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Abstract 

Chronic myeloid leukaemia (CML) is a myeloproliferative disorder that is responsible for 15% of all 

adult leukaemia cases. While the initial stages of CML are relatively mild, the terminal stage of disease, 

known as blast crisis, has an average survival time of approximately 12 months. CML is caused by a 

reciprocal chromosomal translocation that results in the production of a constitutively active non-

receptor tyrosine kinase, known as bcr-abl. Bcr-abl activates a wide variety of cell proliferation and 

survival pathways, and this leads to abnormal cell growth and therefore cancer. Due to the 

involvement of bcr-abl in the progression of CML, most of the treatments for this cancer are bcr-abl 

specific tyrosine kinase inhibitors (TKIs). Whilst initially effective, various studies have found that 

resistance to TKIs occurs in 20-50% of CML cases. This is primarily linked to the highly mutagenic 

nature of bcr-abl. The current strategy to overcome acquired TKI resistance is to prescribe a newer 

generation of TKI, which is often either partly or completely ineffective. Therefore, to more effectively 

overcome acquired drug resistance in CML, bcr-abl independent targets need to be identified and 

investigated. This thesis outlines three distinct cellular systems and assesses their effect on drug 

resistance in CML, and their potential as targets for future CML treatments. 

The first system that was investigated in this thesis was the thioredoxin (Trx) system, which is involved 

in maintaining redox homeostasis within the cell. Upregulation of the Trx system has been associated 

with increased progression and poor prognosis in other cancers. In this thesis it was observed that 

Trx1 expression was increased in both CML cell lines and CML patient samples, compared to non-

cancerous controls. Furthermore, it was found that Trx1 expression was increased in CML cells that 

were resistant to imatinib treatment, compared to imatinib sensitive cells. Additionally, an enzymatic 

inhibitor of Trx1, known as thioredoxin interacting protein (TXNIP) was downregulated in CML cells 

compared to non-cancerous cells, and was also downregulated in imatinib resistant CML cells.  

It was found that inhibiting a key element of the Trx system, thioredoxin reductase (TrxR), using 

chemical and specific siRNA inhibitors resulted in a decrease in the activity and expression of bcr-abl. 

TrxR inhibition also resulted in decreased protein expression of MYC, which is reported to regulate the 

transcription of bcr-abl, suggesting that downregulation of MYC could be the mechanism by which 

TrxR inhibitors decreased bcr-abl expression. Moreover, this thesis found that TrxR inhibition by 

chemical inhibitors effectively overcame imatinib induced drug resistance, further demonstrating the 

promising anti-cancer ability of these compounds. Inversely, the inhibition of bcr-abl by four distinct 

TKIs as well as bcr-abl specific siRNA resulted in decreased expression of both Trx1 and TrxR1, and 

decreased TrxR activity in CML cells. The inhibition of bcr-abl by TKIs is not the direct cause of 
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apoptosis in CML, it is instead the downregulation of the downstream targets of bcr-abl; this led to 

the hypothesis that the inhibition of the Trx system is partly responsible for TKI induced apoptosis.  

Another mechanism of TKI resistance in CML that was investigated in this thesis was hypoxia, which is 

defined physiologically to be oxygen levels below 3%. An example of a hypoxic environment within 

the body is the bone marrow, where CML cells spend a large portion of their lifespan. When cells enter 

hypoxia, their biology changes in a multitude of ways and this has been linked to drug resistance in 

many cancers, including CML. The hypoxia inducible factor 1 (HIF-1) pathway is almost always linked 

to hypoxia-induced drug resistance. The HIF-1 pathway is only active in hypoxia and upregulates the 

expression of many downstream targets. In this study it was observed that CML cell growth in hypoxia 

was significantly decreased compared to normoxia, while cell viability and apoptosis levels remained 

unchanged. Furthermore, the expression of several cyclins was decreased in hypoxia, and this is likely 

why cell proliferation was slowed. MTT proliferation assays used to assess cell proliferation 

demonstrated that TKIs were far less effective in hypoxia compared to normoxia.  

The Trx system was also observed to be downregulated in hypoxia. However, when cells underwent 

reoxygenation (incubated in hypoxia and then returned to normoxia for a short period), it was found 

that expression of the Trx system was significantly increased, which was due to the increase in reactive 

oxygen species (ROS) levels. Finally, TrxR inhibitors were shown to retain most of their efficacy under 

low oxygen conditions, in contrast to TKIs which were ineffective in hypoxia. The final aspect of 

hypoxia investigated was the decreased bcr-abl protein expression observed in hypoxia, which was 

shown to occur via the activity of the HIF-1 pathway. Using RNA immunoprecipitation, it was found 

this was specifically through the downregulation of the ribosomal protein RPS6 in hypoxia, as RPS6 

mediates the translation of bcr-abl. 

The impact of ATP binding cassette (ABC) transporters on TKI resistance in CML was also assessed. 

ABC transporters induce drug resistance by exporting compounds out of the cell before they can have 

their full effect. The upregulation of ABC transporters has been associated with increased drug 

resistance in various cancers. An aim of this thesis was to identify an ABC transporter that had not 

previously been associated with drug resistance in CML. Using publicly available RNAseq data, it was 

found that multidrug resistance protein 4 (MRP4) was upregulated in CML patients that were 

unresponsive to imatinib, compared to imatinib responsive patients. Further studies showed that 

MRP4 was upregulated in CML cell lines compared to non-cancerous controls, as well as in CML 

patients in the blast crisis phase of the disease compared to healthy donors. 

The effect of MRP4 activity on TKI efficacy was then assessed by specifically inhibiting MRP4 and 

examining differences in cell growth induced by TKIs. Using MTT proliferation and apoptosis assays, it 
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was found that MRP4 inhibition increased the efficacy of both ponatinib and dasatinib, suggesting that 

MRP4 may be involved in the export of these TKIs out of the cell.  Since MRP4 is reportedly under 

transcriptional control of Nrf2 (which also regulates expression of the Trx system), this thesis also 

aimed to examine any link between the Nrf2/Trx system and MRP4. Activation of Nrf2 resulted in 

increased MRP4 expression and activity, however, TrxR inhibitors also induced a similar response. This 

is because inhibiting the Trx system results in an increase in ROS, which therefore induces the 

activation of Nrf2. Inhibition of MRP4 also increased the efficacy of TrxR inhibitors. Inhibition of MRP4 

may therefore be a promising co-treatment for current or future CML chemotherapeutics. 

It was shown in this thesis that MRP4 expression was upregulated in hypoxia in a HIF-1 dependant 

manner. Upon further investigation, it was found that this upregulation was potentially mediated by 

the increased expression of adenylyl cyclase 6 in hypoxia, as cAMP accumulation is a major regulator 

of MRP4 expression. Reoxygenation of CML cells resulted in an increase of MRP4 expression, and this 

was thought to be due to the increase in Nrf2 expression observed in these conditions. These two 

results show that changes in the oxygenation state of the cell influence the expression of MRP4 and 

could potentially lead to increased drug resistance. This was further investigated by inhibiting MRP4 

in hypoxia and examining the effect of this on TKI efficacy. MRP4 inhibition sensitised CML cells in 

hypoxia to both ponatinib and dasatinib. This result reiterates the potential of using MRP4 inhibitors 

as a co-treatment with other CML chemotherapeutics. 

Overall, this thesis outlined the effect of the Trx system, hypoxia and MRP4 on TKI resistance in CML, 

as well as the interactions between these systems and with bcr-abl. Due to the prevalence of bcr-abl 

dependant forms of drug resistance in CML, alternative treatments need to be investigated and 

utilised. It was found that the inhibition of the Trx system using TrxR specific chemical inhibitors was 

able to overcome both acquired TKI resistance and hypoxia induced drug resistance. Furthermore, 

specifically inhibiting MRP4 activity increased the efficacy of clinically used TKIs, as well as TrxR 

inhibitors. MRP4 inhibition was also able to sensitise CML cells to TKIs in hypoxia. These results 

demonstrate that MRP4 inhibitors may also make promising co-treatments for the management of 

CML. 
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1.1 General Introduction 

Chronic myeloid leukaemia (CML) is a myeloproliferative disorder that stems from a reciprocal 

translocation between chromosomes 9 and 22 that results in a mutant chromosome known as the 

Philadelphia (Ph) chromosome (Apperley, 2015). The primary oncogenic product of the Philadelphia  

chromosome is a constitutively active tyrosine kinase known as bcr-abl that is responsible for the 

majority of the clinical manifestations of CML (Eden and Coviello, 2021). Bcr-abl is the primary target 

for the vast majority of first, second and third generation treatments of CML. These drugs function as 

tyrosine kinase inhibitors (TKIs) and, with a high degree of specificity, bind to the active site of bcr-abl 

and prevent it from functioning (Marcucci et al., 2003; Pophali and Patnaik, 2016). In 2001, a TKI 

known as imatinib was first used to treat CML and was very successful in doing so. The annual mortality 

rate for CML decreased from 10-20% in 2000 to 1-2% in 2021 (Breccia et al., 2021). Since the discovery 

of imatinib several new TKI’s with higher specificity and greater ability to overcome drug resistance 

have been produced and include: dasatinib, nilotinib and ponatinib (Jabbour et al., 2015; Rossari et 

al., 2018). Whilst these TKIs are very effective and are of great importance in the treatment of CML, 

drug resistance remains a major concern when fighting this disease (Wieczorek and Uharek, 2015). 

It has been reported that the majority of drug resistance in CML is due to mutations within bcr-abl 

that prevent the binding and thus, function, of TKIs (Apperley, 2007; Patel et al., 2017). This is most 

often managed by administering a newer generation of TKI, which potentially can still function despite 

the mutations within bcr-abl (Ferri et al., 2015; Molica et al., 2019). However, it is becoming apparent 

that there may be a limit to the effectiveness of this strategy, with alternative treatments used after 

patients display complete TKI resistance. These treatments include allogenic stem cell transplants 

(ASCT) and interferon alfa (INN) (Kujawski and Talpaz, 2007; Talpaz et al., 2013; Barrett and Ito, 2015). 

However, these treatments are not specialised towards CML, and are typically not as effective as the 

classical TKI treatment.  

Despite the focus on mutations in bcr-abl, this is not the only source of TKI resistance in CML. In the 

case of many blood cancers, drug resistance is not only brought on due to acquired resistance, which 

results from prolonged exposure to a certain drug or class of drugs but can also be caused by changes 

in the internal and external cellular environment (Mansoori et al., 2017). This may include changes in 

oxygen levels, the redox state of the cell, as well as the activity of solute transporters. It is important 

to consider this fluctuating environment when designing cancer treatments, and therefore this project 
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aims to assess how aspects of the internal and external cellular environment may affect the treatment 

of CML using TKIs, as well as to investigate how these forms of drug resistance may be overcome. 

1.2 Chronic Myeloid Leukaemia 

Chronic myeloid leukaemia is responsible for approximately 15% of all adult leukaemia cases 

(American Cancer Society, 2021). Similar to most types of leukaemia, CML is a disease of progenitor 

white blood cells in the bone marrow. In the case of CML, the affected cell types are hematopoietic 

stem cells (HSC) that follow a myeloid lineage and include myeloid progenitors, myeloblasts, as well 

as fully formed granulocytes (neutrophils, basophils and eosinophils). The pathway of affected cells is 

shown in figure 1.1.  

In 2021 it was estimated that 9,110 people would be diagnosed with CML in the United States, and 

that 1,220 people would die from the disease (American Cancer Society, 2021). Delord (2016) has 

Figure 1.1: Cell Types Affected by CML. CML is a disease of hematopoietic stem cells that follow a 
myeloid lineage and include myeloid progenitors, myeloblasts and granulocytes. Affected cells are 
shown inside red square. Figure prepared using references listed in the text. 
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hypothesised that the incidence of CML in 2040 will be almost 6 times higher than it was in 2000. This 

was primarily attributed to an increased survival rate due to the introduction of more specialised 

treatments. CML affects people of all ages but is far more common in people over the age of 40, as 

this age group accounts for 70% of all CML cases. In developed countries the median age for CML 

diagnosis is 50-60, while in developing countries it is much lower at 30-40 years of age (Saikia, 2018).  

CML is slightly more prevalent in males compared to females. Other than prolonged exposure to 

radiation, there are no other proven risk factors except age and gender (American Cancer Society, 

2021). Despite being caused by a genetic abnormality, CML is not hereditary. There is also no evidence 

that risk factors associated with other cancers such as smoking, diet, and exposure to carcinogens 

influence the risk of developing CML (Hochhaus et al., 2020; American Cancer Society, 2021).  

1.2.1 Stages of Chronic Myeloid Leukaemia 

Chronic myeloid leukaemia can be separated into three distinct stages: chronic phase, accelerated 

phase and blast crisis. The stage of CML can be determined by the quantity of blast cells in the blood. 

Blast cells are immature white blood cells and may form granulocytes, lymphocytes, erythrocytes and 

monocytes. In healthy individuals, blasts cells are in low concentrations within the bone marrow 

where they typically reside and are seen in far lower levels in the peripheral blood (Vardiman, 2009). 

However, in the case of CML, the number of blasts in both the bone marrow and peripheral blood is 

largely increased (Vardiman, 2009). Chronic phase CML is defined by the World Health Organisation 

(WHO) as blast levels in the bone marrow and peripheral blood below 10%. Chronic phase is the first 

stage of CML and also presents the mildest symptoms, with up to 50% of patients being observed to 

be asymptomatic (Thompson et al., 2015). When symptoms do present, they usually include loss of 

appetite, malaise and fatigue (Jabbour and Kantarjian, 2018). Patients rarely display more serious 

symptoms such as excessive bleeding (due to decreased levels of platelets) as well as thrombosis. 

Most symptoms in chronic phase are due to splenomegaly (enlargement of the spleen) and anaemia. 

Most patients respond well to treatments in chronic phase, which typically results in patients 

becoming asymptomatic if they weren’t already (Hochhaus et al., 2020). Jabbour and Kantarjian (2018) 

have shown that 90-95% of patients diagnosed with CML are diagnosed in the chronic phase, and in 

most cases, this occurs during routine blood tests. Chronic phase CML can last for years, however, if 

left untreated it may eventually progress into accelerated phase. 

Accelerated phase is the second phase of CML and is characterised by blast levels in the blood and 

bone marrow ranging from 10%-19% (Hehlmann, 2012). This phase presents similar symptoms to the 

chronic phase but tends to be more severe. For example, patients may experience worsening 
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splenomegaly, anaemia as well as infiltration of cancerous cells into surrounding organs. It is also 

common to detect increasing levels of chromosomal mutations or abnormalities in this phase. Patients 

do not typically respond as well to treatment in this phase when compared to the chronic phase, but 

still have better prognosis than those suffering from blast crisis CML (Bonifacio et al., 2019). In most 

cases patients will display symptoms of accelerated phase CML before they progress into blast crisis. 

However, in 20% of cases there are no warning signs (Jabbour and Kantarjian, 2018). 

Blast crisis is the final stage of CML and is the most severe. At this stage in the progression of the 

disease the cancer usually behaves in a very similar way to acute myeloid leukaemia (AML) but in a 

small number of cases can also behave similar to acute lymphoblastic leukaemia (ALL) (American 

Cancer Society, 2021). Blast phase CML is defined as a blast cell count of over 20%. However, prior to 

2008 this phase was defined by a range of more than 30% blasts, and Hehlmann (2012) states that 

currently, patients with 20-30% blasts have a substantially better prognosis compared to those with a 

blast count above 30%. Symptoms may include infections, fever, bone pain, and bleeding. In blast 

crisis CML cells usually have many chromosomal abnormalities, more so than in accelerated phase. 

This increase in genetic abnormalities can also be attributed to the reduced responsiveness to 

treatment. According to a 2008 study, the median prognosis of a CML patient who has progressed into 

blast crisis is 7.5 months, which is almost twice the length of prognosis before the introduction of 

imatinib (Palandri et al., 2008), although by 2017, the median survival increased to approximately 12 

months (Jain et al., 2017). Due to the severity of blast crisis CML, it is the goal of TKI treatment to not 

necessarily cure the disease, but to prevent it from progressing past the chronic phase (Hehlmann and 

Saussele, 2008; Cortes and Kantarjian, 2012; Hehlmann, 2012). However, this can result in a patient 

being treated with TKIs for years, which in many cases will lead to increased resistance to TKI 

treatment. Therefore, new TKIs as well as treatments with novel targets are in development to 

manage this disease. 

1.2.2 The Philadelphia Chromosome 

Chronic myeloid leukaemia was the first cancer in history that was discovered to be caused by a 

genetic abnormality. This abnormality is known as the Philadelphia (Ph) chromosome and is the driving 

force of CML in the majority of cases. The remaining cases are due to mutations more complex than 

the standard Ph chromosome. The Ph chromosome was discovered in 1960 by Peter Nowell and his 

student David Hungerford at the University of Pennsylvania School of Medicine in Philadelphia, hence 

the name ‘Philadelphia chromosome” (Nowell and Hungerford, 1960; Rowley, 1973; Nowell, 2007). It 

was discovered that this mutant chromosome appeared in the malignant leukocytes of CML patients, 



   
  Chapter 1 
 

Page | 6  
 
 

but not in the leukocytes of healthy individuals. This led Nowell to hypothesize that this chromosome 

played some role in the progression of this cancer, but it was not known at that time how crucial this 

chromosome is to CML, as well as to the treatment of the disease. Thirteen years later it was 

discovered that the Ph chromosome was the product of a reciprocal chromosomal translocation 

between chromosomes 9 and 22. Region q34 on chromosome 9 (containing the abl1 gene) and region 

q11 on chromosome 22 (containing the bcr gene) swap places with each other. This results in an 

extended mutant chromosome 9, and a truncated chromosome 22 (the Philadelphia chromosome). 

This translocation is demonstrated in figure 1.2. 

The primary oncogenic product of the Ph chromosome is the gene bcr-abl, which is the specific part 

of the Ph chromosome that is responsible for the majority of the clinical manifestations of the disease. 

However, it is estimated that 5-10% of CML cases do not harbour the Ph chromosome, and these cases 

are denoted as Ph- CML, whereas CML with the Ph chromosome is denoted as Ph+ (Bozkurt et al., 

2013; Issa et al., 2017). CML patients without the Ph chromosome are not completely devoid of 

chromosomal abnormalities, but rather they have similar chromosomal translocations, with slight 

variations, to the Ph+ patients. For example, there are cases in which a region of chromosome 14 is 

also involved in the translocation, or the translocation of 9 and 22 occurs at a different region of either 

Figure 1.2: Formation of the Philadelphia Chromosome. The bcr-abl gene is formed due to a reciprocal 
translocation between the ends of chromosomes 9 and 22. 
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chromosome (Hehlmann et al., 2020). These variations cannot be detected by the current methods of 

Ph chromosome diagnosis.  

Whilst the Ph chromosome is characteristic of CML, it is not exclusive to this disease. The Ph 

chromosome has also been observed in cancerous lymphoid cells. This results in a Ph+ acute 

lymphocytic leukaemia (ALL) diagnosis, and this subtype makes up 25% of ALL cases (Terwilliger and 

Abdul-Hay, 2017). It is also possible for AML patients to have a Ph+ phenotype, but it is very rare, with 

only 0.5-3% of AML patients possessing the mutant chromosome (Reboursiere et al., 2015). Ph+ AML 

is almost identical to blast crisis CML, the primary way to distinguish between them is to determine if 

the patient displayed chronic phase CML symptoms before diagnosis. If so, then they are diagnosed 

with CML in the blast crisis phase, and if not then the patient is diagnosed as having Ph+ AML 

(Reboursiere et al., 2015). 

1.2.3 Bcr-abl 

The chromosomal translocation that occurs upon the formation of the Ph chromosome results in the 

3’ end of the break-point cluster region (bcr) being removed and then replaced with the abelson 

murine leukaemia viral oncogene homolog (abl1) gene (Eden and Coviello, 2021). This chimeric 

oncogene is translated into a protein called bcr-abl, where the bcr subunit is at the N terminal end, 

and the abl subunit is at the C terminal end. The function of the bcr subunit of the protein is mostly 

unknown, as the abl subunit is responsible for many of the oncogenic properties of bcr-abl. However, 

the native bcr protein is thought to work as a GTPase activating protein (GAP), inactivating a protein 

known as ras-related C3 botulinum toxin substrate 1 (RAC1) (Diekmann et al., 1991). RAC1 has a 

variety of functions, including cell motility, cell-cell adhesion and cell cycle regulation, which are 

thought to be advantageous to cancerous cells. However, since bcr inhibits RAC1, Tala et al. (2013) 

postulates that the activity of the bcr subunit of bcr-abl actually decreases the severity of the cancer. 

The abl subunit however has the complete opposite effect. 

1.2.3.1 Structure of Abl1 

In healthy cells, abl1 is a non-receptor tyrosine kinase, located in both the cytoplasm and nucleus. It 

is responsible for activating multiple cell proliferation pathways, such as the AKT/PI3K pathway, the 

JAK/STAT pathway and the MAPK pathway (Xiao et al., 2019; Faulkner et al., 2020; Gupta et al., 2020). 

The N-terminal cap region of abl1 is attached to a myristoyl moiety, which is a myristoyl lipid group 

bound to an N-terminal glycine residue (Blakes et al., 2020). This myristoyl group is able to bind to the 

myristoylation site in a hydrophobic pocket of the kinase domain in the c-lobe of the protein 
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(Hantschel et al., 2003), which is shown in figure 1.3. Upon binding, abl1 undergoes a conformational 

change which renders the protein inactive, and this is a mechanism by which abl1 regulates its own 

activity (Hantschel et al., 2003; Hantschel, 2012). The N-terminal end of abl1 also contains an SH2 and 

an SH3 domain, both of which facilitate protein-protein interactions. The SH2 domain binds to 

phosphorylated residues on other proteins, and the SH3 domain binds to proline rich regions on other 

proteins (Corbi-Verge et al., 2013). Another domain of abl1 is the tyrosine kinase domain, which is 

responsible for the activity of abl1 and stretches across both the N and C lobe of the protein (Reddy 

and Aggarwal, 2012).   

 

The kinase domain of abl1 functions similar to many other non-receptor tyrosine kinases, in that there 

is an ATP binding site and a substrate binding site. Abl1 catalyses the transfer of the γ phosphate group 

Figure 1.3: Structure of Abl1. The abl1 protein contains several key domains including: a myristoyl 
moiety which binds to a site within the c-lobe of the protein, this process changes the conformation of 
abl1 resulting in the autoinhibition of the protein (this conformation is shown in the figure). The protein 
also contains a kinase domain, which contains an activation loop (Act. Loop). Other domains in the 
protein include SH2/3 groups, nuclear localisation signals (NLS), DNA binding domains (DBD) and an 
actin binding domain (ABD). Abl1 is thought to be externally activated by the phosphorylation of 
tyrosine residue 412.  Adapted with permission from Panjarian et al. (2013) using references listed in 
the text. 
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of an ATP molecule to a tyrosine residue in a target molecule. The kinase domain contains an activation 

loop, which in the inactive state, folds over both the ATP-binding site and the substrate binding site 

(Panjarian et al., 2013). Upon phosphorylation of residues within this activation loop, it changes its 

conformation, and allows the protein to become active. The most notable residue in the activation 

loop that is phosphorylated in the activation of abl1 is the tyrosine 412 (tyr412) residue (Hantschel, 

2012). Abl1 is highly self-regulated in healthy cells, and it is thought that both the SH2 and SH3 

domains, as well as the myristoyl moiety are involved in the autoinhibition of the kinase activity of 

abl1. The remaining domains of abl1 include a nuclear localisation signal (NLS), a DNA binding domain 

(DBD), as well as an actin binding domain (ABD) at the C-terminal end of the protein (Wang, 2014). 

The basic structure of the abl1 protein is shown in figure 1.3. 

1.2.3.2 Bcr-abl Isoforms and Junctions  

Bcr-abl is formed when the bcr and abl genes merge upon the formation of the Ph chromosome. Bcr 

is always at the N-terminus of the oncoprotein and abl is always at the C-terminus. However, the point 

in which these two genes merge does not always occur at the same location. The location where the 

genes merge is determined by the break-point of the bcr gene, hence the name of the gene: 

breakpoint cluster region (Eisenberg et al., 1988; Score et al., 2010). To date, there are only three 

known breakpoints in the bcr gene: the major break-point (M-bcr), minor break-point (m-bcr) and the 

micro break-point (µ-bcr) (Melo, 1997). The abl1 gene almost always has the same break-point: at 

exon a2. Jain et al. (2016) has stated that 95% of Ph+ CML patients have the M-bcr, resulting in a 

210kDa bcr-abl product, or p210bcr-abl. M-bcr occurs between exons b1 and b5 of the bcr gene, most 

notably in either b2 or b3. Therefore, the junctions for M-bcr are denoted as usually either b2a2 or 

b3a2. The formation of these junctions and the p210 isoforms, along with the other two isoforms and 

their junctions are shown in figure 1.4. 
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The next most commonly seen isoform of bcr-abl is m-bcr, which results in a 190kDa protein known 

as p190bcr-abl. This form of bcr-abl is very commonly seen (≈60%) in Ph+ ALL and sometimes in Ph+ 

AML (Tala et al., 2013). The function for this isoform is usually found in the bcr gene at exon e1, so this 

junction is denoted e1a2, as seen in figure 1.4. The least common breakpoint of bcr, µ-bcr, forms a 

230kDa bcr-abl protein, which is rarely seen in any form of leukaemia and has the junction e19a2. 

There are several exceptional cases where the bcr-abl protein will be none of these isoforms, but that 

is thought to be due to mutations within the bcr gene (Melo, 1997). The two main isoforms of bcr-abl 

(p210 and p190) behave very similar to each other but have some minor differences. For example, 

p210bcr-abl contains a larger portion of bcr, and is able to retain the GAP activity of this protein, while 

p190bcr-abl does not. As previously discussed, this activity is able to slow down the progression of 

cancer. Therefore, since p190bcr-abl does not have the GAP functionality, this isoform of bcr-abl is 

seen as slightly more oncogenic (Tala et al., 2013). 

Figure 1.4: Bcr-abl Isoforms and Junctions. There are three main isoforms of bcr-abl, which are 
formed at the a2 exon in the abl1 gene, and at three locations in the bcr gene. The breakpoints in 
the bcr gene are denoted as M-bcr, m-bcr and µ-bcr, and each of these breakpoints forms a different 
isoform of bcr-abl. M-bcr is the most common and forms a 210kDa bcr-abl isoform. The other two 
isoforms, m-bcr and µ-bcr are less common and form 190kDa and 230kDa isoforms of bcr-abl 
respectively. Figure prepared based on data published by Melo (1997). 
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1.2.3.3 Bcr-abl Activity  

The activity of bcr-abl mimics that of the normal abl1 protein, with one key difference: it is 

constitutively active. The exact cause for the constitutive activity of bcr-abl is unknown, however, it 

has been postulated by Hantschel (2012) that the myristoyl moiety may be key in this process. As 

previously described, the myristoyl moiety is responsible for initiating the auto-inhibition of abl1, 

however, it is lost during the bcr-abl translocation and therefore unable to perform its function. The 

constitutive activity of bcr-abl means that the cell survival and proliferation pathways activated by 

abl1, are always active in Ph+ leukaemia (Cilloni and Saglio, 2012). This results in increased cell 

proliferation and reduced cell death, and thus, cancer. An overview of the pathways that are 

upregulated by bcr-abl and lead to cancer are detailed in figure 1.5. As seen in this figure, the main 

pathways of note are the PI3K pathway and the Ras/Raf pathway, both of which are strongly aligned 

with cell proliferation and anti-apoptosis (Faulkner et al., 2020). Bcr-abl also alters pathways involved 

in cell adhesion and migration, such as catenin pathways, and integrin pathways, which includes 

integrins such as very late antigen (VLA) 4 and 5 (Diaz-Blanco et al., 2007; Kumar et al., 2020). Both 

these two pathways are associated with increased cell proliferation and drug resistance (Erusappan 

et al., 2019; Kim et al., 2020). It is also thought that bcr-abl can dysregulate cytoskeletal pathways due 

to its ability to bind to actin filaments (Diaz-Blanco et al., 2007; Preisinger and Kolch, 2010). 
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Another major aspect of bcr-abl activity is reactive oxygen species (ROS) production. It has been 

observed that bcr-abl activity results in markedly higher levels of ROS in cells (Sattler et al., 2000; 

Romo-Gonzalez et al., 2020). The exact pathway by which this happens is not known, but Landry et al. 

(2013) claims that it is through the NADPH oxidase pathway, since when cells were treated with 

imatinib, protein levels of this well-known ROS producing protein were decreased. Since bcr-abl 

produces ROS, this means that CML cells have a higher level of ROS than healthy cells, although high 

ROS levels are commonly observed in other cancers despite the lack of bcr-abl (Liou and Storz, 2010; 

Aggarwal et al., 2019). Higher ROS levels can enhance the severity of the cancer via several 

mechanisms. Firstly, higher ROS levels mean antioxidant systems that promote cell proliferation are 

upregulated, and this will be discussed further in section 1.3.2.2. Furthermore, high ROS levels are 

known to induce DNA damage and mutation. In healthy cells this would be considered a negative 

consequence, however, in cancerous CML cells, bcr-abl has been observed to undergo ROS-induced 

mutations (O'Hare et al., 2007). This ROS-induced self-mutagenesis has been demonstrated in mouse 

models to induce mutations that result in a degree of imatinib resistance (Koptyra et al., 2006). It is 

likely that rapidly mutating bcr-abl may also enhance the progression of the disease. 

Figure 1.5: Pathways Altered by Bcr-abl. Bcr-abl activates a large number of pathways, most of which 
are involved in cell survival and proliferation, and include the PI3K, Ras/Raf pathways Faulkner et al., 
2020). Cell adhesion pathways are also thought to be regulated by bcr-abl, such as integrin pathways, 
which include VLA4 and 5 (Kumar et al., 2020). Figure made using references listed in the text. 
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1.2.3.4 Bcr-abl Regulation 

Since the N terminal regulatory region of abl1 is removed in the bcr-abl translocation, it can be 

hypothesised that the regulation of bcr-abl is instead mediated through the bcr subunit. However, 

despite the extensive research done into bcr-abl and abl1, very little is known about the structure, 

function and regulation of the bcr protein. Because of this, information regarding the regulation of 

bcr-abl is relatively scarce. It is thought that the transcription of both bcr and bcr-abl are mediated by 

the myc pathway. Sharma et al. (2015) found that myc and max (another protein in the myc pathway) 

bind to the bcr promoter and induce transcription. Since the bcr promoter is still present in bcr-abl, 

myc and max can also bind to the bcr-abl promoter and induce transcription. Myc is regulated by many 

factors, including the PI3K pathway, hypoxia, the mammalian target of rapamycin (mTOR) pathway 

and bcr-abl itself (Sanchez-Arevalo Lobo et al., 2013; Liu et al., 2017; Li et al., 2020b). The abl subunit 

of bcr-abl upregulates the transcription of myc, and consequently upregulating the level of its own 

transcription in a positive feedback loop.  

The translation of bcr-abl protein is thought to occur via the mTOR pathway, specifically through the 

ribosomal protein S6 kinase beta-1 (S6K1) pathway. Once activated via phosphorylation from mTOR, 

S6K1, now p-S6K1, is able to induce the translation of mRNA that contains a 5’ terminal 

oligopyrimidine tract (5’TOP) region (Thomas, 2002). It has been shown by Nimmanapalli et al. (2003) 

that bcr-abl has a 5’ TOP region, and furthermore, that the inhibition of S6K1 via arsenic trioxide results 

in decreased levels of bcr-abl translation. Similar to the myc pathway, the mTOR pathway is influenced 

by a host of other pathways and stimuli. Again, bcr-abl upregulates this pathway, and therefore, 

increases its own translation levels (Perrotti et al., 2005). The mTOR pathway is also affected by 

hypoxia. In low oxygen conditions the hypoxia inducible factor (HIF) pathway is activated, and this 

leads to the increased activation of a protein known as Redd1. Redd1 is able to increase the activity 

of the TSC complex, which then in turn results in lower mTOR ability. This pathway is outlined in figure 

1.6. This suggests that in hypoxia, bcr-abl translation would be decreased. The work of Giuntoli et al. 

(2006) has shown that this may possibly be true, as bcr-abl protein levels in hypoxia were significantly 

decreased in this study. However, no link between the mTOR pathway and the decreased protein 

levels of bcr-abl in hypoxia has yet been made, although this thesis aims to investigate this further.  
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1.2.4 Treatment of Chronic Myeloid Leukaemia 

Treatments for CML can be separated into two groups, bcr-abl specific TKIs and generic cancer 

treatments. TKIs are utilised far more often and typically yield better results and are therefore 

considered the gold standard drugs for the treatment of this disease (Hochhaus et al., 2020). Efficacy 

of treatment is primarily measured by either haematologic response levels, cytogenetic response 

levels or molecular response levels (Cortes et al., 2011; Hochhaus et al., 2020). A hematologic response 

means that levels of immature blood cells have decreased after treatment and the spleen is returning 

to a normal size. A cytogenetic response measures the amount of cells harbouring the CML specific Ph 

chromosome in the bone marrow. A major cytogenetic response is described as >0%-35% of bone 

marrow cells having the Ph chromosome. A complete cytogenetic response (CCyR) is where there are 

no detectable cells that contain the Ph chromosome in the bone marrow (Hanfstein et al., 2012). A 

molecular response is described according to the reduction of the levels of bcr-abl transcripts in 

Figure 1.6: Proposed Mechanism for Regulation of Bcr-abl Translation in Hypoxia. In normoxia (A), 
redd1 levels are low and this prevents the increased expression of the mTOR inhibitory complex, TSC. 
Therefore, mTOR activity levels are high, leading to high S6K1 activity and thus high bcr-abl 
expression. However, in hypoxia (B), redd1 is activated by HIF-1α which in turn increases the 
expression of TSC. High TSC levels resulted in lower mTOR activity and thus lower bcr-abl expression. 
Figure made using references listed in the text. 
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samples of total blood. A major molecular response (MMR) means that there is at least 1000x less bcr-

abl transcripts than there was before treatment, and a complete molecular response means that there 

are no detectable levels of the bcr-abl gene in the myeloid cells (Press, 2010). The primary difference 

between cytogenetic responses and molecular responses is that the cytogenetic response reports the 

percentage of cells with the Ph chromosome, whilst the molecular response examines the level of the 

bcr-abl transcripts in the bone marrow or circulating myeloid cells. Cytogenic analysis is the most 

commonly used method of CML detection, as it has several advantages over molecular analysis, since 

it gives insight into chromosomal abnormalities and the morphology of the HSCs, and is less prone to 

displaying false positive results (Cortes et al., 2011; Jabbour and Kantarjian, 2020). 

1.2.4.1 Tyrosine Kinase Inhibitors  

Tyrosine kinases have been identified as playing a large role in the progression of many cancers due 

to their involvement in cell signalling and proliferation pathways (Paul and Mukhopadhyay, 2004). 

Therefore, they are common and attractive targets for various cancers including ALL, melanoma, lung 

cancer and non-Hodgkin’s lymphoma (Dervisis and Klahn, 2016; Barysch et al., 2018; Minegishi et al., 

2021). TKI usage is of very high relevance for CML treatment since this cancer is caused by a single 

tyrosine kinase, bcr-abl. TKIs are small molecule compounds that usually function by competitively 

binding to the adenosine triphosphate (ATP) binding site of a tyrosine kinase (Hantschel et al., 2012). 

Tyrosine kinases function by catalysing a reaction where the γ phosphate group on the ATP molecule 

is transferred to a tyrosine residue on a target protein (Jiao et al., 2018). So, if the ATP molecule is 

unable to bind to the tyrosine kinase, the tyrosine kinase will remain completely non-functional, and 

the downstream pathway will not be activated. There are several tyrosine kinases that are seen as 

promising targets for cancer treatments, and include B-raf kinase, platelet derived growth factor 

receptor (PDGFR) kinase and epidermal growth factor receptor (EGFR) kinase (Angelucci, 2019). 

However, some of the most prominent and successful TKIs are those that specifically target the CML 

specific onco-protein, bcr-abl. 

Imatinib (or Gleevec as it is commercially known) was identified by Dr. Nicholas Lydon and Dr. Brian 

Druker in 1996 using a screening process; it was found that imatinib was a small molecule TKI that acts 

as a highly specific bcr-abl inhibitor (Druker et al., 1996). Imatinib functions by binding to the kinase 

domain of inactive form bcr-abl and prevents the activation of the protein (Marcucci et al., 2003). 

Shortly after imatinib was discovered it underwent phase 1 clinical trials (Druker et al., 2001a; Druker 

et al., 2001b). Imatinib was highly successful with the majority of chronic phase CML patients, as most 

patients became asymptomatic following treatment (Druker et al., 2001b). This success led imatinib 
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to be approved by the food and drug administration (FDA) in 2001, after which it quickly became the 

gold-standard drug for CML treatment. As seen in figure 1.7, the introduction of imatinib has 

substantially increased the life expectancy for those suffering from CML.  

 

The Surveillance, Epidemiology, and End Results (SEER) database reports that there was a 45% 5-year 

relative survival rate in 2000, before the therapeutic use of imatinib, however, by the end of the study 

(2012), 5-year survival had risen to approximately 70% (SEER, 2016). A 2016 study found that after 2 

years of imatinib treatment 82% of patients had a CCyR and after 5 years 64% of patients had an MMR 

(Cortes et al., 2016). However, a 2008 study has found that when patients with blast crisis CML were 

treated with imatinib, only 11% of patients had a cytogenetic response after 6 years, and of that 

number, 5% achieved a CCyR (Palandri et al., 2008). Despite its effectiveness in early stage CML 

treatment, imatinib has several disadvantages. Firstly, it is shown to have several off-target effects 

and has been known to inhibit the activity of other tyrosine kinases such as PDGFR, c-Kit, c-raf and 

quinone reductase 2 (NOQ2), amongst others (Green et al., 2016). These off-target effects may lead 

to unwanted side effects following imatinib treatment. Another major concern with the use of 

imatinib is that drug resistance develops towards this drug relatively quickly. In fact, two independent 

studies have shown that after 24 months treatment with imatinib, 25% (de Lavallade et al., 2008) and 

49% (Lucas et al., 2008) of patients developed some degree of resistance towards imatinib. Therefore, 

Figure 1.7: Observed and Modelled 5-Year Survival Rate of CML Patients in the United States. 
Data taken from the SEER database (SEER, 2016) was graphed and shows the 5-year survival rate 
of CML patients from 1975 to 2012. The data shows a steady increase in both observed and 
modelled CML 5-year survival after the development of imatinib in 2001 (dotted line).  
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second and third generation bcr-abl specific TKIs are commonly used for CML treatment after patients 

develop resistance to imatinib (Jabbour et al., 2015). 

Nilotinib is a commonly used second generation TKI used to treat CML and is a structural analogue of 

imatinib. Both imatinib and nilotinib bind to the inactive conformation of bcr-abl. However, nilotinib 

has been observed to be far more effective than imatinib, especially in the later phases of the disease 

(Saglio et al., 2010; Hochhaus et al., 2016). Nilotinib is thought to have fewer off-target effects than 

imatinib, but still may inhibit the activity of PDGFR and c-kit. Dasatinib is another second generation 

TKI and is designed to bind to the active and inactive forms of various tyrosine kinases. Due to this, 

dasatinib is far more potent that both imatinib and nilotinib, but it is also thought to have the most 

off-target effects out of all TKIs used for CML treatment (Mealing et al., 2013). However, the 

effectiveness of dasatinib in killing CML cells is attributed to its function as a pan inhibitor of tyrosine 

kinases.  

Another important TKI in CML treatment is ponatinib (commercially known as Iclusig). Ponatinib is a 

third generation TKI that was approved as a CML treatment by the FDA in 2012, making it one of the 

most recent CML TKI treatments. Ponatinib is typically used in CML treatment only if imatinib, nilotinib 

and dasatinib treatments have become ineffective (Molica et al., 2019). Despite this, ponatinib is a 

potent inhibitor of bcr-abl and thus an effective treatment for this disease. A 2015 study found that 

18 months of ponatinib treatment resulted in 96% of patients achieving a CCyR, and 91% of patients 

had an MMR (Jain et al., 2015). Ponatinib is of importance, as it is able to overcome drug resistance 

caused by many different mutations within bcr-abl, most notably the T315I mutation, which will be 

discussed in more detail in section 1.3.1. A clinical trial that was concluded in 2020 (NCT01207440) 

has shown that ponatinib was able to elicit a major cytogenetic response in 65% of patients that had 

the T315I mutation, whereas every other TKI currently in use was not able to garner any response for 

patients with this mutation. The unique ability to overcome the T315I mutation and many other bcr-

abl mutations is due to the long and flexible ethynyl group (Zhou et al., 2011). The ethynyl group 

extends past the bulky mutated isoleucine residue that exists in the active site of bcr-abl protein with 

the T315I mutation (Miller et al., 2014). The structure of ponatinib and other TKIs examined in this 

study are shown in figure 1.8. Ponatinib is not used as regularly as other TKIs despite its potency and 

ability to overcome some acquired drug resistance, as it has been shown on several occasions to result 

in serious heart conditions, and those with pre-existing heart conditions are not able to take this drug 

(Dorer et al., 2016; Quilot et al., 2016). 
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Currently, new fourth generation TKIs are undergoing preclinical trials. Some of the most notable of 

these new TKIs are the allosteric bcr-abl inhibitors, GNF-2 and GNF-5. GNF-5, the slightly more recent 

of the two compounds, is almost completely identical to GNF-2 with the exception of an additional N-

(2-hydroxyethyl) group (Rossari et al., 2018). These two compounds differ from other TKIs as they are 

highly specific for bcr-abl, whereas most other TKIs will affect other tyrosine kinases. This makes these 

two compounds far less likely to have negative side effects. Most other TKIs target the kinase domain 

of tyrosine kinases, however, GNF-2 and GNF-5 bind to the myristoylation site in the c-lobe of bcr-abl, 

which induces a conformational change in the protein rendering it inactive (Zhang et al., 2010). This 

gives these two compounds much higher specificity towards bcr-abl, as the myristoylation site is very 

specific to this protein. Since this mechanism of bcr-abl suppression is completely independent of the 

kinase domain, kinase mutations that may cause resistance for other TKIs, such as a T315I mutation, 

do not have any influence on the efficacy of GNF-2 and 5. Despite this, these drugs are still susceptible 

to mutations within the myristoylation site, such as V506L, P465S and C464Y (Zhang et al., 2010). Both 

GNF-2 and GNF-5 however lacked the desired properties of a clinical treatment and never made it 

through clinical trials. However, they paved the way for their successor, asciminib (Eide et al., 2019), 

a very new TKI that is currently undergoing clinical trials (NCT03578367, NCT02081378). Like GNF-2 

and GNF-5, it is an allosteric inhibitor of bcr-abl, targeting the myristoylation site. 

