 
SLC7A8 Target 25.0 26.0 0.5 
SLC7A9 Target 37.5 40.0 0.2 
SLCO1A2 Target 27.3 29.7 0.2 
SLCO1B1 Target 32.0 40.0 0.0 
SLCO1B3 Target 40.0 40.0 1.1 
SLCO2A1 Target 40.0 40.0 1.1 
SLCO2B1 Target 31.1 26.7 22.7 
SLCO3A1 Target 32.6 32.7 1.0 
SLCO4A1 Target 27.8 27.7 1.1 
TAP1 Target 26.8 27.7 0.6 
TAP2 Target 24.2 25.8 0.4 
TBP Control 23.6 24.1 0.8 
UBC Control 19.9 19.9 1.1 
VDAC1 Target 21.4 22.1 0.7 
VDAC2 Target 26.6 27.1 0.8 
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Table 5B.4: Summary of fold changes in transporter mRNA expression in K562 cells cultured 

long term in the presence of 2 μM nilotinib compared with control cells 

Transporter Gene Type Control (Ct) +2 μM NIL (Ct) Fold Change 

18S Control 10.0 10.0 1.0 
ABCA1 Target 35.9 36.9 0.5 
ABCA12 Target 37.0 37.0 1.0 
ABCA13 Target 31.9 29.9 4.0 
ABCA2 Target 26.9 27.0 1.0 
ABCA3 Target 26.9 28.0 0.5 
ABCA4 Target 32.0 34.0 0.3 
ABCA9 Target 35.9 36.0 1.0 
ABCB1 Target 31.0 29.0 4.0 
ABCB11 Target 34.0 34.9 0.5 
ABCB4 Target 31.9 36.9 0.0 
ABCB5 Target 36.9 36.9 1.0 
ABCB6 Target 27.9 27.0 1.9 
ABCC1 Target 27.0 27.0 1.0 
ABCC10 Target 27.9 27.9 1.0 
ABCC11 Target 35.9 37.0 0.5 
ABCC12 Target 37.1 36.9 1.2 
ABCC2 Target 36.0 35.9 1.0 
ABCC3 Target 37.0 37.3 0.8 
ABCC4 Target 25.0 26.0 0.5 
ABCC5 Target 26.0 26.0 1.0 
ABCC6 Target 37.0 33.9 8.1 
ABCD1 Target 30.0 29.0 2.0 
ABCD3 Target 26.0 26.0 1.0 
ABCD4 Target 28.0 29.0 0.5 
ABCF1 Target 25.0 25.0 1.0 
ABCG2 Target 36.0 35.9 1.0 
ABCG8 Target 36.9 40.0 0.1 
ACTB Control 22.9 23.0 1.0 
AQP1 Target 30.0 27.0 7.9 
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AQP7 Target 37.2 37.0 1.2 
AQP9 Target 30.9 35.0 0.1 
ATP6V0C Target 25.0 24.9 1.0 
ATP7A Target 26.9 27.0 1.0 
ATP7B Target 24.9 24.9 1.0 
B2M Control 20.9 21.0 1.0 
GAPDH Control 20.0 20.0 1.0 
GUSB Control 24.0 23.9 1.0 
HMBS Control 24.9 24.9 1.0 
HPRT1 Control 24.0 24.0 1.0 
MVP Target 31.0 32.0 0.5 
PGK1 Control 21.9 22.0 1.0 
PPIA Control 20.0 20.0 1.0 
RPLP0 Control 17.9 17.9 1.0 
SLC10A1 Target 40.0 32.0 248.3 
SLC10A2 Target 40.0 40.0 1.0 
SLC15A1 Target 37.1 37.0 1.0 
SLC15A2 Target 31.9 30.9 2.0 
SLC16A1 Target 23.0 24.0 0.5 
SLC16A2 Target 40.0 37.1 7.5 
SLC16A3 Target 33.0 29.0 16.0 
SLC19A1 Target 27.0 27.0 1.0 
SLC19A2 Target 26.9 26.9 1.0 
SLC19A3 Target 40.0 13.2 119997543.9 
SLC22A1 Target 34.0 33.0 2.0 
SLC22A2 Target 36.9 37.1 0.8 
SLC22A3 Target 36.9 37.1 0.8 
SLC22A6 Target 40.0 40.0 1.0 
SLC22A7 Target 37.5 37.2 1.2 
SLC22A8 Target 37.0 7.7 621847739.5 
SLC22A9 Target 40.0 40.0 1.0 
SLC25A13 Target 25.0 25.0 1.0 
SLC28A1 Target 36.8 40.0 0.1 
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SLC28A2 Target 37.2 40.0 0.1 
SLC28A3 Target 37.0 35.9 2.0 
SLC29A1 Target 23.9 22.9 2.0 
SLC29A2 Target 25.9 25.9 1.0 
SLC2A1 Target 25.0 24.0 2.0 
SLC2A2 Target 40.0 40.0 1.0 
SLC2A3 Target 23.9 25.9 0.3 
SLC31A1 Target 23.9 26.0 0.2 
SLC38A2 Target 23.9 23.9 1.0 
SLC38A5 Target 24.9 24.0 1.9 
SLC3A1 Target 36.9 36.9 1.0 
SLC3A2 Target 22.9 23.9 0.5 
SLC5A1 Target 36.9 38.0 0.5 
SLC5A4 Target 32.9 33.0 0.9 
SLC7A11 Target 24.9 25.9 0.5 
SLC7A5 Target 23.9 26.0 0.2 
SLC7A6 Target 25.9 27.0 0.5 
SLC7A7 Target 32.9 32.9 1.0 
SLC7A8 Target 27.0 26.9 1.0 
SLC7A9 Target 36.9 36.9 1.0 
SLCO1A2 Target 28.9 31.9 0.1 
SLCO1B1 Target 34.9 37.2 0.2 
SLCO1B3 Target 40.0 40.0 1.0 
SLCO2A1 Target 37.1 40.0 0.1 
SLCO2B1 Target 29.0 26.0 8.3 
SLCO3A1 Target 32.0 36.0 0.1 
SLCO4A1 Target 30.0 29.0 2.0 
TAP1 Target 29.0 29.0 1.0 
TAP2 Target 27.0 26.9 1.0 
TBP Control 26.0 24.9 2.1 
UBC Control 20.9 20.9 1.0 
VDAC1 Target 23.0 23.0 1.0 
VDAC2 Target 28.0 29.0 0.5 
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Table 5C: Summary of Ct values for cellular transporters in K562 cells during development of 