Figure 1.8: The Structures of TKIs used in CML Treatment. This figure displays the chemical structure 
of imatinib (CID: 5291), dasatinib (CID: 3062316), ponatinib (CID: 24826799) and GNF-5 (CID: 
44129660). The structure of ponatinib is particularly important, since the ethynyl group is crucial in the 
ability of ponatinib to overcome the T315I mutation. Imatinib, dasatinib and ponatinib are all 
commonly used in CML treatment, whereas GNF-5 is precursor to asciminib, which is a very recent TKI 
that is still undergoing clinical trials. 
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1.2.4.2 Other treatments 

Even though in the majority of cases TKIs will be used to treat CML, there are some circumstances in 

which other more traditional cancer treatments will be used. One such treatment is the use of 

interferon alfa (INN), which is a treatment made up of several subtypes of human interferon alpha 

(INF-α). INF-α is a cytokine that activates various apoptotic pathways, most notably through the janus 

kinases (JAK)/ signal transducer and activator of transcription (STAT) pathway (Hasselbalch and 

Holmstrom, 2019). This treatment was first approved for CML in 1982, however, after the introduction 

of TKIs it is only used very rarely in cases of complete TKI resistance, or more commonly in patients 

wanting to conceive a child, as many TKIs are thought to have associations with infertility and birth 

defects (Madabhavi et al., 2019; Moura et al., 2019). O'Brien et al. (2003) states that imatinib is a far 

more effective treatment for CML, as a major cytogenetic response was observed in 87% of imatinib 

patients but only in 35% of patients treated with INN.  

Allogeneic stem cell transplants (ASCT) are another method to treat CML after patients have 

developed complete TKI resistance, or have progressed to the blast crisis phase of the disease. This 

treatment is more effective than INN, but is also more expensive and poses a higher risk to the patient, 

due to graft vs. host disease (Champlin et al., 2011). ASCT is used in various other blood cancers 

including multiple myeloma, lymphoma and other forms of leukaemia (Mir et al., 2015; Schmitz et al., 

2018; Gahrton et al., 2020). Before patients undergo ASCT they must first go through high dose 

chemotherapy or radiotherapy to kill as many of the cancer cells as possible. This will help ensure that 

the cancer will not resurface, as well as weakening the immune system so that there is less chance of 

a negative reaction to the transplant (Kim et al., 2003a). However, due to the harshness of the 

treatment, adverse side effects are to be expected (American Cancer Society, 2021). Several days after 

this treatment, HSCs from a healthy donor are injected intravenously into the patient. The donor is 

usually a relative, but non-relatives can also be donors if their human leukocyte antigen (HLA) test 

comes back positive. This treatment is reasonably effective, as it is estimated that only 5-20% of 

patients in the chronic phase will relapse after ASCT, but there is approximately a 30-60% chance of 

relapse for those treated in the blast crisis or accelerated phase (Gupta and Khattry, 2014). It was 

found that 90% of patients with chronic phase CML were still alive 5 years after ASCT treatment (Gupta 

and Khattry, 2014). Other less commonly used CML treatments include omacetaxine, a plant-based 

compound that inhibits the translation of bcr-abl, as well as hypo-methylating agents such as 

decitabine, which can reduce the transcription of bcr-abl (Gandhi et al., 2014; Jiang and Luo, 2017). 
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However, to date every available treatment of CML is susceptible to developing drug resistance to 

some degree. 

1.3 Drug Resistance in Chronic Myeloid Leukaemia 

1.3.1 Acquired Drug Resistance 

One of the most common forms of drug resistance in cancer is acquired drug resistance. Drug 

resistance occurs due to prolonged exposure to a single drug, or single class of drugs, and in the case 

of CML, this would be imatinib and other TKIs. The incidence of TKI resistance in CML is relatively high, 

and most of this is attributed to mutations within bcr-abl (Patel et al., 2017). Usually once drug 

resistance occurs, patients are treated with another bcr-abl inhibitor, possibly leading to even more 

developed drug resistance. It was found that only 50% of patients unresponsive to imatinib go into 

remission after being treated with nilotinib or dasatinib (WHO, 2014). Another mechanism of acquired 

drug resistance in CML is also the upregulation of the expression of bcr-abl, this is reportedly seen in 

20% of patients that relapse after treatment with imatinib (Hochhaus et al., 2002). However, there 

are few causes of acquired TKI resistance in CML that are not centred on bcr-abl, since the majority of 

the treatments used in CML target this one protein.  

One of the most prominent mutations in bcr-abl that causes drug resistance is the T315I point 

mutation (Khorashad et al., 2013). This mutation occurs when a threonine residue at position 315 in 

the abl subunit of bcr-abl is mutated to a much bulkier isoleucine residue. This mutation is known as 

a ‘gatekeeper’ mutation, as it causes a conformational change in the ATP/TKI binding site of bcr-abl, 

physically preventing imatinib and other TKIs from binding and inhibiting the activity of bcr-abl, 

rendering them partially or completely ineffective (Zhou et al., 2007; Noronha et al., 2008; Liu et al., 

2021). In fact, the only TKI that has any ability to overcome this mutation is the third generation TKI, 

ponatinib, which was specifically engineered for this purpose, and is typically only used in patients 

who present with this mutation (Massaro et al., 2018). The change from a threonine to an isoleucine 

residue has a profound effect on the treatment of CML, as unlike threonine, isoleucine is a non-polar 

amino acid. Therefore, it has hydrophobic properties, and this results in the inability to form a crucial 

hydrogen bond with TKIs, and therefore induces drug resistance more so than regular gatekeeper 

mutations (Jabbour et al., 2013). Many other common mutations also occur in the ATP binding socket, 

with some occurring outside this socket, but still in the kinase domain. Other common bcr-abl 

mutations that induce drug resistance are: L248V, Y235H and G250A (Nicolini et al., 2006). 
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1.3.2 Intrinsic Drug Resistance 

Intrinsic drug resistance is the innate ability of cells to become resistant to drug treatment through 

the natural internal functions of the cell (Mansoori et al., 2017). Certain cellular processes may allow 

cells to have a survival advantage against drug treatments, thus conveying resistance. In the case of 

CML, acquired drug resistance is the most studied form of drug resistance, however, intrinsic drug 

resistance may still play a large role in TKI resistance. The most well-known mechanisms of intrinsic 

drug resistance involve drug influx and efflux in and out of cells. 

1.3.2.1 ABC Transporters 

1.3.2.1.1 Structure and Function of ABC Transporters 

In many cancers, the effect of ATP binding cassette (ABC) transporters is regarded as a major cause of 

intrinsic drug resistance (Choi, 2005; Robey et al., 2018). The ABC transporter superfamily is made up 

of six subgroups, denoted as ABCA, ABCB, ABCC, ABCD, ABCE/F and ABCG. Within the superfamily 

there are both exporters and importers, but the function of all members are not known, and not all 

are associated with drug resistance. Most ABC transporters are transmembrane proteins that 

transport compounds against the concentration gradient in or out of the cell. Therefore, ATP is needed 

to facilitate this process. ABC transporters can be separated into three categories: type I importers, 

type II importers and exporters (Zolnerciks et al., 2011). There are exceptionally few importer proteins 

found in eukaryotic organisms, and they are all found only in primitive plants (Choi and Ford, 2021), 

and therefore only ABC exporters will be investigated in this report. ABC exporter proteins consist of 

an ATPase domain that is located on the inside of the cell. This is where ATP binds and catalyses the 

transportation of solutes across the cell membrane. Each ABC exporter also contains a 

transmembrane domain, which creates an opening in the membrane following activation of the 

protein. For human ABC exporters, proteins will have two nucleotide binding domains (NBD), and two 

transmembrane domains (TMD) (Zolnerciks et al., 2011). The structure and function of ABC exporters 

is shown in figure 1.9.  
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Due to the lack of ABC importers in animals, the type of ABC transporters that are associated with 

drug resistance in cancer are all exporters. If drug exporters are upregulated in cancer then the drug 

will be exported out of the cell before it can have its full effect. The most commonly studied of these 

drug exporters are the ABCB1 exporter, otherwise known as multidrug resistance protein 1 (MDR1), 

and the ABCG2 exporter also known as breast cancer resistance protein (BCRP). Despite its name, 

BCRP is also involved in the drug resistance mechanisms in several cancers including AML, ALL, various 

solid cancers, and CML (Nakanishi and Ross, 2012). MDR1 has been observed to induce drug resistance 

in many cancers, including multiple myeloma, breast cancer, lung cancer and CML (Leslie et al., 2005; 

Czyzewski and Styczynski, 2009; Kassem et al., 2019). Both MDR1 and BCRP work in a similar way to 

enhance the exportation of different drugs and solutes. However, both have been shown to export 

TKIs, including imatinib, nilotinib and dasatinib (Mao and Unadkat, 2015). Therefore, these exporter 

proteins have been linked to TKI resistance in CML.  

Many of the ABCC transporters have been associated with drug resistance. One recently discovered 

transporter of TKIs in CML is ABCC6 and has been observed to export nilotinib and dasatinib from cells 

(Eadie et al., 2018). One of the main focusses of this thesis is MRP4, or ABCC4. MRP4 is a relatively 

unknown ABC transporter, but has been observed to be involved in drug resistance in cancers such as 

osteosarcoma and prostate cancer, and it has been found to transport drugs including doxorubicin 

Figure 1.9: Mechanism of Action of ABC Transporters. ABC exporters are made up of two subunits, 
each with an ATPase domain (NBD) and a transmembrane domain (TMD). Once ATP binds to the NBD, 
it is hydrolysed and causes a conformational change within the transporter, which facilitates the 
transport of various specific solutes out of the cell. Figure prepared using references listed in the text. 
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and docetaxel (He et al., 2015; Carozzo et al., 2019). MRP4 has been found to transport other 

substrates, including cAMP, GSH and prostaglandin E2, and is therefore quite important for cell survival 

and proliferation (Huynh et al., 2012).  

One of the primary regulators of MRP4 is Nrf2, which is a transcription factor that is regulated by 

oxidative stress. Lian et al. (2019) reported that Nrf2 knockdown resulted in lowered MRP4 mRNA 

expression levels. Furthermore, it was observed using electrophoretic mobility shift assays that Nrf2 

was able to bind to the MRP4 promoter. It was also reported by Maher et al. (2007) that the MRP4 

gene promoter has four antioxidant response elements (ARE), one of which Nrf2 was found to bind 

to. Therefore, it stands to reason that the expression of MRP4 may be linked to oxidative stress, 

although this link has not yet been formally identified. Another regulator of MRP4 is cAMP and its 

associated pathway (Broderdorf et al., 2014). The primary factors in the cAMP pathway are adenylyl 

cyclases (ADCYs), which are responsible for synthesising cAMP from ATP. In mammalian cells there 

are 10 isoforms of ADCYs, and they are denoted as ADCY1-10. cAMP is a second messenger, and its 

main function is to bind to protein kinase A (PKA), which induces a conformational change in PKA and 

activates the protein (Nelson and Cox, 2017). Following this, PKA phosphorylates and activates 

proteins involved in various proliferation and metabolism processes. Another main downstream 

target of cAMP is the ePAC/Rap1 pathway, which is involved in cell survival via the AKT (PKB) pathway. 

However, cAMP is also known to be involved in the suppression of cell growth, primarily though 

inhibiting cyclin activity (Schmitt and Stork, 2001). Therefore, it is a very complex molecule with many 

functions. It has been reported by Carozzo et al. (2015) that higher levels of cAMP result in the 

increased expression of MRP4, although the exact mechanism by which this occurs is not fully 

elucidated. However, Carozzo et al. (2015) postulated that it may be through the Epac/Rap1 pathways.  

One other regulator of MRP4 is hypoxia, as it was shown by Hara et al. (2011) that MRP4 protein 

expression was significantly upregulated in hypoxia in mouse models. While the authors did not 

elaborate on the mechanism by which MRP4 is regulated in hypoxia, it is possible it could be regulated 

by cAMP levels, as it has been seen that cAMP levels are higher in hypoxia compared to normoxia, due 

to the increased levels of ADCY 6 and 7 (Simko et al., 2017). 

1.3.2.1.2 Drug Transporter Based Therapies  

Due to the degree by which ABC transporters induce multidrug resistance in a wide variety of cancers, 

inhibitors of these proteins are currently being developed. These inhibitors aim to decrease the 

activity of efflux transporters, thereby minimising the level that the primary drug treatment is 

exported from the cell. Inhibitors for MDR1 are the most common example of this, and there are three 
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generations of inhibitors to this specific ABC transporter. The first generation of MDR1 inhibitors were 

drugs used for other treatments that were also observed to have some inhibitory activity against 

MDR1 (Bugde et al., 2017). However, they were very ineffective, non-specific and had high toxicity 

levels. The current third generation MDR1 inhibitors, such as tariquidar, are more effective, and are 

able to inhibit MDR1 activity in the nanomolar range (Bugde et al., 2017). There have been several 

clinical trials for these third generation inhibitors, however, none made it past phase III due to making 

minor or no difference in the overall survival of patients (Pusztai et al., 2005; Kuppens et al., 2007; 

Cripe et al., 2010). There are also inhibitors for BCRP, although there have been no successful clinical 

trials. Two specific inhibitors have been designed for MRP4 inhibition, and it was found by Cheung et 

al. (2014) that they were able to significantly decrease the expression of MRP4 in cancer cell lines. 

However, these compounds have not yet been applied to cancer treatment. Despite there not being 

any major success in the field of drug transporter based therapy, it is currently a widely researched 

area, and may provide a way to overcome multidrug resistance in the future.  

1.3.2.2 Redox Systems 

Although drug efflux is usually seen as the major cause for intrinsic drug resistance in CML, there are 

various other cellular pathways that also strongly contribute. One of the most prominent cellular 

functions associated with drug resistance are linked to redox pathways, which control the levels of 

ROS in the cell and promote cell growth and anti-apoptosis. These pathways are tightly regulated, as 

they are crucial to cell survival. However, it has been observed that in several cancers various redox 

pathways are upregulated, and this upregulation has been linked to drug resistance (Kahlos et al., 

2001; Iwasawa et al., 2011; Raninga et al., 2016b). The two main redox pathways that will be examined 

in this study are the glutathione and thioredoxin systems (Trx). 

1.3.2.2.1 The Thioredoxin System 

The Trx system is a prominent antioxidant system that functions primarily in the cytosol and 

mitochondria of human cells. The system is centred on the process displayed in figure 1.10A. Trx1 is a 

12kDa protein located in the cytosol, and is able to reduce disulfide bonds within proteins through its 

disulfide reductase activity (Lu and Holmgren, 2014). This activity is through the active site of the 

protein, with the key residues being two cysteine amino acids, one at position 32 (denoted as C32) 

and another at position 35 (C35) (Fig. 1.10B) (Weichsel et al., 1996; Montano et al., 2014). Upon the 

reduction of a target protein its active site will become oxidized and form a disulfide bond, rendering 

Trx1 inactive. This bond forms between the thiol groups in each of the cysteine residues. In order for 

Trx1 to become active again it must be reduced by thioredoxin reductase 1 (TrxR1) (Arner and 
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Holmgren, 2000). Similar to Trx1, TrxR1 contains an active site that is oxidized upon the reduction of 

Trx1. However, rather than containing two cysteine residues, TrxR1 contains one cysteine residue and 

one selenocysteine residue (Lu and Holmgren, 2014). Selenocysteine has a similar structure to 

cysteine, however, instead of a sulphur atom in the thiol group it has a selenium atom. When the 

active site of TrxR1 is oxidized it forms a selenenylsulfide bond, rendering the protein inactive. 

Similarly to Trx1, it then needs to be reduced in order to regain its activity, and this is done so by 

oxidising NADPH, which is converted to NADP+ in the process (Arner and Holmgren, 2000). The 

Trx1/TrxR1 system is responsible for the cytosolic activity of the Trx system, while Trx2/TrxR2 

functions in the mitochondria, but will not be discussed in detail in this study.  

Using its disulphide reductase activity, Trx is able to directly reduce intra and intermolecular disulphide 

bonds within proteins, which in many cases activates the protein. It has been postulated by 

Figure 1.10: Overview of Trx system. A: Trx1 is able to reduce disulfide bonds within proteins and 
peroxides (through peroxiredoxin). However, in this process it becomes oxidized and inactive and must 
be reduced by TrxR1. TrxR1 then oxidises NADPH in order to reduce its own active site (Arner and 
Holmgren, 2000). B: The main features of note in the structure of Trx1 are the two cysteine residues 
(C32 and C35) that make up its active site. Figure 1.10B adapted from Weichsel et al. (1996) with 
permission. 
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Schwertassek et al. (2007) that the binding of Trx to its target proteins is highly specific and requires 

interaction between specific sites on Trx1 as well as the target protein. The Trx system is known to 

upregulate a number of different cellular pathways, many of which are involved in cell survival and 

apoptosis. One of the most notable is the nuclear factor κB (NF-κB) pathway, which is then able to 

upregulate genes such as survivin, b cell lymphoma 2 (bcl2) , several cyclins and X-linked inhibitor of 

apoptosis (XIAP) (Matthews et al., 1992; Raninga et al., 2016b; Muri et al., 2020). Trx is also known to 

upregulate the activity of the HIF-1 pathway, which promotes cell survival in hypoxic conditions (Arner 

and Holmgren, 2000; Hu et al., 2016). The Trx system can also inhibit the activity of the apoptosis 

signalling kinase (ASK) pathway. In cells undergoing oxidative stress Trx1 becomes inactive, as it is 

oxidized by ROS, and therefore unable to inhibit the ASK pathway, resulting in cells undergoing 

apoptosis (Lv et al., 2020).  

Peroxiredoxins (Prx) are another prominent target of Trx1, Trx1 reduces the active site of Prxs and 

allows them to catalyse the reduction of ROS. Similar to Trx1, Prxs have an active site that contains 

two thiol groups, and in the case of Prxs, they are able to reduce peroxides, such as H2O2 (Cao and 

Lindsay, 2017). However, they are oxidized themselves in this process and in order to become 

functional again they are reduced by Trx1. There are six Prxs in the human system and are denoted as 

Prx1 thought to Prx6. All six proteins are relatively small and have molecular weights ranging from 22 

to 25kDa, and are very similar in structure (Cao and Lindsay, 2017). Through the activity of Prxs, the 

Trx system is able to indirectly reduce ROS, however, there are several other mechanisms by which 

the Trx system reduces oxidised molecules. A notable example is methionine sulfoxide reductase 

(MSR), particularly MSRa. There are three function thiol groups in the MSRa protein, one of these 

residues binds to a methionine sulfoxide residue on a target protein and is the driving force in the 

reduction of this residue. The two remaining thiol groups form a disulfide bond in the process which 

needs to be reduced by Trx1 in order for the protein to regain its activity (Boschi-Muller et al., 2000; 

Lourenco Dos Santos et al., 2018).   

The Trx system is primarily regulated by the nuclear factor erythroid 2 like 2 (Nrf2) pathway. Nrf2 itself 

is a transcription factor that is bound to an inhibitory complex made up of KEAP1 and Cul3 under low 

ROS conditions (Li et al., 2019). However, when ROS levels increase, KEAP1 is oxidized causing it to be 

released from Nrf2 and degraded, Nrf2 is then able to enter the nucleus and bind to the antioxidant 

response element (ARE) of many redox related genes, including both Trx1 and TrxR1 (Kim et al., 2003b; 

Sakurai et al., 2005; Taguchi et al., 2012).  Nrf2 is made up of 7 main domains, which are denoted as 

Neh1-7. The most important domains are Neh1 and 2. Neh1 is the main DNA binding domain and 
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allows Nrf2 to bind to the ARE on its target genes (Tebay et al., 2015). It is also able to bind to the 

protein maf, which enhances the activity of Nrf2. Neh2 is the KEAP1 binding domain, and thus is 

responsible for regulating the activity of Nrf2 (Ooi et al., 2018).  

Whilst there are currently no effective treatments involving the inhibition of Nrf2, there are several 

compounds that specifically and effectively target the activity of this protein, the most promising 

perhaps being ML385 (Singh et al., 2016; Tang et al., 2018). ML385 binding directly to the Neh1 domain 

of Nrf2, this prevents Nrf2 from binding to the ARE on its target genes, and thus inhibiting its activity 

(Singh et al., 2016). One of the most well-known activators of Nrf2 is  tert-butylhydroquinone (TBHQ), 

which has been shown to effectively upregulate the activity of this protein (Boss et al., 2018). The 

exact mechanism of action of TBHQ is often debated, however, it is thought that TBHQ is able to 

stabilize Nrf2 by binding directly to a specific thiol group on KEAP1, which prevents its association with 

Cul3, and therefore prevents the ubiquitination of Nrf2 (Nguyen et al., 2003; Li et al., 2005; Wang et 

al., 2008; Yan et al., 2010). 

The Trx system is also regulated by thioredoxin interacting protein (TXNIP). One of the primary 

functions of TXNIP is to inhibit the activity of Trx1 via one of the two cysteine residues in its active site. 

In its reduced form, cysteine 247 in TXNIP binds to the reduced active site of Trx1, forming a disulfide 

bond and inhibiting the activity of Trx1 (Nishiyama et al., 1999; Patwari et al., 2006). TXNIP also carries 

out a variety of other functions other than Trx1 inhibition, mostly revolving around glucose 

metabolism and insulin production (Shalev, 2014). However, Jin et al. (2011) found that TXNIP may 

play a role in mTOR regulation as it was observed to increase the activity of the mTOR inhibitor redd1, 

a pathway that was described in section 1.2.3.4 to potentially be involved in bcr-abl regulation. 

Overall, the Trx system is a major player in the maintenance of redox homeostasis in the cell, however, 

there are other systems that also play a role in this regulation. 

1.3.2.2.2 The Glutathione System 

The glutathione (GSH) system is another major antioxidant system in the body and functions in a 

similar way to the thioredoxin system, although both systems also have unique functions and 

downstream targets. At the centre of this antioxidant system is the small molecule, GSH, which is 

displayed in figure 1.11A. The point of note in this molecule is the thiol group highlighted. The GSH 

system is able to reduce both oxidized proteins as well as peroxides. The reduction of oxidized proteins 

is carried out by the enzyme glutaredoxin (Grx) (Holmgren, 2000), and the reaction of peroxides is 

performed by glutathione peroxidase (Gpx) (Limon-Pacheco and Gonsebatt, 2010). Grx is a very small 
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enzyme made up of around 100 amino acids, and contains an active site of two cysteine residues that 

form a disulfide bond upon activity. Gpx proteins are selenoproteins that have one selenocysteine 

residue in their active site that is oxidized upon the reduction of H2O2 and other peroxides (Zoidis et 

al., 2018). Once Grx and Gpx are oxidized they need to be reduced by GSH. However, GSH only contains 

one thiol residue per molecule, and in order to reverse the disulfide bond within Grx and Gpx, two 

thiol groups are needed. Therefore, two GSH molecules are needed to reduce one protein. In the 

process the two GSH molecules form an intermolecular disulfide bond, resulting in one GSSG 

molecule. This GSSG molecule is inactive and is reduced by NADPH back into its active form of GSH. 

This reaction is catalysed by the enzyme glutathione reductase (GR) (Halliwell and Foyer, 1978; Couto 

et al., 2016). The entire GSH pathway is detailed in figure 1.11B. 

 

GSH molecules are primarily obtained via de novo synthesis. GSH synthesis occurs in the cytosol and 

is mediated by two enzymes: glutamate cysteine ligase, and GSH synthetase, the activity of both these 

enzymes is ATP dependent (Circu and Aw, 2008; Lu, 2009). Glutamate cysteine ligase catalyses the 

Figure 1.11a: Structure of GSH. GSH is an organic compound, the thiol group (circled) is responsible 
for its reductase activity. Figure 1.11b: Overview of GSH System. Two GSH molecules are able to 
reduce and activate glutaredoxin (Grx) and glutathione peroxidase (Gpx) with then reduce proteins 
and peroxides, respectively. Following the reduction of Grx and Gpx, 2 GSH molecules are oxidized 
to form an inactive GSSG molecule.  Glutathione reductase (GR) reduces the oxidized GSSG molecule 
back to two active GSH molecules. GR requires NADPH to function. Made using references listed in 
the text. 
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first and rate limiting step of glutathione synthesis, as it is dependent on intracellular cysteine levels 

(Circu and Aw, 2008; Lu, 2009). Nrf2 is seen to be a key modulator of the GSH system, and is seen to 

enhance the synthesis of GSH by acting as a transcription factor for glutamate cysteine ligase (Sporn 

and Liby, 2012). Nrf2 is also observed to regulate the expression of other components of the GSH 

pathway, including GR and Gpx (Rocha et al., 2016). Depletion of GSH in cells has been shown to induce 

numerous apoptosis pathways. For example, it was observed that GSH depletion facilitated activation 

of the ASK-1 apoptosis pathway. This occurs in a very similar way to the Trx mediation of ASK1, but 

instead in the GSH pathway Grx mediates this pathway (Song and Lee, 2003). GSH depletion was also 

seen to result in the formation of the apoptosome and release of cytochrome c from the mitochondria, 

all of which result in cell death (Sato et al., 2004; Brown and Borutaite, 2008). Therefore, it is crucial 

to cell survival that GSH levels are tightly regulated. 

1.3.2.2.3 Redox Systems in Cancer 

Redox systems are emerging as promising targets for cancer, especially as a means of overcoming drug 

resistance, as they present promising targets for treatment. It has been observed in many cancers that 

the components of both the thioredoxin system and the glutathione system are notably upregulated 

when compared to normal cells (Drozd et al., 2016; Raninga et al., 2016b). This upregulation results in 

cancer cells having a survival advantage, and being more resistant to drug induced apoptosis. This is 

because the Trx and GSH systems not only keep ROS levels from being harmful, but they also activate 

many survival pathways, such as the NF-κβ pathway, while simultaneously inhibiting the activity of 

apoptosis pathways, such as the ASK1 pathway (Ren et al., 2017). Drugs are currently being developed 

that target members of these pathways. The most notable Trx system inhibitor is the TrxR1 inhibitor 

auranofin, which was approved by the FDA in 1985 for rheumatoid arthritis treatment (Roder and 

Thomson, 2015; Capparelli et al., 2017). In recent years however, auranofin has undergone clinical 

trials for chronic lymphocytic leukaemia, small lymphocytic lymphoma, and prolymphocytic 

lymphoma (NCT01419691). Other more specific TrxR1 inhibitors are being developed for cancer 

treatment, such as those developed by Stafford et al. (2018), who showed that it was the specific 

inhibition of TrxR1 that was responsible for the cytotoxic effects of the compounds. Another TrxR 

specific inhibitor is the gold compound [Au(d2pype)2]Cl. [Au(d2pype)2]Cl has been previously shown 

to be far more specific to TrxR1 than auranofin, and its anti-cancer activity is being assessed against 

breast cancer, lymphoma and multiple myeloma cells (Rackham et al., 2007; Rackham et al., 2011; 

Wang et al., 2021b). The GSH system is most commonly inhibited with the compound buthionine 

sulphoximine (BSO), this compound is an inhibitor of glutamate cysteine ligase, and thus decreases 
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the amount of GSH available in the cell. This compound has also undergone testing for its anti-cancer 

properties in various cancers, including lung cancer and breast cancer (Bohl et al., 2012; Rodriguez-

Gomez et al., 2014).  

Treatments such as auranofin and BSO are able to specifically target cancer as cancer cells tend to not 

only have higher levels of antioxidants, but also high levels of ROS (Aggarwal et al., 2019; Arner, 2021). 

In the case of CML, this may be partially due to the ROS levels produced by bcr-abl (Landry et al., 

2013). In normal cells, the inhibition of antioxidant systems would result in an increase in ROS, 

however, since the ROS levels are already relatively low, the cell will not likely go through oxidative 

stress and apoptosis. However, since cancer cells already have a very high level of ROS, any decrease 

in antioxidant capability will result in ROS levels that are high enough to elicit cell death (Arner, 2021). 

This principle is illustrated in figure 1.12. While it seems a large portion of cell death caused by 

antioxidant inhibitors is due to the increased ROS levels, it has been shown on multiple occasions that 

the effect on the cell signalling pathways is also a significant factor in apoptosis (Chowdhury et al., 

2013; Raninga et al., 2016b). Overall, it seems that while antioxidant systems may be a cause of 

intrinsic drug resistance in cancer cells, they also present a novel target for targeted therapy. 

 

Figure 1.12: Mechanism of Cell Death in Antioxidant Inhibitory Cancer Therapy. Cancer cells 
naturally have higher ROS levels than healthy cells. Therefore, any slight increase in ROS caused by 
antioxidant inhibitors is far more likely to induce apoptosis in cancer cells. Figure made by referring to 
information within Arner (2021). 
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1.3.3 Extrinsic Drug Resistance 

While intrinsic drug resistance is caused by natural pathways within the cell, extrinsic drug resistance 

is due to the fluctuating external environment that the cells reside in. These conditions may include 

changes in pH, oxygen levels, and attachment of cells to either the extra cellular matrix (ECM) or to 

other cells.  

1.3.3.1 Hypoxia-Induced Drug Resistance 

Hypoxia is most often described as oxygen levels below 3%, while normoxia is often defined as oxygen 

at its atmospheric concentration of 21% (Paltoglou and Roberts, 2007). Hypoxia is a very important 

factor to consider in the treatment of cancer, as many cancerous cells reside in various hypoxic 

environments for extended periods of time. For example, in the centre of a solid tumour there is no 

oxygen supply, therefore the cells in the centre would be in very hypoxic, or even anoxic (0% O2) 

conditions (Karan et al., 2021). In the case of blood cancers such as CML, cancerous myeloid cells 

spend a large portion of their lifecycle in the bone marrow, which is classified as a hypoxic niche 

(Deynoux et al., 2016). Therefore, hypoxia plays a relatively large role in the lifecycle of CML cells. 

Hypoxic conditions can cause drug resistance through a variety of mechanisms. One of the most well 

studied mechanisms of hypoxia induced drug resistance is the HIF-1α pathway. This pathway is highly 

upregulated in hypoxia and is responsible for upregulating various cell survival genes and pathways, 

such as the vascular endothelial growth factor (VEGF), and erythropoietin (EPO) receptor pathways 

(Masoud and Li, 2015; Hu et al., 2016; Li et al., 2020a). In normoxia the HIF-1α protein is constantly 

degraded in an oxygen dependant process. In hypoxia HIF-1α is not degraded and is stabilised by heat 

shock protein 90 (Hsp90), which also facilitates the movement of HIF-1α to the nucleus (Barliya et al., 

2011). In the nucleus HIF-1α binds to HIF-1β, forming the HIF-1 heterodimer. HIF-1 is then able to bind 

to the hypoxia response element (HRE) on various genes and induce their transcription. These genes 

include members of the aforementioned pathways. The upregulation of these survival pathways leads 

to more drug resistant cancer cells. This has been observed in many cancers including: multiple 

myeloma, pancreatic cancer and ovarian cancer (Ai et al., 2016; Raninga et al., 2016b; Shukla et al., 

2017). While the HIF pathway is primarily regulated through oxygen dependant degradation, it has 

also been observed to be affected by the activity of redox factor 1 (Ref-1). Ref-1 increases the 

capability of HIF-1α to bind to HIF-1, by reducing the oxidised HIF-1α. Ref-1 is reduced, and therefore 

activated, by Trx1, which is thought to be one of its primary regulators (Ema et al., 1999; Ding et al., 

2017; Kobayashi et al., 2021). The HIF-1 pathway is detailed in figure 1.13. 
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As previously mentioned in section 1.2.3.4, bcr-abl protein translation is severely downregulated in 

hypoxia. The exact mechanism by which this happens is unknown, but Bono et al. (2016) reports that 

there may be many pathways involved in this process. Since there is no bcr-abl protein available in 

hypoxia, this means that there is no target for imatinib and other TKIs to bind to. This would imply 

that CML cells are largely resistant to TKI treatment in hypoxia and this has been demonstrated with 

imatinib on several occasions (Giuntoli et al., 2006; Ng et al., 2014). However, since these cells exist in 

hypoxia with very low or completely suppressed levels of bcr-abl, it could be hypothesised that they 

may be more vulnerable in these conditions to other treatments that have been known to overcome 

hypoxia-induced resistance in other cancers. To date, little research has been done to outline how 

these hypoxic bcr-abl negative CML cells behave and how bcr-abl dependent hypoxia-induced drug 

resistance may be overcome. 

Despite the majority of hypoxia studies using a static model of hypoxia, this does not necessarily 

represent the nature of leukaemic cells in the bone marrow. This is because there are differing levels 

of oxygen all throughout the bone marrow, with the inner perisinodial regions falling as low as 1% O2, 

Figure 1.13: The HIF-1 Pathway. In hypoxia HIF-1α is not degraded and is able to enter the nucleus 
where it forms the HIF-1 heterodimer with HIF-1β. This process is facilitated by Ref-1. Figure prepared 
based on information reported by Bhatia et al. (2013). 
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whereas outer endosteal regions have higher oxygen levels, around 3% O2 (Spencer et al., 2014) (Fig. 

1.14). Therefore, to mimic the movement in and out of hypoxic regions, a model known as cycling (or 

intermittent) hypoxia is used. In this model, cells are incubated in oxygen levels alternating between 

normoxia and hypoxia for several hours before incubating in regular hypoxia for several more hours. 

Similar to regular hypoxia, cycling hypoxia has also been found to induce drug resistance in cancer, 

and in some cases appears to be even more effective in doing so (Chou et al., 2012; Verduzco et al., 

2015; Jarrar et al., 2020). Cycling hypoxia differs from static hypoxia as when cells are re-exposed to 

oxygen in the normoxic cycles, the sudden increase in oxygen results high quantities of ROS, which as 

previously discussed, activate various cell survival pathways, such as the Nrf2 and Trx1 pathways 

(Karlenius et al., 2012). The activation of these pathways gives cells even further cell survival 

advantages on top of those already present in hypoxia. 

Figure 1.14: Oxygen Levels in the Bone Marrow. CML affected cells, such as hematopoietic stem 
cells (HSC) and other myeloid cells, reside in the bone marrow for a large portion of their lifespan. 
The oxygen levels in the bone marrow vary. In the outer endosteal region oxygen levels are 
approximately 3%, whereas oxygen levels in the perisinusoidal regions are as low as 1%. Figure 
prepared based on information reported by Spencer et al. (2014). 
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1.4 Significance and Research Aims 

Bcr-abl is the primary cause of the clinical manifestations of CML, and therefore is the target of the 

majority of treatments for this disease. The highly mutagenic nature of bcr-abl results in high levels of 

acquired drug resistance in many CML patients. It was observed by Kizilors et al. (2019) that 21% of 

patients in their study developed a mutation in the kinase domain of bcr-abl following 7 years of TKI 

treatment. Furthermore, it was observed that 45% of patients that had failed TKI treatment after 12 

months harboured a bcr-abl kinase mutation (Kizilors et al., 2019). Despite the prevalence of acquired 

TKI resistance, CML patients that are demonstrating bcr-abl dependant TKI resistance are often 

subsequentially treated with a more advanced TKI (Jabbour et al., 2015), which has the possibility to 

cause the same issues as the initial TKI. Therefore, it stands to reason that bcr-abl independent 

treatments and co-treatments are required to overcome the bcr-abl dependant resistance that 

hinders TKI activity. In order to identify potential targets for this strategy, bcr-abl independent intrinsic 

and extrinsic mechanisms of TKI resistance can be examined. Therefore, this research aimed to 

identify and investigate other mechanisms of drug resistance that affect TKI activity in CML, and 

potentially examine ways by which this resistance may be overcome.  

Redox systems, such as the Trx system, are also thought to be a source of intrinsic drug resistance. 

These systems maintain healthy levels of ROS, as well as activating a range of cell survival pathways, 

and are often observed to be overexpressed in cancers including melanoma, colorectal cancer and 

lymphoma (Lincoln et al., 2003; Li et al., 2012; Lin et al., 2017; Jia et al., 2019). Due to their involvement 

in drug resistance, redox systems are being investigated by many research groups as potential targets 

for chemotherapeutics. Specifically, the inhibition of TrxR is examined as a potential target for cancer 

therapy. TrxR inhibition has been reported to be highly effective in inducing cell death in various 

cancer cells, such as multiple myeloma, breast cancer and lymphoma (Gandin et al., 2010; Bhatia et 

al., 2016; Stafford et al., 2018; Fan et al., 2019; Sze et al., 2020; Wang et al., 2021b). Furthermore, the 

inhibition of the Trx system has been observed to be able to overcome other forms of drug resistance, 

such as acquired and hypoxia-induced drug resistance in multiple myeloma cells (Raninga et al., 

2016a). An aim of this research was to determine how effective this strategy is in CML by inhibiting a 

major component of the Trx pathway, TrxR, with either gold-based chemical inhibitors or TrxR specific 

siRNA.  

Hypoxia-induced drug resistance is a particularly important mechanism of drug resistance for many 

cancers (Li et al., 2017b; Fahy et al., 2021; Li et al., 2021; Liao et al., 2021). This is because solid tumours 
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are often hypoxic or anoxic environments, whereas many cancerous blood cells reside in the hypoxic 

bone marrow niche (Jensen et al., 2000; Muz et al., 2015; Campillo et al., 2019). As CML is a cancer of 

myeloid cells and their derivatives, CML cells spend a large portion of their lifespan in the hypoxic 

bone marrow niche. It has been widely reported that hypoxia is able to induce drug resistance in many 

cancers, including CML (Giuntoli et al., 2006; Raninga et al., 2016a). The mechanisms by which hypoxia 

causes drug resistance is convoluted but is often attributed to the activation of the HIF-1 pathway, 

which leads to increased cell survival and proliferation (Tirpe et al., 2019). Additionally, it is 

hypothesised that bcr-abl protein levels are suppressed in hypoxia, which potentially could also induce 

resistance to TKIs (Giuntoli et al., 2006). This research aimed to determine the efficacy of TKIs in 

hypoxia, and to identify possible mechanisms of drug resistance. 

Another of the most studied mechanisms of intrinsic drug resistance is the activity of drug 

transporters, the most common of these being MDR1 and BCRP (Robey et al., 2018). Drug transporter 

proteins are heavily associated with drug resistance, as they can cause resistance by exporting the 

drug out of the cell before it can have its full effect (Choi and Yu, 2014). It has been observed that 

many different drug transporters are involved in TKI resistance in CML. These transporters include 

MDR1 and ABCC6, and have been shown to transport imatinib, dasatinib and nilotinib in CML patients, 

which resulted in a degree of drug resistance in these cases (Czyzewski and Styczynski, 2009; Eadie et 

al., 2018). This research aimed to identify a novel transporter involved in TKI transport and assess its 

impact on TKI resistance in CML. The regulation of this transporter in various conditions within the 

CML cells was also aimed to be assessed. 

There are three main aims that are addressed in this project: 

1. To examine the effect of TrxR inhibition on inducing cell death in CML cells, as well as 

overcoming acquired TKI resistance. 

2. To investigate the effect of hypoxia on CML cell growth and TKI resistance, as well as to 

determine the mechanism by which this resistance occurs. 

3. To identify a novel drug transporter associated with TKI resistance in CML, and the effect of 

the inhibition of this transporter on the efficacy of TKIs. 

These aims are addressed in the five results chapters in this thesis. The overview of this thesis is 

detailed in figure 1.15. 
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Figure 1.15: Structure of Thesis. Chapters 3 and 4 are based on the thioredoxin system and its 
role in TKI treatment and resistance in CML. Chapters 5 and 6 revolve around hypoxia, and how it 
effects CML cells and their response to TKIs. Chapter 7 focuses on the investigation of MRP4 in 
CML and its involvement in TKI resistance. The thesis was structured in this manner to retain 
published papers as separate entities. * indicates published papers. 

 



 

 

 

 

 

 

 

 

 

Chapter 2-    

Materials and 

Methods 
 

 

 

 

 

 

 

 



   
  Chapter 2 

Page | 38  
 
 

2.1 Materials 

2.1.1 Cell lines 

K562, KU812 and KCL22 CML cell lines were used in this project. The K562 cell line (ATCC cat no. CCL-

243) was the first CML cell line to be immortalised and is derived from a 53-year-old female suffering 

from CML, who was in the blast crisis phase of the disease. This cell line was a kind gift from Dr. Chris 

Slape (Translational Research Institute, Brisbane, Australia). KU812 (cat no. 90071807) and KCL22 (cat 

no. JCRB1317) cell lines were both purchased from CellBank Australia (NSW, Australia). The KU812 

(Kishi, 1985) cell line are basophils derived from a 38-year-old man with blast crisis CML. KCL22 

(Kubonishi and Miyoshi, 1983) cells are derived from a 28 year old female also suffering from blast 

crisis CML. The K562 and KU812 cell lines were authenticated by the Griffith University DNA 

sequencing facility using the STR profiling method (GenePrint 10 system, Promega, Madison, WI,USA). 

Furthermore, both the K562 and KU812 cell lines were tested for mycoplasma infection by Dr. Maria 

Nguyen (Griffith Institute for Drug Discovery). Mycoplasma testing and STR analysis was performed 

on the KCL22 cell line by CellBank Australia (NSW, Australia) following the purchase of this cell line. All 

three cell lines are bcr-abl positive, however both the K562 and KU812 cell lines have the b3a2 bcr-abl 

junction, whilst KCL22 cells have the b2a2 junction. Despite the differing junctions all cell lines have 

the p210 isoform of bcr-abl. The bone marrow stromal cell line HS-5 was also used in this thesis. The 

HS-5 cell line was a gift from Prof. Vicky Avery (Griffith Institute for Drug Discovery), and these cells 

are derived from the bone marrow of a healthy individual (Roecklein and Torok-Storb, 1995). Human 

peripheral blood mononuclear cells (PBMCs) were isolated from the whole blood healthy individuals 

(Griffith University human ethics number: 2014/392) using the method described in section 2.2.1.9. 

2.1.2 Oligonucleotides 

Table 2.1. List of Oligonucleotides 

Name Sequence Length Tm °C Use 

β-Actin Forward 5’ GCC AAT AAG CCC ACC TAC T 19 54 RT-qPCR 

β-Actin Reverse 5’ TCC TTT GTC TTC CAC GAG C 19 56 RT-qPCR 

ADCY1 Forward 5' CCT TTT GGT CAC CTT CGT GT 20 62 RT-qPCR 

ADCY1 Reverse 5' CTC AGT CAG AAT CCG CAC AA 20 62 RT-qPCR 

ADCY2 Forward 5' AAC AGC ACC TGG TGA AAA CC 20 63 RT-qPCR 

ADCY2 Reverse 5' TGA TCT TGC CGT TCT CTG TG 20 62 RT-qPCR 

ADCY3 Forward 5' CAT TGG CAG CAC GTA TAT GG 20 61 RT-qPCR 

ADCY3 Reverse 5' GCG CAG CAT GAA GTT ATT GA 20 61 RT-qPCR 
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ADCY4 Forward 5' ACT GCT GAT GAC CCG TTA CC 20 64 RT-qPCR 

ADCY4 Reverse 5' CCA CTG TTT CTG CGA GTT GA 20 62 RT-qPCR 

ADCY5 Forward 5' TTC TTC AAC AAC GGG ACC TC 20 62 RT-qPCR 

ADCY5 Reverse 5' CCT GCA GTT TCC AGA GGA AG 20 62 RT-qPCR 

ADCY6 Forward 5' GGC AGC TGG AAA AGA TCA AG 20 61 RT-qPCR 

ADCY6 Reverse 5' GCC CAA TCT TCA TCT GGA AA 20 60 RT-qPCR 

ADCY7 Forward 5' GAG ATG CTG TCA GCC ATT GA 20 62 RT-qPCR 

ADCY7 Reverse 5' AGC AGG ATG CAG ACG AAG AT 20 62 RT-qPCR 

Bcr-abl Forward 5′ CAT TCC GCT GAC CAT CAA TAA G 22 61 RT-qPCR 

Bcr-abl Reverse 5’ GAT GCT ACT GGC CGC TGA AG 20 64 RT-qPCR 

Cyclin A2 Forward 5’ GCC ATT AGT TTA CCT GGA CCC AGA 24 64 RT-qPCR 

Cyclin A2 Reverse 5’ CAC TGA CAT GGA AGA CAG GAA CCT 24 64 RT-qPCR 

Cyclin D1 Forward 5’ CGC CCT CGG TGT CCT ACT TCA A 22 61 RT-qPCR 

Cyclin D1 Reverse 5’ CTG CAG GCG GCT CTT TTT CA 20 59 RT-qPCR 

Cyclin D2 Forward 5’ CAC CGA CTT TAA GTT TGC CA 20 57 RT-qPCR 

Cyclin D2 Reverse 5’ TTG GTG ATC TTA GCC AGC AG 20 58 RT-qPCR 

Cyclin D3 Forward 5’ TAC CCG CCA TCC ATG ATC G 19 57 RT-qPCR 

Cyclin D3 Reverse 5’ AGG CAG TCC ACT TCA GTG C 19 60 RT-qPCR 

Cyclin E1 Forward 5’ GCC AGC CTT GGG ACA ATA ATG 21 60 RT-qPCR 

Cyclin E1 Reverse 5’ CTT GCA CGT TGA GTT TGG GT 20 59 RT-qPCR 

RPL32 Forward  5’ CAG GGT TCG TAG AAG ATT CAA GGG 24 57 RT-qPCR 

RPL32 Reverse 5’ CTT GGA GGA AAA CAT TGT GAG CGA TC 26 58 RT-qPCR 

MRP4 Forward 5’ GGA CAA AGA CAA CTG GTG TGC C 22 64 RT-qPCR 

MRP4 Reverse 5’ AAT GGT TAG CAC GGT GCA GTG G 22 65 RT-qPCR 

MYC Forward 5’ GCA GCT GCT TAG ACG CTG GAT TTT 24 61 RT-qPCR 

MYC Reverse 5’ GTT CTC CTC CTC GTC GCA GTA GAA ATA 27 60 RT-qPCR 

Nrf2 Forward 5’ ATT CAG CCA GCC CAG CAC 18 52 RT-qPCR 

Nrf2 Reverse 5’ CGA AGA AAC CTC ATT GTC ATC 21 50 RT-qPCR 

Redd1 Forward 5’ CTT TGG GAC CGC TTC TCG TC 20 61 RT-qPCR 

Redd1 Reverse 5’ GGT AAG CCG TGT CTT CCT CCG 21 63 RT-qPCR 

RPS24 Forward 5’ TCG GGA AAA ACT AGC CAA AA 20 56 RT-qPCR 

RPS24 Reverse 5’ AAA TCA TGC CAA AGC CAG TT 20 57 RT-qPCR 

RPS29 Forward 5’ TCT CGC TCT TGT CGT GTC TG 20 60 RT-qPCR 

RPS29 Reverse 5’ CCG ATA TCC TTC GCG TAC TG 20 58 RT-qPCR 

Trx1 Forward 5’ GCC AGT TTA TAA AGG GAG AGA GCA 24 56 RT-qPCR 

Trx1 Reverse 5’ TGA TCA TTT TGC AAG GCC CA 20 50 RT-qPCR 
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TrxR1 Forward 5’ GGA ATC CAC CCT GTC TCT GC 20 56 RT-qPCR 

TrxR1 Reverse 5’ ACG AGC CAG TGG TTT GCA GT 20 54 RT-qPCR 

TXNIP Forward 5’ GGC ACC TGT GTC TGC TAA AA 20 55 RT-qPCR 

TXNIP Reverse 5’ CGG GAA CAT GTA TTC TCA AA 20 50 RT-qPCR 

 

2.1.3 Antibodies 

Table 2.2.  List of Antibodies 

Name Description Source Catalogue 
Number 

Use 

AKT1 Monoclonal, 
raised in 

rabbit 

Cell Signalling 
Technology 

C67E7 Western Blotting 

AKT1 
(phosphoThr450) 

Polyclonal, 
raised in 
mouse 

GeneTex GTX133175 Western Blotting 

β-tubulin Monoclonal, 
raised in 

rabbit 

Abcam ab6046 Western Blotting 

c-ABL Monoclonal, 
raised in 
mouse 

Santa Cruz 
Biotechnology 

Sc-23 Western Blotting 

C-PARP Monoclonal, 
raised in 
mouse 

Santa Cruz 
Biotechnology 

sc-56196 Western Blotting 

HIF-1a Monoclonal, 
raised in 
mouse 

BD Bioscience 610959 Western Blotting 

IgG Monoclonal, 
raised in 
mouse 

Invitrogen 02-6100 RNA 
Immunoprecipitation 

MRP4 Polyclonal, 
raised in goat 

Sigma SAB2500011 Western Blotting 

MYC Monoclonal, 
raised in 
mouse 

Santa Cruz 
Biotechnology 

sc-40 Western Blotting 

p-RPS6 Monoclonal, 
raised in 
mouse 

Santa Cruz 
Biotechnology 

sc-293144 Western Blotting 

RPS6 Monoclonal, 
raised in 
mouse 

Santa Cruz 
Biotechnology 

sc-74576 Western Blotting 

RPS6 Polyclonal, 
raised in 

rabbit 

Genetex GTX113542 RNA 
Immunoprecipitation 
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Trx1 Monoclonal, 
raised in 
mouse 

Prepared by 
Giovanna Di 

Trapani 

5G8 Western Blotting 

TrxR1 Monoclonal, 
raised in 
mouse 

Santa Cruz 
Biotechnology 

sc-58444 Western Blotting 

Vinculin Monoclonal, 
raised in 

rabbit 

Cell Signalling 
Technology 

13901 Western Blotting 

 

2.1.4 Chemicals and Reagents 

Table 2.3. List of Chemical and Reagents 

Reagents Supplier 

Ceefourin 2 Abcam, UK 

Protease inhibitor cocktail VI AG Scientific Inc, CA, USA 

TRIsureTM, SensiFASTTM cDNA synthesis kit, 
SensiFASTTM No-Rox kit 

Bioline, NSW, Australia 

Trypan blue, Polyvinylidene fluoride (PVDF), Tween 
20, 40% Acrylamide/Bis solution (37.5:1), Pre-
stained protein molecular weight markers 

BioRad, CA, USA 

Foetal bovine serum (FBS) Bovogen Biologicals, Australia 

Imatinib, Ponatinib, Dasatinib, GNF-5, ML385, 
CAY10585, PF-04708671, 2’,7’-dichlorofluorescein 
diacetate (H2DCF-DA), NKY80, Calcein-AM 

Cayman Chemical, MI, USA 

Sodium chloride (NaCl), HEPES, Magnesium 
chloride (MgCl2) 

Chem Supply, MI, USA 

Ac-DEVD-AMC Enzo Life Sciences, NY, USA 

Auranofin, MTT ICN Biomedicals, NSW, Australia 

Penicillin/Streptomycin, RPMI-1640, Trypsin Life Technologies, CA, USA 

Vectashield Mounting Media, Vectashield 
Mounting Media Containing DAPI 

Maravai Life Sciences, CA, USA 

Ethanol, Methanol, Hydrochloric acid, Isopropanol, 
Sodium hydrogen carbonate (NaHCO3), Potassium 
phosphate (KPi) 

Merck, VIC, Australia 

Sodium dodecyl sulphate (SDS), Tris 
(hydroxymethyl) aminomethane (Tris) 

MP Biomedicals, VIC, Australia 

GoScript™ Reverse Transcriptase Kit Promega, WI, USA 

Ethidium bromide, Bovine serum albumin (BSA), 
Bis-Acrylamide, Dimethyl sulfoxide (DMSO), 
Dithiothreitol (DTT), 3-(dimethylamino)-
propionitrile (DAMPN), DTNB, TBHQ, 
Phenylmethanesulfonyl fluoride (PMSF), Potassium 
chloride (KCl), NP-40, Sucrose, Phenol/Chloroform 

Sigma Chemicals, NSW, Australia 
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2.1.5 Solutions 

Table 2.4. List of Solutions 

Name Contents Use 

1.25X Assay buffer 0.5M KPi, pH 7.5; 200 mM 
EDTA; 20 mM NADPH; 125 
mM DTNB 

To measure TrxR1 activity 

Sample Buffer 0.1 M KPi; 20 mM EDTA; 0.1 
mg/ml BSA 

To measure TrxR1 activity 

Caspase-3 Buffer 5 mM DTT; 100 mM HEPES, pH 
7.5; 10% (w/v) Sucrose; 0.1% 
NP-40; 50 µM Ac-DEVD-AMC 

To measure caspase-3 activity 

NP-40 Lysis Buffer 150 mM NaCl; 50 mM Tris-HCl, 
pH 8; 0.5% Nonidet P-40; 0.5 
mM EDTA; 2 mM PMSF; 1 
µl/ml Protease Inhibitor 
Cocktail VI 

To prepare cell lysates 

SDS-PAGE 5X sample buffer 40% (v/v) glycerol; 5% (w/v) 
SDS; 0.25M Tris-Cl, pH 6.8; 
50mM DTT, 
0.1% (w/v) bromophenol blue  

SDS gel preparation 

SDS-PAGE running buffer 25mM Tris-Cl; 192mM Glycine; 
0.1% (v/v) SDS 

SDS gel preparation 

Western blotting transfer 
buffer 

25 mM Tris-Cl; 192 mM 
Glycine; 10% (v/v) or 20% (v/v) 
Methanol (HPLC grade) 

Western blotting 

5% Blotto/ 5% BSA 5g Dutch jug milk powder or 
5g BSA; 200 mM Tris-Cl, pH 
7.5; 137 mM NaCl 

Western blotting 

Cell freezing media 90% (v/v) FBS; 10% (v/v) 
DMSO 

To freeze down cells 

Tris-buffered saline tween 
(TBST) 

20 mM Tris-HCl, pH 7.5; 137 
mM NaCl; 0.05% Tween-20; 

To wash PVDF membrane in 
western blot analysis 

SDS/HCl 20% SDS; 0.01M HCl MTT proliferation assays 

NT2 Buffer 50 mM Tris-HCl (pH 7.4), 150 
mM NaCl, 1 mM MgCl2, 0.05% 
NP-40, with 1× protease 
inhibitor cocktail. 

RNA Immunoprecipitation 

Polysome Lysis Buffer 150 mM KCl, 25 mM Tris-HCl 
(pH 7.4), 5 mM EDTA, 0.5% 
NP-40, 0.5 mM DTT, with 100 
U/ml RNAase inhibitor and 1× 
protease inhibitor cocktail. 

RNA Immunoprecipitation 
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2.2 Methods 

2.2.1 Cell Culture 

All cell culture based methods, with the exception of cell counting and centrifugation, were performed 

in a Class II Biohazard Laminar Air Flow hood. K562, KU812 and KCL22 CML and bone marrow stromal 

HS-5 cells were used in this thesis. All three CML cell lines used were isolated from patients with blast 

crisis CML and are all well studied and documented (Lozzio et al., 1981; Kubonishi and Miyoshi, 1983; 

Kishi, 1985). The HS-5 cell line and PBMCs were used as non-cancerous controls. Cell lines were 

cultured in RPMI-1640 media containing 10% FBS, 200mM L-glutamate and 100 U/ml penicillin and 

100 µg/ml streptomycin. All cell lines were incubated at 37°C with 5% CO2. Cells were cultured in a T-

75 cm2 flask and were passaged every three days. 

2.2.1.1 Cell Viability 

Living cells were counted using the Neubauer haemocytometer chamber. Firstly, cell cultures were 

mixed thoroughly and 10µl of culture was transferred to a 0.5ml Eppendorf tube. 10µl of trypan blue 

was added and this solution was mixed via pipetting. A glass coverslip was placed on top of the 

haemocytometer and then 10µl of the trypan blue solution was loaded onto the haemocytometer. To 

determine the quantity of cells/ml, three sets of 16 squares on the haemocytometer grid were 

counted, excluding cells that had taken up the Trypan Blue dye, as these cells were considered dead. 

The following formula was used to calculate the amount of living cells: 

Cells/ml = Total cell count/3 x 2 x 104 

2.2.1.2 Culturing Cells under Hypoxia 

Before use in hypoxia based experiments, CML cells were first incubated in hypoxia for 24 hours. The 

C-Chamber hypoxic growth chamber attached to the Pro-ox model C21 (Biospherix, NY, USA) 

controller was used to maintain this environment. The level of oxygen was maintained at 1%, whilst 

the CO2 level was kept at 5%.  

2.2.1.3 Culturing Cells under Cycling Hypoxia 

For CML cells used in cycling hypoxia experiments, cells were incubated alternately in normoxia (21% 

oxygen) and hypoxia (1% oxygen) for 30-minute intervals, for a total of 3hrs. This process is displayed 

in figure 2.1. Following this, cells were incubated for 16hrs in hypoxia. The C-Chamber hypoxic growth 

chamber attached to the Pro-ox model C21 was used to maintain a hypoxic environment. Cells 

incubated both in normoxia and hypoxia were kept at 37°C and 5% CO2. 
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2.2.1.4 Reoxygenation of Cell Culture 

For CML cells used in RT-qPCR reoxygenation experiments, CML cells were incubated in cycling hypoxia 

for 3hrs, and then in static hypoxia for 16hrs. Then, CML cells were returned to normoxia for 4hrs, and 

RNA was extracted for RT-qPCR analysis. For MTT proliferation assays, CML cells were incubated in 

hypoxia for 24hrs and then returned to normoxia for 0, 24 or 72hrs, after this time cells were treated 

with the appropriate compounds for 48hrs in normoxia. For cell incubation in hypoxia the C-Chamber 

hypoxic growth chamber attached to the Pro-ox model C21 was used. Cells in both normoxia and 

hypoxia were incubated at 37°C and 5% CO2. 

 

 

 

Figure 2.1: Method for Culturing Cells in Cycling Hypoxia. CML cells were incubated in hypoxia and 
normoxia in alternating 30-minute intervals for 3hrs. Cells were incubated for a further 16hrs in 
hypoxia before treatment with the appropriate compounds for another 24 or 48hrs in hypoxia. 
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2.2.1.5 Preparation of Imatinib Resistant CML Cells 

To prepare the imatinib resistant cell line, CML cells were exposed to increasing concentrations of 

imatinib over an extended period of time. For the K562 cell line, cells were exposed to 100nM imatinib 

for a week. All cells were then collected and centrifuged at 265 X g for 5 minutes and the media was 

discarded and replaced with drug free media. These cells were then left to recover in this media for 

another week. After this week, the second stage began and consisted of the same process, but with 

200nM imatinib instead. This continued for 12 weeks, using the imatinib concentrations 400nM, 

600nM, 800nM and 1000nM. The same process was used with the KU812 and KCL22 cells, except that 

the concentrations used were: 20, 50, 100, 200, 300, 400 and 500nM imatinib. Cells were then tested 

for drug resistance using MTT assays (2.2.3) before any further experiments with these cell lines were 

carried out.  

2.2.1.6 Preparation of Dasatinib Resistant CML Cells. 

Dasatinib resistant CML cells were prepared in an almost identical manner to that of the imatinib 

resistant cell lines. Briefly, K562, KU812 and KCL22 CML cell were incubated with increasing 

Figure 2.2: Method for Reoxygenating Cells. For RT-qPCR assays CML cells were incubated in 
cycling hypoxia for 3hrs, followed by hypoxia for 16hrs, then normoxia for 4hrs. For MTT assays 
CML cells were incubated in hypoxia for 24hrs and then reoxygenated in normoxia for either 0, 24 
or 72hrs. Following this time for MTT proliferation assays cells were treated with appropriate 
compounds for 48hrs in normoxia. 
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concentrations of dasatinib over extended periods of time. The concentrations used for each cell line 

were as follows; K562: 1nM, 2nM, 4nM, 6nM, 8nM, 10nM, 15nM. KU812 and KCL22: 0.5nM, 1nM, 

2nM, 4nM, 6nM, 8nM, 10nM. The degree of drug resistance in the dasatinib resistant cell lines was 

assessed using MTT cell proliferation assays (2.2.3) and compared the efficacy of dasatinib on the 

sensitive parental cells against the dasatinib resistant cell line. 

2.2.1.7 Freezing Down Cells 

Cells were counted (2.2.1.1) and then centrifuged at 265 X g for 5 minutes. The media was discarded, 

and the cell pellet was resuspended in freezing media (table 2.4) so that cell density was 1.5x106 

cells/ml. Then, 1ml of freezing media was transferred to a 1ml cryo-tube and stored at -80°C overnight. 

The next day the tubes were transferred to liquid nitrogen for long-term storage.  

2.2.1.8 Thawing Frozen Cells 

Cells were removed from liquid nitrogen storage and placed in a 37°C water bath until thawed. Cells 

were then added to 8ml of media and centrifuged for 5 minutes at 265 X g and the media was 

discarded. The pellet was resuspended in 5ml of media and transferred to a T-25 cm2 flask for 24 hours 

or until cells became confluent. Cells were then transferred to a T-75 cm2 flask. 

2.2.1.9 Isolation of Peripheral Blood Mononuclear Cells (PBMCs) From Whole Blood 

Whole blood was taken from healthy donors, and PBMCs were isolated using the Ficoll-Paque method 

(Grievink et al., 2016). Initially, 10ml of 1x PBS containing 2mM EDTA was added to 5ml of whole blood. 

Then, the blood solution was gently layered onto 5ml of Ficoll-Paque media in a 50ml centrifuge tube 

using a serological pipette. The sample was spun at 400xg for 40 minutes at 20°C in a centrifuge with 

a swinging rotor on the slow deceleration setting. Following this, the middle layer of the solution was 

isolated from the tube using a serological pipette and transferred to a fresh tube. Then, 30ml of 1x 

PBS containing 2mM EDTA was added to the PBMC solution. This tube was then centrifuged for 10min 

at 300xg to pellet the PBMCs. The pellet was resuspended in 15ml of RPMI-1640 media (supplemented 

with 10% FBS and 200mM L-glutamate, with no antibiotics). Required experiments were performed 

within 48hrs and following this time PBMCs were discarded. 

2.2.2 Transient Transfections  

K562 cells (2x106/sample) were collected and resuspended in pre-transfection media (RPMI-1640 

media without FBS or antibiotics) and 100µl was transferred into transfection cuvettes. Then either 

50nM of three distinct TrxR1 siRNA molecules, or 500nM of one distinct bcr-abl siRNA molecule, as 

well as a control siRNA (IDT, Singapore) were added to separate cuvettes and incubated for 5 minutes 

at room temperature. Cells were transfected using the Amaxa Nucleofector (T-016 program) (Lonza, 
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Switzerland) and then left to incubate for a further 5 minutes at room temperature. Cells were then 

transferred to a 24 well plate in post-transfection media (RPMI-1640 media with 10% FBS and no 

antibiotics) and incubated for at least 24hrs prior to further testing. Efficacy of transfection was 

validated using western blotting and RT-qPCR for either TrxR1 or bcr-abl. 

 

2.2.3 MTT Proliferation Assay  

CML cells were transferred into a clear-walled 96 well plate in triplicate at a density of 30,000 

cells/100µl. Cells were then treated with increasing concentrations of the appropriate compound or 

drug for 24 or 48hrs. Media was used as a blank. Following treatment, 10µl of 5mg/ml MTT reagent 

was added per well and the plate was incubated for 2 hours at 37°C. Following this, 25µl of SDS/HCl 

(table 2.4) was added to each well and left overnight. The plate was read the next day using the 

FLUOstar Omega plate reader (BMG LabTech, Ortenberg, Germany) with an absorbance of 570nM. 

Graphpad Prism was used to calculate IC50 values when required. This was performed by using the 

“[inhibitor] vs. response – variable slope” function. 

 

2.2.4 Caspase-3 Activity Assay (Cox et al., 2008) 

CML cells were transferred to a 24-well plate (1x106 cells/well) and treated with the appropriate drug 

or compound. This plate was then incubated for 24 hours at 37°C. After this time cells were washed 

with 1X PBS once and resuspended in 15µl of 1x PBS. This cell suspension was then transferred to a 

black-walled, clear bottomed 96 well plate and 85µl of caspase-3 buffer (table 2.4) was added. The 

plate was then immediately shaken for 1 minute in the FLUOstar Omega plate reader and was then 

incubated in this plate reader for 15 minutes at 37°C. Fluorescence was then measured at an excitation 

wavelength of 370nm and an emission wavelength of 445nm. 

 

2.2.5 Preparation of Whole Cell Lysates 

Preparation of cell lysates was required for several experiments, including TrxR1 activity assays, ROS 

level assays and western blots. Following the appropriate treatment/incubation cells were washed 

once with 1x PBS and then were resuspended in a suitable volume of NP-40 lysis buffer (table 2.4). 

Cell lysates were then kept on ice for 20 minutes. After this, the lysates were centrifuged at 16,162 X 

g at 4°C for 5 minutes. The supernatant was then removed and transferred to a fresh Eppendorf tube 

and stored at -20°C and the pellet was discarded. 
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2.2.6 Protein Estimation  

Protein estimation was required for experiments such as TrxR1 activity assays and ROS level assays in 

order to determine relative values between treated and untreated samples. Whole cell lysates were 

diluted by 1/20 and 10µl of this dilution was transferred to a clear 96 well plate in triplicate. Bovine 

serum albumin (BSA) was used as a standard, and concentrations of this protein were made up by 

serially diluting a 10mg/ml stock to 2, 1, 0.5, 0.25, 0.125mg/ml concentrations. Then, 10µl of each of 

these concentrations were added to the 96 well plate in triplicate and water was used as both a blank 

and as the 0mg/ml concentration. The protein concentration of all samples in the plate was then 

measured using the BioRad DC protein assay kit (BioRad, CA, USA). Briefly, 20µl of reagent S was added 

to 1ml of reagent A and mixed thoroughly, then 25µl of this solution was added to each well. Finally, 

200µl of reagent B was then added to each well via a multichannel pipette. The plate was immediately 

mixed for 5 minutes in the FLUOstar Omega plate reader and then incubated at room temperature in 

the dark for a further 10 minutes. Absorbance was then measured using the FLUOstar Omega plate 

reader at a wavelength of 750nm. The protein concentration of the unknown samples was determined 

by creating a standard curve of the BSA standards, which was done using the BMG LabTech MARS data 

analysis software.  

 

2.2.7 Thioredoxin Reductase Activity Assay (Smith and Levander, 2002) 

CML cells were transferred to a 6-well plate (1x106 cells/well) and then treated with the appropriate 

concentrations of the testing compound. This plate was then incubated at 37°C between 24 and 72 

hours in either normoxia or hypoxia. After the incubation period, cells were washed with 1X PBS and 

lysed with 45µl of NP-40 lysis buffer and cell lysis was carried out as described in 2.2.5. Following this, 

15µl of the cell lysates were transferred to a clear 96 well plate in duplicate and the remaining lysate 

was used for protein estimation (2.2.6). 15µl of NP-40 lysis buffer was also transferred to the 96 well 

plate and used as a blank. Then 25µl of sample buffer (table 2.4) was added to each well. Following 

this, 200µl of assay buffer was added to each well and then the plate was immediately placed in the 

SpectraMax M3 plate reader (Molecular Devices, CA, USA) and the absorbance at 412nm was read 

every 30 seconds for 10 minutes. This was used to find the Vmax, which was then substituted into the 

equation: 

U

ml
=

Vmax

1000
×

1

0.0272
×

1

0.7325
×

0.24

1000
×

1000

15
 

0.0272 = Ɛ for DTNB  

0.7325 = path length (specific for a volume of 240 µL)  
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0.24/1000 = total volume assayed (in L) 

15 = volume of enzyme (in µL)  

This value was then normalised with the protein concentration of the sample, using the following 

equation: 

Specific TrxR1 activity (U/mg) = (U/ml)/(mg/ml) 

 

2.2.8 Reactive Oxygen Species Level Assay (Rushworth et al., 2008) 

CML cells were transferred to a 24 well plate (1x106 cells/well) and treated with either 0, 1, 2 or 4µM 

of auranofin. The plate was then incubated for 24 hours at 37°C in normoxia. After this time 5µM 

H2DCFDA was added to each well and the plate was incubated for 30 minutes at 37°C. Then cells were 

lysed in 300µl of NP-40 lysis buffer and whole cell lysates were prepared as described in 2.2.5. Then, 

100µl of cell lysate was transferred to a black-walled clear-bottomed 96 well plate in triplicate and 

NP-40 lysis buffer was used as a blank. The plate was then read in the FLUOstar Omega plate reader 

with a fluorescence excitation wavelength of 495nm and emission wavelength of 515nm. Protein 

estimation of these samples was also carried out as described in 2.2.6 and this was used to determine 

the relative ROS levels per mg of protein in each sample. 

 

2.2.9 RT-qPCR 

2.2.9.1 mRNA Extraction 

CML cells were treated with appropriate drugs or compounds in a 24 well plate (0.5x106 cells/well) 

and incubated for 24 hours in either normoxia or hypoxia. After this time cells were washed with 1x 

PBS. The cell pellet was then resuspended in 500µl of TRIsureTM reagent (Bioline, NSW, Australia) and 

80µl of chloroform. This solution was mixed by inversion for 1 minute and incubated at room 

temperature for 3 minutes. Following this, samples were centrifuged at 12,000 X g for 15 minutes at 

4°C. The upper aqueous layer was carefully extracted and transferred to a fresh Eppendorf tube.  

Then, 500µl of ice-cold isopropanol was added to the extracted aqueous layer and left to incubate at 

room temperature for 10 minutes. After this time, the samples were centrifuged at 12,000 X g for 10 

minutes at 4°C. The supernatant was then removed, and the pellet was resuspended in 1ml of ice-cold 

70% ethanol. This solution was then centrifuged at 8,000 X g for 5 minutes at 4°C. All ethanol was 

removed from each sample by pipetting and air drying. After this process, the pellets were 

resuspended in 15µl of PCR grade water. RNA concentration was measured by using the Nanodrop 

ND-1000 (Biolab, Australia). The RNA samples were either used immediately or stored at -80°C. 
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2.2.9.2 cDNA Synthesis 

The mRNA prepared in 2.2.9.1 was used to create cDNA for RT-qPCR analysis using the GoScript™ 

Reverse Transcriptase (Promega, WI, USA). RNA (500ng) was combined with 2µl of GoScript™ buffer 

and 1µl of reverse transcriptase enzyme. This solution was then made up to 20µl with PCR grade 

water. The reaction parameters used to convert the mRNA to cDNA were as follows: 

  Annealing: 25°C for 5 minutes 

  Reverse transcriptase: 42°C for 60 minutes 

  Final inactivation: 70°C for 15 minutes 

The cDNA was then either immediately used or stored at -20°C. 

 

2.2.9.3 RT-qPCR 

Each RT-qPCR reaction was made up of approximately 1µg of cDNA, 10µl of SensiFASTTM No-Rox Mix 

(Bioline, NSW, Australia), 200nM of both forward and reverse primers (table 2.1) and was made up to 

20µl with PCR grade water. 10µl of each reaction mix was then transferred to a clear 96 well PCR plate 

in duplicate. RT-qPCR was performed using the BioRad CFX ConnectTM Real-Time PCR Detection 

System. The reaction conditions were as follows: 95°C for 2 minutes, then 40 cycles of 95°C for 10 

seconds, 60°C for 15 seconds and lastly 72°C for 20 seconds. Gene expression was analysed by using 

the Bio-Rad CFXTM Manager and relative gene expression was determined by using the ΔΔCq method 

(Livak and Schmittgen, 2001). cDNA expression levels were normalised against the expression level of 

ribosomal protein L32 (RPL32).  It was determined that RPL32 was the most suitable normaliser for 

this study (Lafleur et al., 2005). It was previously observed in our lab that the expression of many other 

commonly used housekeeper genes was altered in varying oxygen conditions, such as hypoxia, 

whereas RPL32 expression remained consistent under these conditions. Primer specificity was verified 

by performing melt curves during each RT-qPCR run. Furthermore, upon purchase of primers, their 

RT-qPCR products were run on an agarose gel to confirm they were of the expected size 
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2.2.10 Western Blotting 

2.2.10.1 SDS-PAGE  

In order to run an SDS-PAGE analysis on whole cell lysates, firstly an acrylamide gel was made. A 4% 

stacking gel and 8% or 10% resolving gels were used depending on the size of the protein to be 

analysed. The contents of each of these gels are listed in table 2.5. After the gel was prepared, 80µg 

of protein was mixed with 5x SDS(+) buffer (table 2.4) and boiled for 2 minutes. The pre-stained 

molecular weight markers (BioRad, CA, USA) were also boiled for 2 minutes. The samples and markers 

were then loaded onto the gel. The gel was run in SDS-PAGE Tris-Glycine running buffer (table 2.4) for 

approximately 45 minutes at 200V. 

Table 2.5. Components of Gels Used in Western Blotting 

Reagent 10% Resolving 

Gel 

12% Resolving 

Gel 

15% Resolving 

Gel 

4% Stacking Gel 

40% Acrylamide 1.3% 

Bis 

2.5ml 3ml 3.75ml 0.25ml 

0.75M Tris pH 8.8 5ml 5ml 5ml - 

0.5M Tris-Cl pH 6.8 - - - 0.6ml 

Water 2.35ml 1.85ml 1.1ml 1.6ml 

10% SDS 0.1ml 0.1ml 0.1ml 25µl 

DMAPN 12.5µl 12.5µl 12.5µl 15µl 

30% Ammonium 

Persulphate 

37.5µl 37.5µl 37.5µl 8µl 

 

2.2.10.2 Western Blotting 

Following SDS-PAGE electrophoresis, the gel was removed from the glass plates and the stacking gel 

was separated from the resolving gel. The gel was then placed in ice-cold transfer buffer (table 2.4) 

for 15 minutes. During this time two pieces of filter paper and two fibre pads were soaked in transfer 

buffer. A piece of PVDF membrane was placed in methanol for 15 seconds, then transferred to water 

for two minutes, finally, the membrane was placed in ice-cold transfer buffer for 5 minutes. Following 

this preparation, the sandwich was set up as follows: white plastic apparatus, fibre pad, filter paper, 

membrane, gel, filter paper, fibre pad, black plastic apparatus. The sandwich was then placed into the 

chamber which was filled with ice-cold transfer buffer and contained a magnetic stirrer and an ice 

brick. The reaction was run at 100V for 1 hour. 
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When the transfer was finished the PVDF membrane was transferred into 5% blotto solution (table 

2.4) for 20 minutes at room temperature. Following this, the membrane was transferred to 5% BSA 

solution (table 2.4) which also contained the primary antibody. The membrane was left in this solution 

overnight at 4°C. The following day the membrane was washed three times with TBST (table 2.4) for 

5 minutes. The membrane was then transferred to 5% blotto solution containing the secondary 

antibody for 90 minutes. Following this, the membrane was again washed three times with TBST for 5 

minutes. 

All western blots were developed using the ECLTM Western Blotting Analysis System kit (GE 

Healthcare). Equal volumes of detection reagent 1 and detection reagent 2 were mixed and applied 

to the membrane so that it was completely covered. The membrane was then incubated at room 

temperature for 20 seconds. The FujiFilm LAS300 was used to visualise the blots and Image Gauge 

software was used to calculate densitometry (FujiFilm, Tokyo, Japan). 

2.2.11 RNA Immunoprecipitation 

K562 cells were cultured in a T175cm2 flask in normoxia until they reached a required density. Cells 

were then collected and resuspended at a density of 3x107cells/5ml in RPMI-1640 media containing 

1% formaldehyde and incubated at room temperature on a rocking device for 10 minutes to crosslink 

the mRNA to ribosomal proteins. The crosslinking reaction was quenched by adding 125mM of glycine 

and incubating for 5 minutes at room temperature. Following this, cells were centrifuged at 2000 x g 

for 5 minutes at 4°C. The supernatant was discarded, and cells were washed twice with ice-cold 1x 

PBS. Cells were resuspended in 2mL of ice-cold polysome lysis buffer (150 mM KCl, 25 mM Tris-HCl 

(pH 7.4), 5 mM EDTA, 0.5% NP-40, 0.5 mM DTT, with 100 U/ml RNAase inhibitor and 1× protease 

inhibitor cocktail) and incubated on ice for 30 minutes.  

The cell lysate was then centrifuged at 14,000 x g for 10 minutes at 4°C and the supernatant was 

retained. 50µl of cell lysate was aliquoted and stored at -20°C to use as a control for western blotting. 

The remaining cell lysate was split into two aliquots of 950µl, then the recommended concentration 

of either RPS6 antibody or the IgG control antibody were added to each lysate and incubated overnight 

at 4°C with rotation. Following this, 100µl of protein A/G agarose beads (Santa Cruz Biotechnology, 

TX, USA) were washed three times in ice cold NT2 buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 

mM MgCls, 0.05% NP-40, with 1× protease inhibitor cocktail). 50µl of beads resuspended in NT2 buffer 

were added to each sample and incubated at 4°C overnight with rotation. Each of the samples were 

centrifuged at 12,000 x g for 1 minute and the supernatant was discarded. Samples were then washed 

6 times in ice cold NT2 buffer.  
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Following this, samples were resuspended in 90µl of NT2 buffer, 30µl was used for RT-qPCR as 

described previously (2.2.9) using the following primers: RPS24 forward: TCG GGA AAA ACT AGC CAA 

AA, RPS24 reverse: AAA TCA TGC CAA AGC CAG TT; RPS29 forward: TCT CGC TCT TGT CGT GTC TG, 

RPS29 reverse: CCG ATA TCC TTC GCG TAC TG; β-actin forward: GCC AAT AAG CCC ACC TAC T, β-actin 

reverse: TCC TTT GTC TTC CAC GAG C; bcr-abl forward: CAT TCC GCT GAC CAT CAA TAA G, bcr-abl 

reverse: GAT GCT ACT GGC CGC TGA AG. RPS6 gene expression was made relative to the gene 

expression of the IgG control. The remaining 60µl was used for western blotting, following the method 

previously described (2.2.10) using antibodies for either RPS6 or IgG. 

2.2.12 MRP4 Activity Assay 

This assay was designed to detect the efflux of calcein-AM out of cells by MRP4 specifically. This assay 

was developed using protocols such as those outlined by Olson et al. (2001); (Molinas et al., 2012) and 

(Molinas et al., 2012), but adapted to MRP4 specifically, and made suitable to be read in a microplate 

reader. K562, KU812 and KCL22 CML cells were seeded into a 24 well plate (0.5x106 cells/well) and 

treated with or without the specific MRP4 inhibitor, ceefourin 2 (CF2). Cells were also treated with or 

without the appropriate test compound. The CML cells were then incubated for 24 or 48hrs, 

depending on the rate of action of the test compound. Following this, 10µl of cell suspension was 

removed for counting using the Trypan Blue cell viability assay as described in section 2.2.1.1. CML 

cells were then incubated with 0.25µM of calcein-AM for 30 minutes at 37°C. After this time cells were 

washed once in ice-cold 1x PBS to stop the continued exportation of calcein-AM out of the cells. The 

cells were then resuspended in 200µl of 1x PBS and transferred to a black-walled 96 well plate, and 1x 

PBS was used as a blank. The plate was then read at an excitation wavelength of 488nm and an 

emission wavelength of 520nm in the Fluostar Omega plate reader.  

 

The MRP4 assay used in this project was a calcein-AM based assay. Calcein-AM is a compound that is 

taken up by living cell. Inside the cell the acetoxymethyl (AM) group is hydrolysed by esterases, this 

results in the calcein molecule on its own, which fluoresces at an emission wavelength of 515nm. In 

normal cells the fluorescent calcein molecule is exported out of the cell by various ion exchange 

transporters, such as MDR1 and MRP4. This assay reads the calcein level remaining in the cell, 

therefore, a higher level of calcein would imply that the transporter being examined is inhibited. Since 

calcein is exported by a large array of ion exchange transporters, this assay was made MRP4 specific 

by inhibiting total MRP4 activity by using the highly specific MRP4 inhibitor, CF2. To calculate the 

specific MRP4 calcein retention, the level of calcein in cell not treated with CF2 was subtracted from 
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those that were treated with CF2. This value was denoted as ΔC-AM, and this formula is detailed 

below: 

∆C-AM = CF2 Treated −  CF2 Untreated 

Then, in order to find the effect of the test compound on MRP4 activity the ΔC-AM of the test 

compound was divided by the ΔC-AM of the control, as shown below: 

%∆C-AM =  
∆C-AMTest Compound

∆C-AMControl
× 100% 

2.2.13 Bioinformatics 

RNAseq data was found and download from the Gene Expression Omnibus (GEO) in .txt format. 

Datasets were then imported into Microsoft Excel and appropriately sorted and organised. Excel 

formulas were used to calculate the average of each group and T-test and Z score between different 

groups within the dataset. Relative fold change was then calculated using the formula: 

Fold change = 2^-(Variableaverage - Controlaverage). 

The Log2 of these values were determined. In some instances, datasets had already calculated Reads 

Per Kilobase of transcript per Million mapped reads (RPKM), and these values were graphed directly. 

Genes of interest were then isolated, and their fold change values were used to display the data in 

Graphpad Prism 8 (with the control samples set to an artificial 0).  

2.2.14 Statistical Analysis  

All data seen in this report was analysed for statistical significance using GraphPad Prism 7 software. 

Majority of experiments resulted in data with only one variable, and in this case, data was analysed 

using a one-way ANOVA. This was followed up by using Dunnet’s multiple comparisons test to 

compare the differing variables with the control value. In cases of two or more variables, a two-way 

ANOVA was used and was also paired with a Dunnet’s multiple comparisons test. In both cases, P < 

0.05 was considered significant. All graphs are displayed as the mean of all biological repeats, and the 

error bars show the standard error (SEM). 
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3.1 Abstract 

Chronic myeloid leukaemia (CML) is currently treated with inhibitors of the CML specific oncoprotein, 

bcr-abl. While this strategy is initially successful, drug resistance can become a problem. Therefore, 

new targets need to be identified to ensure the disease can be appropriately managed. The 

thioredoxin (Trx) system, comprised of Trx, thioredoxin reductase (TrxR) and NADPH, is an antioxidant 

system previously identified as a target for therapies aimed at overcoming drug resistance in other 

cancers. We assessed the effectiveness of TrxR inhibitors on drug resistant CML cells and examined 

links between TrxR and the bcr-abl cell-signalling pathway. Two TrxR inhibitors, auranofin and 

[Au(d2pype)2]Cl, increased intracellular ROS levels and elicited apoptosis in both sensitive and 

imatinib resistant CML cells. Inhibition of TrxR activity by these pharmacological inhibitors, or by 

specific siRNA, also resulted in decreased bcr-abl mRNA and protein levels, and lower bcr-abl 

downstream signalling activity, potentially enhancing the effectiveness of TrxR inhibitors as CML 

therapies. In addition, imatinib resistant CML cell lines showed upregulated expression of the Trx 

system. Furthermore, analysis of datasets showed that CML patients who did not respond to imatinib 

had higher Trx mRNA levels than patients who responded to treatment. Our study demonstrates a link 

between the Trx system and the bcr-abl protein and highlights the therapeutic potential of targeting 

the Trx system to improve CML patients’ outcomes. 

3.2 Introduction 

Chronic myeloid leukaemia (CML) is a myeloproliferative disorder caused by a fusion oncoprotein 

known as bcr-abl. The bcr-abl fusion arises from a reciprocal chromosomal translocation between 

chromosomes 9 and 22, which results in a truncated chromosome 22 known as the Philadelphia 

chromosome. Bcr-abl is a constitutively active non-receptor tyrosine kinase with the ability to over-

activate various cell survival pathways such as the AKT and JAK/STAT pathways (Apperley, 2007). There 

is evidence that the transcription of the bcr-abl gene is controlled via the MYC pathway (Mahon et al., 

2003b; Sharma et al., 2015). Studies have also shown that the MYC oncogene is upregulated in CML, 

which potentially could lead to the increased aggression of the disease, and lack of response to 

treatment (Albajar et al., 2011; Gomez-Casares et al., 2013). 

Currently, the vast majority of CML therapies are tyrosine kinase inhibitors (TKIs) that target bcr-abl. 

While these therapies are effective in the chronic phase of the disease, the final and most severe stage 

of this disease, blast crisis, is still untreatable with chemotherapy (Radich, 2007; Saussele and Silver, 

2015). Furthermore, drug resistance is becoming a major issue in the treatment of CML. Since most 

CML treatments are bcr-abl specific, this results in high levels of acquired drug resistance, due 



   
  Chapter 3 

Page | 58  
 
 

primarily to mutations within bcr-abl (Gorre et al., 2001; Apperley, 2015; Geelen et al., 2017). Some 

mutations, such as the T315I mutation, significantly reduce the efficacy of TKIs, including imatinib, the 

primary CML treatment.  Chahardouli et al. (2013) found that this mutation alone was present in 7% 

of CML patients examined in their studies, meaning that this entire sub section of patients would be 

highly resistant to imatinib. In addition, there are many other bcr-abl mutations that result in TKI 

resistance (Nicolini et al., 2006). To overcome this resistance, bcr-abl independent treatments must 

be established. 