resistance to nilotinib 

Resistance Average Ct 
Intermediate ABCA9 ABCC12 SLC10A1 SLC28A3 

Positive Control – – – 25.1 

Control 31.4 38.5 33.5 36.2 

15 nM ND 38.3 33.9 34.8 

25 nM ND NEG 35.8 35.6 

50 nM ND 38.6 33.5 35.0 

75 nM ND 37.8 37.6 32.4 

100 nM ND 36.8 33.1 34.4 

125 nM 30.5 35.1 31.6 30.7 

140 nM ND 37.0 30.0 30.6 

200 nM ND 37.7 30.5 31.4 

300 nM 27.9 38.3 30.2 31.0 

400 nM ND 38.2 31.0 31.0 

1 μM ND 39.6 31.0 31.8 

2 μM 31.1 37.7 32.7 32.6 
 

ND=not determined; NEG=negative expression levels; Ct=cycle threshold (the number of cycles 

required for the fluorescent signal to exceed background level). 
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Appendix 6 

Appendix 6A ABCB1 Expression in Newly Thawed Control and Resistant K562 Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6A: ABCB1 protein expression in K562 cells pre- and 24 h post-nilotinib exposure 

K562 control and newly thawed K562 2 μM NIL cells were stained with fluorescently labelled antibodies 

for ABCB1 a) pre-nilotinib exposure and b) 24 h post-nilotinib exposure and transporter protein 

expression levels determined by flow cytometric analysis.  Data demonstrate up-regulation of ABCB1 

expression immediately following exposure to 2 μM nilotinib.  The bold BLACK and BLUE lines 

represent control and 2 μM NIL resistant cells respectively stained with ABCB1-PE antibody.  The 

GREY filled histogram represents cells stained with corresponding isotype control antibody.  The 

percentages displayed denote cells positive for transporter expression. 
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