The thioredoxin (Trx) system is currently being studied as a novel target in overcoming drug resistance 

in other cancers, such as multiple myeloma and breast cancer (Marzano et al., 2007; Rackham et al., 

2011; Pessetto et al., 2013; Raninga et al., 2016a; Hwang-Bo et al., 2017; Stafford et al., 2018; Sze et 

al., 2020). The Trx system is an antioxidant system that is involved in maintaining low levels of reactive 

oxygen species (ROS), as well as activating various cell survival pathways, such as the NF-κB and the 

hypoxia inducible factor 1 (HIF1) pathways. Upregulation of both these pathways have previously been 

associated with poor prognosis in other cancers (Jost and Ruland, 2007; Soni and Padwad, 2017). 

Components of the Trx system (Trx1 and thioredoxin reductase 1 (TrxR1)) are highly expressed in 

various cancers including blood cancers such as multiple myeloma (Raninga et al., 2016a) and 

lymphoma (Evens et al., 2008). This gives these cancers a survival advantage, but also presents a novel 

target in overcoming drug resistance. The transcription of the Trx is controlled by, Nrf2, which binds 

to the promoter of Trx related genes during periods of oxidative stress and induces their transcription. 

The main regulatory mechanism of Nrf2 is the inhibitory KEAP1/CUL3 complex. Under reducing 

conditions, this complex binds to a domain of Nrf2 known as Neh2, which signals for the ubiquitination 

and thus degradation of Nrf2. However, when cells undergo oxidative stress, the KEAP1/Cul3 complex 

is oxidized, causing it to disassociate from Nrf2 (Fukutomi et al., 2014). This allows Nrf2 to function in 

inducing the transcription of genes associated with the oxidative stress response (Kensler et al., 2007; 

Ma, 2013). The activity of Nrf2 can be induced by the compound tert-butylhydroquinone (TBHQ), 

which increases the expression and activity of this protein (Boss et al., 2018). TBHQ is thought to 

function by binding to the KEAP1 protein and preventing it from forming the KEAP1/Cul3 complex, 

and therefore, preventing the degradation of Nrf2 (Nguyen et al., 2003; Li et al., 2005; Wang et al., 

2008; Yan et al., 2010). Conversely, the Trx system is also mediated by thioredoxin interacting protein 

(TXNIP), which is able to directly bind to the active site of Trx and prevent its function, thereby 

decreasing the survival advantage provided by the Trx system (Patwari et al., 2006). Therefore, this 

gene is considered to be a tumour suppressor and high levels of TXNIP expression are associated with 

a positive prognosis (Morrison et al., 2014; Zhang et al., 2017b).  
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Inhibitors of the Trx system are currently being investigated as novel agents in cancer treatment 

(Zhang et al., 2017a; Stafford et al., 2018; Bian et al., 2019). Specifically, these compounds target the 

activity of TrxR. Many TrxR inhibitors are transition metal based, with the most commonly used metal 

being gold (Rackham et al., 2007; Casini et al., 2008; Prast-Nielsen et al., 2010). The transition metal 

ion is able to bind to the selenocysteine residues in the active site of the TrxR protein, which therefore 

prevents its function (Rigobello et al., 2004; Rigobello et al., 2005). A commonly used TrxR inhibitor is 

the FDA approved anti-rheumatic gold-based compound auranofin. It has been demonstrated that the 

gold atom in auranofin is able to directly bind to the selenium residue in the active site of TrxR 

(Parsonage et al., 2016; Pickering et al., 2020). Auranofin has been shown to have anti-cancer 

properties in breast and ovarian cancers (Park et al., 2014; Hatem et al., 2018), and is currently in 

clinical trials for lung cancer (NCT01737502) and ovarian cancer (NCT03456700). However, more 

specific TrxR inhibitors are also in development; a notable example is [Au(d2pype)2]Cl (Rackham et 

al., 2007), which will also be used in this study. This TrxR inhibitor has been shown to be effective in 

inducing cell death in breast cancer (Rackham et al., 2007) and multiple myeloma (Sze et al., 2020) 

cells. This study aims to investigate TrxR as a possible therapeutic target by assessing the effectiveness 

of TrxR inhibitors on CML cells and on overcoming TKI resistance, as well as studying a potential cross 

talk between bcr-abl and the Trx system. This study identifies a link between these two systems, and 

this may have strong implications for CML treatment. 

3.3 Results 

3.3.1 Auranofin and [Au(d2pype)2]Cl Induce Apoptosis in CML Cells 

To measure the effect of the TrxR inhibitors, auranofin and [Au(d2pype)2]Cl, on cell growth, MTT 

proliferation assays were performed on K562 and KU812 CML cells following 24hrs and 48hrs 

treatment. MTT results shown in figure 3.1 A-D demonstrate that both TrxR inhibitors were able to 

elicit a significant degree of cell death in both cell lines. Auranofin shows similar effectiveness after 

both 24hrs and 48hrs treatment. However, there is a notable increase in the effectiveness of 

[Au(d2pype)2]Cl after 48hrs compared to 24hrs of treatment. Both TrxR inhibitors have an IC50 in K562 

and KU812 CML cell lines in the low micromolar range after 48hrs. In addition, treatment with 4µM 

auranofin for 24hrs induced a 3-fold increase in caspase-3 activity in K562 cells, and a two-fold increase 

in KU812 cells (Fig. 3.1E, F). In K562 cells [Au(d2pype)2]Cl was only able to significantly increase 

caspase-3 activity at 8µM, resulting in an approximate 2.5-fold increase. However, in KU812 cells 4µM 

of [Au(d2pype)2]Cl resulted in a 4-fold increase in caspase-3 activity. These assays showed that both 

auranofin and [Au(d2pype)2]Cl were able to significantly increase caspase-3 activity compared to the 
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untreated control. Moreover, both compounds induced the cleavage of poly [ADP-ribose] polymerase 

1 (PARP-1), a classical marker of apoptosis (Fig. 3.1G, H). These results suggest that both auranofin 

and [Au(d2pype)2]Cl cause cell death via apoptosis in both CML cell lines. 

3.3.2 Lowered TrxR Activity Via Auranofin and [Au(d2pype)2]Cl Results in Increased 

ROS 

TrxR activity assays were used to confirm that both auranofin and [Au(d2pype)2]Cl were able to 

significantly inhibit TrxR activity after 24hrs treatment in K562 (Fig. 3.2A) and KU812 cells (Fig. 3.2B). 

To assess how this inhibition of TrxR activity affected the intracellular ROS levels, the oxidative stress 

sensitive compound H2DCFDA was used. CML cells were treated with auranofin or [Au(d2pype)2]Cl for 

24hrs and ROS levels were measured. Both compounds induced a significantly higher level of ROS in 

both cell lines compared to untreated cells, although in the KU812 cell line auranofin was more 

effective at increasing ROS compared to [Au(d2pype)2]Cl (Fig. 3.2C, D). To assess the impact of the 

cellular redox state on cell growth, cells were also treated with buthionine sulphoximine (BSO), which 

inhibits the synthesis of glutathione, the other major cellular antioxidant. A concentration of 30µM 

BSO does not elicit any quantifiable cell death in either cell line. Cells were then co-treated with 30 

µM BSO either with auranofin or [Au(d2pype)2]Cl, and in both cases cells underwent significantly more 

cell death than those treated solely with TrxR inhibitors (Fig 3.2E-H). The KU812 cells were more 

sensitive to the BSO/TrxR inhibitor combination compared to the K562 cells. Furthermore, the BSO 

and [Au(d2pype)2]Cl combination was slightly more effective than BSO and auranofin. 
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Figure 3.1: TrxR Inhibitors Reduce Cell Growth and Elicit Apoptosis in CML Cells. A-D: K562 and 
KU812 cells were treated with auranofin (A,B) and [Au(d2pype)2]Cl (C,D) respectively for 24 and 
48hrs. Cell growth was then measured using the MTT proliferation assay. E,F: K562 and KU812 
respectively were treated with auranofin or [Au(d2pype)2]Cl for 24hrs then caspase-3 activity was 
measured, using an Ac-DEVD-AMC based fluorogenic assay. G,H: Both cell lines were treated with 
4µM of either Auranofin or [Au(d2pype)2]Cl for 24hrs. Western blotting was performed using an 
antibody specific to cleaved 89kDa PARP-1 (C-PARP). Β-Tubulin was used as a loading control. MTT 
results were analysed via two-way ANOVA with Dunnett’s post hoc test. Caspase-3 activity was 
analysed with multiple T-tests. Statistical tests compared data from the treated and untreated 
cells. *= P<0.05, #=P<0.001. ##=P<0.0001. N=3. Values displayed as mean±SEM. 
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Figure 3.2: TrxR Inhibitors Decrease TrxR Activity and Induce Higher ROS Levels. A,B: K562 and 
KU812 CML cells respectively were treated with either auranofin or [Au(d2pype)2]Cl for 24hrs. TrxR 
activity was then measured using a DTNB based colourimetric assay and activity was made relative 
to total protein. C,D: K562 and KU812 CML cells respectively were treated with either auranofin or 
[Au(d2pype)2]Cl for 24hrs. ROS levels were then measured using a H2DCFDA fluorogenic assay. 
Results were made relative to total cell number. E-H: Both cell lines were treated with auranofin or 
[Au(d2pype)2]Cl and with or without BSO for 24hrs, following this an MTT proliferation assay was 
performed.  Results were analysed with multiple T-tests. In figures A-D statistical tests compared 
results of untreated and treated cells. In figures E-H statistical tests compared cells treated with or 
without BSO. *= P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as 
mean±SEM. 
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3.3.3 Bcr-abl Expression is Linked to Activity of the Trx System 

To investigate the effect of TrxR inhibition on the bcr-abl pathway, the mRNA expression of bcr-abl 

and MYC, which is involved in the transcription of the bcr-abl gene, were measured using RT-qPCR. In 

K562 cells (Fig. 3.3A) treatment with both auranofin and [Au(d2pype)2]Cl significantly reduced the 

mRNA expression of both bcr-abl and MYC. However, in KU812 cells (Fig. 3.3B), while auranofin was 

able to significantly decrease bcr-abl and MYC mRNA expression, [Au(d2pype)2]Cl had only a minimal 

effect on the mRNA expression of both genes. Western blotting of bcr-abl and MYC following 

auranofin and [Au(d2pype)2]Cl treatment was also performed. As seen in figure 3.3C and D, auranofin 

and [Au(d2pype)2]Cl treatment markedly decreased both bcr-abl and MYC protein levels after 24hrs 

in both cell lines. In both cell lines it appears that [Au(d2pype)2]Cl is more effective in decreasing bcr-

abl and MYC protein levels compared to auranofin.  

Overall, these results imply that the downregulation of the TrxR system via auranofin and 

[Au(d2pype)2]Cl results in decreased expression of bcr-abl and MYC. To confirm bcr-abl pathway 

inhibition, the phosphorylation level of AKT1, a prominent downstream target of bcr-abl, was assessed 

using western blotting. As seen in figures 3E and F, the levels of phosphorylated AKT1 (p-AKT1) are 

decreased in CML cells treated with both compounds, compared to the untreated control. These 

results indicate that treatment with either auranofin or [Au(d2pype)2]Cl inhibits bcr-abl regulated 

pathways in CML cells.  

3.3.4 Knockdown of TrxR1 in CML cells Results in the Decreased Expression of Bcr-

abl 

To confirm the results observed using chemical inhibitors of TrxR, TrxR1 was knocked down using 

TrxR1 specific siRNA molecules. Cell viability was measured 24hrs after transfection (Fig. 3.4A). 

Knockdown of TrxR1 resulted in a significant decrease in cell viability when compared to the scrambled 

siRNA control. This implies that TrxR1 is required for the survival of the CML cells. RT-qPCR was then 

performed to confirm successful knockdown of TrxR1, as well as to assess bcr-abl and MYC mRNA 

levels to examine the effect of the TrxR1 knockdown on this pathway. As shown in Fig. 3.4B the mRNA 

expression levels of all three genes were significantly decreased in the TrxR1 knocked down samples 

compared to the control. This result shows that it is likely that the decrease in TrxR1 expression leads 

to a decrease in the bcr-abl/MYC pathways, which corroborates the results observed with auranofin 

and [Au(d2pype)2]Cl. Western blotting experiments confirmed that TrxR1, bcr-abl and MYC protein 

levels were also considerably reduced (Fig 3.4C), providing further evidence that TrxR1 knockdown 

downregulates the bcr-abl pathway.  
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Figure 3.3: TrxR Inhibitors Reduce mRNA and Protein Expression of the Bcr-abl pathway. A,B: 
K562 and KU812 CML cells respectively were treated with 4µM of either auranofin or 
[Au(d2pype)2]Cl for 24hrs. RT-qPCR was then used to measure the mRNA expression levels of bcr-
abl and MYC. RPL32 was used as a normaliser C,D: K562 and KU812 CML cells respectively were 
treated with 4µM of either auranofin or  [Au(d2pype)2]Cl for 24hrs. Western blotting was then 
used to measure bcr-abl and MYC protein levels. E,F: K562 and KU812 CML cells respectively were 
treated with either 4µM of auranofin or 8µM [Au(d2pype)2]Cl in the K562 cells and 4µM of the 
inhibitors in the KU812 cells for 24hrs. Western blotting was then used to measure p-AKT1 and 
AKT1 levels. Vinculin and Β-tubulin was used as loading controls for western blots. RT-qPCR results 
were analysed with multiple T-tests. Statistical tests compared results of the treated and 
untreated cells. *= P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as 
mean±SEM. 
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3.3.5 Imatinib Resistant CML Cells have Upregulated Levels of the Trx System 

Imatinib resistant variants (K562R and KU812R) of the K562 and KU812 cell lines respectively, were 

developed by treating cells with increasing concentrations of imatinib over an extended period of 

time. The mRNA expression levels of the Trx system members (trx1 and TrxR1) and regulators (Nrf2 

and TXNIP) in imatinib resistant and sensitive CML cells were measured using RT-qPCR. A significantly 

increased level of Nrf2 and TrxR1 mRNA expression in the K562R cells compared to the K562 cells was 

observed (Fig. 3.5A). There is also an increase in the mRNA expression of Trx1, as it is over two times 

more highly expressed in the imatinib resistant cells compared to the sensitive parental cell line. 

Furthermore, there is a decrease in the mRNA expression of TXNIP in the resistant K562 cells, 

compared to the sensitive cells. The KU812 and KU812R RT-qPCR results are shown in Figure 3.5B. A 

significant increase in the mRNA expression level of Nrf2, Trx1 and TrxR1 and a significant decrease in 

Figure 3.4: TrxR1 Knockdown Reduces Bcr-abl and MYC mRNA and Protein Expression. K562 cells 
were transfected with TrxR1 specific siRNA and a scrambled siRNA control. A: Cell viability was then 
measured after 24hrs. B: RT-qPCR was performed 24hrs after transfection to measure the mRNA 
expression levels of TrxR1, bcr-abl and MYC. RPL32 was used as a normaliser C: Western blotting 
was performed 48hrs after transfection and was used to measure the protein levels of TrxR1, bcr-
abl and MYC. Β-tubulin was used as a loading control for western blots. A representative of 3 blots 
is shown. RT-qPCR and cell viability results were analysed with multiple T-tests. Statistical tests 
compared results of the TrxR1 knocked down cells and the scrambled siRNA control. *= P<0.05, **= 
P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as mean±SEM. 
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the mRNA expression levels of TXNIP were observed, consistent with an overall upregulation of the 

Trx system in the imatinib resistant CML cells compared to the parental cell lines. 

The protein levels of Trx1 in the K562 and K562R cell lines were measured using western blotting. In 

both cell lines there is visibly more Trx1 in the resistant variant compared to the sensitive cells (Fig. 

3.5C, D). Therefore both the mRNA and protein expression results show that there is an increase in 

the level of the Trx system in the K562R and KU812R cell lines compared to the parental cell lines, 

which may be one of the causes of their increased resistance to TKIs. Bioinformatics analysis of CML 

patient data was then performed using the GSE2535 database, which contains RNAseq data of CML 

patients who responded to imatinib and those who did not. Our analysis compared the expression 

levels of Trx1 and TXNIP between these two groups (Fig 3.5E, F). A significant increase in the mRNA 

expression levels of Trx1 and a significantly decreased level of TXNIP in the imatinib non-responders 

was observed, which together with the above results further links the Trx system as a contributing 

factor to the ineffectiveness of imatinib in resistant cells. 
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Figure 3.5: Imatinib Resistant CML cells have Upregulated mRNA and Protein Expression of the 
Trx System. A,B: mRNA expression levels of Nrf2, Trx1, TrxR1, and TXNIP were measured using RT-
qPCR in sensitive and Resistant K562 and KU812 CML cells respectively, with the sensitive cells 
being used as a control. RPL32 was used as a normaliser. C,D: Protein levels of Trx1 were measured 
in sensitive and resistant K562 and KU812 CML cells respectively. B-tubulin was used as a loading 
control. E,F: Database analysis of the mRNA expression levels of Trx1 and TXNIP respectively were 
compared against samples from CML patients who showed a response to imatinib and those that 
did not (GSE2535). RT-qPCR results were analysed via two-way ANOVAs with Dunnett’s post hoc 
test. Database analysis results were analysed via an unpaired T-test. Statistical tests compared 
results between the sensitive and resistant cell lines. *= P<0.05, **= P<0.01, #=P<0.001, 
##=P<0.0001. N=3 for RT-qPCR and western blotting, N=16 for bioinformatics. Values displayed as 
mean±SEM 
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3.3.6 Imatinib Resistant CML Cells are Sensitive to TrxR Inhibitors  

MTT cell proliferation assays were used to determine the sensitivity of the K562 and K562R cell lines 

to imatinib and TrxR inhibitors. The IC50 of imatinib in the K562 cells was 0.3µM, whereas in the 

resistant K562R cells it was 10.9µM (Fig. 3.6A), indicating that the resistant cells are 37 times less 

responsive to imatinib than the parental cell line. For the KU812 cell line, figure 3.6B shows the IC50 of 

imatinib in the parental KU812 cell line was approximately 0.2µM, while in the KU812R cells imatinib 

had an IC50 of approximately 1.6µM, which is 8 times higher.  

Both K562R and KU812R cells were then exposed to auranofin and [Au(d2pype)2]Cl, and these results 

were compared to those of the parental cell lines (Fig. 3.6C-F). Figures 6 C and D show sensitive and 

resistant CML cells treated with auranofin, and as shown, there is a degree of resistance towards 

auranofin in the K562R cell line. The IC50 of auranofin is approximately 0.9µM after 48hrs in the 

parental cell line, but is approximately 2.5µM in the resistant cell line, indicating that this drug is about 

3x less effective in the K562R cells. However, these results show that auranofin is still effective in K562 

cells that are no longer responsive to imatinib. In the KU812R cell line there is no significant difference 

in the efficacy of auranofin compared to the sensitive KU812 cells.  

The [Au(d2pype)2]Cl compound showed almost identical effectiveness on imatinib resistant and 

sensitive CML cells (Fig. 3.6E, F). These results show that the effectiveness of [Au(d2pype)2]Cl on 

imatinib resistant and sensitive CML  cells is almost identical. There was no statistical significance 

between the cell growth between the sensitive and resistant cell lines at any tested concentration of 

[Au(d2pype)2]Cl. In fact, the IC50 of [Au(d2pype)2]Cl in K562R cells after 48hrs was approximately 

1.5µM, while in the sensitive K562 cells it was 1.7µM, making the K562R cells slightly more sensitive 

to [Au(d2pype)2]Cl compared to the parental cell line. The IC50 values of [Au(d2pype)2]Cl in both the 

KU812 and KU812R cell lines after 48hrs were approximately 1.6µM, demonstrating the effectiveness 

of [Au(d2pype)2]Cl was not affected by imatinib resistance. Therefore, of the two TrxR inhibitors 

[Au(d2pype)2]Cl was more effective in overcoming imatinib resistance in CML cells, although both 

compounds to some degree were able to inhibit growth of imatinib resistant CML cells.   
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Figure 3.6: Imatinib Resistant CML cells are susceptible to TrxR Inhibitors. A-F: Sensitive and 
resistant K562 and KU812 cells were treated with either imatinib (A,B), auranofin (C,D) or 
[Au(d2pype)2]Cl (E,F) for 48hrs. Following all these treatment times MTT proliferation assays were 
performed. G,H: Caspase-3 activity assays were performed on sensitive and resistant K562 and 
KU812 cells after 24hrs treatment of either imatinib, auranofin or [Au(d2pype)2]Cl. I,J: TrxR activity 
assays were performed on sensitive and resistant K562 and KU812 cells after 24hrs treatment of 
either auranofin or [Au(d2pype)2]Cl. Results were analysed via two-way ANOVAs with a Dunnett’s 
post hoc test. Statistical tests compared results between the sensitive and resistant cell lines. *= 
P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as mean±SEM 
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Caspase-3 activity was measured in both sensitive and resistant K562 and KU812 cells treated with 

imatinib, auranofin or [Au(d2pype)2]Cl for 24hrs (Fig. 3.6G, H). Imatinib induced a significantly lower 

caspase-3 activity level in resistant K562R cells, compared to the sensitive parental K562 cells. 

Furthermore, in the KU812 cell line imatinib induced a 4-fold increase in caspase-3 activity compared 

to the control; however, in the KU812R cell line, imatinib only elicited a 3-fold increase in caspase-3 

activity compared to the untreated control. In contrast, there was no significant difference in the 

caspase-3 activity between the sensitive and resistant cells treated with both TrxR inhibitors, implying 

that the imatinib resistance phenotype has no significant effect on the ability of TrxR inhibitors to 

induce apoptosis in CML cells. TrxR activity assays, shown in figures 3.6I and J, show that both 

auranofin and [Au(d2pype)2]Cl are still able to decrease TrxR activity to the same level in the resistant 

cell lines as they do in the parental cell lines, indicating their effectiveness as TrxR inhibitors in imatinib 

resistant CML cells.  

3.3.7 Upregulation of Nrf2 Results in Increased Levels of Bcr-abl Expression 

To further elucidate the mechanism by which the Trx system interacts with bcr-abl, we aimed to 

determine how its transcription factor, Nrf2, effects bcr-abl transcription. The effect of Nrf2 

upregulation on bcr-abl expression was examined by treating CML cells with tert-Butylhydroquinone 

(TBHQ). TBHQ is a commonly used activator of Nrf2, and functions by facilitating the disassociation of 

the KEAP1/Cul3 inhibitory complex from Nrf2, rendering the protein constitutively active (Wang et al., 

2008; Yan et al., 2010; Boss et al., 2018). K562 and KU812 CML cells were treated with 100µM of TBHQ, 

and bcr-abl mRNA (Fig. 3.7A,B) and protein expression (Fig. 3.7C,D) were measured using RT-qPCR and 

western blotting, respectively. The mRNA expression of components of the Trx system including Trx1, 

TrxR1 and TXNIP as well as Nrf2 were examined upon treatment of 100µM TBHQ after both 24 and 

48hrs to assess the effectiveness of this compound in increasing the activity of Nrf2. As shown in the 

RT-qPCR data, both cell lines showed a significant increase in the mRNA of expression of Trx1, TrxR1 

and Nrf2 in TBHQ treated cells compared to the control, and TXNIP mRNA was significantly decreased. 

These results show that TBHQ is effective in inducing the mRNA expression and activity of Nrf2 after 

both 24hrs and 48hrs of treatment. Furthermore, in the K562 and KU812 cell lines, bcr-abl mRNA 

expression levels were significantly increased following 48hrs of TBHQ treatment compared to the 

untreated control. There was no significant change in bcr-abl mRNA expression levels following 24hrs 

TBHQ treatment compared to the control in either cell line.  CML cells were treated with 100µM TBHQ 

for 48hrs and western blotting was used to measure the protein expression levels of Trx1 and bcr-abl. 

As shown, TBHQ treatment significantly increased the protein levels of both Trx1 and bcr-abl 

compared to the control in both cell lines, which coincides with the RT-qPCR results. Overall, these 
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results show that TBHQ was effective in not only increasing the expression of the Nrf2 transcription 

factor and its downstream targets in CML cells, but also increasing the expression of bcr-abl mRNA 

and protein levels. 

 

3.4 Discussion 

The Trx system is a prominent antioxidant system in the body that is responsible for maintaining 

healthy levels of ROS and activating various cell survival pathways. Previous studies have 

demonstrated the effectiveness of gold based TrxR inhibitors on overcoming various forms of drug 

resistance in cancer (Tonissen and Di Trapani, 2009; Liu et al., 2011; Raninga et al., 2016a). This study 

aimed to examine the effectiveness of two TrxR1 inhibitors, auranofin and [Au(d2pype)2]Cl, on 

Figure 3.7: TBHQ Increases the Expression of the Trx System and bcr-abl. K562 and KU812 CML 
cells were treated with 100µM of TBHQ for either 24 or 48hrs and RT-qPCR (A,B) was used to 
measure the mRNA expression levels of Nrf2, Trx1, TrxR1, TXNIP and bcr-abl. RPL32 was used as a 
normaliser. After 48hrs of 100µM TBHQ treatment western blotting was used to measure the 
protein levels of bcr-abl and Trx1 in K562 and KU812 CML cells (C,D). Densitometry analysis of 
western blots is displayed as mean ± SD and was statistically analysed via paired t tests. β-tubulin 
was used a loading control. RT-qPCR results were analysed via two-way ANOVAs with a Dunnett’s 
post hoc test. Statistical tests compared results between the untreated and TBHQ treated cells. *= 
P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as mean±SEM. 
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overcoming intrinsic imatinib resistance in CML and to investigate the possible links between the CML 

causing protein, bcr-abl, and the Trx system. It has previously been shown that neither of these 

compounds elicited significant cell death in healthy peripheral non-cancerous blood mononuclear 

cells (PBMCs)(Sze et al., 2020), indicating the suitability of TrxR inhibitors for treating patients. 

This study has shown that auranofin and [Au(d2pype)2]Cl were able to decrease cell proliferation in 

the K562 and KU812 blast crisis CML cell lines. Both compounds were also observed to elicit 

significantly increased levels of caspase-3 activity, with visible PARP-1 degradation, which suggests 

that the cells are dying via apoptosis. Similar results were observed with auranofin (Chen et al., 2014b; 

Hwang-Bo et al., 2017) and [Au(d2pype)2]Cl (Rackham et al., 2007; Sze et al., 2020) in other cancer 

cells. TrxR activity was measured upon treatment of auranofin and [Au(d2pype)2]Cl and it was found 

that both compounds decreased TrxR activity significantly. This result was corroborated by the 

increased ROS levels present after cells were treated with auranofin and [Au(d2pype)2]Cl. The 

decreased activity of the Trx system caused by these compounds hinders the ability of the cells to 

maintain healthy ROS levels and thus, upon inhibition of TrxR, an increase in ROS levels was observed. 

Chen et al. (2014b) also found that auranofin induced apoptosis in K562 cells in a ROS dependant 

manner, although, this was not linked to the Trx system. However, this increase in ROS may be a 

mechanism by which TrxR inhibitors induce apoptosis in CML cells. Elevated ROS levels are able to 

induce apoptosis via a variety of different pathways, for example, the tumour necrosis factor (TNF) 

and apoptosis signalling kinase (ASK) 1 pathways (Circu and Aw, 2010; Redza-Dutordoir and Averill-

Bates, 2016). Furthermore, high ROS levels can also directly damage DNA, lipids and proteins, which 

also may result in cell death (Gorrini et al., 2013). Co-treatment with the glutathione inhibitor BSO and 

either TrxR inhibitor showed a synergistic effect, showing that a functional redox state is required for 

cell viability. Locy et al. (2012) and Lu et al. (2007) also observed that both these antioxidant systems 

are crucial for cancer cell survival. 

Inhibition of the Trx system via auranofin, [Au(d2pype)2]Cl and by specific siRNA knockdown was 

observed to result in lowered bcr-abl protein expression. This implies that the decreased activity of 

the Trx system results in changes to bcr-abl translation or to post-translational modifications that 

decrease protein levels. This result was supported by RT-qPCR data that showed that following 

treatment of both TrxR inhibitors the mRNA expression levels of bcr-abl were significantly decreased 

in both cell lines. This suggests that the downregulation of the bcr-abl protein by these compounds is 

through a decrease in transcription. Conversely, using the Nrf2 activator, TBHQ, resulted in an increase 

in both bcr-abl mRNA and protein expression. This shows that an upregulation of the Trx system can 

also influence the expression of bcr-abl. This further solidifies the link between these two systems. 
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A proposed mechanism of action for this decrease in transcription is through the MYC pathway. MYC 

is a very prominent oncogene, and is deregulated in many cancers, leading to worsening prognoses 

due to its involvement in cell proliferation pathways (Meyer and Penn, 2008; Tsiatis et al., 2009; 

Cancer Genome Atlas, 2012; Schaub et al., 2018). Deregulation of MYC has also been shown to 

decrease the effectiveness of imatinib treatment in CML patients (Albajar et al., 2011; Gomez-Casares 

et al., 2013). This may be due to MYC being able to control the transcription of bcr as well as bcr-abl 

(Mahon et al., 2003b). Therefore, a decrease in MYC activity would theoretically lead to a decrease in 

the transcription of bcr-abl. This exact result was observed when CML cells were treated with both 

TrxR inhibitors, as well as when TrxR1 was directly knocked down. Therefore, it is possible that the 

downregulation of bcr-abl via TrxR inhibition is through the MYC pathway. It has been previously 

shown by Sze et al. (2020) that treatment of myeloma cells with [Au(d2pype)2]Cl resulted in a decrease 

in MYC mRNA and protein levels, which further supports the hypothesis that the Trx system plays a 

role in regulating the MYC pathway.  

The decrease of bcr-abl expression may be one of the mechanisms by which auranofin and 

[Au(d2pype)2]Cl induce apoptosis, as bcr-abl is responsible for activating many survival pathways in 

the cell, including the JAK/STAT and AKT pathways. Therefore, a decrease in the activity of these 

pathways would make cells far more susceptible to treatment. It was shown that both compounds 

were able to reduce the phosphorylation and thus, activation of AKT1, thereby significantly decreasing 

the activity of this pathway. The AKT1 pathway is able to induce increased cell growth, survival and 

metabolism through a large number of downstream pathways including mechanistic target of 

rapamycin complex (mTORC), p53 and mitogen-activated protein kinase (MAPK) pathways (Manning 

and Toker, 2017). Therefore, the decrease in the activity of the AKT pathway may very well be a bcr-

abl dependant mechanism of TrxR inhibitor induced cell death. However, since this mechanism of bcr-

abl targeting is unique from that of bcr-abl specific TKIs, such as imatinib, TrxR inhibitors are still able 

to induce apoptosis in TKI resistant CML cells. 

Acquired TKI resistance is a major hurdle in the treatment of CML, as it is estimated by Angeles-

Velazquez et al. (2016) that over 20% of all CML patients will become resistant to this class of drug, 

throughout the duration of their battle with CML. Therefore, imatinib resistant variants of the K562 

and KU812 cell lines were developed for this project. The K562R cells were approximately 40 times 

more resistant to imatinib than their sensitive counterpart, while the KU812R cells were around 5 

times more resistant than the sensitive KU812 cells. However, both cell lines were still susceptible to 

the TrxR inhibitors auranofin and [Au(d2pype)2]Cl. This means that the inhibition of TrxR via these two 

compounds may be able to overcome acquired imatinib resistance in CML. Furthermore, it was 



   
  Chapter 3 

Page | 74  
 
 

observed that the mRNA levels of Nrf2, Trx1 and TrxR1 were significantly higher in the resistant CML 

cells compared to the parental cells. This increase in antioxidant capability may contribute to the 

increased resistance towards imatinib in both the K562R and KU812R cell lines. These results were 

further supported by the analysis of a publicly available database (GSE2535) that displayed 

transcriptional changes between CML patients that were responsive to imatinib and those that were 

not. Upon examination of this database, it was found that the mRNA expression of Trx1 was 

significantly increased in imatinib non-responders compared to patients that did respond to imatinib. 

Furthermore, it was observed that the mRNA expression of the enzymatic Trx inhibitor, TXNIP, was 

significantly downregulated in imatinib non-responders, compared to patients that were responsive 

to imatinib. These results indicate an overall increase in the activity of the Trx system in CML patients 

that were unresponsive to imatinib. This outcome highlights the possibility that the activity of the Trx 

system may be involved in TKI resistance in CML. 

An increase in the expression levels of the Trx system has been linked to drug resistance in several 

other cancers and is often associated with a poor prognosis (Kim et al., 2005; Iwasawa et al., 2011; 

Raninga et al., 2016a). This increased drug resistance is due to the upregulation of cell survival 

pathways such as the NF-κβ pathway and HIF-1α pathways, which are both regulated by the Trx 

system(Hayashi et al., 1993; Welsh et al., 2002; Morgan and Liu, 2011; Naranjo-Suarez et al., 2013). 

Furthermore, upregulation of Trx also prevents cells from undergoing oxidative stress. TXNIP mRNA 

expression was significantly decreased, which would likely result in an increase in the activity of the 

Trx system, as this protein can bind directly to the active site of Trx, and prevent its activity. TXNIP has 

also been identified as a tumour suppressor, and is often observed to be downregulated in 

cancer(Morrison et al., 2014; Nagaraj et al., 2018). Therefore, the increase in the expression of the Trx 

system, along with the decreased TXNIP expression observed in the imatinib resistant CML cells are 

indicative of a more drug resistant cell line. However, auranofin and [Au(d2pype)2]Cl are able to 

overcome this resistance due to their TrxR inhibitory activity. 

In conclusion, the results reported in this chapter demonstrate that TrxR is a valid therapeutic target 

for CML. TrxR inhibitors auranofin and [Au(d2pype)2]Cl were able to increase ROS levels and induce 

apoptosis in CML cell lines. This is important, as novel targets are required in CML treatment since 

prolonged exposure to TKIs can result in complete resistance to bcr-abl inhibitors. Furthermore, it 

appears that the Trx system and the transcription of bcr-abl may be linked since targeting TrxR by 

either chemical inhibitors or specific siRNAs lowered both the mRNA and protein levels of bcr-abl, 

resulting in decreased activation of AKT1, one of its downstream targets. This would potentially make 

these treatments even more effective in CML, while still able to overcome TKI resistance. Therefore, 
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it could be suggested that TrxR inhibitors may make suitable treatments or be used in combination 

therapies for CML patients suffering TKI resistance. 

 



 

 

 

 

 

 

 

 

Chapter 4- The Effect 

of Bcr-abl Specific 

TKIs on the Trx 

System 
 

 

 

 

 

 



   
  Chapter 4 

Page | 77  
 
 

Acknowledgement and Contributions of Published Paper 

The figures and text presented in chapter 4, sections 4.1-4.4, was published in Hemato in 2021. The 

formatting was altered to adhere to Griffith University’s requirements for thesis formatting. This paper 

was published in an open access journal with a creative commons licence, therefore, no permission is 

required to reprint articles, provided they are correctly cited. 

Clapper, E.; Di Trapani, G.; Tonissen, KF. The Effect of BCR-ABL Specific Tyrosine Kinase Inhibitors on 

the Thioredoxin System in Chronic Myeloid Leukemia. Hemato. 2021; 2(2):237-254. DOI: 

https://doi.org/10.3390/hemato2020014 

E.C. carried out the overall project design experimental work, analyzed the results and wrote the 

manuscript. G.D.T. and K.F.T. both supervised the design and conduct of the project and were involved 

in the editing and reviewing of the manuscript. All authors have read and agreed to the published 

version of the manuscript.  

 

(Signed) Erin Clapper   (Date)    

Erin Clapper 

 

(Signed) Kathryn Tonissen  (Date)    

Kathryn F. Tonissen (Principal Supervisor) 

 

(Signed) Giovanna Di Trapani  (Date)    

Giovanna Di Trapani (Principal Supervisor) 

 

 

 

 

 

 

 

03/08/2021 

03/08/2021 

03/08/2021 



   
  Chapter 4 

Page | 78  
 
 

4.1 Abstract 

Chronic myeloid leukaemia (CML) is a myeloproliferative disorder that is caused by the formation of a 

fusion onco-protein, bcr-abl. Since bcr-abl plays a role in the progression of CML, the most common 

treatments of CML are tyrosine kinase inhibitors (TKIs) that specifically target bcr-abl. However, 

resistance to TKIs is a major problem in CML treatment. A promising target in overcoming drug 

resistance in other cancers is the thioredoxin (Trx) system, an antioxidant system that maintains 

cellular redox homeostasis. The Trx system is upregulated in many cancers and this is associated with 

a poor prognosis. Analysis of a patient database showed that the expression of the Trx system was 

upregulated in patients in the terminal stage of the disease compared to healthy patients. Our 

experiments revealed a significant link between the Trx and bcr-abl systems since inhibition of bcr-abl 

with chemical inhibitors and siRNA resulted in a decrease in the activity and expression of the Trx 

system in CML cells. This is notable as it shows that the Trx system may be a viable target in the 

treatment of CML. 

4.2 Introduction 

Chronic myeloid leukaemia (CML) is a cancer of myeloid cells that is caused by a reciprocal 

chromosomal translocation between chromosomes 9 and 22. This mutation results in the formation 

of bcr-abl, which is a constitutively active non-receptor tyrosine kinase. Bcr-abl is responsible for the 

majority of the clinical manifestations of CML. This is because bcr-abl activates various cell survival 

pathways, including the JAK/STAT, AKT and PKC pathways, which induce downstream signalling that 

leads to increased cell proliferation and survival and lower levels of apoptosis (Ma et al., 2014; Zhang 

et al., 2020; Singh et al., 2021). Due to the intimate involvement of bcr-abl in the aggression of CML, 

most treatments are bcr-abl specific inhibitors, despite being initially very effective, TKI resistance 

almost inevitably occurs. In fact, it has been hypothesised that more than 20% of CML patients will 

become unresponsive to imatinib, the gold standard CML treatment, during the course of their 

treatment (Jabbour et al., 2013). Since most CML treatments are bcr-abl specific, this results in high 

levels of acquired drug resistance, due primarily to mutations within bcr-abl (Gorre et al., 2001; 

Apperley, 2015; Geelen et al., 2017).  

To overcome imatinib resistance, second and third generation TKIs have been developed. One 

commonly used second generation TKI is dasatinib, which is a pan tyrosine kinase inhibitor, and is very 

potent but also is known to have more severe side effects than imatinib (Ozgur Yurttas and Eskazan, 

2018; Hochhaus et al., 2020). Ponatinib is a third generation TKI, and was specifically developed to 

overcome resistance due to some specific bcr-abl mutations, however, it also has severe side effects, 
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and cannot be taken by patients that have pre-existing heart conditions (Massaro et al., 2018). 

Imatinib, ponatinib and dasatinib all target the kinase domain of bcr-abl, and thus are usually all 

susceptible to the same forms of acquired drug resistance. However, more modern bcr-abl inhibitors 

target different regions of the protein, such as the myristoylation site, in the case of GNF-5 (Zhang et 

al., 2010). While this reduces instances of bcr-abl dependant drug resistance, due to the highly 

mutagenic nature of the protein, bcr-abl independent treatments should also be established. 

A new approach to overcome drug resistance in cancer that is currently being evaluated is to target 

the thioredoxin (Trx) system (Clapper et al., 2020b). The Trx system is made up of Trx, thioredoxin 

reductase (TrxR) and NADPH. This system is responsible for maintaining redox homeostasis in the cell, 

as the Trx protein functions as a reducing agent. Under periods of oxidative stress, the expression and 

thus activity of the Trx system is upregulated to counteract the imbalance in ROS levels. The 

transcription of the Trx system genes is controlled by the transcription factor, Nrf2, which is also 

activated in cells undergoing oxidative stress. Nrf2 activity is also influenced by protein kinase C (PKC). 

PKC phosphorylates a serine residue within the Neh2 domain of Nrf2, which disassociates the 

KEAP1/Cul3 complex from Nrf2, which activates the protein (Niture et al., 2009). The Trx system is also 

regulated by thioredoxin interacting protein (TXNIP), which inhibits the activity of Trx via two main 

mechanisms. Firstly, TXNIP is able to directly bind to the active site of Trx and prevent it from 

functioning (Yamawaki et al., 2005). TXNIP is also able to inhibit the Trx system by increasing glucose 

levels in the cell, which has been shown to reduce the activity of TrxR (Zitman-Gal et al., 2010). The 

Trx system is closely linked with drug resistance in cancer because it is upregulated in many cancers, 

and this is associated with a poor prognosis (Nagano et al., 2012; Shang et al., 2019). This is caused by 

the Trx system maintaining redox homeostasis as well as activating various cell survival and anti-

apoptosis pathways, including the ASK1 and NK-κB pathways (Liu et al., 2000; Hsieh and 

Papaconstantinou, 2006; Heilman et al., 2011; Muri et al., 2020). Therefore, the Trx system is also a 

promising target and is the focus for developing many new cancer therapies (Arner, 2020). One 

particularly notable example is the TrxR inhibitor, auranofin, which is an FDA approved drug (Fan et 

al., 2014; Raninga et al., 2020).  This study aims to determine if there is a link between the activity of 

bcr-abl and the expression of the Trx system.  
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4.3 Results 

4.3.1 The Trx System is Upregulated in Chronic Myeloid Leukaemia 

The Trx system is upregulated in various cancers, which has been linked to drug resistance and a poor 

prognosis (Raffel et al., 2003; Shang et al., 2019). Therefore, we examined whether this system is also 

upregulated in CML, as no such studies have been performed previously. RNAseq was used to examine 

levels of the Trx system in CML cells compared to healthy cells. A database (GSE100026) that displayed 

the gene expression profile of CML patients in the chronic and blast crisis phases of the disease, as 

well as healthy donors was analysed in this study. The expression levels of Trx1 (Fig. 4.1A) and TXNIP 

(Fig. 4.1B) were analysed.  It was found that the expression levels of Trx1 were significantly higher in 

both chronic phase and blast crisis CML patients compared to the healthy donors. It was also observed 

that the expression levels of Trx1 in blast crisis patients were significantly higher than that of chronic 

phase patients. The expression of TXNIP was observed to be the inverse of Trx1, there was significantly 

less TXNIP in patients with chronic phase and blast crisis CML compared to the healthy donors. Levels 

of TXNIP expression were similar between the chronic phase and blast crisis patients.  

To confirm these results in our in vitro cell model systems RT-qPCR was used to assess mRNA 

expression levels of Trx1 and TXNIP in both CML cells and peripheral blood mononuclear cells (PBMCs) 

isolated from healthy individuals (Fig. 4.1C). The mRNA levels of Trx1 in the three CML cell lines were 

significantly higher than levels of Trx1 expression in healthy PBMCs. The Trx1 mRNA expression levels 

showed a consistent 3-fold increase in all three CML cell lines tested, compared to the PBMCs. The 

mRNA expression of the Trx inhibitor, TXNIP, was observed to be decreased in all three CML cell lines 

compared to the PBMCs, although the decrease in the K562 cell line was not statistically significant. 

For the KU812 and KCL22 cell lines there was a 2-fold and 4-fold decrease in TXNIP mRNA respectively 

compared to the PBMCs. Overall, the RNAseq data corresponded to the RT-qPCR data, as Trx1 levels 

were increased and TXNIP mRNA expression levels were decreased in CML cells compared to the 

control cells. In other cancers an upregulation in Trx1 expression is associated with a poor prognosis 

(Yao et al., 2020), so the observed upregulation in blast crisis CML may play a role in the severity of 

the disease. Conversely, TXNIP is a tumour suppressor, therefore its upregulation is associated with a 

positive prognosis (Schroder et al., 2020). Since it is shown in this study that TXNIP is downregulated 

in CML, this may also contribute to the aggression of the cancer. 
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Figure 4.1: The mRNA expression of the Trx system in cancerous and non-cancerous cells. RNAseq 
data from the GSE100026 database was used to measure expression levels of Trx1 (A) and TXNIP 
(B) in healthy, chronic phase and blast crisis patients. Gene expression is displayed as reads per 
kilobase of transcript per million mapped reads (RPKM).One-way ANOVAs were used to compare 
results between CML patients and healthy donors. Results are displayed as RPKM, N=5. The mRNA 
expression levels of Trx1 and TXNIP were measured in PBMCs as well as K562, KU812 and KCL22 
CML cells using RT-qPCR (C). RPL32 was used as a normaliser. One-way ANOVAs with a Dunnett’s 
post hoc test were used to compare expression of each gene in the PBMCs to that of each of the 
three CML cell lines. *= P<0.05, **= P<0.01, ##=P<0.0001. Values displayed as mean±SEM. N=3. 
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4.3.2 The Efficacy of TKIs on CML Cell Proliferation. 

CML is primarily treated with various bcr-abl specific TKIs, with the gold standard of these treatments 

being imatinib. We aimed to determine the efficacy of four TKIs: imatinib, dasatinib, ponatinib and 

GNF-5 in the K562, KU812 and KCL22 CML cell lines by treating cells with increasing concentrations of 

each drug for either 24 or 48hrs, followed by MTT cell proliferation assays. These MTT results were 

used to calculate the IC50 values of each drug in each cell line (table 4.1). Imatinib (Fig. 4.2A-C) was 

more effective after 48hrs treatment compared to 24hrs treatment and had an observed IC50 of 

approximately 0.3µM in all three cell lines after 48hrs. Out of the three classical TKIs (imatinib, 

dasatinib and ponatinib) it appeared to be the least potent. Dasatinib (Fig. 4.2D-F) was the most potent 

of the TKIs tested, with an IC50 of 1nM after 48hrs in KU812 cells. However, the other two cell lines 

were slightly less responsive to this drug with IC50 values of approximately 7.5nM after 48hrs. Similar 

to imatinib, dasatinib was significantly more effective after 48hrs. The efficacy of ponatinib (Fig. 4.3A-

C) was in between that of imatinib and dasatinib, however, its potency varied quite notably between 

cell lines. K562 cells were the least sensitive to this drug, with an IC50 of approximately 30nM after 

48hrs. Similarly, KCL22 cells had an IC50 value of 20nM after 48hrs. KU812 cells were the most sensitive 

to ponatinib, with an IC50 of 5nM after 48hrs, which is 6 times lower than that obtained for the K562 

cells. Lastly, GNF-5 was tested (Fig. 4.3D-F) and was found to be the least effective of all four TKIs but, 

as with ponatinib, the effectiveness also varied between cell lines. In K562 cells, its IC50 was 

approximately 1.5µM, in KU812 cells it was 1µM and in KCL22 cells it was 0.5µM after 48hrs. Overall, 

it was shown that each TKI was effective in the low micromolar or nanomolar range, and in the K562 

cell line imatinib, dasatinib and ponatinib were significantly more effective after 48hrs compared to 

24hrs treatment. It was also observed that dasatinib was the most effective, and GNF-5 was the least 

effective against all three cell lines.  

Table 4.1. The IC50 values of imatinib, dasatinib, ponatinib and GNF-5 in three CML cell lines. 

 K562 KU812 KCL22 

24hrs 48hrs 24hrs 48hrs 24hrs 48hrs 

Imatinib >2µM 0.3µM 0.4µM 0.3µM 0.5µM 0.3µM 

Dasatinib >50nM 7.5nM 1nM 1nM 17.5nM 7.5nM 

Ponatinib >200nM 30nM 7.5nM 5nM 30nM 20nM 

GNF-5 5µM 1.5µM >5µM 1µM 0.8µM 0.5µM 
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4.3.3 TKIS Induce Apoptosis in CML Cells. 

One of the most common mechanisms of drug-induced cell death is apoptosis; therefore, apoptosis 

levels were measured using caspase-3 activity assays, wherein higher caspase-3 levels indicate higher 

apoptosis levels. K562, KU812 and KCL22 cells were treated with either imatinib, dasatinib or ponatinib 

for 24hrs or GNF-5 for 48hrs, and caspase-3 activity was measured (Fig. 4.4). It was observed that each 

of the TKIs elicited a significant increase in apoptosis in each cell line. Imatinib was far more effective 

in the K562 cells than in the other cell lines with a 7-fold increase when cells were treated with 1µM 

of imatinib, compared to the 3-4 fold increase observed for the other two cell lines. A similar 

occurrence is seen in the KU812 cells with dasatinib, where there was a 10-fold increase with 5nM of 

the compound, however, treatment of the other two cell lines with 10nM of dasatinib only caused an 

approximate 3-fold increase in caspase-3 activity. Ponatinib elicited an 8-10 fold increase in both the 

K562 and KU812 cell lines treated with 50nM and 10nM respectively, however only a 3 fold increase 

Figure 4.2: TKIs decrease cell proliferation in CML cells. K562, KU812 and KCL22 CML cells were 
treated with either imatinib (A-C) or dasatinib (D-F) for 24 or 48hrs. Following this time, MTT cell 
proliferation assays were performed and this data is displayed in the figure. Results were analysed via 
two-way ANOVAs with a Dunnett’s post hoc test. Statistical tests compared results between the 
treated cells and the untreated control, as well as between 24 and 48hrs for each concentration. *= 
P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as mean±SEM. 
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was observed in the KCL22 cells. Lastly, the effect of GNF-5 on caspase-3 activity was evaluated. GNF-

5 was quite effective in inducing apoptosis in all CML cell lines, with 1µM of GNF-5 sufficient to induce 

a 3-fold increase in caspase-3 activity after 48hrs in both the K562 and KCL22 cells. This drug was even 

more effective in the KU812 cells, inducing a 10-fold increase in caspase-3 activity after 48hrs 

treatment with the same concentration. Overall, it was observed each of the TKIs elicited a lower level 

of apoptosis in the KCL22 cell line compared with both the K562 and KU812 cell lines. This result may 

be due to the activation of alternate cell death pathways in this cell line. This could also potentially be 

due to a larger increase in cell senescence, rather than cell death in the KCL22 cell line compared to 

the K562 and KU812 cell lines, due to genotypic changes between the three cell lines, and varying 

activation of different cell signalling pathways. Despite this, each TKI induced an increase in caspase-

3 activity in each CML cell line, indicating that these TKIs can cause cell death via apoptosis.  

 

Figure 4.3: TKIs decrease cell proliferation in CML cells. K562, KU812 and KCL22 CML cells were 
treated with either ponatinib (A-C) or GNF-5 (D-F) for 24 or 48hrs. Following this time, MTT cell 
proliferation assays were performed and this data is displayed in the figure. Results were analysed via 
two-way ANOVAs with a Dunnett’s post hoc test. Statistical tests compared results between the 
treated cells and the untreated control, as well as between 24 and 48hrs for each concentration. *= 
P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as mean±SEM. 
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Figure 4.4: TKIs induce apoptosis in CML cells. K562, KU812 and KCL22 CML cells were treated 
with either imatinib (A-C), dasatinib (D-F) or ponatinib (G-I) for 24hrs or GNF-5 (J-L) for 48hrs. 
Following this, caspase-3 activity assays were performed and this data is displayed in the figure. 
Results were analysed via one-way ANOVAs with a Dunnett’s post hoc test. Statistical tests 
compared results between the treated cells and the untreated control. *= P<0.05, **= P<0.01, 
#=P<0.001. N=3. Values displayed as mean±SEM. 



   
  Chapter 4 

Page | 86  
 
 

4.3.4 TKIs Induce Increased ROS Levels in CML Cells. 

To further investigate the effect that TKIs have on CML cells, their effect on reactive oxygen species 

(ROS) levels in cells was measured (Fig. 4.5). K562, KU812 and KCL22 cells were treated with the 

concentrations of TKIs specified figure 5 for either 24, 48 or 72hrs. Cell viability assays were used to 

verify that there were at least 25% viable cells after each treatment (appendix 1A-C). There was an 

increase in ROS levels observed following treatment with all four TKIs, although the time point at 

which this increase occurred varied between treatments and cell lines. Imatinib induced a significant 

increase in ROS after 72hrs treatment in the K562 and KU812 cell lines, and after 24hrs in the KCL22 

cell line. In both K562 and KCL22 cells the increase in ROS following imatinib treatment was 

approximately 2-3 fold higher than that of the untreated control, however, in the KU812 cells there 

was a 10 fold increase in ROS levels. Dasatinib was observed to induce a significantly higher level of 

ROS compared to untreated control cells after 72hrs treatment in the K562 and KU812 cells with, two-

fold and six-fold increases observed, respectively. Dasatinib did not induce a notable change in ROS in 

the KCL22 cells. The results for ponatinib remained consistent between the three cell lines, with the 

K562 and KU812 cells experiencing a 4-fold increase upon ponatinib treatment, while there was a 2-

fold increase in the KCL22 cells. In KU812 and KCL22 cell lines there was a significant increase in ROS 

levels after 48hrs of ponatinib treatment, however, the K562 cells only displayed an increase in ROS 

after 72hrs. Lastly, GNF-5 induced a 4-fold increase in ROS after 72hrs in the K562 and KU812 cells and 

after 48hrs in the KCL22 cells. Overall, it was observed that all four tested TKIs induced higher ROS 

levels in CML cells, with the KU812 cells appearing to be the most susceptible to this increase in ROS 

levels.  
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Figure 4.5: TKIs increase ROS levels in CML cells. K562, KU812 and KCL22 CML cells were treated 
with either imatinib (A-C), dasatinib (D-F), ponatinib (G-I) or GNF-5 (J-L) for 24, 48 or 72hrs. 
Following this, ROS level assays were performed and this data is displayed in the figure. Results 
were analysed via one-way ANOVAs with a Dunnett’s post hoc test. Statistical tests compared 
results between the treated cells and the untreated control. *= P<0.05, **= P<0.01, #=P<0.001, 
##=P<0.0001. N=3. Values displayed as mean±SEM. 
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4.3.5 TKIs Decrease TrxR Activity  

Since TKIs were able to induce increased ROS levels in CML cells, it is plausible that they could affect 

the activity of the Trx system. TrxR activity levels were measured following treatment with each TKI 

for 72hrs (Fig. 4.6). Concentrations of each TKI used were the same as those used in figure 4.5. It was 

observed that treatment of K562 cells with each of the TKIs significantly decreased TrxR activity by 

approximately 40%. Similarly, with respect to the KU812 cells treatment with each TKI significantly 

decreased TrxR activity, with a slightly lower decrease of about 30% in TrxR activity, except for imatinib 

which had a 50% decrease. Lastly, the KCL22 cells displayed more varied results compared to the other 

two cell lines. Imatinib and ponatinib decreased TrxR activity by approximately 30%, while dasatinib 

and GNF-5 decreased TrxR activity by about 80%. Overall, it can be inferred that inhibition of bcr-abl 

activity (including the highly specific bcr-abl inhibitor, GNF-5) resulted in a decrease in TrxR activity, 

and likely activity of the entire Trx system, which may account for the increased ROS levels observed 

previously. 

Figure 4.6: TKIs decrease TrxR activity in CML cells. K562, KU812 and KCL22 CML cells were treated 
with either imatinib, dasatinib, ponatinib or GNF-5 for 72hrs followed by TrxR activity assays. K562 
cells were treated with 0.5µM imatinib, 5nM dasatinib, 10nM ponatinib and 1µM GNF-5. KU812 cells 
were treated with 0.25µM imatinib, 1nM dasatinib, 5nM ponatinib and 1µM GNF-5. KCL22 cells were 
treated with 0.25µM imatinib, 5nM dasatinib, 10nM ponatinib and 0.5µM GNF-5. Results were 
analysed via one-way ANOVAs with a Dunnett’s post hoc test. Statistical tests compared results 
between the treated cells and the untreated control for each cell line. *= P<0.05, **= P<0.01, 
#=P<0.001, ##=P<0.0001. N=3. Values displayed as mean±SEM. 
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4.3.6 TKIs Decrease mRNA Levels of the Trx System Genes. 

We next assessed if the lower TrxR activity following TKI treatment was due to a decrease in expression 

of the Trx system genes. We first used RT-qPCR to measure the mRNA levels of Nrf2, Trx1, TrxR1 and 

TXNIP following treatment with imatinib (Fig. 4.7A-C), ponatinib (Fig. 4.7D-F) or GNF-5 (Fig. 4.7G-I) in 

all three CML cell lines. In the K562 cells it was observed that with almost every TKI treatment the 

mRNA expression of Nrf2, Trx1 and TrxR1 was significantly decreased, while TXNIP levels were 

significantly increased. Overall, a similar result was observed in the KU812 cells. Following treatment 

with each of the three TKIs Nrf2, Trx1 and TrxR1 mRNA expression was significantly reduced, and 

TXNIP expression was significantly increased. The TKIs appeared to have a greater effect on the mRNA 

expression of the Trx1 system in the KU812 cells compared to the K562 cells, as mRNA levels for Nrf2, 

Trx1 and TrxR1 were reduced by 50-60% in this cell line, whereas in the K562 cells it was only by 30-

40%. TXNIP expression in both cell lines was increased by approximately 4-fold after TKI treatment in 

both cell lines. Lastly, in the KCL22 cell line, all three TKIs were able to significantly reduce the mRNA 

expression levels of Trx1 and TrxR1, but only ponatinib and GNF-5 significantly decreased Nrf2 mRNA 

expression levels. Imatinib and ponatinib were able to significantly increase the TXNIP mRNA levels, 

while there was no noticeable difference following GNF-5 treatment. Overall, these RT-qPCR results 

show that TKI treatment of CML cells results in decreased levels of Nrf2, Trx1 and TrxR1 mRNA, while 

increasing the expression levels of TXNIP. 
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4.3.7 TKIs Decrease Protein Levels of Trx1 and TrxR1 

Western blotting was used to examine the effects of imatinib and GNF-5 on the protein levels of Trx1 

and TrxR1 in K562, KU812 and KCL22 cells after treatment for 72hrs (Fig 4.8). It can be observed that 

treatment with these TKIs were able to decrease the protein levels of both Trx1 and TrxR1 in all three 

cell lines. However, imatinib was more effective than GNF-5 in the K562 cell line, while in the KU812 

and KCL22 cell lines GNF-5 was more effective than imatinib. Since GNF-5 is a bcr-abl specific TKI, it is 

likely that bcr-abl inhibition is responsible for the decrease of Trx1 and TrxR1 protein levels. These 

results coincide with the mRNA expression results, since it was shown that imatinib and GNF-5 also 

decreased the mRNA expression levels of Trx1 and TrxR1.  

Figure 4.7: TKIs effect the mRNA expression levels of components of the Trx system. K562, KU812 
and KCL22 CML cells were treated with either imatinib (A-C), ponatinib (D-F) or GNF-5 (G-I) for 3, 
24 or 48hrs. Following this, RT-qPCR was performed and measured the mRNA expression of Nrf2, 
Trx1, TrxR1 and TXNIP. RPL32 was used as a normaliser. Results were analysed via one-way 
ANOVAs with a Dunnett’s post hoc test. Statistical tests compared results between the treated 
cells and the untreated control for each cell line. *= P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. 
N=3. Values displayed as mean±SEM. 
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4.3.8 Specific Knockdown of Bcr-abl Results in Suppression of the Trx System 

To confirm that the inhibition of the Trx system via TKIs is due to bcr-abl inhibition, bcr-abl specific 

siRNA was transfected into K562 CML cells to knockdown this protein with a high degree of specificity. 

To make this siRNA specific to bcr-abl only (and not the native forms of bcr and abl1), it had to be 

designed over the junction of bcr-abl. This means that only one possible siRNA sequence exists for bcr-

abl, so instead of using three independent siRNAs, only one set was used for bcr-abl knockdown. The 

Figure 4.8: TKIs effect the protein expression levels of components of the Trx system. K562 (A), KU812 
(B) and KCL22 (C) CML cells were treated with either imatinib or GNF-5 for 72hrs. Following this, 
western blotting was used to measure Trx1 and TrxR1 protein levels. Densitometry analysis of western 
blots is displayed as mean ± SD and was statistically analyzed via paired t tests. Vinculin was used as a 
normaliser. *= P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3 
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bcr-abl siRNA that was used in this project was designed and validated by Gavrilov et al. (2015). 

Western blotting was used to determine the efficacy of the bcr-abl knockdown following 5 days of 

incubation after bcr-abl siRNA transfection (Fig 4.9A). Bcr-abl protein levels were significantly 

decreased in the K562 cells transfected with bcr-abl siRNA, compared to those transfected with 

scrambled siRNA. These results show that this bcr-abl siRNA was effective in decreasing bcr-abl protein 

expression.  

Next, TrxR activity was measured in K562 cells transfected with scrambled and bcr-abl siRNA (Fig. 

4.9B). There was significant decrease in TrxR activity in bcr-abl siRNA transfected cells compared to 

the scrambled siRNA control. This result was corroborated by RT-qPCR data that measured the mRNA 

levels of bcr-abl, Nrf2, Trx1, TrxR1 and TXNIP in both bcr-abl and scrambled siRNA transfected CML 

cells incubated for 3 days following their transfection (Fig. 4.9C). This data showed that bcr-abl mRNA 

expression was significantly decreased in the bcr-abl siRNA transfected cell compared to those 

transfected with scrambled siRNA, correlating with the decreased bcr-abl protein levels (Fig. 4.9A). 

The RT-qPCR data also showed a significant decrease in the mRNA expression levels of Nrf2 and Trx1 

when cells were transfected with bcr-abl siRNA. Overall, the RT-qPCR data showed that bcr-abl siRNA 

transfection resulted in a decrease in the expression of the Trx system, as well as a decrease in TrxR 

activity. This matches the results observed when CML cells were treated with TKIs, but due to 

specificity of siRNA knockdown, this result shows that it is highly likely that the observed inhibition of 

the Trx system is bcr-abl dependant.  
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Figure 4.9: Bcr-abl knockdown results in a decrease of TrxR activity and mRNA expression. K562 
CML cells were transfected with either bcr-abl or scrambled siRNA and western blotting (A) was 
performed after 5 days incubation following transfection to measure bcr-abl protein levels. 
Densitometry analysis of western blots is displayed as mean ± SD and was statistically analyzed via 
paired t tests. Β-tubulin was used as a loading control. The displayed western blot is representative 
of three repeats. Furthermore, transfected cells were incubated for three days and then either TrxR 
activity assays (B) or RT-qPCR (C) were performed. RT-qPCR was used to measure the mRNA 
expression levels of bcr-abl, Nrf2, Trx1, TrxR1 and TXNIP. RPL32 was used as a normaliser. TrxR 
activity results were analysed via a paired T-test and RT-qPCR data was analysed via one-way 
ANOVAs and used a Dunnett’s post hoc test. Statistical tests compared results between the bcr-abl 
siRNA transfected cells and the scrambled siRNA transfected cells. *= P<0.05, **= P<0.01. N=3. 
Values displayed as mean±SEM. 
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4.4 Discussion 

Bcr-abl specific TKIs are by far the most common treatment of CML. Their effects on bcr-abl and CML 

cell death have been thoroughly documented, however, the degree of drug resistance that is 

associated with them is also well-known (Cortes et al., 2013; Patel et al., 2017; Talati and Pinilla-Ibarz, 

2018). It has previously been shown that the inhibition of the Trx system downregulates the activity 

of bcr-abl and thus induces apoptosis in CML cells, however, the inhibition of the Trx system in itself 

also results in apoptosis (Tonissen and Di Trapani, 2009; Wang et al., 2021b). Therefore, we wanted 

to investigate whether this interaction functions both ways and if the inhibition of bcr-abl would lead 

to a decrease in the activity of the Trx system and thus cause apoptosis via this mechanism. It has 

been reported in many cancers, such as breast and gastric cancers, that Trx1 expression levels are 

upregulated, and this has been associated with a poor prognosis (Karlenius and Tonissen, 2010; Bhatia 

et al., 2016; Shang et al., 2019). This current study has shown that Trx1 is also upregulated in both 

CML cell lines and in patient samples, particularly in the terminal and most severe stage of CML, blast 

crisis. Furthermore, this study has shown that the inhibitor of the Trx system, TXNIP is downregulated 

in CML cells and in CML patients. This is a notable observation as TXNIP is a known tumour suppressor, 

and low levels of this protein are associated with a poor prognosis (Morrison et al., 2014; Zhang et al., 

2017b). The reliability of this RNAseq analysis was verified using RT-qPCR, which also showed an 

increase in Trx1 mRNA expression and a decrease in TXNIP expression in blast crisis CML compared to 

healthy cells. Overall, it was seen that the expression levels of the Trx system were aligned with a poor 

prognosis in CML, but the upregulation of this system in cancer presents it as a possible target for 

treatment of this disease. 

The efficacy of four TKIs were assessed on the proliferation of CML cells. The TKIs chosen were 

imatinib, dasatinib, ponatinib and GNF-5 which are first, second, third and fourth generation bcr-abl 

inhibitors, respectively. Dasatinib was the most potent of all TKIs tested, as the IC50 of this drug after 

48hrs ranged from 1-10nM in all cell lines. These results align with the work of Veach et al. (2007), as 

they found that dasatinib had an IC50 of 1nM in K562 cells after 72hrs. Ponatinib was slightly less potent 

with an IC50 after 48hrs of approximately 5-50nM. It was found by Lu et al. (2018) that ponatinib had 

an IC50 of about 50nM in K562 cells. Imatinib was the least effective out of all the three classical TKIs, 

despite being the most commonly used, its IC50 after 48hrs treatment was about 0.5µM in all three 

cell lines, making it at least 10 times less effective than ponatinib and 50 times less effective than 

dasatinib. Xu et al. (2014) also found that imatinib had an IC50 of 0.5µM in K562 cells. GNF-5 was the 

least effective of all TKIs tested, with an IC50 of about 1µM in all cell lines after 48hrs. Similar results 

were also seen in the BaF3 cell line, which is a bcr-abl positive cell line (Zhang et al., 2010). Overall, 
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each TKI tested was relatively quite effective in inhibiting cell proliferation in three commonly 

researched CML cell lines (Clarke and Holyoake, 2017). 

It was found using caspase-3 activity assays that the cell death elicited by the TKIs was mediated by 

apoptosis in all cases, which has been observed by other researchers in CML and other cancer cell 

lines (Gamas et al., 2009; Liu et al., 2016; Yandim et al., 2016; Kim et al., 2018). Apoptosis can be 

induced by many cellular processes, however, one of the most common initiators of this process is 

oxidative stress (Ryter et al., 2007; Redza-Dutordoir and Averill-Bates, 2016; Tan et al., 2016). Each of 

the four tested TKIs were shown to induce significantly increased intracellular ROS levels, which may 

be at least partly responsible for the apoptosis observed. High ROS levels induce apoptosis by a variety 

of different mechanisms, including causing direct damage to DNA, lipids and proteins, but also by 

activating various apoptosis pathways. It has been observed by Sattler et al. (2000) that CML cells have 

an intrinsically higher level of ROS due to the activity of bcr-abl, therefore, it stands to reason that an 

inhibition of bcr-abl would result in lowered ROS levels. In some instances, this was shown after short 

incubation with TKIs (24hrs). However, in most cases, especially after extended periods of time (48-

72hrs), TKIs were observed to increase ROS levels. This may be attributed to the decrease in the 

expression and activity of the Trx system, which was observed following treatment with TKIs. One of 

the primary functions of the Trx system is to maintain healthy ROS levels, therefore, the inhibition of 

this system by TKIs is likely responsible for the increase in ROS levels that was observed. The decrease 

in the activity of the Trx system may also induce apoptosis via a range of different mechanisms, one 

of the most prominent being the JNK apoptosis pathway, which is activated by ASK1, a protein that is 

typically suppressed by Trx1; however, in an absence of active Trx1, this pathway is activated and 

apoptosis is initiated (Liu et al., 2000). Therefore, it is likely that this may be one of the causes of TKI-

induced apoptosis in CML.  

Another major finding of this study was the effect of bcr-abl inhibition on the activity and expression 

of the Trx system. It was found that when CML cells were treated with any of the four TKIs, or with 

bcr-abl specific siRNA, that TrxR activity levels were significantly decreased. Furthermore, these TKIs 

and bcr-abl specific siRNA were able to reduce the mRNA and protein expression of Nrf2, Trx1 and 

TrxR1, whilst upregulating the expression of TXNIP, the inhibitor of the Trx system.  

Given the consistency of these results, it can be concluded that the expression of bcr-abl is associated 

with activity of the Trx system. The mechanism responsible is unknown, although it is possible that it 

may be through the activity of the protein kinase C (PKC) pathway. The PKC family of proteins functions 

as serine and threonine kinases and are involved in the regulation of a large array of cell survival and 
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proliferation pathways (Black and Black, 2012). One of the pathways that PKC is known to regulate is 

the Nrf2 pathway, as PKC is able to phosphorylate a serine site on the Nrf2 protein, which stimulates 

the dissociation of the KEAP1/Cul3 complex from Nrf2, and thus inducing its activity and subsequently 

upregulating expression of Trx and other antioxidant genes (Huang et al., 2002). PKC could potentially 

be the link between the bcr-abl and Nrf2 pathways since it has been observed that bcr-abl is 

responsible for inducing the phosphorylation, and thus activation of PKC (Hickey et al., 2005; Roy et 

al., 2015). The link between these two pathways is displayed in figure 4.10. 

 

Overall, it was found that inhibition of bcr-abl by TKIs induced cell death via apoptosis in CML cells. It 

is likely that this apoptosis was at least partly caused by the downregulation of the Trx system, and 

subsequent increase of intracellular ROS levels. Since TKIs are the primary treatment for CML their 

mechanism of action needs to be fully elucidated. Not only could the results in this paper shed light 

on mechanisms of drug resistance in CML, but they also highlight new targets to overcome such drug 

resistance. Since the main source of drug resistance in CML treatment is mutations within bcr-abl, 

targeting other pathways, such as the Trx system, offers an alternative therapeutic approach. Since it 

has already been observed that TrxR inhibitors are effective in inducing cell death in imatinib resistant 

CML cells (Clapper et al., 2020b), this may be a promising avenue to overcome bcr-abl dependant drug 

resistance. 

Figure 4.10: Bcr-abl Induces Cell Death Through the Trx System. Inhibition of bcr-abl by TKIs 
resulted in a decrease in the expression and activity of the Trx system, likely through the action of 
PKC. Bcr-abl was shown to activate PKC [44, 45], which is a known regulator of Nrf2 [12]. The lower 
activity levels of the Trx system resulted in an increase in ROS, which can lead to apoptosis through 
a range of mechanisms, including direct damage to DNA, lipids and proteins and the activation of 
cell death pathways, such as the ASK1 pathway. 
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5.1 Introduction 

Hypoxia is often characterised as an environment in the body in which oxygen levels fall below 3% 

(Paltoglou and Roberts, 2007). Atmospheric oxygen levels are approximately 21%; however, inside the 

body oxygen levels are much lower. It is thought that physiological oxygen (or physioxia) levels usually 

range between 1% and 11% O2 depending on the organ. The region with the highest %O2 in the body 

is the alveoli of the lungs, which contain about 14.5% oxygen (Carreau et al., 2011). The kidney and 

the brain are also reported to have high %O2 levels with 9.5% and 4.4% respectively (Muller et al., 

1998; Korsic et al., 2006). Regions in the body that are classified as ‘hypoxic’ environments include the 

bone marrow, although oxygen levels in the bone marrow also vary. For example, the inner 

perisinodial regions have oxygen levels as low as 1%, whereas outer endosteal regions have higher 

oxygen levels, around 3% (Spencer et al., 2014). The hypoxic bone marrow niche is particularly 

important in the treatment of CML, as CML cells are myeloid cells that spend a large portion of their 

lifespan in the bone marrow. Hypoxia-induced drug resistance is a major concern for the treatment of 

other cancers (Li et al., 2017a; Fahy et al., 2021; Wang et al., 2021a), and has also been observed in 

CML (Giuntoli et al., 2011). Hypoxia induced drug resistance is classically thought to be caused by the 

activity of HIF-1α, a protein only active in hypoxia, which is responsible for upregulating various cell 

survival genes, including VEGF and EPO (Lemus-Varela et al., 2010). The upregulation of these genes 

is thought to give cells a survival advantage, thus making them more resistant to treatment. However, 

in hypoxia cells undergo many other changes that influence their sensitivity to drug treatment. 

A notable change in the biology of the cell in hypoxia is the suppression and arrest of the cell cycle. 

Gardner et al. (2001) found that HIF-1α was able to induce the activity of p27kip1, which is an inhibitor 

of cyclin dependant kinases (CDK) 2 and 4 (Kwon et al., 1996). CDK2 is required to bind to cyclins E and 

A to function (Chen et al., 2018; Dong et al., 2019; Tsytlonok et al., 2019). Cyclin E promotes the 

transition from the G1 phase to S phase, while cyclin A is responsible for the transition from S to G2. 

CDK4 activity is mediated by the binding of cyclin D, which is also responsible for the transition from 

G1 to S phase (Zhang et al., 2018; Guiley et al., 2019). The expression level of cyclins varies throughout 

the cell cycle, and this is the primary regulatory mechanism of CDK activity. However, p27Kip1 binds 

directly to the active CDK/cyclin complex and inhibits its activity. Kumar and Vaidya (2016) have 

reported that the induction of p27kip1 in hypoxia resulted in the decrease of the transition to the S 

phase, which significantly decreased cell proliferation. Furthermore, Wen et al. (2010) discovered that 

HIF-1α decreased the mRNA and protein expression of cyclin D1 in A549 human adenocarcinoma cells. 

It was also found that inhibition of HIF-1α in hypoxia resulted in a reversal of this effect. This paper 

also showed that the decrease of cyclin D1 in hypoxia resulted in increased chemoresistance towards 
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5-fluorouracil in A549 cells (Wen et al., 2010). While such a phenomenon has not been observed in 

CML cells, it has been found that bcr-abl itself is able to reduce the expression and activity of p27kip1, 

thus inducing the activity of CDK/cyclin complexes and promoting cell cycle (Jonuleit et al., 2000; 

Rangatia and Bonnet, 2006). It has been observed that bcr-abl downregulates the activity of p27kip1 

through the activity of the PI3K pathway (Gesbert et al., 2000). Therefore, it is possible that the 

observed decline of bcr-abl protein in hypoxia (Giuntoli et al., 2006) could lead to an increase in p27kip1 

and therefore the arrest of the cell cycle. It was also postulated by Jena et al. (2002) that bcr-abl 

upregulates the expression of cyclin D2, and this was found to be crucial to CML cell proliferation. 

Overall, it can be hypothesised that the ability of bcr-abl and hypoxia to regulate cyclin expression 

plays an important role in CML cell survival and chemoresistance. 

While hypoxia is commonly used as an in vitro model to imitate the conditions cancerous cells may be 

exposed to in the body, it is not necessarily the most accurate mimic of in vivo cancer cells.  Cancer 

cells are likely to move in and out of regions of the body with varying oxygen levels. As previously 

mentioned, CML cells spend a large portion of their lifespan in the hypoxic bone marrow niche 

(Schepers et al., 2015; Godavarthy et al., 2020). However, oxygen levels within the bone marrow itself 

vary greatly. Therefore, it is important that more variable models of hypoxia, such as cycling hypoxia 

and reoxygenation are studied as well as static hypoxia. Both static and cycling hypoxia induce high 

levels of ROS when the cells are transferred from hypoxia to normoxia, due to the increase in oxygen 

levels (Korge et al., 2008; Chen et al., 2015). This increase in ROS can alter the biology of the cell. One 

change is the upregulation of the Nrf2 pathway. Since this pathway is activated by the oxygen-

dependant disassociation of the inhibitory KEAP1 complex from Nrf2, there is an increase in the 

expression of the downstream targets of Nrf2, such as Trx1 and TrxR1, during reoxygenation 

(Kolamunne et al., 2013). This pathway, along with several other cell survival and proliferation 

pathways may influence the efficacy of chemotherapeutics, and it has been shown that both cycling 

hypoxia and reoxygenation can induce drug resistance in several cancers including breast cancer, 

colon cancer and pancreatic cancer (Yao et al., 2005; Verduzco et al., 2015; Jarrar et al., 2020). 

Therefore, it was hypothesised that cycling hypoxia and reoxygenation may influence TKI resistance 

in CML. Overall, this chapter firstly aims to determine the influence of hypoxia, cycling hypoxia and 

reoxygenation on the efficacy of TKIs in CML. Furthermore, the influence of hypoxia on the cell cycle 

and the Trx system, and its implications on CML treatment will also be assessed. 
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5.2 Results 

5.2.1 Varying Oxygen Conditions Result in TKI Resistance in CML Cells 

5.2.1.1 Incubation in Hypoxia Results in Decreased Efficacy of TKIs in CML Cells 

It has previously been reported that imatinib is ineffective towards CML cells in hypoxia (Giuntoli et 

al., 2006; Giuntoli et al., 2011; Ng et al., 2014). This study aimed to verify these results and assess the 

effect of hypoxia on the efficacy of other TKIs. CML cells were grown in 1% oxygen for 24hrs and then 

treated with either imatinib, ponatinib or GNF-5 for 24 or 48hrs whilst still in hypoxia. MTT 

proliferation assays were then performed, and the results are displayed in figures 5.1 – 5.3. As shown 

in figures 5.1A-F, imatinib was significantly less effective in cells treated in hypoxia when compared to 

cells treated in normoxia. Since in normoxia the drug is far more effective at 48hrs, this is where the 

most notable difference was observed between normoxia and hypoxia in both the K562 and KU812 

cells. However, in the KCL22 cell line imatinib was also ineffective after 24hrs in hypoxia compared to 

normoxia. Out of all three cell lines, the K562 cells seemed to be the most resistant to imatinib in 

hypoxia as there was a significant difference in cell proliferation between cells incubated in normoxia 

and hypoxia for all concentrations tested after 48hrs treatment. Notably, the cell proliferation of 

imatinib treated cells in hypoxia never fell below 70% in this cell line. There was no significant 

difference in cell proliferation following 24hr imatinib treatment in hypoxia compared to normoxia. In 

the KCL22 cell line 0.5, 1 and 2µM imatinib induced a significantly lower reduction in cell proliferation 

in hypoxia compared to normoxia after 24hrs. Furthermore, following 48hrs of imatinib treatment in 

hypoxia the 0.25, 0.5, 1 and 2µM concentrations all resulted in significantly reduced efficacy of 

imatinib in this cell line. In the KU812 cell line only the 50nM and 200nM concentrations of imatinib 

induced a statistically significant change in cell proliferation in normoxia compared to hypoxia after 

24 and 48hrs respectively. Overall, it was observed that hypoxia significantly reduced the efficacy of 

imatinib in all three CML cell lines, particularly in the K562 and KCL22 cell lines. 
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CML cells were also treated with ponatinib while incubated in either normoxia or hypoxia (Fig 5.2 A-

F). Similar to imatinib in normoxia, ponatinib was far more effective after 48hrs, so differences 

between the two oxygen conditions were more pronounced after 48hrs. The K562 cells were the most 

resistant to ponatinib in hypoxia, with the drug not decreasing cell proliferation at any concentration 

tested in hypoxia after either 24 or 48hrs treatment. In the KU812 cell line there were three 

concentrations of ponatinib that resulted in significantly lower cell proliferation levels in normoxia 

compared to hypoxia at both time points. KU812 cells treated with 5, 10 and 20nM of ponatinib had 

significantly higher cell proliferation in hypoxia compared to normoxia after 24hrs treatment, as well 

as the 1, 2.5 and 5nM concentrations of ponatinib after 48hrs treatment. Hypoxia affected the 

sensitivity of KU812 cells to ponatinib to a higher degree than it did to imatinib. There were three 

concentrations of ponatinib at both 24hrs and 48hrs that were significantly less effective in inhibiting 

KU812 cell proliferation in hypoxia compared to normoxia, whereas there was only one concentration 

Figure 5.1: The Efficacy of Imatinib on CML Cells Incubated in Hypoxia. K562, KU812 and KCL22 
cells were treated with imatinib for 24 or 48hrs in either normoxia (20% O2) or hypoxia (1% O2). 
Results are displayed as Mean±SEM. MTT results were analysed via two-way ANOVA with Tukey’s 
post hoc tests. Significant results between normoxia and hypoxia are displayed in the figure. * = 
P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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following either 24 or 48hrs imatinib treatment. In the KCL22 cell line the four highest concentrations 

tested (25, 50, 100 and 200nM) were significantly less effective in reducing cell proliferation in hypoxia 

compared to normoxia after both 24 and 48hrs. The response of KCL22 cells to ponatinib was similar 

to what was observed when they were treated with imatinib, as treatment with both drugs induced 

significantly less inhibition of cell proliferation in hypoxia compared to normoxia with the three or four 

highest drug concentrations after both 24 and 48hrs.   

 

Lastly, CML cells were treated with GNF-5 in either normoxia or hypoxia (Fig 5.3 A-F). Out of the three 

TKIs tested, GNF-5 was the least effective in hypoxia. In both the K562 and KU812 cells this compound 

had no effect on cell proliferation in hypoxia with any concentration tested after both 24 and 48hrs, 

resulting in the efficacy of 1, 2 and 5µM of GNF-5 being significantly lower in hypoxia compared to 

normoxia. The 0.25µM and 0.5µM concentrations did not display a statistically significant difference 

between normoxia and hypoxia since these two concentrations did not originally elicit a statistically 

Figure 5.2: The Efficacy of Ponatinib on CML Cells Incubated in Hypoxia. K562, KU812 and KCL22 
cells were treated with ponatinib for 24 or 48hrs in either normoxia (20% O2) or hypoxia (1% O2). 
Results are displayed as Mean±SEM. MTT results were analysed via two-way ANOVA with Tukey’s 
post hoc tests. Significant results between normoxia and hypoxia are displayed in the figure. * = 
P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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significant change in cell proliferation in normoxia. However, in the KCL22 cell line GNF-5 seemed to 

be just as effective in both normoxia and hypoxia, with no notable difference between any of the 

tested concentrations. Overall, it was observed that CML cells incubated in hypoxia were significantly 

more resistant to imatinib, ponatinib and GNF-5 compared to cells incubated in normoxia.  

 

5.2.1.2 Cycling Hypoxia Reduces Efficacy of TKIs on CML Cells Compared to Normoxia. 

Cycling hypoxia, also known as intermittent hypoxia, is an important consideration in the study of 

hypoxia, as it mimics the movement of cells in and out of hypoxic environments, such as the bone 

marrow in the case of CML. It has been shown in many cases that cycling hypoxia increases drug 

resistance and cell survival for various cancers, such as glioblastoma and breast cancer (Chou et al., 

2012; Verduzco et al., 2015; Hlouschek et al., 2018; Jarrar et al., 2020). For this study, K562 and KU812 

CML cells were incubated in normoxia and hypoxia for 30-minute intervals for 3hrs, then incubated in 

hypoxia for a further 16hrs, before being treated with imatinib or ponatinib in hypoxia for either 24 

Figure 5.3: The Efficacy of GNF-5 on CML Cells Incubated in Hypoxia. K562, KU812 and KCL22 cells 
were treated with GNF-5 for 24 or 48hrs in either normoxia (20% O2) or hypoxia (1% O2). Results 
are displayed as Mean±SEM. MTT results were analysed via two-way ANOVA with Tukey’s post hoc 
tests. Significant results between normoxia and hypoxia are displayed in the figure. * = P<0.05, 
**=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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or 48hrs, as detailed in the methods section 2.2.1.3. MTT cell proliferation assays were then 

performed (Fig. 5.4).  

When K562 cells were treated with 0.25, 0.5, 1 and 2µM imatinib for 24hrs following cycling hypoxia 

it was observed that the cells were significantly more resistant to treatment than those incubated in 

normoxia, whereas only the 1 and 2µM imatinib significantly influenced cell proliferation in static 

hypoxia compared to normoxia. For the K562 cells it was observed that 48hr treatment of imatinib at 

all concentrations tested elicited a significantly different response in both cycling and static hypoxia 

compared to normoxia. In the KU812 cell line it was observed that static and cycling hypoxia had 

similar effects on imatinib efficacy after 24hrs. KU812 cells treated with 10, 50, 200 and 500nM 

imatinib for 24hrs displayed a statistically lower reduction in cell proliferation in cycling hypoxia when 

compared to normoxia. In comparison, cells grown in static hypoxia were significantly more resistant 

to 24hr treatment with 10, 50, 100 and 200nM imatinib compared to cells incubated in normoxia. 

However, after 48hrs of imatinib treatment, cycling hypoxia resulted in more resistant KU812 cells 

compared to cells grown in static hypoxia. KU812 cells incubated in cycling hypoxia were significantly 

more resistant to 100, 200 and 500nM imatinib compared to normoxia following 48hr treatment. 

However, the only significant change in cell proliferation in hypoxia compared to normoxia after 48hrs 

treatment was with 200nM imatinib. Using an ANOVA analysis, it was observed that overall the 

treatment of KU812 cells with imatinib in cycling hypoxia gave a statistically significant result when 

compared to cells treated with imatinib in normoxia.  
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The efficacy of ponatinib on CML cell cultured in cycling hypoxia was also assessed (Fig. 5.4, E-H). 

Following 24hrs ponatinib treatment in K562 cells it was observed that the 100nM and 200nM 

concentrations were significantly less effective in cycling hypoxia than they were in normoxia. 

However, there was no significant change in the efficacy of ponatinib in hypoxia compared to 

normoxia at this time point. K562 cells were also treated with ponatinib for 48hrs in all three oxygen 

conditions and it was observed that incubation in cycling hypoxia resulted in significantly more 

ponatinib resistant cells compared to normoxia with all five concentrations tested. Hypoxia only 

induced a significant change in cell proliferation at this time point compared to normoxia with 50, 100 

Figure 5.4: The Efficacy of Imatinib and Ponatinib on CML Cells Cultured in Cycling Hypoxia. K562 
and KU812 cells were treated with either imatinib (A-D) or ponatinib (E-H) for 24 or 48hrs in either 
normoxia, hypoxia or cycling hypoxia. Results are displayed as Mean±SEM, MTT results were 
analysed via two-way ANOVA with Tukey’s post hoc tests. Significant results between normoxia 
and either hypoxia or cycling hypoxia are displayed in the figure. * = P<0.05, **=P<0.005, 
#=P<0.001, ##=P<0.0001. N=3. 
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and 200nM ponatinib. It was observed that cycling hypoxia induced significantly higher ponatinib 

resistance in KU812 cells compared to those grown in normoxia after 24hrs. Specifically, 10 and 20nM 

ponatinib resulted in significantly less cell proliferation in normoxia compared to cycling hypoxia. In 

hypoxia there was a statistically significant difference between treatment with 5 and 20nM ponatinib 

compared to normoxia after 24hrs treatment. After 48hrs of ponatinib treatment, the 2.5, 5, 10 and 

20nM concentrations of ponatinib were significantly less effective in cycling hypoxia compared to 

normoxia, whereas 2.5 and 5nM were the only concentrations of ponatinib that induced significantly 

different levels of cell proliferation in hypoxia compared to normoxia. Overall, cycling hypoxia 

significantly reduced the efficacy of both imatinib and ponatinib compared to normoxia in both the 

K562 and KU812 cell lines. Furthermore, it can be noted at many TKI concentrations, cycling hypoxia 

reduced the efficacy of both imatinib and ponatinib more so than static hypoxia did in the K562 cell 

line. To summarise, the IC50 values for both drugs after 48hrs treatment in all three oxygenation 

conditions were calcuated and these results are shown in table 5.1. 

 

Table 5.1. IC50 of Imatinib and Ponatinib after 48hrs Treatment in Normoxia, Hypoxia or Cycling 

Hypoxia 

 

5.2.1.3 Reoxygenation Following Hypoxia Incubation has Minimal Effect on TKI Resistance 

The effect of reoxygenation following hypoxia incubation on the efficacy of TKIs was also assessed. 

CML cells were incubated in hypoxia for 24hrs, and then incubated in normoxia for either 0, 24 or 

72hrs before being treated with imatinib or ponatinib in normoxia for 48hrs (Fig. 2.2). After treatment, 

MTT proliferation assays were performed to determine if there was any difference in the efficacy of 

these two TKIs when compared to cells grown in either normoxia or hypoxia (Fig 5.5A-D). In the K562 

cells, the 0hr reoxygenation time seemed to induce the most imatinib resistance compared to 

normoxia, while the 72hr reoxygenation samples were the least resistant to imatinib out of the three 

reoxygenation periods. The 0, 24 and 72hr reoxygenation samples all displayed a significantly higher 

level of cell proliferation compared to K562 cells grown in normoxia at a majority of the concentrations 

of imatinib tested. However, despite the resistance induced by reoxygenation, the cells were still more 

 K562 KU812 

Imatinib Ponatinib Imatinib Ponatinib 

Normoxia 0.3µM 30nM 150nM 5nM 

Hypoxia >2µM >200nM 200nM 7.5nM 

Cycling Hypoxia >2µM >200nM >500nM 9nM 
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sensitive to imatinib than they were in hypoxia. The effect of reoxygenation was far less pronounced 

in the KU812 cells. The 0hr and 24hr reoxygenation times appeared to have little effect on inducing 

imatinib resistance compared to normoxia, whereas 72hr reoxygenation made the cells even more 

susceptible to imatinib. The only significant difference between both 0hr and 24hr reoxygenation and 

normoxia was following 200nM imatinib treatment, as this concentration of imatinib was significantly 

less effective following both these reoxygenation times compared to normoxia. Following 72hrs 

reoxygenation treatment with 100nM imatinib KU812 cell showed significantly less cell proliferation 

compared to those treated in normoxia. 

 

Similar to the results seen in 5.2.1.2, the efficacy of imatinib was more affected by the oxygenation 

state of the cells compared to ponatinib. In the K562 cells, there was no difference between any of 

the reoxygenated samples, compared to cells treated with ponatinib in normoxia. In the KU812 cells, 

there was a small degree of resistance following the 0hr reoxygenation time, as these cells treated 

with both 2.5nM and 5nM ponatinib displayed significantly higher cell proliferation following 0hr 

reoxygenation compared to normoxia. However, all other reoxygenation time points did not have any 

variation compared to those treated in normoxia. In conclusion, reoxygenation only appeared to have 

Figure 5.5: The Efficacy of Imatinib and Ponatinib on CML Cells Cultured in Reoxygenation. K562 
and KU812 cells were treated with either imatinib or ponatinib for 48hrs in either normoxia, 
hypoxia or hypoxia followed by reoxygenation for 0, 24 or 72hrs. Results are displayed as 
Mean±SEM. MTT results were analysed via two-way ANOVA with Tukey’s post hoc tests. Significant 
results between normoxia and either hypoxia or each of the three reoxygenation states are 
displayed in the figure. * = P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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a minimal effect on inducing TKI resistance in CML, however, with some TKI treatments, reoxygenation 

did provide a degree of resistance to both imatinib and ponatinib compared to cells treated in 

normoxia.  

5.2.2 Changes in CML Cell Growth Induced by Hypoxia 

5.2.2.1 Hypoxia Slows the Metabolism of CML Cells 

It has been observed that cells may become senescent when cultured in hypoxia, a phenomenon that 

has been attributed to the mTOR pathway (Leontieva et al., 2012; Blagosklonny, 2013). The mTOR 

pathway is associated with increased cell proliferation and survival (Saxton and Sabatini, 2017). Since 

this pathway is inhibited in hypoxia (Brugarolas et al., 2004) it may cause cells to enter a state of 

senescence. However, it has also been observed that expression of cyclins is decreased in hypoxia, 

which may also contribute to senescence (Wen et al., 2010). To test the effect of hypoxia on CML cell 

metabolism and viability, cells were incubated in either normoxia or hypoxia or treated with the HIF-

1α stabilizer, DMOG for 48hrs. MTT cell proliferation assays, CellTOXTM cell viability assays and 

caspase-3 activity assays were used to determine the effect of hypoxia on cell metabolism, death, and 

apoptosis levels, respectively. The MTT assays are shown in figures 5.6A and B and show that the 

activity of cellular metabolism was significantly decreased in hypoxia compared to normoxia in both 

K562 and KU812 cell lines. Furthermore, cells treated with DMOG showed similar results, again 

showing a statistically significant decrease in cell metabolism.  

Levels of cell death were measured using the CellTox Green Assay (Fig. 5.6C,D); the CellTox dye 

functions by binding to the extracellular DNA of cells with ruptured plasma membranes, resulting in 

increased fluorescence. Increased fluorescence implies increased cell death. There was no notable 

difference in fluorescence between cells grown in normoxia compared to those incubated in hypoxia 

or treated with DMOG in both cell lines. This result implies that despite there being lower levels of cell 

proliferation in hypoxia, there was no increase in cell death. These results were further supported by 

caspase-3 activity assays (Fig 5.6E,F). Caspase-3 activity assays were used as a measure of apoptosis 

levels when cells were treated with DMOG. When K562 cells were treated with 1mM DMOG there 

was a significant decrease in caspase-3 activity compared to the untreated cells. There was no 

significant change in caspase-3 activity following treatment with 0.5mM of DMOG in this cell line. 

Similar results were observed in the KU812 cell line. When these cells were treated with either 0.25 

or 0.5mM DMOG for 48hrs there was a significant decrease in caspase-3 activity compared to the 

control. These results show that the stabilisation of HIF-1α in normoxia results in a decrease in 

apoptosis levels in CML cells. The cell growth, death and apoptosis results suggest that hypoxia, 
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specifically HIF-1α, decreases the levels of metabolic processes in CML cells, but this does not induce 

cell death or apoptosis in these cells, instead they enter a stationary phase of cell growth and may 

become dormant or senescent. 

 

 

Figure 5.6: Hypoxia Slows CML Cell Proliferation but does not Induce Cell Death. K562 and KU812 
CML cells were either incubated in normoxia or hypoxia or treated with DMOG in normoxia for 
48hrs. MTT assays (A,B) were used to measure cell proliferation, CellTox Green assays (C,D) were 
used to measure cell death levels and caspase-3 activity assays (E,F) were used to measure 
apoptosis levels. Results are presented as mean±SEM. Paired T-tests were used to determine 
significance between normoxia and the hypoxia and DMOG samples. * = P<0.05, **=P<0.005, 
#=P<0.001. N=3. 
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5.2.2.2 Hypoxia Suppresses the Expression of Cyclins 

Since it was observed in the previous section that cell proliferation was slowed in hypoxia, this 

phenomenon was further investigated. It has already been observed that the activity levels of cyclin 

dependent kinases (CDK) are decreased in hypoxia, due to the increased activity of p27kip1, an inhibitor 

of CDK/cyclin complexes (Wang et al., 2003). However, this has not been investigated in CML. 

Furthermore, bcr-abl has been observed to upregulate the expression of cyclins (Gesbert et al., 2000), 

therefore its absence in hypoxia may further slow the proliferation of CML cells in hypoxia. To test the 

effect of hypoxia on cyclin expression, K562 and KU812 CML cells were grown in normoxia, hypoxia or 

treated with DMOG and RT-qPCR was used to measure the mRNA expression levels of five different 

cyclins. As shown in figure 5.7A, there was a statistically significant decrease in the expression of 

cyclins A2, D1 and D2 in both hypoxia and DMOG treated K562 cells compared to K562 cells grown in 

normoxia. Lastly, the expression of cyclin E1 was significantly decreased in hypoxia compared to 

normoxia in K562 cells, but there was no notable change in the DMOG treated cells. The KU812 cell 

line (Fig. 5.7B) displayed similar changes in cyclin expression compared to the K562 cell line. In the 

KU812 cell line, the mRNA expression of cyclins D1, D2 and D3 was significantly decreased in both 

hypoxia incubated and DMOG treated KU812 cells compared to those grown in normoxia. However, 

cyclins A2 and E1 only had a statistically significant decrease in their mRNA expression when cultured 

in hypoxia, and not with DMOG treatment, compared to normoxia. Overall, it was seen that hypoxia 

decreased the mRNA expression of cyclins in CML cells, and this was most likely mediated by the 

activity of HIF-1α, as the mRNA expression of cyclins in cells treated with DMOG closely mirrored that 

of hypoxia cultured cells. However, it can be noted that it appears that hypoxia is more effective than 

DMOG in decreasing cyclin expression, implying that there may be other hypoxia dependant pathways 

may also be involved in this process.  
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5.2.3 The Effect of Hypoxia on the Trx System 

5.2.3.1 Hypoxia Decreases the Expression Levels of the Trx System 

The Trx system is involved in maintaining the redox balance within cells, and plays an important role 

in drug resistance, as detailed in chapters 3 and 4. Since hypoxia (specifically the HIF-1 pathway) is 

also involved in drug resistance, a potential link between these two systems was investigated. Initially, 

in K562 and KU812 CML cells were cultured in either normoxia or hypoxia or treated with DMOG 24hrs 

and the mRNA expression levels of the Trx system were measured using RT-qPCR (Fig. 5.8A,B). In the 

K562 cells the mRNA expression levels of Trx1 were significantly decreased in both hypoxia and with 

DMOG treatment compared to cells incubated in normoxia (Fig. 5.8A). The mRNA expression levels of 

Figure 5.7: Hypoxia Suppresses Cyclin Expression in CML Cells. K562 (A) and KU812 (B) cells were 
incubated in either normoxia, hypoxia or treated with DMOG for 72hrs. RT-qPCR was used to 
measure the mRNA expression levels of cyclin A2, D1, D2, D3 and E1. RPL32 was used as a 
normaliser for RT-qPCR. Results are displayed as Mean±SEM, RT-qPCR results were analysed via a 
paired T tests. * = P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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TrxR1 were significantly downregulated in DMOG treated cells, but there was no significant change in 

TrxR1 mRNA expression in K562 cells incubated in hypoxia, compared to those grown in normoxia. 

The mRNA expression levels of Nrf2 and TXNIP were unchanged in the K562 cells cultured in hypoxia 

compared to normoxia, however, K562 cells treated with DMOG had significantly higher expression 

levels of TXNIP compared to the control. In the KU812 cells, the expression levels of Nrf2, Trx1 and 

TrxR1 were significantly decreased in cells incubated in hypoxia compared to those grown in normoxia 

(Fig. 5.8B). DMOG treatment of KU812 cells resulted in significantly reduced expression levels of both 

Trx1 and TrxR1 levels compared to normoxia. There was no significant change in Nrf2 expression 

following DMOG treatment compared to normoxia in this cell line. It was also observed that TXNIP 

expression was significantly increased in both hypoxia and DMOG treated cells compared to the 

control.  

 

Western blotting was used to analyse the protein expression of Trx1 in both normoxia and hypoxia 

after 24hrs (Fig. 5.8C,D). These western blots show that the incubation of K562 and KU812 cells in 

hypoxia resulted in decreased protein expression levels of Trx1 compared to cells grown in normoxia. 

Figure 5.8: Hypoxia Suppresses the Expression of the Trx System. K562 (A) and KU812 (B) cells 
were incubated in either normoxia, hypoxia or treated with DMOG for 24hrs. RT-qPCR was used to 
measure the mRNA expression levels Nrf2, Trx1, TrxR1 and TXNIP. RPL32 was used as a normaliser 
for RT-qPCR. K562 (C) and KU812 (D) cells were incubated in either normoxia, hypoxia for 24hrs. 
Western blotting was used to measured Trx1 protein levels. β-tubulin was used as a loading 
control. Results are displayed as Mean±SEM, RT-qPCR results were analysed via a paired T tests. * 
= P<0.05, **=P<0.005, #=P<0.001. N=3. 
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This result corroborated what was seen in the RT-qPCR results, as this data also showed Trx1 mRNA 

was decreased. Overall, it was observed that the mRNA expression levels of Trx1, TrxR1 and Nrf2 were 

decreased, as well as the protein levels of Trx1. Furthermore, the expression of the Trx inhibitor, 

TXNIP, was seen to be increased, which further confirms the downregulation of the Trx system in 

hypoxia. 

5.2.3.2 Hypoxia Decreases the Activity of the Trx System but TrxR Inhibitors are Still Effective 

Since the expression of the Trx system is decreased in hypoxia, it stands to reason that the activity of 

this system would also be decreased. This was measured by incubating K562 and KU812 cells in either 

normoxia or hypoxia for 24hrs and measuring TrxR1 activity levels using a DTNB based assay (Fig 5.9).  

Results are displayed in milli units of TrxR activity divided by total protein (mU/mg). As shown in the 

control sample, the level of TrxR activity in hypoxic K562 samples was significantly lower compared to 

K562 cells incubated in normoxia, with TrxR activity levels in hypoxia being almost half of that 

observed in the normoxic cells. However, in the KU812 cell line there was only a minor decrease 

between the hypoxic and normoxic control samples. It can also be noted that the basal TrxR activity 

levels were much higher in K562 cells compared to KU812 cells. In normoxic K562 cells, the basal TrxR 

activity was approximately 4mU/mg, whereas in KU812 cell it was only 1.5mU/mg. 

It has previously been shown that TKIs such as imatinib and ponatinib are able to inhibit TrxR activity 

(Clapper et al., 2021). Therefore, the TrxR inhibitory activity of imatinib, ponatinib, as well as classical 

TrxR inhibitors, auranofin and [Au(d2pype)2]Cl in both normoxia and hypoxia was assessed. Both 

auranofin and [Au(d2pype)2]Cl significantly decreased TrxR activity compared to the untreated 

control in K562 and KU812 cells incubated in either normoxia or hypoxia. There was a statistically 

significant decrease in TrxR activity following treatment with both auranofin and [Au(d2pype)2]Cl 

compared to the untreated control in CML cells incubated in hypoxia. However, the two TKIs that were 

tested, imatinib and ponatinib, were not able to decrease TrxR activity at all compared to the control 

in hypoxia in either cell line, despite the fact they were able to significantly decrease TrxR activity in 

normoxia. This may be one of the reasons that this class of drug is so ineffective in hypoxia. It was 

previously shown in section 5.2.1 that TKIs are far less effective in inducing cell death in hypoxia 

compared to normoxia. In conclusion, it was observed that there was less intrinsic TrxR activity in 

hypoxia, but auranofin and [Au(d2pype)2]Cl were still effective TrxR activity inhibitors, whereas the 

TKIs, imatinib and ponatinib, were not. 
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5.2.3.3 The Efficacy of Auranofin and [Au(d2pype)2]Cl on CML Cells Incubated in Hypoxia 

In order to assess the efficacy of TrxR inhibitors in hypoxia, K562, KU812 and KCL22 CML cells were 

incubated in either normoxia or hypoxia for 24hrs prior to treatment, and then treated with auranofin 

or [Au(d2pype)2]Cl for a further 24 or 48hrs. In the K562 cells (Fig. 5.10A-D) it was observed that 

hypoxia reduced the efficacy of both auranofin and [Au(d2pype)2]Cl. In particular, auranofin was not 

as effective in hypoxia as it was in normoxia, as the IC50 of this drug in normoxia was 0.85µM after 

48hrs, while in hypoxia it was 3.5µM. Furthermore, after both 24 and 48hrs of 1, 2 and 4µM auranofin 

treatment it was observed that cell proliferation was significantly lower in normoxia than it was in 

hypoxia. K562 cells treated with [Au(d2pype)2]Cl for 24hrs had significantly higher cell proliferation 

levels when treated in hypoxia compared to normoxia. Specifically, treatment with 2, 4 and 8µM of 

[Au(d2pype)2]Cl was significantly more effective in normoxia than in hypoxia. After 48hrs treatment 

with [Au(d2pype)2]Cl, K562 cells behaved in a relatively similar manner in both normoxia and hypoxia. 

The only significant difference in cell proliferation between normoxia and hypoxia was following 8µM 

[Au(d2pype)2]Cl treatment. However, the effectiveness of [Au(d2pype)2]Cl in hypoxia plateaued at 

around 50% reduction of cell proliferation, which was not observed in normoxia. Despite this, the IC50 

Figure 5.9: Effect of TrxR Inhibitors and TKIs on TrxR Activity in Hypoxia. K562 (A) and KU812 (B) 
cells were incubated in either normoxia or hypoxia for 24hrs. Cells were then treated with either 
imatinib, ponatinib, auranofin or [Au(d2pype)2]Cl for a further 24hrs for auranofin and  
[Au(d2pype)2]Cl and 72hrs for imatinib and ponatinib. After treatment, TrxR activity was 
measured using a DTNB based assay. Results are displayed as Mean±SEM, paired T-tests were 
used to determine significance between the control sample and treated samples for both normoxic 
and hypoxic cells. Paired T-tests were also used to compare TrxR activity levels between normoxia 
and hypoxia. * = P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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of [Au(d2pype)2]Cl after 48hrs treatment in the K562 cells was very similar in hypoxia compared to 

normoxia, with values of approximately 1.4 µM and 1.7µM, respectively.  

  

In the KU812 cell line (Fig. 5.11A-D), both auranofin and [Au(d2pype)2]Cl behaved almost identically 

in hypoxia as they did in normoxia, which implies that hypoxia has little influence on the efficacy of 

these compounds in this cell line. The IC50 of auranofin after 48hrs treatment in normoxia and hypoxia 

were 2.5µM and 1.6µM respectively. It was also observed that 1µM of auranofin was significantly 

more effective in reducing cell proliferation in hypoxia compared to normoxia after 24hrs. Therefore, 

auranofin was more effective in hypoxia than it was in normoxia in this cell line. The IC50 of 

[Au(d2pype)2]Cl after 48hrs treatment was also very similar in the two oxygen conditions, with the IC50 

in normoxia being approximately 1.4µM while in hypoxia it was 1.6µM. [Au(d2pype)2]Cl was shown to 

be slightly less effective in hypoxia compared to auranofin, however there was no significant change 

in cell proliferation between normoxia and hypoxia following [Au(d2pype)2]Cl treatment in this cell 

line.  

Figure 5.10: Effect of Auranofin and [Au(d2pype)2]Cl on K562 Cell Growth in Hypoxia. K562 cells 
were treated with either auranofin or [Au(d2pype)2]Cl for 24 or 48hrs in either normoxia or 
hypoxia. Results are displayed as Mean±SEM. MTT results were analysed via two-way ANOVA with 
Tukey’s post hoc tests. Significant results between normoxia and hypoxia are displayed in the 
figure. * = P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 



   
  Chapter 5 

Page | 116  
 
 

 

Finally, the KCL22 cells were incubated in normoxia or hypoxia for 24hrs and then treated with either 

auranofin or [Au(d2pype)2]Cl for 24 or 48hrs and MTT proliferation assays were performed (Fig. 5.12A-

D). The KCL22 cell line displayed similar results to that of the K562 cell line. Cell proliferation levels 

were significantly lower when cells were treated with 1 and 2µM auranofin in normoxia compared to 

hypoxia following both 24 and 48hrs treatment, as well as 4µM after 24hrs. [Au(d2pype)2]Cl seemed 

to be slightly more effective in inhibiting cell proliferation in hypoxia compared to auranofin in the 

KCL22 cell line. There was no significant difference in the effectiveness of [Au(d2pype)2]Cl in hypoxia 

compared to normoxia after 24hrs. After 48hrs however, 0.5 and 1µM of [Au(d2pype)2]Cl were 

significantly less effective in hypoxic conditions compared to normoxia. Overall, it can be concluded 

that auranofin and [Au(d2pype)2]Cl retained some of their efficacy in hypoxia in both the K562 and 

KCL22 cell lines compared to normoxia, but were not affected at all by hypoxia in the KU812 cell line. 

Figure 5.11: Effect of Auranofin and [Au(d2pype)2]Cl on KU812 Cell Growth in Hypoxia. KU812 
cells were treated with either auranofin or [Au(d2pype)2]Cl for 24 or 48hrs in either normoxia or 
hypoxia. Results are displayed as Mean±SEM. MTT results were analysed via two-way ANOVA with 
Tukey’s post hoc tests. Significant results between normoxia and hypoxia are displayed in the 
figure. * = P<0.05. N=3. 
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In order to summarise the results displayed in figures 5.10-5.12, the IC50 values of auranofin and 

[Au(d2pype)2]Cl were calculated following 48hrs treatment in either normoxia or hypoxia and these 

results are displayed table 5.2. 

 

5.2.3.4 Reoxygenation but not Cycling Hypoxia, Increases Expression of the Trx System 

Cycling hypoxia and reoxygenation were chosen as alternative models of hypoxia as they represent 

the differing environments and oxygen levels that CML cells may be exposed to during their lifespan 

in the bone marrow. To determine the effects of cycling hypoxia and reoxygenation on the expression 

of the Trx system, CML cells were incubated in either normoxia, hypoxia, cycling hypoxia or 

 K562 KU812 KCL22 

Auranofin 
Normoxia 0.9µM 2.5µM 1.5µM 

Hypoxia 3.5µM 1.6µM 2.3µM 

[Au(d2pype)2]Cl 
Normoxia 1.7µM 1.4µM 0.8µM 

Hypoxia 1.4µM 1.6µM 1.8µM 

Table 5.2. IC50 of Auranofin and [Au(d2pype)2]Cl After 48hrs Treatment in Normoxia and Hypoxia. 

Figure 5.12: Effect of Auranofin and [Au(d2pype)2]Cl on KCL22 Cell Growth in Hypoxia. KCL22 cells 
were treated with either auranofin or [Au(d2pype)2]Cl for 24 or 48hrs in either normoxia or 
hypoxia. Results are displayed as Mean±SEM. MTT results were analysed via two-way ANOVA with 
Tukey’s post hoc tests. Significant results between normoxia and hypoxia are displayed in the 
figure. * = P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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reoxygenation for 4 hours following cycling hypoxia (as described in the methods section 2.2.1.2 - 

2.2.1.3). Cells were preconditioned in cycling hypoxia before reoxygenation, as previous studies in our 

lab have shown that this further enhanced the upregulation of redox systems in breast cancer cell 

lines (Karlenius et al., 2012). After incubation, RNA was extracted from the CML cells and RT-qPCR was 

used to measure the mRNA expression levels of Nrf2, Trx1, TrxR1 and TXNIP. These results are shown 

in figure 5.13. Multiple comparisons following two-way ANOVAs were used to identify statistical 

significance between each oxygen condition for each gene. 

In the K562 cells (Fig 5.13A) reoxygenation resulted in significantly higher expression levels of Nrf2 

and all three Trx related genes tested compared to normoxia. There were also significantly higher 

expression levels of Nrf2, Trx1 and TXNIP in reoxygenation samples compared to cycling hypoxia. 

Hypoxia incubation resulted in a significant decrease in Trx1 mRNA levels. Cycling hypoxia showed a 

significant decrease of TXNIP, and Nrf2 mRNA expression levels compared to normoxia. Paradoxically, 

there was also shown to be a significant increase in TrxR1 mRNA expression levels in cycling hypoxia 

compared to normoxia. The significant changes in mRNA expression between hypoxia and cycling 

hypoxia were higher levels of TrxR1 and lower levels of TXNIP mRNA expression in cycling hypoxia 

compared to hypoxia. 

The KU812 cells (Fig. 5.13B) displayed quite different results compared to the K562 cells. There was 

no significant change in the mRNA expression of Nrf2 between normoxia and the other oxygen 

conditions in this cell line. However, reoxygenated samples had significantly higher mRNA expression 

of Nrf2, compared to those incubated in both hypoxia and cycling hypoxia. Hypoxia, cycling hypoxia 

and reoxygenation significantly reduced the expression levels of Trx1 compared to normoxia in the 

KU812 cells. Cycling hypoxia also significantly decreased TrxR1 expression compared to normoxia, and 

hypoxia and reoxygenation also caused a minor decrease in the expression of this gene. Lastly, cycling 

hypoxia induced a significant increase in TXNIP mRNA expression, but there was no notable difference 

in TXNIP expression following incubation in both hypoxia and reoxygenation. 
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In the KCL22 cells (Fig. 5.13C), reoxygenation induced a significant increase in the mRNA expression of 

Nrf2, Trx1 and TrxR1 compared to the levels of the genes expressed in normoxia, hypoxia and cycling 

hypoxia. There was no significant difference between the levels of Nrf2, Trx1 and TrxR1 in cells 

cultured in normoxia compared to culture in either hypoxia or cycling hypoxia.. Lastly, TXNIP 

expression was significantly higher in hypoxia, cycling hypoxia and reoxygenation compared to 

Figure 5.13: Reoxygenation Increases the Expression of the Trx System. K562 (A), KU812 (B) and 
KCL22 (C) CML cells were incubated in either normoxia, hypoxia, cycling hypoxia or reoxygenation 
following cycling hypoxia for 24hrs. RT-qPCR was used to measure the gene expression of Nrf2, Trx1, 
TrxR1 and TXNIP. RPL32 was used as a normaliser. Results are displayed as Mean±SEM and were 
analysed via a two-way ANOVA and a Tukey’s post hoc analysis. * = P<0.05, **=P<0.005, #=P<0.001, 
##=P<0.0001. N=3. 
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normoxia. There was no significant change in the levels of TXNIP expression between hypoxia, cycling 

hypoxia and reoxygenation.  

Overall, it was observed that cells incubated in cycling hypoxia behaved in a very similar matter to cells 

incubated in hypoxia, and that for the most part the expression of Nrf2, Trx1 and TrxR1 were 

decreased and TXNIP was increased in these cells compared to cells grown in normoxia. This shows an 

overall decrease in the expression and thus activity of the Trx system. However, reoxygenation 

following cycling hypoxia mostly induced an increase in the expression of Nrf2, Trx1, TrxR1 and TXNIP 

compared to normoxia, hypoxia and cycling hypoxia. This is most likely due to the sudden burst of 

oxygen that occurs during the reoxygenation process that causes high levels of oxidative stress, which 

induces the activity of Nrf2, which in turn upregulates the expression of the Trx system.  

5.3 Discussion 

5.3.1 Varying Oxygen Conditions Conveys a Degree of TKI Resistance on CML Cells 

Hypoxia is classified as oxygen levels in the body falling below 3% (Paltoglou and Roberts, 2007). Such 

conditions are quite common in many cancers, including both blood and solid cancers. Due to the 

decreased vascular tissue in solid tumours, very little to no oxygen is able to reach the centre of the 

mass, making these tissues hypoxic or even anoxic (0% O2) (Al Tameemi et al., 2019). Hypoxia is also 

relevant to blood cancers, including CML, as these cancers affect white blood cells, which originate 

and spend large portions of their lifespan in the hypoxic bone marrow niche (Boulais and Frenette, 

2015; Testa et al., 2016). The oxygen levels in the bone marrow niche vary widely but are thought to 

reach levels as low as 1% in the perisinusoidal regions of the bone marrow (Spencer et al., 2014). It 

has been observed in many cancers that such low oxygen conditions may alter the biology of the cell 

in such a way that confers resistance to many chemotherapeutic agents. Before investigating these 

exact mechanisms, the degree CML cells are resistant to various TKIs under different hypoxic 

conditions was determined.  

Although it has previously been observed that some CML cell lines are resistant to imatinib in hypoxia 

(Giuntoli et al., 2006; Giuntoli et al., 2011; Ng et al., 2014), this study not only confirmed this, but also 

tested the efficacy of other TKIs in hypoxia. TKIs from the first and third generation of CML treatments 

were selected, which were imatinib and ponatinib respectively. Ponatinib was specifically designed to 

overcome imatinib resistance to mutations within the active site of bcr-abl (Ferri et al., 2015). GNF-5 

was also tested. GNF-5 is a compound whose derivative (asciminib) is currently undergoing clinical 

trials for CML treatment (NCT03578367, NCT02081378). GNF-5 and asciminib are both allosteric 
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inhibitors of bcr-abl and target a completely different domain of bcr-abl than other TKIs, which all 

target the kinase domain of bcr-abl, whereas GNF-5 and asciminib target the myristoylation site of 

bcr-abl. Therefore, GNF-5 efficacy is not affected by the kinase mutations that are often observed to 

hinder the efficacy of other TKIs, such as imatinib (Schoepfer et al., 2018). 

It was found that all three of the aforementioned TKIs were very effective in inducing cell death, 

especially after 48hrs. However, when cells were incubated in hypoxia for 24hrs prior to treatment, 

and then treated in hypoxia, all three TKIs were far less effective than they were in normoxia. Out of 

the TKIs tested, GNF-5 was the least effective in hypoxia. Interestingly, this drug is the most bcr-abl 

specific TKI out of the three tested, which may indicate that this drug resistance is bcr-abl related. 

However, imatinib and ponatinib were also quite ineffective in hypoxia, and the K562 cell line 

appeared to be the most affected by hypoxia induced drug resistance. The efficacy of ponatinib and 

GNF-5 has never been reported in hypoxic CML cells, so this result is of particular note. The effect of 

hypoxia was further investigated by examining the effect of cycling hypoxia on TKI efficacy. 

Like static hypoxia, cycling hypoxia is also associated with drug resistance in cancer (Chou et al., 2012; 

Verduzco et al., 2015; Hlouschek et al., 2018; Jarrar et al., 2020). However, the effect of cycling hypoxia 

on the activity of bcr-abl specific TKIs has not yet been reported. Cycling hypoxia is particularly helpful 

because it more effectively mimics the movement of cancer cells through regions of the bone marrow, 

as each region of the bone marrow has differing oxygen levels (Spencer et al., 2014). For instance, the 

outer endosteal region is populated by arteries and is far less hypoxic that the inner perisinusoidal 

areas (Spencer et al., 2014). The driving force of cycling hypoxia is the sudden increase in oxygen levels 

when cells re-enter normoxic regions; this results in increased ROS levels that activate many cell 

survival pathways such as NADPH oxidase (NOX) pathways (Michiels et al., 2016). It has also been 

shown that cycling hypoxia activates the NF-κB anti-apoptosis pathway to a much higher extent than 

regular hypoxia (Chen et al., 2015). Lastly, the increased expression of many drug exporter proteins, 

such as MDR1, have been linked to cycling hypoxia (Liu et al., 2011). All these factors play a role in the 

severity of cycling hypoxia induced drug resistance. It was observed in this study that cycling hypoxia 

vastly reduced the efficacy of imatinib, as this drug was not able to induce cell death in K562 cells that 

were incubated in cycling hypoxia at any concentration tested. Ponatinib also displayed a degree of 

drug resistance in CML cells incubated in cycling hypoxia, but it was not as notable as the results 

observed in regular hypoxia with this drug. 

Lastly, the effect of reoxygenation on TKI efficacy was assessed. Reoxygenation induces an increase in 

ROS levels, which induce the expression of various cell survival pathways. Some of the most important 
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ROS-regulated pathways include those that are mediated by the transcription factor Nrf2 and include 

the Trx and glutathione systems (Lee et al., 2016). Then, it was determined if the upregulation of these 

pathways was able to protect cells from chemotherapeutics, since the upregulation of both the Trx 

and GSH systems have been shown to reduce the efficacy of various chemotherapeutics, including 

imatinib (Zhu et al., 2018; Clapper et al., 2020b).  To test the effect of reoxygenation on the efficacy 

of TKIs in CML, cells were grown in hypoxia for 24hrs and then grown in normoxia for the designated 

time points before treatment with TKIs in normoxia. These experiments aimed to determine how long 

TKI resistance lasted after cells left their hypoxic conditions. It was observed that only cells that were 

treated with TKIs directly after leaving hypoxia had any reoxygenation induced drug resistance, 

implying this resistance is not long lived. However, at the 0hr reoxygenation time point it is unclear if 

the effect on drug resistance is actually due to reoxygenation or if it is the residual effects of hypoxia 

on the cell biology. Despite this, it was observed that hypoxia and cycling hypoxia induced TKI 

resistance in CML cells, and possible mechanism(s) by which this occurs is explored in the remainder 

of this chapter. 

5.3.2 Hypoxia Suppresses Proliferation of CML Cells 

Hypoxia induces a variety of changes within the cell, many of which may induce drug resistance. It has 

been reported that hypoxia may induce senescence in some cells, meaning that the cell cycle is 

arrested, at least temporarily (Mo et al., 2013). Whilst it appears that this would reduce the aggression 

of the cancer cells, senescence has been shown to induce drug resistance in several instances (Gordon 

and Nelson, 2012). This can happen due to a variety of different mechanisms, including the secretion 

of several proinflammatory factors, such as interleukins (Bavik et al., 2006; Kuilman et al., 2008), which 

promote DNA repair mechanisms and promote drug resistance. Furthermore, many cancer 

treatments target rapidly growing cells, as a means to prevent them from targeting healthy cells, 

however, if cell growth is slowed significantly then it can make it vastly more difficult for many 

chemotherapeutics to function effectively (Yang et al., 2017; Han et al., 2020).  

 It was observed in this study that hypoxia suppressed the rate that CML cells proliferate without 

inducing cell death or apoptosis. It is possible that this decrease in cell proliferation is associated with 

the inhibition of the mTOR pathway in hypoxia, since the inhibition of the mTOR pathway has been 

linked to cellular senescence (Leontieva et al., 2012; Blagosklonny, 2013). Furthermore, it was found 

that hypoxia decreased the mRNA expression of cyclins A, D and E. The downregulation of these cyclins 

is likely through the increase in activity of p27kip1 in hypoxia (Horree et al., 2008; Zhu et al., 2013). The 

p27kip1 protein downregulates the activity of CDK2 and 4 which are primary regulators of cyclins A, D 

and E (Lee and Kim, 2009). Cyclins D and E mediate the transition from G1 phase to the S phase, 
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whereas cyclin A promotes the transition from G2 to M phase (Fig. 5.14A). The inhibition of any of 

these cyclins would likely result in the arrest of the cell cycle. Bcr-abl may also play a role in the 

decrease of cyclin expression. It has been reported by Gesbert et al. (2000) that bcr-abl downregulates 

the activity of p27kip1, so due to the absence of bcr-abl protein in hypoxia, p27kip1 would be inhibited 

to a lesser degree. Therefore, the inhibition of bcr-abl protein levels in hypoxia (Clapper et al., 2020a) 

could potentially lead to higher p27kip1 activity in hypoxia, and thus lower CDK/cyclin activity, and this 

cellular pathway is shown in figure 5.14B.   

 

 

 



   
  Chapter 5 

Page | 124  
 
 

 

Figure 5.14: Cyclin Expression in Hypoxia. A: The activity of cyclins A and E is regulated by 
CDK2, while cyclin D activity is regulated by CDK4. Cyclins D and E progress the cells through 
the G1/S phases of the cell cycle, and cyclin A progresses cells through the S/G2 phase. The 
activity of CDK2 and 4 is inhibited by p27kip1. B: Hypoxia enhances the activity of p27kip1. In 
CML cells this could be through bcr-abl activity, since bcr-abl is a known inhibitor of p27kip1, 
and therefore the reduced bcr-abl levels in hypoxia may result in higher p27kip1 activity. The 
higher p27kip1 activity in hypoxia would then result in inhibition of CDK2 and 4, and therefore 
cell cycle arrest. Figure prepared using references listed in the text. 
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5.3.3 Hypoxia Downregulates the Trx System, but it Still Remains a Viable Target for 

CML Treatment 

The Trx system is a prominent redox system within the body and its overexpression has previously 

been identified as a cause of drug resistance in other cancers, consequentially resulting in the Trx 

system being identified as potential target for cancer treatment (Li et al., 2012; Wang et al., 2015; 

Zhang et al., 2017a). It has been shown that TrxR inhibitors such as auranofin and [Au(d2pype)2]Cl 

were able to overcome acquired imatinib resistance in K562 and KU812 CML cells (Clapper et al., 

2020b). Given that it was observed earlier in this chapter that hypoxia induced TKI resistance in CML 

cells, it was then determined if TrxR inhibitors could overcome both acquired and hypoxia induced TKI 

resistance. Firstly, however, the effect of hypoxia on the Trx system was examined. RT-qPCR and 

western blotting showed that hypoxia decreased the expression of components of the Trx system, 

such as its transcription factor Nrf2, as well as Trx1 and TrxR1, while the expression of the Trx inhibitor, 

TXNIP was increased. These results were supported by the fact that basal TrxR activity was decreased 

in hypoxia. This decrease in the Trx system makes theoretical sense as the activity of Nrf2 is 

upregulated by oxidative stress. In reducing environments Nrf2 is bound to the inhibitory KEAP1/Cul3 

complex; however, upon oxidation of this complex via ROS, Nrf2 is able to bind to the ARE on various 

genes, including that of Trx1 and TrxR1 and induce their transcription (Fukutomi et al., 2014). Due to 

hypoxia being a very low oxygen environment, ROS levels are also significantly lower, therefore, Nrf2 

is less active, resulting in an overall lower expression and activity of the Trx system. However, it has 

been observed in other human cancer models that the expression of the Trx system is increased in 

hypoxia. This discrepancy observed in CML cells compared to other cancers could be explained by the 

decreased protein levels of bcr-abl observed in hypoxia (Giuntoli et al., 2006; Clapper et al., 2020a). 

Since it was previously shown that bcr-abl modulates the expression of the Trx system (Clapper et al., 

2020b), lower expression of bcr-abl in hypoxia could lead to the observed decrease in the Trx system. 

TrxR activity assays also showed that imatinib and ponatinib were not able to decrease Trx activity in 

hypoxia, even though they were effective in doing so in normoxia. This may be due to the fact that 

these drugs are able to decrease TrxR activity by inhibiting bcr-abl, which as previously discussed, is 

not present in hypoxia. The inability of imatinib and ponatinib to decrease TrxR activity in hypoxia may 

be one of the reasons these drugs are so ineffective in these conditions. It was found that auranofin 

and [Au(d2pype)2]Cl were still able to effectively inhibit the activity of TrxR activity in hypoxia, despite 

the decreased levels of expression of many components of the Trx system. Both drugs were still 

relatively effective in inducing cell death in hypoxia, compared to normoxia, and this is likely due to 

their ability to inhibit TrxR activity in hypoxia. In the KU812 cell line, it appeared that the efficacy of 
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both these drugs was totally unchanged in both normoxia and hypoxia. This may be because TrxR 

activity levels in hypoxia were relatively similar in both normoxia and hypoxia in this cell line. In the 

K562 cells, however, auranofin and [Au(d2pype)2]Cl were still able to induce cell death in hypoxia, but 

to a lesser degree than in normoxia. This reduced efficacy may be due to the K562 cells having 

significantly lower TrxR activity levels in hypoxia compared to normoxia, therefore, any inhibition by 

auranofin or [Au(d2pype)2]Cl would not have as large of an effect. It has been shown that Trx1 is able 

to reduce ref-1, which in turn promotes the dimerization of HIF-1α with HIF-1β, forming an active HIF-

1 heterodimer (Karlenius and Tonissen, 2010; Zhao et al., 2015). Therefore, the inhibition of the Trx 

system by auranofin and [Au(d2pype)2]Cl may result in the downregulation of the HIF-1 pathway and 

the drug resistance associated with this pathway. This is likely why TrxR inhibitors were still able to 

induce cell death in K562 and KU812 cell lines incubated in hypoxia. The ability of TrxR inhibitors to 

overcome both hypoxia and acquired TKI resistance further shows that they may be very effective 

treatments for CML. 
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6.1 Abstract 

Chronic myeloid leukemia (CML) is usually characterized by the formation of the fusion onco-protein 

bcr-abl. Therefore, the majority of CML treatments are bcr-abl specific tyrosine kinase inhibitors (TKIs). 

TKI resistance in CML treatment is becoming a major obstacle in managing this disease. One well-

studied form of drug resistance is hypoxia-induced drug resistance, a phenomenon observed in many 

other cancers. This study aimed to determine the efficacy of TKIs in CML cells cultured in hypoxia. It 

was observed that bcr-abl translation was severely halted in hypoxia, rendering TKIs ineffective. We 

found that the mechanism by which bcr-abl protein levels were being suppressed in hypoxia was 

through the mTOR pathway, specifically via ribosomal protein S6 (RPS6). This information is vital to 

the improvement of CML treatments, as it can be used to determine how to best combat hypoxia-

induced drug resistance in CML and subsequently to identify new targets for treatment. 

6.2 Introduction  

Chronic myeloid leukemia (CML) is a myeloproliferative disorder that is caused by a chromosomal 

translocation between chromosomes 9 and 22, resulting in a mutated chromosome 22, known as the 

Philadelphia chromosome (Nowell and Hungerford, 1960; de Lavallade, 2013; Apperley, 2015). The 

primary oncogenic product of the Philadelphia chromosome is bcr-abl, which is a constitutively active 

non-receptor tyrosine kinase, which upregulates a large range of cell proliferation pathways, such as 

the JAK/STAT, MAPK and AKT pathways (Apperley, 2007; Apperley, 2015). Since bcr-abl is found only 

in cancer cells and is the cause of many of the clinical manifestations of the disease, most CML 

treatments are bcr-abl specific tyrosine kinase inhibitors (TKIs). The first generation and gold standard 

CML treatment is a TKI known as imatinib (Gleevec) (Buchdunger et al., 1996; Druker et al., 1996); 

however, second and third generation TKIs are also regularly used, such as dasatinib, nilotinib and 

ponatinib (Jabbour and Kantarjian, 2018). Currently, fourth generation highly specific allosteric 

inhibitors of bcr-abl are also being tested, such as GNF-5 (Zhang et al., 2010; Rossari et al., 2018) and 

its successor asciminib (Eide et al., 2019). Despite their initial effectiveness in treating the disease, TKI 

resistance is a major hurdle in the treatment of CML. Two independent studies reported that 25% (de 

Lavallade et al., 2008) and 49% (Lucas et al., 2008) of patients in their studies were unresponsive to 

imatinib after 24 months. These high levels of imatinib resistance in CML patients demonstrate an 

issue that needs to be addressed. 

Hypoxia has been classified as an environment within the body where oxygen levels fall below 3% 

(Paltoglou and Roberts, 2007). In hypoxia the biology of the cell changes, and cell proliferation 

pathways such as the hypoxia inducible factor 1 (HIF-1) pathway, are activated in response to low 
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levels of oxygen (Ema et al., 1999). While this gives a survival advantage to the hypoxic cells, it can 

also make cancer cells resistant to treatment. This is known as hypoxia-induced drug resistance and 

has been observed in many cancers including multiple myeloma and pancreatic and ovarian cancers 

(Masoud and Li, 2015; Ai et al., 2016; Raninga et al., 2016a; Shukla et al., 2017; Soni and Padwad, 

2017). It has previously been shown that imatinib is quite ineffective in eliciting cell death in both 

primary and continuous CML cell lines in hypoxia (Giuntoli et al., 2006; Giuntoli et al., 2011; Ng et al., 

2014). Although the exact mechanism by which this occurs is unknown, it could be due to a decrease 

in bcr-abl protein levels in hypoxia, as observed by other researchers (Giuntoli et al., 2006; Tanturli et 

al., 2011), again this was displayed in continuous and primary CML cell lines. However, it is currently 

unknown how bcr-abl protein levels are suppressed in hypoxia, and this paper aims to investigate the 

responsible pathway(s). 

The bcr-abl mRNA contains a 5’ terminal oligo pyrimidine (5’TOP) tract, which is known to regulate 

translation (Nimmanapalli et al., 2003). RPS6 is a ribosomal protein that is a part of the mTOR pathway 

and is responsible for translating proteins with a 5’TOP region, and we hypothesized that RPS6 could 

be the link between bcr-abl translation and the mTOR pathway. It was observed by Nimmanapalli et 

al. (2003) that inhibition of the mTOR pathway led to a decrease in bcr-abl translation, prompting the 

authors to hypothesize that the translation of bcr-abl is through this pathway. The translational 

control of the mTOR pathway on bcr-abl is particularly relevant for hypoxia-induced resistance in CML, 

as it has been shown on many occasions that the mTOR pathway is suppressed in hypoxia (Brugarolas 

et al., 2004; DeYoung et al., 2008; Marhold et al., 2015). Therefore, we hypothesized that the 

downregulation of mTOR in hypoxia results in a decrease of bcr-abl protein levels, resulting in 

resistance to TKIs. These findings are crucial to the improvement of CML treatments, as this not only 

highlights the shortcomings of the current treatment regime but also outlines new potential targets 

for CML treatment. 
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6.3 Results 

6.3.1 Bcr-abl Protein Levels are Suppressed in Hypoxia 

We aimed to determine if bcr-abl is suppressed in hypoxic conditions. K562 and KU812 CML cells were 

grown in either normoxic or hypoxic conditions for 72 hours and following this either western blotting 

or RT-qPCR was performed to determine protein and mRNA levels of bcr-abl respectively. It was 

observed that after 72hrs in hypoxia bcr-abl protein levels were severely decreased compared the 

cells grown in normoxia (Fig. 6.1A,B). In contrast, RT-qPCR experiments performed after 72hrs found 

no significant change in bcr-abl mRNA expression in normoxia and hypoxia for both cell lines (Fig. 

6.1C,D). Since mRNA levels remain unchanged in hypoxia it can be hypothesized that the bcr-abl 

suppression is not at the transcriptional level but given the decrease in protein level of this protein, it 

is likely that this is happening on a translational or post-translational level. 

Figure 6.1: Bcr-abl Protein Levels are Suppressed in Hypoxia. K562 and KU812 CML cells were 
incubated in hypoxia for 72hrs, following this western blotting (A,B) and RT-qPCR (C,D) were used 
to measure bcr-abl protein levels and mRNA expression respectively. β-tubulin was used as a 
control for western blotting and RPL32 was used as a normaliser for RT-qPCR. Results are displayed 
as Mean±SEM, RT-qPCR results were analysed via a paired T test. ## = P<0.0001. N=3. 
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6.3.2 Bcr-abl Protein Suppression in Hypoxia is Through the HIF-1 Pathway. 

The HIF-1 pathway is one of the most prominent pathways upregulated in hypoxia and is linked to the 

activity of the mTOR pathway. Therefore, the effect of this pathway on bcr-abl suppression in hypoxia 

was assessed. Firstly, the compound DMOG was used to prevent the degradation of HIF-1α in 

normoxia, effectively making the HIF-1 pathway active in normoxia. Cells were treated with DMOG for 

72hrs in normoxia and then western blotting or RT-qPCR was performed to determine bcr-abl protein 

and mRNA levels respectively. As shown in figures 6.2 A and B, DMOG was successful in maintaining 

high HIF-1α protein levels in normoxia, meaning that the compound is having its desired effect. 

Furthermore, these western blots show the activation of the HIF-1 pathway in normoxia led to a 

decrease in bcr-abl protein levels, implying that this pathway may be involved in the lowered bcr-abl 

protein levels observed in hypoxia. Also, upon performing RT-qPCR on these DMOG treated cells (Fig. 

6.2 C,D), there was no significant change in bcr-abl mRNA levels , which mirrors the results seen in 

hypoxia. 

To further investigate the role of the HIF-1 pathway in the suppression of bcr-abl, HIF-1α was inhibited 

using the compound CAY10585. Western blots were used to determine the effect on bcr-abl when 

CML cells were treated with this compound in hypoxia. As shown in figures 6.2 E and F, HIF-1α levels 

are increased in hypoxia compared to normoxia, but then decreased again when treated with 

CAY10585 in hypoxia, meaning that the compound is effectively inhibiting HIF-1α. Bcr-abl protein 

levels were decreased in hypoxia, as previously discussed, however, when cells are treated with 

CAY10585 in hypoxia, it is observed that the bcr-abl protein levels return to approximately what they 

were in normoxia. This means that the suppression of the HIF-1 pathway in hypoxia prevents the 

downregulation of bcr-abl protein that is usually observed in hypoxic conditions. Overall, the results 

of the DMOG and CAY10585 tests show that it is likely that the suppression of bcr-abl protein in 

hypoxia is due to the activity of the HIF-1 pathway. 
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Figure 6.2: Inhibition of HIF-1α Prevents Bcr-abl Suppression in Hypoxia. K562 and KU812 CML 
cells were treated with DMOG and incubated in normoxia for 72hrs, following this western blotting 
(A,B) and RT-qPCR (C,D) were used to measure bcr-abl and HIF-1α protein levels and bcr-abl mRNA 
expression respectively. Cells were also treated with or without CAY10585 in hypoxia for 72hrs and 
western blotting was performed to measure bcr-abl and HIF-1α protein levels (E,F). β-tubulin was 
used as a control for western blotting and RPL32 was used as a normaliser for RT-qPCR. Results are 
displayed as Mean±SEM, RT-qPCR results were analysed via a paired T test. ## = P<0.0001. N=3. 
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6.3.3 The HIF-1 Pathway Suppresses the mTOR Pathway in Hypoxia 

It has previously been observed that the HIF-1 pathway suppresses the mTOR pathway in hypoxia 

(Shoshani et al., 2002; Brugarolas et al., 2004; DeYoung et al., 2008; Marhold et al., 2015), however, 

we aimed to confirm that this process still occurs in CML cells. A prominent component of the mTOR 

pathway is redd1, which inhibits mTOR by activating the classical mTOR inhibitor, tuberous sclerosis 

complex (TSC) (Brugarolas et al., 2004). Redd1 is a hypoxic regulated protein as its translation is 

mediated by the HIF-1 pathway (Marhold et al., 2015). Therefore, the link between HIF-1 and redd1 

was examined. This was done by culturing K562 and KU812 CML cells in either hypoxia or with DMOG 

for 24hrs. RT-qPCR (Fig. 6.3 A,B) was then used to determine redd1 mRNA expression levels. These 

results showed that both hypoxia and DMOG increased the mRNA expression of redd1 in the K562 

and KU812 CML cells, showing that HIF-1 was able to induce the expression of redd1 in CML. 

Since redd1 is an inhibitor of mTORC, if redd1 expression is increased in hypoxia, then it is likely that 

the mTOR pathway is suppressed in hypoxia. To confirm this, the levels of phosphorylated and 

unphosphorylated RPS6 were measured using western blotting (Fig. 6.3 C,D), as this protein is part of 

the mTOR pathway and is potentially responsible for the translation of bcr-abl. RPS6 is active upon 

phosphorylation via the protein S6K1, which is also a prominent part of the mTOR pathway. As 

observed in figures 6.3 C,D, upon culturing in hypoxia or with DMOG, the levels of phosphorylated 

RPS6 protein were decreased while the unphosphorylated RPS6 remained the same under all 

conditions. Therefore, these results show that the mTOR pathway, particularly the S6K1/RPS6 arm of 

the pathway, is suppressed in hypoxia, likely via the activity of HIF-1. 
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6.3.4 Inhibition of S6K1 Results in Decreased Bcr-abl Protein Levels 

As it is thought that RPS6 and its upstream target, S6K1, are responsible for the translation of bcr-abl, 

we sought to determine the effect of inhibiting S6K1 on bcr-abl expression. To do so, the specific S6K1 

inhibitor, PF-04708671 (PF), was used. Firstly, MTT cell proliferation assays (Fig. 6.4 A,B) were used to 

determine whether the compound had any effect on cell growth. A significant level of cell death was 

seen after 48hrs of treatment with 5µM and 10µM of the compound in the KU812 and K562 cells, 

respectively. The effect on bcr-abl mRNA expression was then measured using RT-qPCR (Fig. 6.4 C,D), 

Figure 6.3: Hypoxia Increases Redd1 Expression and Decreases RPS6 Activity. K562 and KU812 
CML cells were treated with or without DMOG and incubated in normoxia for 24hrs or incubated 
in hypoxia for 24hrs, following this RT-qPCR and western blotting was used to measure redd1 mRNA 
expression (A,B) and phosphorylated and unphosphorylated RPS6 protein levels (C,D) respectively. 
β-tubulin was used as a control for western blotting and RPL32 was used as a normaliser for RT-
qPCR. Results are displayed as Mean±SEM, RT-qPCR results were analysed via a paired T test. * = 
P<0.05, **=P<0.005, ##=P<0.0001. N=3. 
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and as shown, there was no significant change in the mRNA expression levels of this gene in the KU812 

cells, and a slight decrease was observed in the K562 cells compared to the untreated control. This 

result is similar to the bcr-abl mRNA expression levels observed in hypoxia or following DMOG 

treatment. Lastly, western blotting was performed to determine if PF was able to decrease the 

phosphorylated levels of RPS6 and the protein levels of bcr-abl. As shown in figures 6.4 E and F, the 

phosphorylated levels of RPS6 declined upon treatment of PF in the K562 and KU812 cell lines, while 

the unphosphorylated protein levels remained the same, which is supported by published data 

(Pearce et al., 2010).  This implies that the drug was having its intended effect, as level of the active 

form of this protein was decreased. Lastly, it was observed that treatment with PF was able to 

decrease the protein levels of bcr-abl in both cell lines. This means that it is likely that the RPS6 arm 

of the mTOR pathway is responsible for the translation of bcr-abl. This is further supported by the fact 

that the RT-qPCR data showed that PF had little to no effect on the transcription of bcr-abl. 

6.3.5 Bcr-abl is Under the Translational Control of RPS6 

Despite being a very well-studied protein, the translational control of bcr-abl is not widely known. 

Nimmanapalli et al. (2003) have loosely linked the translation of bcr-abl to RPS6 by inhibiting this 

pathway using arsenic trioxide. However, since arsenic trioxide is not a specific inhibitor of S6K1, this 

link needed to be further confirmed. To do this, procedure known as RNA immunoprecipitation (RIP) 

was used to isolate and identify mRNA molecules attached to RPS6. As shown in figure 6.5A, western 

blotting was used to confirm that there was RPS6 protein in the IP sample. It was also shown that 

there was no RPS6 present in the IgG negative control. Following this, RT-qPCR was performed on both 

the RPS6 and IgG IP samples. RPS24 and RPS29 were used as positive controls as it has been widely 

reported that these proteins are translated by RPS6 (Hagner et al., 2011). β-actin was used as a 

negative control, and bcr-abl mRNA expression levels were also measured to determine if this gene is 

in fact translated by RPS6. The RT-qPCR results are shown in figure 6.5B, and as shown, both positive 

controls were successful as there was sufficient quantities of mRNA for both these genes in RPS6 IP, 

but not in the IgG negative control. Furthermore, the levels of β-actin did not change between the 

RPS6 and IgG IP samples, confirming that the negative control also passed. Lastly, it was observed that 

bcr-abl mRNA levels in the RPS6 sample were at similar levels as the positive controls. Therefore, since 

bcr-abl mRNA is associated with RPS6 protein to the same degree that other targets of this gene are, 

it is highly likely that bcr-abl is under the translational control of RPS6, and by extension, the mTOR 

pathway.  
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Figure 6.4: RPS6 Inhibition Decreases Bcr-abl Expression.K562 and KU812 CML cells were treated 
with PF-04708671 and incubated in normoxia for 24hrs, following this MTT cell proliferation assays 
(A,B) were performed. RT-qPCR (C,D) and western blotting (E,F) were used to measure bcr-abl 
mRNA and protein expression as well as RPS6 phosphorylation levels following 24hr PF-04708671 
treatment. β-tubulin was used as a control for western blotting and RPL32 was used as a normaliser 
for RT-qPCR. Results are displayed as Mean±SEM, results were analysed via a paired T test. * = 
P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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6.3.6 Inhibition of the HIF-1 Pathway in Hypoxia Resensitises CML Cells to TKIs 

CML is primarily treated with bcr-abl specific TKIs, however, since there are very low bcr-abl protein 

levels in hypoxia, this gives TKIs no target to bind to, theoretically making them ineffective in hypoxia. 

To test this, MTT proliferation assays were used after cells were treated with imatinib, ponatinib or 

GNF-5 in either normoxia or hypoxia (Fig.6.6). As shown in these figures, all three TKIs are significantly 

less effective in hypoxia compared to normoxia. Both cell lines displayed hypoxia-induced TKI 

resistance to some degree with all three drugs. However, the K562 cells displayed a higher level of 

resistance to TKIs in hypoxia compared to the KU812 cells. In the case of the K562 cells, both ponatinib 

and GNF-5 were shown to be completely ineffective in hypoxia (Fig. 6.6 E,G,I,K). Imatinib was also 

significantly ineffective in hypoxia compared to normoxia (Fig. 6.6 A,C). In the KU812 cell line there 

was also significantly less cell death caused by TKIs in hypoxia compared to normoxia. Most notably, 

it was observed that GNF-5 was far less effective in hypoxia than in normoxia. 

We also aimed to determine what the outcome would be if cells were co-treated with TKIs and the 

HIF-1 inhibitor CAY10585 (CAY) in hypoxia. When both cell lines were treated with CAY in hypoxia they 

regained much of the sensitivity that they displayed in normoxia. For K562 cells, the cell proliferation 

following treatment with all three TKIs in normoxia and hypoxia with CAY were essentially identical, 

with no significant difference between them at any point. For KU812 cells, a significantly lower level 

Figure 6.5: Bcr-abl is Under the Translational Control of RPS6. RNA immunoprecipitation was used 
to determine to what degree bcr-abl mRNA binds to RPS6 protein in K562 cells. Following the IP 
procedure, western blotting was performed (A) to determine whether the IP was successful (where 
whole WCL is whole cell lysate). RT-qPCR was then performed to determine the bcr-abl mRNA 
expression levels bound to the RPS6 protein (B). RPS24 and RPS29 were used as positive controls 
and β-actin was used as a negative control. The IgG IP sample was used as a control for RT-qPCR. 
Results are displayed as Mean±SEM, RT-qPCR results were analysed via a paired T test. 
##=P<0.0001. N=3.  
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of cell proliferation was observed in cells treated with CAY in hypoxia compared to hypoxia alone after 

48 hrs treatment with imatinib (Fig. 6.6 B,D) and ponatinib (Fig. 6.6F,H). KU812 cells treated with GNF-

5 however, retained all of their sensitivity they had in normoxia when treated with CAY in hypoxia, 

and cell proliferation was significantly lower in cells treated with CAY in hypoxia compared to those 

incubated in just in hypoxia and normoxia in all instances (Fig. 6.6 J,L). Overall, these cell proliferation 

assays show that all three TKIs tested were quite ineffective in hypoxia, however, inhibiting the activity 

of HIF-1α with CAY resensitised these cells to a level similar to those treated with TKIs in normoxia. 

This implies that the hypoxia-induced resistance observed is most likely associated with the HIF-1α 

pathway. 
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Figure 6.6: Inhibition of HIF-1α in Sensitises CML Cells to TKIs in Hypoxia. K562 and KU812 cells 
were treated with either imatinib (A-D), ponatinib (E-H) or GNF (I-L) for 24 or 48hrs in either 
normoxia, hypoxia or hypoxia+CAY10585. Results are displayed as Mean±SEM, MTT results were 
analysed via two-way ANOVA with Tukey’s post hoc tests. Significant results between normoxia 
and the two hypoxic conditions are displayed in the figure. * = P<0.05, **=P<0.005, #=P<0.001, 
##=P<0.0001. N=3 
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6.4 Discussion 

Hypoxia is often studied as a mechanism for drug resistance in many cancers, as low oxygen conditions 

stimulate a vast array of cell signalling pathways, many of which can lead to increased cell survival of 

cancer cells. Hypoxia is particularly relevant to CML as the cancerous myeloid cells spend a large 

portion of their lives in the hypoxic bone marrow niche (Parmar et al., 2007; Eliasson and Jonsson, 

2010). One of the main contributors to hypoxia-induced drug resistance is the cell proliferation 

pathway known as the HIF-1 pathway, and has been attributed to a poor prognosis in various cancers 

such as colon as breast cancer (Huang et al., 2018; Jogi et al., 2019). We have postulated that the HIF-

1 pathway may be responsible for decreasing bcr-abl levels in hypoxia. This has been previously 

observed by Giuntoli et al. (2006), and was further confirmed by this research. We observed that after 

as little as 72hrs in hypoxia bcr-abl protein levels were reduced. However, mRNA levels were not 

affected, implying that the hypoxic regulation of bcr-abl level is at a translational or post-translational 

level. This paper aimed to determine the pathway by which this suppression was occurring. As 

previously mentioned, it was found that the HIF-1 pathway plays a major role in this phenomenon. 

DMOG is a stabiliser of the HIF-1α protein, a key player of the HIF-1 pathway. Usually in normoxia the 

HIF-1α protein is constantly degraded in an oxygen-dependant ubiquitination process (Barliya et al., 

2011). DMOG inhibits this process and allows the HIF-1 pathway to be activated in normoxia. It was 

found that cells treated with DMOG in normoxia exhibited a decrease in bcr-abl protein similar to 

what was observed in hypoxia. Since DMOG is a specific activator of the HIF-1 pathway, it stands to 

reason that the regulation of bcr-abl in hypoxia is through this pathway. This was confirmed by using 

the specific HIF-1α inhibitor, CAY10585. It was observed that CML cells incubated in hypoxia and 

treated with CAY10585 retained similar levels of bcr-abl as that observed in normoxia. Therefore, the 

inhibition of the HIF-1 pathway prevented the suppression of bcr-abl protein levels that were usually 

observed in hypoxia, further showing that the HIF-1 pathway is responsible for this suppression.  

It was then hypothesised that the next stage of this process involved the mTOR pathway. The reason 

for this hypothesis was twofold: firstly, that it has been shown that the mTOR pathway is suppressed 

in hypoxia due to the activity of the HIF-1 pathway (Shoshani et al., 2002; Masoud and Li, 2015), and 

secondly that the RPS6 arm of the mTOR pathway has been shown to translate mRNAs with a 5’TOP 

region (Fumagalli and Thomas, 2000; Hagner et al., 2011), which has been reported in the bcr-abl 

mRNA (Nimmanapalli et al., 2003). The link between the HIF-1 the mTOR pathway is a protein known 

as redd1, the transcription of which is activated by the HIF-1 pathway, as was demonstrated using RT-

qPCR. High levels of this protein in hypoxia result in inhibition of the mTOR pathway due to the 
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activation of the mTOR inhibitor, TSC. The mTOR pathway has two major branches that result in 

protein translation, the RPS6 and eukaryotic translation initiation factor 4E (EIF4E) pathways. The 

EIF4E pathway is involved in recruiting RPs to mRNA containing a 7-methyl-guanosine five-prime 

(5’7MG) cap structure. RPS6 and its upstream target S6K1, are responsible for translating mRNAs with 

a 5’TOP region. Therefore, it is far more likely that this branch of the mTOR pathway is responsible for 

translation of bcr-abl, as bcr-abl does not contain a 5’7MG structure, but rather has a 5’TOP structure. 

It was found that RPS6 activity was inhibited by the HIF-1 pathway, as phosphorylated levels of this 

protein were decreased not only in hypoxia but also with DMOG treatment. Similar results have also 

been observed by Knaup et al. (2009). We then inhibited the activity of S6K1 using the specific inhibitor 

PF-04708671. It was found that upon inhibition of this pathway bcr-abl protein levels were 

significantly decreased, and mRNA levels were unchanged, similar to that seen in hypoxia. This implied 

that this specific arm of the mTOR pathway is responsible for bcr-abl translation. However, since this 

observation has never been thoroughly investigated or proven we sought in increase the validity of 

this claim by utilising RNA immunoprecipitation. Using this method we found that bcr-abl mRNA binds 

directly to the RPS6 protein, which indicates that this gene is being translated by RPS6. Since RPS6 is 

also downregulated by hypoxia, this is very likely the mechanism by which bcr-abl is suppressed in 

hypoxia. The overall proposed pathway for bcr-abl suppression in hypoxia is detailed in figure 6.7.  

 

Identifying this pathway is highly important for the treatment of CML, as it was found that it likely 

leads to a degree of TKI resistance. Cell proliferation was tested in CML cells treated with either 

Figure 6.7: Overview of hypothesised pathway of bcr-abl inhibition in hypoxia. Hypoxia induces 
the expression of HIF-1α, which increases the activity of the mTOR inhibitor TSC. The decreased 
activity of the mTOR pathway in hypoxia results in decreased activity of RPS6. RPS6 translates the 
bcr-abl gene, so the inhibition the mTOR pathway in hypoxia results in decreased protein levels of 
bcr-abl. 
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imatinib, ponatinib or GNF-5 and incubated in normoxia or hypoxia. It was found that each one of 

these drugs were significantly less effective in hypoxia compared to normoxia, displaying that CML 

cells are susceptible to hypoxia-induced TKI resistance. This is most likely due to the fact that imatinib 

and ponatinib function by binding to the kinase domain of bcr-abl and directly inhibit its activity 

(Rossari et al., 2018), while GNF-5 binds to the myristoylation site of bcr-abl (Zhang et al., 2010). 

However, if bcr-abl is not present in cells then these drugs will have no target to bind to and will 

therefore be ineffective. Cells were also treated with the HIF-1 inhibitor, CAY10585, and incubated in 

hypoxia. It was found that in these conditions CML cells were sensitised to TKIs in a similar manner to 

cells incubated in normoxia. This implies that the activity of the HIF-1 pathway is responsible for 

inducing TKI resistance in hypoxia. This is the case in many other cancers, and its often thought that 

HIF-1 related drug resistance is due to an increase in cell survival pathways (Liu et al., 2012; Dengler 

et al., 2014). However, in the case of CML, this pathway suppresses bcr-abl translation and inhibiting 

this pathway with CAY10585 allows bcr-abl to exist in hypoxic CML cells, which therefore gives TKIs a 

target to bind to. 

TKI resistance is currently a major issue in the treatment of CML, with upwards of 20% of CML patients 

becoming resistant to this class of drug at some point during their battle with the disease (Jabbour et 

al., 2013). Therefore, it is necessary to identify pathways responsible for TKI resistance, as they may 

highlight new treatments to overcome such resistance. This paper has shown that both the HIF-1 and 

mTOR pathways are involved in bcr-abl translation and also in hypoxia-induced TKI resistance, and 

therefore, may present viable targets to further manage the treatment of this disease. 
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7.1 Introduction 

One of the most studied mechanisms of drug resistance in cancer is drug efflux by membrane 

transporter proteins whose substrates include chemotherapeutics (Bukowski et al., 2020). The most 

prominent group of transporters involved in drug resistance in cancer is the ATP binding cassette (ABC) 

gene superfamily. As the name suggests, ABC transporters require ATP to transport their substrates 

in and out of the cell. The ABC transporter superfamily is thought to be one of the most ancient gene 

families and is relatively well conserved in eukaryotic and prokaryotic cells (Wilkens, 2015). Most 

proteins in the family have a similar structure, with two transmembrane domains (TMD) and two 

nucleotide binding domains (NBD) (Zolnerciks et al., 2011). ATP binds to the NBDs which hydrolyses 

the ATP into ADP. This reaction changes the conformation of the TMD, which allows the movement of 

the substrate in or out of the cell (Wilkens, 2015). This process is demonstrated in figure 7.1. ABC 

transporters can be categorised by either their function or subgroup. The three groups of ABC 

transporters that are defined by their function are exporters and type I and II importers. This report 

will primarily focus on exporters, as ABC importers are almost exclusively found in prokaryotic 

organisms, and there are no known human ABC importers (El-Awady et al., 2016). 

As previously mentioned, ABC transporters can also be segregated into their subgroups, and they are 

denoted as ABCA, ABCB, ABCC, ABCD, ABCE, ABCF and ABCG. Each subgroup transports different types 

of substrates, for example, ABCA transporters typically transport lipids (Abe-Dohmae et al., 2004; 

Vedhachalam et al., 2007; Tomioka et al., 2012; Tachikawa et al., 2018). However, two subgroups, 

Figure 7.1:  Structure of ABC Transporters. ABC transporters are typically made up of two TMD and 
two NBD, the latter being responsible for hydrolysing ATP and initiating the change in conformation of 
the TMD, which facilitates the transport of the substrate. Figure was taken from Figure 1.9 (page 22) 
and reproduced here to enhance readability.   



   
  Chapter 7 

Page | 146  
 
 

ABCB (also known as multidrug resistant (MDR)) and ABCC (also known as multidrug resistant protein 

(MRP)) are exporters that have been shown to transport many chemotherapeutics, as well as various 

other substrates out of the cell (Choi, 2005; Sodani et al., 2012). It has been shown that the activity of 

such transporters can increase drug resistance in cancer, as the chemotherapeutics are possibly being 

transported out of the cell before they can have their full desired effect (Greene et al., 2018). 

Furthermore, it has been observed that an upregulation of MDR and MRP transporters worsens the 

prognosis for many cancers, including breast (Yamada et al., 2018) and ovarian (Penson et al., 2004) 

cancers, as well as CML (Giannoudis et al., 2014). The most studied of the ABC transporters is ABCB1, 

otherwise known as MDR1, and has been associated with resistance to many widely used 

chemotherapeutics, such as doxorubicin, paclitaxel and melphalan (Hodges et al., 2011).  

One less studied member of the MRP family is the ABC transporter MRP4. MRP4 is responsible for the 

transport of various molecules such as cAMP, prostaglandins and glutathione (Russel et al., 2008; Sassi 

et al., 2008; Tanaka et al., 2020). MRP4 has several known physiological functions, such as 

detoxification of kidney, liver and brain cells (van Aubel et al., 2002; Rius et al., 2003; Nies et al., 2004). 

However, this transporter has also been linked to the efflux of various chemotherapeutics, such as 

methotrexate and doxorubicin (Sane et al., 2014; He et al., 2015). Due to its involvement in drug efflux, 

the upregulation of MRP4 has been linked to drug resistance in several cancers including 

osteosarcoma, prostate cancer and neuroblastoma (Ho et al., 2008; Henderson et al., 2011; He et al., 

2015). However, there have been no studies to date on the effect of MRP4 expression on CML 

treatment. Iraci et al. (2008) has demonstrated that MRP4, among many other ABC transporters are 

upregulated in the blast crisis phase of CML. They postulate that this is due to the increased expression 

of c-myc, which is thought to upregulate the expression of various ABC transporters, including MRP4. 

Another regulator of MRP4 is the ROS mediated transcription factor, Nrf2. Aleksunes et al. (2008) 

postulates that upon oxidative stress, Nrf2 binds to an antioxidant response element (ARE) on the 

MRP4 (as well as MRP3) gene and induces its transcription. Furthermore, Ibbotson et al. (2017) has 

shown that inducing oxidative stress by reoxygenating cells grown in hypoxia increases the mRNA and 

protein levels of MRP4, which also demonstrates the link between Nrf2 and MRP4, as Nrf2 levels are 

also increased in these conditions. This study aims to determine the role of MRP4 on TKI resistance in 

CML, as well as to investigate any links between the Nrf2 pathway, hypoxia and the MRP4 gene. 

Despite the clear link between ABC drug transporters and chemoresistance, attempts to develop 

specific drug transporter-based therapies or co-therapies have been largely unsuccessful. According 

to Sun et al. (2012), the three main transporters that are investigated as targets for chemotherapies 

are MDR1, MRP1 and BCRP. MDR1 is the most studied of these transporters, and to date there are 
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three generations of MDR1 inhibitors that have been tested in attempts to overcome drug resistance 

in cancer. First generation inhibitors, such as verapamil, were not effective in vitro for various reasons, 

primarily involving absorption into tissue and binding to plasma proteins, resulting in reduced 

availability of the drug (Tsuruo et al., 1981; Krishna and Mayer, 2001). Second generation MDR1 

inhibitors include valspodar; however, most of these inhibitors were quite lethal as it was found they 

also had inhibitory effects towards cytochrome P450 (Klinkhammer et al., 2009). Finally, third 

generation MDR1 inhibitors, the most notable of which is tariquidar, initially displayed promising 

results, however, following clinical trials demonstrated minimal benefit to patient survival. To date 

there have been no clinical trials using inhibitors of MRP4 to overcome drug resistance in cancer. The 

only two specific inhibitors of this transporter are ceefourin 1 and 2, with ceefourin 2 (CF2), displaying 

more specific inhibitory activity for MRP4 (Cheung et al., 2014).  

Due to the ineffectiveness of specific inhibitors of drug transporters in overcoming drug resistance, 

less direct routes of inhibiting these transporters should be evaluated in terms of overcoming drug 

resistance. One known avenue for this is the use of TKIs to inhibit the activity of transporters such as 

MDR1 and BCRP. TKIs, including imatinib and nilotinib, have been shown to inhibit the activity of these 

two transporters and essentially overcome the drug resistance these transporters may cause 

(Hegedus et al., 2009; Dohse et al., 2010). However, this is a problematic approach, as TKIs are well 

known to be liable to high degrees of drug resistance, particularly in CML, therefore alternative 

strategies must be investigated. The aims of this chapter are as follows: 

i. Investigate the expression of MRP4 in CML 

ii. Determine the effect of MRP4 expression on TKI resistance in CML 

iii. Examine the crosstalk between the Trx system and MRP4 

iv. Investigate the effect of hypoxia on MRP4 expression 

7.2 Results 

7.2.1 Expression of MRP4 in CML 

7.2.1.1 Expression Levels of ABC Transporters in Imatinib Responsive and Non-Responsive Patients. 

In order to identify an ABC transporter involved in the transport of TKIs in CML cells, a bioinformatic 

approach was taken. The Gene Expression Omnibus (GEO) was used to find an appropriate database, 

and the database GSE2535 was chosen. This database contains RNAseq data from 7 CML patients that 

were responsive to imatinib treatment and 5 CML patients that were not responsive to imatinib. The 
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average mRNA expression levels of each gene for both of these groups were calculated and used to 

determine the fold change between imatinib non-responders and responders. The fold change of all 

ABC transporters measured in the study were determined and these results are shown in figure 7.2. 

As shown, the majority of the ABC transporters analysed were upregulated in imatinib non-responders 

compared to the responders, however, three transporters were largely downregulated, these being 

ABCC3, ABCD3 and ABCA1. Downregulated transporters are likely not involved in resistance to 

imatinib, as lower expression of an ABC transporter would reduce drug export, and thus increase the 

effectiveness of treatment.  The four most upregulated genes were ABCA2, ABCC4, ABCC10 and 

ABCC6. ABCC6 has already been linked to drug resistance in CML (Eadie et al., 2018) and therefore did 

not warrant further investigation. ABCC10 has been reported to be inhibited by imatinib and nilotinib, 

which were shown to reverse the drug resistance effect ABCC10 has on cancer cells (Kathawala et al., 

2014) and thus was also not chosen for further study. The next most upregulated ABC transporter was 

ABCC4 (MRP4), which currently has no links to CML but is involved in drug resistance in various other 

cancers, and therefore could be a potential factor in TKI resistance in CML and was chosen to be the 

subject of this chapter. 

 

Figure 7.2: Expression of ABC Transporters in Imatinib Non-Responsive CML Patients. The mRNA 
expression levels of a wide variety of ABC transporters were compared between CML patients who 
responded to imatinib and those that did not. ABCC4 (MRP4) is shown in red. Data from the 
GSE2535 database was used in this analysis. Results are displayed as mean±SEM. N=12. 
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7.2.1.2 Expression and Activity of MRP4 in Non-Cancerous and CML Cell Lines 

The expression and activity of MRP4 in non-cancerous and cancerous CML cells line was examined to 

establish a link between MRP4 and the disease state of CML. Firstly the MRP4 mRNA expression levels 

of the K562, KU812 and KCL22 cell lines were identified from the Gene Expression Atlas (database ref. 

no.: 22460905), and these results are shown in figure 7.3A. As shown in this figure, the expression of 

MRP4 in the KU812 cell line was much higher compared to the K562 and KCL22 cell lines. The K562 

and KCL22 cell lines were observed to have similar mRNA expression levels of MRP4. Then RT-qPCR 

was used to compare the mRNA expression of MRP4 in the K562, KU812 and KCL22 CML cell lines to 

the mRNA expression of MRP4 in the non-cancerous bone marrow stromal cell line, HS-5 (Fig. 7.3B). 

All three CML cell lines displayed significantly higher MRP4 mRNA expression levels when compared 

to the HS-5 cells. Out of all three CML cell lines tested, the KU812 cell line had the highest expression 

levels of MRP4, which aligned with the result observed in figure 7.3A. The KU812 cell line had 

significantly higher MRP4 mRNA expression levels compared to the HS-5 cells, with approximately a 

4-fold increase. The K562 and KCL22 cell lines both had similar levels of MRP4 mRNA expression and 

had a significantly higher level of MRP4 expression compared to the HS-5 cells. Overall, it was seen 

that there was an upregulation of MRP4 in cancerous cells compared to non-cancerous cells, and out 

of all three CML cell lines tested, the KU812 cell line had the highest expression of MRP4.  

Next, basal MRP4 activity levels were measured in HS-5 cells and then compared to basal MRP4 

activity levels in the K562, KU812 and KCL22 CML cells. It was observed that the %ΔC-AM levels were 

significantly decreased in all three CML cells lines compared with the HS-5 cells (Fig. 7.3C). This result 

implies there is far less MRP4 dependant calcien AM retention in CML cells, compared to the non-

cancerous HS-5 cells. Since MRP4 is an exporter of calcien AM, less retention within the cells shows 

that there is higher activity of MRP4 in these cell lines. This result aligns with what was observed in 

the RT-qPCR results as it was shown there was an upregulation of MRP4 mRNA expression levels in 

the cancerous CML cell lines, compared to the non-cancerous HS-5 cells. 
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7.2.1.3 MRP4 is upregulated in Blast Crisis CML 

To further elucidate the impact of MRP4 on the treatment of CML, RNAseq data from CML patients in 

the chronic phase and blast crisis phase of the disease, as well as healthy donors, was examined. The 

database used for this analysis was GSE100026. The reads per kilobase of transcript per million 

mapped reads (RPKM) expression levels for MRP4 for chronic phase and blast crisis CML and healthy 

donors is shown in figure 7.4. The expression levels of MRP4 in healthy donors and chronic phase 

patients was observed to be approximately the same. However, in the blast crisis stage of the disease, 

the MRP4 expression levels were significantly higher than that of the healthy donors and chronic 

phase patients. While the average RPKM of MRP4 in the healthy donors was about 2.5, this number 

rose to almost 15 in the blast crisis CML patients. Therefore, it can be concluded that MRP4 expression 

levels are upregulated in blast crisis, which is the terminal and most severe stage of the disease. It is 

also the stage of the disease that is most prone to drug resistance. Therefore, it is possible that the 

increased MRP4 expression seen in this stage may exacerbate the severity of the disease. 

Figure 7.3: MRP4 Expression and Activity in CML and non-CML Cells. The Gene Expression Atlas 
was used to examine MRP4 mRNA expression in the K562, KU812 and KCL22 cell lines (A). MRP4 
mRNA expression levels were measured using RT-qPCR in non-cancerous bone marrow stromal HS-
5 cells, as well as in K562, KU812 and KCL22 CML cells (B). RPL32 was used as normaliser. Basal 
%ΔC-AM was measured in the K562, KU812 and KCL22 CML cells, using the non-cancerous HS-5 
cells as a control (C). One-way ANOVAs were used to compare results in the CML cell lines to the 
HS-5 cell lines the RT-qPCR and MRP4 activity assays. * = P<0.05, **=P<0.005, #=P<0.001. Results 
are displayed as mean±SEM, N=3. 
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7.2.2 The Effect of MRP4 on TKI Resistance in CML 

7.2.2.1 MRP4 Inhibition Enhances Efficacy of TKIs in CML Cells 

To assess the effect of the inhibition of MRP4 on the efficacy of TKIs, CML cells were cotreated with 

TKIs and the MRP4 specific inhibitor ceefourin 2 (CF2). Previous studies using CF2 have shown that the 

compound is effective in inhibiting MRP4 activity at the 2-20µM range (Cheung et al., 2014). In the 

K562 and KU812 cell lines 20µM was chosen as it did not induce any notable decrease in cell 

proliferation, however, this concentration was too high for the KCL22 cell line, so 10µM was used 

instead. Figure 7.5A-F shows the results obtained when K562, KU812 and KCL22 CML cells were 

treated with or without CF2 and with increasing concentrations of imatinib for 24 and 48hrs. As shown 

in these figures, CF2 had very little effect on the effectiveness of imatinib in the KU812 (Fig 7.5C,D) 

and KCL22 (Fig. 7.5E,F) cell lines at both tested time points. There was no significant change between 

CF2 treated and untreated cell at any imatinib concentration in these two cell lines. In the K562 cell 

line however, there was an observed decrease in the effectiveness of imatinib when cells were co-

treated with CF2. This was visible after 48hrs treatment, since 0.25, 0.5 and 1µM imatinib was shown 

Figure 7.4: Expression of MRP4 in Different CML Stages. The mRNA expression levels of MRP4 were 
compared between healthy donors and chronic phase and blast crisis CML patients. Data from the 
GSE100026 database was used. A one-way ANOVA was used to compare expression of the two CML 
stages with the healthy patients. * = P<0.05. Results are displayed as RPKM, mean±SEM. N=5 
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to be significantly less effective when co-treated with CF2, compared to cells treated with imatinib 

alone (Fig. 7.5A,B). 

 

Next, CML cells were co-treated with CF2 and dasatinib for 24 and 48hrs, and these results are shown 

in figure 7.6A-F. The effect of CF2 co-treatment had little impact on dasatinib efficacy in K562 cells, 

the only significant difference displayed in this cell line was 5nM dasatinib after 24hrs, since CF2 

significantly enhanced the efficacy of dasatinib. The KU812 cell line was slightly more responsive to 

CF2 co-treatment. There was a significant decrease in the proliferation of KU812 cells co-treated with 

CF2 and 1nM dasatinib, compared with those treated with only 1nM dasatinib after 48hrs. Co-

treatment with CF2 seemed to have the most effect on dasatinib efficacy in the KCL22 cell line. It was 

shown that there was significantly less cell proliferation in KCL22 cells co-treated with CF2 and several 

concentrations of dasatinib compared to those treated with only dasatinib. After both 24hrs and 48hrs 

Figure 7.5: The Influence of CF2 on the Efficacy of Imatinib. K562 (A,B), KU812 (C,D) and KCL22 
(E,F) CML cells, were treated with increasing concentrations of imatinib with or without CF2 for 24 
or 48hrs. MTT proliferation assays were used to measure cell growth. Results are displayed as 
mean±SEM. Multiple paired T tests were used to statistically analyse the difference between CF2 
treated and untreated cells. **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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treatment, 5 and 10nM dasatinib were significantly more effective in decreasing KCL22 cell 

proliferation when co-treated with CF2, compared to cells treated with dasatinib alone. 

Finally, CML cells were treated with increasing concentrations of ponatinib with or without CF2 co-

treatment for 24 and 48hrs (Fig. 7.7A-F). Co-treatment with CF2 appeared to have a notable influence 

on the effectiveness of ponatinib in the K562 cell line (Fig 7.7 A,B). There was a significant increase in 

the effectiveness of 25 and 50nM ponatinib when cells were co-treated with CF2 for 24hrs, compared 

to those treated with ponatinib alone. Similarly, ponatinib treatment in the KU812 cell line seemed to 

be affected by CF2 co-treatment. After both 24 and 48hrs treatment it was observed that 2.5 and 5nM 

ponatinib were significantly more effective when cells were also treated with CF2, compared to those 

that were not. For example, when KU812 cells were treated with 2.5nM of ponatinib for 48hrs, those 

treated with only ponatinib had a cell growth level of approximately 75%, while those co-treated with 

CF2 had a proliferation level of 25%. In this instance CF2 enhanced the efficacy of ponatinib by 3-fold. 

CF2 co-treatment also demonstrated a significant effect on ponatinib efficacy in the KCL22 cell line 

(Fig. 7.7 E,F). After 24hrs and 48hrs, cells treated with 10 and 25nM ponatinib and co-treated with CF2 

displayed significantly less cell proliferation compared to those treated with ponatinib alone. Overall, 

it can be observed that the efficacy of ponatinib and dasatinib, but not imatinib was enhanced by co-

treatment with the MRP4 inhibitor, CF2. Furthermore, it can be noted that the KU812 and KCL22 cell 

lines were more responsive to ponatinib and dasatinib following MRP4 inhibition, however, MRP4 

inhibition had minimal effect on the K562 cell line. 
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Figure 7.6: The Influence of CF2 on the Efficacy of Dasatinib. K562 (A,B), KU812 (C,D) and KCL22 
(E,F) CML cells, were treated with increasing concentrations of dasatinib with or without CF2 for 
24 or 48hrs. MTT proliferation assays were used to measure cell growth. Results are displayed as 
mean±SEM. Multiple paired T tests were used to statistically analyse the difference between CF2 
treated and untreated cells. * = P<0.05, **=P<0.005, ##=P<0.0001. N=3. 
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7.2.2.2 CF2 Enhances TKI Ability to Induce Apoptosis in CML Cells 

It was observed that co-treatment with TKIs and CF2 enhanced the ability of some TKIs to decrease 

cell growth compared to those treated with TKIs alone (7.2.2.1). This was further investigated by 

examining the effect of CF2 co-treatment on the ability of TKIs to induce apoptosis in CML cells. CML 

cells were treated with imatinib, ponatinib or dasatinib with or without CF2 for 24hrs. Caspase-3 

activity assays were then used to measure apoptosis levels. These results are displayed in figure 7.8. 

In the K562 cells, the apoptosis levels induced by all three TKIs tested did not differ when cells were 

co-treated with CF2, compared to those treated with TKIs alone (Fig. 7.8A). This result matches with 

the data seen in figures 7.5-7.7A,B, as the K562 cell line was only minimally affected by CF2 co-

treatment compared to the other two cell lines. Co-treatment with CF2 and ponatinib did induce 

significantly higher apoptosis levels in the KU812 cell line compared to cells treated with ponatinib 

alone. However, imatinib and dasatinib CF2 co-treatment showed no significant change compared to 

Figure 7.7: The Influence of CF2 on the Efficacy of Ponatinib. K562 (A,B), KU812 (C,D) and KCL22 
(E,F) CML cells, were treated with increasing concentrations of ponatinib with or without CF2 for 
24 or 48hrs. MTT proliferation assays were used to measure cell growth. Results are displayed as 
mean±SEM. Multiple paired T tests were used to statistically analyse the difference between CF2 
treated and untreated cells. * = P<0.05, **=P<0.005, ##=P<0.0001. N=3. 
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KU812 cells treated with these TKIs alone (Fig. 7.8B). Again, this corresponds with the data seen in 

figure 7.5-7.7C,D, as KU812 cells seemed to be particularly susceptible to ponatinib and CF2 co-

treatment, compared with imatinib and dasatinib co-treatment with CF2.  

Lastly, the KCL22 cell line displayed a significant increase in the apoptosis levels when cells were co-

treated with CF2 and ponatinib and dasatinib, compared to those only treated with TKIs. Similar to 

the other two cell lines, there was no change in apoptosis levels when KCL22 cells were co-treated 

with imatinib and CF2, compared to those without co-treatment. This result aligns with what was 

previously seen in figure 7.5E,F, as MTT assays displayed that CF2 did not enhance the efficacy of 

imatinib. However, there was a significant increase in apoptosis levels when KCL22 cells were treated 

with either dasatinib or ponatinib and co-treated with CF2, compared to those treated with the TKIs 

alone. This result also mirrors that of figures 7.6-7.7E,F, as it was shown that CF2 was able to 

significantly enhance the efficacy of both ponatinib and dasatinib. Overall, it was seen that the ability 

of ponatinib and dasatinib to induce apoptosis was enhanced by CF2 in the KU812 and KCL22 cell lines, 

but not in the K562 cells. Furthermore, CF2 was shown to not have any effect on the ability of imatinib 

to induce apoptosis in any of the cell lines. 

Figure 7.8: CF2 Enhances TKI Induced Apoptosis. K562 (A), KU812 (B) and KCL22 (C) CML cells were 
treated with either imatinib, dasatinib or ponatinib and with or without CF2 for 24hrs. Following this, 
caspase-3 activity assays were performed. Results were analysed via multiple paired T tests to compare 
CF2 treated and untreated cells. *= P<0.05, **= P<0.01, ##=P<0.0001. N=3. Values displayed as 
mean±SEM. 
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7.2.2.3 Effect of TKIs on MRP4 Expression 

To further investigate the link between TKIs and MRP4, the mRNA and protein expression of MRP4 

following TKI treatment was assessed. Initially K562 and KU812 CML cells were treated with imatinib, 

dasatinib or ponatinib for 24hrs and RT-qPCR was used to measure MRP4 mRNA expression levels. 

MRP4 mRNA expression levels were seen to be significantly decreased in K562 cells treated with 

imatinib, dasatinib and ponatinib compared to the untreated control (Fig. 7.9A). It was observed that 

imatinib was the most effective in decreasing MRP4 expression levels, as treatment with this drug 

reduced MRP4 expression levels by approximately 2.5-fold. The KU812 cell line (Fig. 8.9B) displayed 

results similar to that of the K562 cell line. It was observed that treatment of KU812 cells with imatinib, 

dasatinib and ponatinib resulted in significantly lower mRNA expression levels of MRP4, compared to 

the untreated control. In this cell line it was observed that dasatinib was the most effective in 

decreasing MRP4 mRNA expression levels. Overall, the RT-qPCR data showed that all three TKIs tested 

decreased MRP4 mRNA levels in the K562 and KU812 cell lines. 

Western blotting was used to determine the effect of TKIs on MRP4 protein expression. K562 (Fig. 

7.9C) and KU812 (Fig. 7.9D) cells were treated with either imatinib, dasatinib or ponatinib for 24hrs 

and MRP4 protein levels were measured after this time. In the K562 cells, there was a significant 

decrease in MRP4 protein levels in the dasatinib and ponatinib treated cell compared to the control 

cells. However, there appeared to be a significant increase in MRP4 protein levels between imatinib 

treated cells and the control. In the KU812 cell line there was a significant decrease in MRP4 protein 

levels following treatment with all three TKIs. It can be noted that ponatinib treatment induced the 

largest decrease in MRP4 protein levels in both cell lines. Overall, it was determined that treatment 

of CML cells with TKIs resulted in a decrease in both the mRNA and protein expression of MRP4.  
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7.2.2.4 TKIs Inhibit the Activity of MRP4 

CML cells were treated with TKIs to examine their influence on MRP4 activity. This was done by 

treating K562, KU812 and KCL22 cells with imatinib, dasatinib and ponatinib and then measuring MRP4 

activity levels by using the calcein-AM based assay described in section 2.2.12. As described in this 

section, a higher ΔC-AM value implies that there is an inhibition of MRP4, while a lower value indicates 

an activation of MRP4. As shown in figure 7.10A, imatinib had no significant effect on the K562 and 

KCL22 cells, although there was a slight increase in ΔC-AM in imatinib treated cells compared to the 

untreated control. However, in the KU812 cell line there was a significant increase in ΔC-AM in imatinib 

treated cells compared to the control. When CML cells were treated with dasatinib (Fig 7.10B) an 100% 

increase in ΔC-AM occurred in all three cell lines compared to the control, and this was found to be a 

statistically significant increase in the KU812 and KCL22 cell lines. Figure 7.10C shows that when CML 

cells were treated with ponatinib there was a significant increase in ΔC-AM in ponatinib treated K562 

and KU812 cells compared with the control, with a ΔC-AM level in ponatinib treated cells of about 

Figure 7.9: TKIs Decrease MRP4 Expression. K562 (A) and KU812 (B) CML cells were treated with 
either imatinib, dasatinib or ponatinib for 24hrs and RT-qPCR was used to measure MRP4 mRNA 
expression respectively. RPL32 was used as a normaliser. K562 (C) and KU812 (D) cells were treated 
with imatinib, dasatinib or ponatinib for 24hrs and western blotting was used to measure MRP4 
protein levels. β-Tubulin was used as a control for western blotting. Results are displayed as 
Mean±SEM, RT-qPCR results were analysed via a paired T test, which compared TKI treated cells 
with the untreated control. * = P<0.05, **=P<0.01. N=3. 
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250%. Although the increase in the KCL22 cells was not significant, there was still an increase of just 

over 50%. Overall, it can be observed that all three TKIs were able to increase ΔC-AM levels, and thus 

inhibit the activity of MRP4 in all three cell lines. Ponatinib and dasatinib behaved in a very similar 

manner, while imatinib seemed to be less effective in inhibiting MRP4, especially in the K562 and 

KCL22 cell lines. It was also observed that the KU812 cell line was the most responsive to MRP4 

inhibition, and this could be linked to the fact that the expression of MRP4 is far higher in this cell line 

compared to the K562 and KCL22 cell lines, as discussed in section 7.2.1.2. The decrease in MRP4 

activity following treatment with TKIs is likely due to the decreased MRP4 protein and mRNA 

expression following TKI treatment observed in section 7.2.2.3. 

 

7.2.2.5 MRP4 Inhibition Decreases Bcr-abl Protein Expression 

It was observed previously in this chapter that treating CML cells with TKIs, which inhibit bcr-abl, 

decreased the expression and activity of MRP4. This study then aimed to assess the inverse of this: 

the effect of MRP4 inhibition on bcr-abl expression. To do so, CML cells were treated with the MRP4 

inhibitor, CF2, and following this RT-qPCR and western blotting was used to measure the mRNA and 

protein expression levels of bcr-abl. RT-qPCR data (Fig 7.11A) showed that there was no significant 

change in bcr-abl mRNA expression in CF2 treated cells compared to the untreated control in any of 

the three CML cell lines tested. Western blotting results differed from the RT-qPCR data as it was 

Figure 7.10: TKIs Inhibit the Activity of MRP4. K562, KU812 and KCL22 CML cells were treated with 
either imatinib (A), dasatinib (B) and ponatinib (C) for 24hrs and MRP4 activity was measured, and 
%ΔC-AM was calculated. Results are displayed as mean±SEM. Results were analysed via paired T 
tests. * = P<0.05, **=P<0.01. N=3. 
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shown that bcr-abl protein expression was significantly decreased upon treatment with CF2 after 

24hrs in all three cell lines (Fig. 7.11B). Overall, these results show that MRP4 inhibition results in a 

decrease in bcr-abl protein expression, but not in mRNA expression. Therefore, this decrease in bcr-

abl protein levels may be due to changes in translational or post-translational processes caused by 

MRP4 inhibition. 

 

 

7.2.2.6 Expression of MRP4 in TKI Resistant CML Cells 

To examine the influence of MRP4 on TKI resistance in CML, the expression of MRP4 was measured in 

CML cells that had developed acquired resistance for TKIs. Throughout the majority of this study, 

imatinib resistant CML cells were used as the sole model for TKI resistant CML cells. However, due to 

this current subchapter detailing the limited effect of MRP4 on imatinib transport, dasatinib resistant 

CML cells were also produced. Dasatinib was chosen as it was hypothesised that this drug is 

transported by MRP4 (Fig. 7.6), and therefore its efficacy is more likely to be altered by MRP4 

Figure 7.11: CF2 Decreases Bcr-abl Protein Expression. K562, KU812 and KCL22 CML cells were 
treated with CF2 for 24hrs, and RT-qPCR (A) and western blotting (B) were used to measure bcr-
abl mRNA expression and protein levels respectively. Vinculin was used as a loading control for 
western blotting and RPL32 was used as a normaliser for RT-qPCR. Results are displayed as 
Mean±SEM, RT-qPCR and densitometry results were analysed via a paired T test and compared 
untreated and CF2 treated cells. * = P<0.05, **=P<0.01. N=3. 
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expression. Imatinib resistant CML cells are denoted as IMR (i.e K562-IMR), and dasatinib resistant 

CML cells are denoted as DAR (i.e. K562-DAR). MRP4 mRNA expression levels were measured in 

sensitive and both variants of resistant cells using RT-qPCR (Fig. 7.12A-C). It can be observed in the 

K562 cell line (Fig. 7.12A) that there was no significant change in MRP4 mRNA expression in the 

imatinib resistant K562 cells compared to the sensitive cells. However, there was a threefold increase 

in the mRNA expression of MRP4 in the dasatinib resistant K562 cells compared to the sensitive 

parental cells. The KU812 (Fig. 7.12B) cell line displayed a statistically significant decrease in the mRNA 

expression of MRP4 in the IMR cell line compared to the sensitive control. In the KCL22 cell line (Fig. 

7.12C), there was no significant difference in the mRNA expression of MRP4 in the IMR cells compared 

to their sensitive counterpart. However, it was observed that MRP4 expression levels were 

significantly increased in both dasatinib resistant KU812 and KCL22 cells, compared to their 

corresponding sensitive cell lines. In the case of the KU812 cell line, there was approximately a 2-fold 

increase in MRP4 mRNA expression in dasatinib resistant cells, and a 6-fold increase in the KCL22 

dasatinib resistant cells compared to the sensitive control. Overall, it was observed that MRP4 mRNA 

expression was upregulated in CML cells that are resistant to dasatinib, but not in those resistant to 

imatinib. The difference in MRP4 expression observed between the IMR and DAR cell lines may be due 

to dasatinib being a substrate of MRP4, while imatinib is not. It can be hypothesised that cells would 

adapt to upregulate an exporter of dasatinib in order to develop resistance, however, this is not 

necessary for imatinib since it is not transported by MRP4. 
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7.2.2.7 Inhibition of MRP4 Resensitises TKI Resistant CML Cells 

It was previously demonstrated in this subchapter that co-incubation with CF2 and either dasatinib or 

ponatinib resulted in the increased efficacy of the TKI (7.2.2.1). To investigate the ability of CF2 to 

resensitise TKI resistant cell lines to dasatinib and ponatinib, this same principle was applied to the 

imatinib and dasatinib resistant CML cells. Sensitive and TKI resistant K562, KU812 and KCL22 cells 

were treated with dasatinib or ponatinib and with or without CF2 for 24 and 48hrs. Following this 

treatment, MTT proliferation assays were performed to determine cell proliferation. For the sake of 

brevity, only one concentration of ponatinib and dasatinib in the K562 and KU812 cell lines following 

48hrs treatment will be discussed and presented in this results section, however, the complete set of 

results are displayed in Appendix 2.1-2.4.  

Figure 7.12: MRP4 Expression Levels in TKI Resistant CML Cells. The MRP4 mRNA expression levels 
were measured using RT-qPCR in sensitive as well as imatinib and dasatinib resistant K562 (A), 
KU812 (B) and KCL22 (C) CML cell lines. RPL32 was used as a normaliser. Results are displayed as 
mean±SEM. Results were analysed via one way ANOVAs. * = P<0.05, **=P<0.005. N=3. 
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Sensitive, imatinib resistant and dasatinib resistant K562 cells were treated with 10nM dasatinib for 

48hrs with or without CF2 (Fig. 7.13A). Firstly, it was observed that dasatinib treatment was 

significantly less effective in the IMR and DAR cell lines compared to the sensitive control. This shows 

that both the IMR and DAR K562 cells were more resistant to dasatinib. However, when both resistant 

K562 cell lines were co-treated with dasatinib and CF2 there was no significant difference in cell 

proliferation compared to the sensitive cells treated with dasatinib and CF2. Similarly, when IMR and 

DAR K562 cells were treated with 50nM ponatinib there was significantly higher cell growth compared 

to sensitive K562 cells (Fig. 7.13B), indicating that both IMR and DAR K562 cells were more resistant 

to ponatinib. When DAR K562 cells were co-treated with ponatinib and CF2 there was no significant 

difference in cell growth compared to the sensitive cells given the same treatment, implying that CF2 

co-treatment resensitises DAR K562 cells to ponatinib. When IMR K562 cells were co-treated with 

ponatinib and CF2 there was still significantly higher cell growth compared to the sensitive K562 cells 

with the same treatment. However, it can be noted that there was less cell proliferation in co-treated 

IMR cells compared to those only treated with ponatinib. 

Sensitive, IMR and DAR KU812 cells were treated with 1nM dasatinib and with or without CF2 for 

48hrs (Fig 7.13C). It was observed that dasatinib was significantly less effective in the DAR KU812 cells 

compared with the sensitive control. However, there was no significant difference in dasatinib 

treatment between the sensitive cell line and the IMR cells. This result indicates that DAR KU812 cells 

are more resistant to dasatinib, but IMR KU812 cells are not. When IMR and DAR cells were co-treated 

with dasatinib and CF2, there was significantly less cell growth compared to IMR and DAR KU812 cells 

treated with dasatinib alone. However, DAR KU812 cells co-treated with dasatinib and CF2 had 

significantly higher levels of cell growth compared to the sensitive KU812 cells with the same 

treatment. These results show that CF2 co-treatment can resensitise DAR KU812 cells to a minor 

degree, however, there was no effect on IMR cells, since they were not initially resistant to dasatinib. 

Finally, sensitive, IMR and DAR KU812 cells were treated with 5nM ponatinib and with or without CF2 

co-treatment for 48hrs (Fig. 7.13D). Following ponatinib treatment, there was significantly higher 

levels of cell proliferation in both the IMR and DAR KU812 cells compared to the sensitive KU812 cells. 

When the IMR and DAR KU812 cells were co-treated with CF2 and ponatinib there was still significantly 

higher cell proliferation compared to the sensitive cells. However, it can be noted that there is 

approximately a 50% decrease in cell growth compared to IMR and DAR cells treated with ponatinib 
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alone. Overall, these results show that TKI resistant KU812 cells are resensitised to ponatinib and 

dasatinib upon CF2 co-treatment, but to a lesser degree to what was observed in the K562 cell lines. 

 

7.2.3 The Interaction Between the Trx System and MRP4 

7.2.3.1 Effect of TrxR Inhibitors and Nrf2 Modulators on MRP4 Expression 

It has previously been reported that the expression of MRP4 is modulated by the transcription factor 

Nrf2, which is also the transcription factor that regulates the expression of the Trx system (Maher et 

al., 2007).  Therefore, one aim of this chapter was to investigate the potential link between the Trx 

system and MRP4. To examine the effect of both the Nrf2 and Trx system on MRP4 expression, CML 

cells were treated with either TrxR inhibitors (auranofin and [Au(d2pype)2]Cl), the Nrf2 inhibitor 

ML385 or the Nrf2 activator tert-Butylhydroquinone (TBHQ). Then RT-qPCR was used to measure 

MRP4 mRNA expression following treatment with these four compounds (Fig. 7.14A,C). In the K562 

cell line, it was observed that auranofin, [Au(d2pype)2]Cl and TBHQ significantly upregulated the 

mRNA expression of MRP4 compared with the untreated control (Fig. 7.14A). ML385, however, caused 

no significant change in the mRNA expression of MRP4 in this cell line, although there was a minor 

decrease in MRP4 expression in ML385 treated cells, compared to untreated cells. In both the K562 

Figure 7.13: The Influence of CF2 on the Efficacy of Dasatinib and Ponatinib on TKI Resistant CML 
Cells. Sensitive, IMR and DAR K562 (A,B) and KU812 (C,D) CML cells, were treated with ponatinib 
or dasatinib with or without CF2 for 48hrs. MTT proliferation assays were used to measure cell 
growth. Results are displayed as mean±SEM. One-way ANOVAs with Dunnett’s post hoc tests were 
used to statistically analyse the difference between the sensitive cells and the IMR and DAR cells 
for each treatment. * = P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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and KU812 cell line, it was observed that ML385 treatment resulted in a 30% decrease in MRP4 mRNA 

expression. The results seen in the KU812 cell line varied from the K562 cell line, because it was 

observed that auranofin significantly decreased the expression of MRP4 compared to the control, the 

opposite to what was seen in the K562 cell line. The results seen after [Au(d2pype)2]Cl treatment, 

however, did have a similar effect in the KU812 and K562 cell lines, as this compound increased the 

mRNA expression of MRP4 significantly compared to the control in both cell lines. There was no 

significant change in MRP4 mRNA expression following TBHQ and ML385 treatment in KU812 cells. 

 

Protein levels of MRP4 in the K562 and KU812 cell lines following treatment with auranofin and 

[Au(d2pype)2]Cl were examined using western blotting (Fig. 7.14B,D). As shown in the K562 cell line, 

there was a significant increase in MRP4 protein levels following treatment with both TrxR inhibitors, 

Figure 7.14: The Effect of Nrf2 and Trx Modulators on MRP4 Expression. K562 (A,B) and KU812 
(C,D) CML cells were treated with either auranofin, [Au(d2pype)2]Cl, TBHQ or ML385  for 24hrs, 
following this RT-qPCR (A,C) and western blotting (B,D) were used to measure MRP4 mRNA 
expression and protein levels respectively. B-Tubulin was used as a control for western blotting and 
RPL32 was used as a normaliser for RT-qPCR. Results are displayed as Mean±SEM, RT-qPCR results 
were analysed via a one-way ANOVA comparing treated cells with the untreated control. * = 
P<0.05, **=P<0.005. N=3. 
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compared to the untreated control. It can be noted that the increase in MRP4 protein levels following 

[Au(d2pype)2]Cl treatment was far greater than that observed in cells treated with auranofin. The 

western blot results were similar to the RT-qPCR results, since both TrxR inhibitors were able to 

increase the mRNA and protein levels of MRP4 in the K562 cell line. The western blotting results of 

the KU812 cell line displayed the opposite to the K562 cells. There was a notable decrease in the 

expression of MRP4 following the treatment with both auranofin and [Au(d2pype)2]Cl compared to 

the control cells. The auranofin results aligned with the RT-qPCR data, as in both instances there was 

a decrease in MRP4 expression following treatment with this drug. However, MRP4 expression 

following [Au(d2pype)2]Cl treatment was the opposite in the RT-qPCR compared to the western 

blotting data, because there was an increase in MRP4 mRNA expression and decrease in protein 

expression following [Au(d2pype)2]Cl treatment in the KU812 cell line.  

7.2.3.2 The Effect of Trx and Nrf2 Modulators on MRP4 Activity 

To further investigate the effects of Trx and Nrf2 modulators on MRP4, MRP4 activity assays were 

used to determine the %ΔC-AM, and these results are shown in figure 7.15. Firstly, the effect of 

auranofin on MRP4 activity was examined (Fig 7.15A), and it was shown that auranofin decreased the 

%ΔC-AM significantly in the K562 and KCL22 cell lines, which implies that MRP4 activity was increased. 

There was no significant change in the %ΔC-AM in KU812 cells treated with auranofin compared to 

the control. Next, CML cells were treated with [Au(d2pype)2]Cl and %ΔC-AM was measured. Similar to 

auranofin, it was observed that there was a significant decrease in the %ΔC-AM in all three cell lines. 

In summary, treatment with both TrxR inhibitors in the K562 and KCL22 cell lines resulted in an 

increase in MRP4 activity. The KU812 cell line however, did have differing results when treated with 

[Au(d2pype)2]Cl compared to auranofin, as it was shown auranofin induced a decrease in MRP4 

activity, while [Au(d2pype)2]Cl significantly increased MRP4 activity. These results correlate to the 

MRP4 mRNA expression data for KU812 cells shown in figure 7.14B, where auranofin treatment 

decreased MRP4 expression and [Au(d2pype)2]Cl treatment resulted in an increase in MRP4 mRNA 

expression.  
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Next, the effect of the Nrf2 inhibitor, ML385, on MRP4 activity was assessed. As seen in figure 7.15C, 

ML385 increased the %ΔC-AM levels significantly in the K562 cell line. In this cell line the %ΔC-AM was 

increased by 150%. In the KU812 and KCL22 there was a 50% increase in %ΔC-AM, however, while this 

was a notable increase, it was not statistically significant. These results show that the inhibition of 

Nrf2 by ML385 decreased the activity of MRP4, and these results correlated with results shown in Fig. 

7.14, as ML385 was shown to decrease MRP4 expression. Lastly, K562, KU812 and KCL22 cells were 

treated with TBHQ (Fig 7.15D), which is an activator of Nrf2. It was observed that TBHQ significantly 

decreased %ΔC-AM levels in all three cell lines, showing that increased Nrf2 activity results in higher 

activity of MRP4, which was the opposite to what was seen with ML385 treatment. Since MRP4 

expression is regulated by Nrf2, it stands to reason that inhibiting Nrf2 would decrease MRP4 activity, 

while activating Nrf2 would increase MRP4 activity. Overall, it was observed that inhibition of the Nrf2 

pathway downregulated MRP4 activity in the K562 cell line, while the increased activation of Nrf2 and 

inhibition of TrxR, resulted in higher MRP4 activity in all three cell lines.  

 

Figure 7.15: The Effect of Nrf2 and TrxR Modulators on MRP4 Activity. K562, KU812 and KCL22 
CML cells were treated with either auranofin (A), [Au(d2pype)2]Cl (B), ML385 (C) or TBHQ (D) for 
24hrs. %ΔC-AM was then measured in order to examine the effects of these compounds on MRP4 
activity. Multiple paired T tests were used to statistically analyse the difference between CF2 
treated and untreated cells for each cell line. * = P<0.05, **=P<0.005. N=3. 
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7.2.3.3 MRP4 Inhibition Decreases TrxR Activity 

To date, no research has been done on the influence of MRP4 on the Trx system. In order to examine 

possible effects of MRP4 on the Trx system, CML cells were treated with the MRP4 inhibitor, CF2, and 

TrxR activity was measured. These results are displayed in figure 7.16. As seen in this figure, when 

K562 and KU812 CML cells were treated with CF2, there was a significant decrease in TrxR activity. In 

the K562 cell line there was an approximate a 35% decrease in TrxR activity following CF2 treatment 

compared to the untreated control, while in the KU812 there was a 25% decrease. The KCL22 cell line 

however, did not display a significant change in TrxR activity following treatment with CF2, although, 

it can be noted that there was about 20% less TrxR activity in CF2 treated cells compared to the 

control. Despite this, it can be concluded that inhibiting MRP4 activity by treating CML cells with CF2, 

decreases the activity of TrxR. 

 

7.2.3.4 Inhibition of MRP4 Downregulates the Protein Expression of the Trx System 

It was demonstrated in the previous section that inhibition of MRP4 with CF2 resulted in decreased 

TrxR activity levels in CML cells. To follow up this result, CML cells were treated with CF2 for 24hrs and 

mRNA and protein expression of components of the Trx system were measured using RT-qPCR and 

western blotting respectively. As shown in the RT-qPCR results (Fig. 7.17A-C), the mRNA expression of 

Nrf2 was not significantly changed in any of the three cell lines tested following treatment with CF2 

compared to the untreated control. However, Trx1 expression was significantly decreased in both the 

K562 (Fig 7.17A) and KU812 (Fig 7.17B) cell lines. Furthermore, TrxR1 mRNA expression was 

Figure 7.16: CF2 Decreases TrxR Activity. K562, KU812 and KCL22 CML cells were treated with CF2 for 
24hrs and TrxR activity was measured. Results are displayed as Mean±SEM, and were analysed via 
multiple paired T tests comparing CF2 treated cells with the untreated control. * = P<0.05. N=3. 
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significantly decreased in the KU812 cell line compared to the untreated control, and while there was 

no significant decrease in the K562 cell line, there was a notable decrease in the mRNA expression of 

TrxR1 following CF2 treatment. It was also observed that the mRNA expression of TXNIP, the 

enzymatic inhibitor of Trx, was significantly upregulated in the CF2 treated KU812 cells compared to 

the untreated control. MRP4 inhibition in the KCL22 cell line seemed to have no effect on the mRNA 

expression of the Trx system (Fig. 7.17C). 

Although it seemed as though MRP4 inhibition had little to no effect on the mRNA expression of the 

Trx system in the KCL22 cell line, western blotting results (seen in figure 7.17D-F), showed that CF2 

may influence the protein expression of key components of this system in all three cell lines. K562, 

KU812 and KCL22 cells were treated with CF2 for 24hrs and Trx1 and TrxR1 protein levels were 

measured. As shown in these western blotting results, there were significantly lower levels of Trx1 in 

K562 and KU812 cells treated with CF2 compared to the control. It was also observed that CF2 

treatment decreased the protein expression of Trx1 in the KCL22 cells, although it was not a 

statistically significant change. TrxR1 protein levels were also significantly decreased in the KU812 and 

KCL22 cell lines following CF2 treatment, compared to the control. However, there was no noticeable 

change in the K562 cell line. Overall, it can be determined that MRP4 inhibition via CF2 decreased the 

protein levels of the Trx system in all three cell lines, and is also decreased the mRNA expression of 

the Trx system in the K562 and KU812 cell lines. This decrease in mRNA and protein expression of the 

Trx system following MRP4 inhibition correlates with the results presented in section 7.2.3.3, where 

CF2 decreased TrxR activity. 
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7.2.3.5 MRP4 Inhibition Enhances the Efficacy of TrxR Inhibitors 

To further examine the link between MRP4 and TrxR inhibitors, MTT assays were performed when 

CML cells were co-treated with CF2 and either auranofin or [Au(d2pype)2]Cl. It can be hypothesised 

that if TrxR inhibitors are transported by MRP4, then inhibition of this transporter with CF2 should 

increase the efficacy of TrxR inhibitors, as they would not be able to be transported out of the cell. 

Figures 7.19A-F show the MTT results of K562, KU812 and KCL22 CML cells treated with auranofin and 

with or without CF2 for 24 and 48hrs. As shown in Figure 7.18A&B, there was significantly lower cell 

proliferation when K562 cells were co-treated with CF2 and 0.5µM auranofin, compared to those cells 

treated only with 0.5µM auranofin after both 24 and 48hrs. However, there was no significant 

difference between treatments of the other two concentrations tested. The KU812 cell line displayed 

Figure 7.17: CF2 Decreases Trx and TrxR Protein Expression. K562, KU812 and KCL22 CML cells 
were treated with CF2 for 24hrs, following this RT-qPCR (A-C) and western blotting (D-F) were 
used to measure Nrf2, Trx1, TrxR1 and TXNIP mRNA expression and Trx and TrxR protein levels 
respectively. Vinculin was used as a control for western blotting and RPL32 was used as a 
normaliser for RT-qPCR. Results are displayed as Mean±SEM, RT-qPCR results were analysed via 
a paired T test. * = P<0.05. N=3. 
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very similar results to the K562 cell line (Fig. 7.18C,D). In this cell line, cells co-treated with 1µM 

auranofin and CF2 displayed significantly less cell proliferation compared to those treated only with 

auranofin after both 24 and 48hrs. Although this was the only concentration of auranofin where there 

was a significant decrease in cell growth following CF2 co-treatment, it can be noted there was 

approximately a 30% larger decrease in cell proliferation when cells were co-treated with CF2 and 

2µM auranofin, compared to those treated with auranofin alone. Lastly, the KCL22 cell line did not 

display any significant change in cell growth with CF2 and auranofin co-treatment, compared to those 

treated with only auranofin at any time point or auranofin concentration (Fig. 7.18E,F). This result 

observed in the KCL22 cell line differs from the first two cell lines tested. 

The results observed when cells were treated with [Au(d2pype)2]Cl with or without CF2, were quite 

similar to the results seen when cells were treated with auranofin. In the K562 cells (Fig. 7.19A,B) the 

only significant results observed were after 48hrs treatment, since [Au(d2pype)2]Cl is more effective 

at this time point. It was observed that cell proliferation was significantly lower when K562 cells were 

co-treated with 1 and 2µM [Au(d2pype)2]Cl and CF2, compared to those that were treated with 

[Au(d2pype)2]Cl alone. A similar result was observed in the KU812 cell line, as 1µM [Au(d2pype)2]Cl 

was significantly more effective when combined with CF2, compared to treatment with only 

[Au(d2pype)2]Cl after 48hrs. Finally, in the KCL22 cell line (Fig. 7.19E,F), there was no significant change 

between cells treated with [Au(d2pype)2]Cl with or without CF2. This was very similar to what was 

observed with auranofin in this cell line. Overall it can be concluded that MRP4 inhibition enhances 

the efficacy of auranofin and [Au(d2pype)2]Cl in the K562 and KU812 cell line, but not in the KCL22 cell 

line. This implies that it is likely that these two compounds are transported by MRP4 in the K562 and 

KU812 cell line. It can be noted however, that this effect was not as pronounced as it was when CML 

cells were treated with ponatinib or dasatinib combined with CF2 (7.2.2.5), which could mean that the 

transport of TrxR inhibitors might be lower than the level of TKI transport via MRP4. 
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Figure 7.18: The Influence of CF2 on the Efficacy of Auranofin. K562 (A,B), KU812 (C,D) and KCL22 
(E,F) CML cells, were treated with increasing concentrations of auranofin with or without CF2 for 
24 or 48hrs. MTT proliferation assays were used to measure cell growth. Results are displayed as 
mean±SEM. Multiple paired T tests were used to statistically analyse the difference between CF2 
treated and untreated cells for each tested concentration of auranofin. * = P<0.05, **=P<0.005. 
N=3. 
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7.2.3.6 The Effect of CF2 on TrxR Induced Apoptosis 

It was observed in the previous section, that the co-treatment of CML cells with CF2 enhanced the 

efficacy of auranofin and [Au(d2pype)2]Cl. To further examine the effect of CF2 on the efficacy of 

auranofin and [Au(d2pype)2]Cl, caspase-3 activity was measured in CML cells treated with TrxR 

inhibitors, and with or without CF2. As shown in figure 7.20A, K562 cells treated with auranofin or 

[Au(d2pype)2]Cl displayed an increase in caspase activity compared to the control. It can also be noted 

that K562 cells treated with [Au(d2pype)2]Cl had significantly higher caspase-3 activity levels when co-

treated with CF2, compared to those treated with [Au(d2pype)2]Cl alone. Furthermore, when K562 

cells were treated with auranofin alone there was approximately a 3-fold increase in caspase-3 

activity, while in those cells co-treated with both CF2 and auranofin there was a 4-fold increase in 

caspase-3 activity. The results seen in the KU812 cell line (Fig. 7.20B) were similar to those observed 

in the K562 cell line. Again, there was a significant increase in caspase-3 activity levels in cells treated 

Figure 7.19: The Influence of CF2 on the Efficacy of [Au(d2pype)2]Cl. K562 (A,B), KU812 (C,D) and 
KCL22 (E,F) CML cells, were treated with increasing concentrations of [Au(d2pype)2]Cl with or without 
CF2 for 24 or 48hrs. MTT proliferation assays were used to measure cell growth. Results are displayed 
as mean±SEM. Multiple paired T tests were used to statistically analyse the difference between CF2 
treated and untreated cells for each tested concentration of [Au(d2pype)2]Cl. Significant results are 
marked with an * = P<0.05. N=3. 
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with both CF2 and [Au(d2pype)2]Cl, compared to cells treated with [Au(d2pype)2]Cl alone. However, 

there was no significant or visible change in the caspase-3 activity levels in KU812 cells treated with 

auranofin and CF2, compared to cells treated only with auranofin. Lastly, the results in the KCL22 cell 

line displayed that there was no notable change in the caspase-3 activity in these cells co-treated with 

TrxR inhibitors and CF2 compared to cells treated with TrxR inhibitors alone. Overall, these results 

aligned with previous section (7.2.3.5), as these results displayed a notable increase in the ability of 

auranofin and [Au(d2pype)2]Cl to inhibit cell proliferation when co-treated with CF2, compared to cells 

treated with TrxR inhibitors alone in both the K562 and KU812 cell lines. This current section has 

shown that [Au(d2pype)2]Cl induced significantly higher levels of apoptosis in K562 and KU812 cell 

lines when treated with both CF2 and [Au(d2pype)2]Cl, compared to those treated with 

[Au(d2pype)2]Cl alone. An additional comparison between sections 7.2.3.5 and 7.2.3.6 is that it 

appears that treatment of KCL22 with CF2 has no effect on the efficacy of auranofin and 

[Au(d2pype)2]Cl in this cell line. 

 

Figure 7.20: The Effect of CF2 on Auranofin and [Au(d2pype)2]Cl Induced Apoptosis. K562 (A), 
KU812 (B) and KCL22 (C) CML cells were treated with either auranofin or [Au(d2pype)2]Cl with or 
without CF2 for 24hrs. Following this, caspase-3 activity assays were performed. Results were 
analysed via multiple paired T tests and compared CF2 treated and untreated cells. Statistical tests 
compared results between the treated cells and the untreated control. *= P<0.05. N=3. Values 
displayed as mean±SEM. 
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7.2.4 The Regulation of MRP4 in Hypoxia 

7.2.4.1 Hypoxia Increases the Expression of MRP4 

To examine the effect of hypoxic conditions on the mRNA and protein expression of MRP4, CML cells 

were incubated in normoxia, hypoxia and with the HIF-1α stabiliser, DMOG for 24hrs. Following 

incubation, RT-qPCR and western blotting were used to measure MRP4 mRNA (Fig. 7.21A,B) and 

protein expression (Fig. 7.21C,D), respectively. It was observed that in the K562 and KU812 cell lines 

that there was a significant increase in the mRNA expression of MRP4 in hypoxia compared to 

normoxia. The most notable increase was in the KU812 cell line, as there was a 2.5 fold increase in 

MRP4 expression in hypoxia compared to normoxia. The change in MRP4 mRNA expression in 

response to DMOG was quite different compared to what was observed in hypoxia. In the KU812 cell 

line there was no significant change in MRP4 mRNA expression following DMOG treatment compared 

to the untreated cells. However, in the K562 cell line there was a significant decrease in MRP4 mRNA 

expression when cells were treated with DMOG, compared to the untreated control. Since there was 

a notable difference in the response of cells to DMOG and hypoxia, it can be hypothesised that the 

transcriptional upregulation of MRP4 in hypoxia may not be solely regulated by HIF-1. 

Western blotting was used to measure the effect of hypoxia and DMOG treatment on MRP4 protein 

levels. It was observed in the K562 cell line that both hypoxia and DMOG induced a significant increase 

in the protein levels of MRP4 compared to the cells grown in normoxia (Fig 7.21C). While the increase 

in MRP4 expression in hypoxia was consistent with the RT-qPCR data (Fig. 7.21A), DMOG was shown 

to increase the protein levels of MRP4 despite decreasing the mRNA expression of MRP4 in this cell 

line. The KU812 cell line displayed a notable increase in protein levels of MRP4 following hypoxia 

incubation and DMOG treatment compared to the control (Fig. 7.21D). These results were consistent 

with the RT-qPCR data (Fig. 7.21B), as both mRNA and protein levels of MRP4 were increased following 

hypoxia incubation and DMOG treatment. In both cell lines there was an overall increase in MRP4 

expression in hypoxia, and this may be linked to the activity of HIF-1α as DMOG was observed to 

increase MRP4 protein levels.  
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7.2.4.2 Hypoxia Increases MRP4 Activity Levels 

To elucidate the effects of hypoxia on MRP4 activity, K562, KU812 and KCL22 CML cells were incubated 

in either normoxia or hypoxia or treated with DMOG for 24hrs. Then %ΔC-AM levels were measured 

and these results are displayed in figure 7.22. In the K562 cell line it was observed that cells incubated 

in hypoxia or with DMOG had significantly lower levels of %ΔC-AM compared to cells incubated in 

normoxia. This implies that there were lower calcein retention levels in hypoxia and with DMOG 

treatment, meaning that there was higher MRP4 activity under these conditions. Furthermore, it can 

be noted that the %ΔC-AM of cells incubated with DMOG or in hypoxia were almost identical. In the 

KU812 cell line there was also a significant decrease in %ΔC-AM levels following incubation in hypoxia 

and with DMOG treatment compared to normoxia. However, it can be noted that there were far lower 

levels of %ΔC-AM in DMOG treated cells compared to hypoxia. Lastly, in the KCL22 cell line there was 

no notable difference in the %ΔC-AM in cells incubated in hypoxia compared to normoxia. Despite 

this, there was a significant decrease of %ΔC-AM in DMOG treated cells compared to the control.  

Overall, it was observed that %ΔC-AM levels were decreased in hypoxia and DMOG treated K562 and 

KU812 CML cells. This shows that MRP4 activity levels are increased in hypoxia and it likely through 

Figure 7.21: Hypoxia Increases the Expression of MRP4. K562 and KU812 CML cells were incubated in 
either normoxia, hypoxia or with DMOG for 24hrs, and RT-qPCR (A-B) and western blotting (C,D) were 
used to measure MRP4 mRNA expression and protein levels respectively. Β-tubulin was used as a 
control for western blotting and RPL32 was used as a normaliser for RT-qPCR. Results are displayed as 
Mean±SEM, RT-qPCR results were analysed via a paired T test. * = P<0.05, ** = P<0.01. N=3. 
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the HIF-1 pathway. These results are consistent with the results presented in section 7.2.4.1, as this 

section showed that MRP4 expression was increased in hypoxia. 

 

7.2.4.3 The mRNA Expression of Adenylyl Cyclase 6 is Increased in Hypoxia 

As observed previously in this subchapter, MRP4 activity and expression levels were increased in 

hypoxia. The next stage in this investigation was to determine the pathway responsible for this 

induction. It was discussed in section 7.2.3 that one of the major regulators of MRP4 is the Nrf2 

pathway; however, Nrf2 is downregulated in hypoxic CML cells due to the low oxygen levels and lower 

bcr-abl levels, so it is unlikely that Nrf2 is involved in the upregulation of MRP4 in hypoxia. Therefore, 

other pathways involved in the regulation of MRP4 needed to be examined. A major regulator of MRP4 

expression is the intracellular levels of cAMP (Carozzo et al., 2015), a cyclic nucleotide that is produced 

by adenylyl cyclases (ADCY). Since it has been observed that some adenylyl cyclases (particularly 

ADCY6 and ADCY7) are upregulated in hypoxia (Simko et al., 2017), this pathway was identified as a 

potential regulator of MRP4 in hypoxia. Initially, the mRNA expression levels of ADCY1-7 were 

measured in CML cells incubated in either hypoxia or normoxia or following DMOG treatment (Fig 

7.23A-C). The basal levels of each ADCY varied between each of the three CML cell lines, and ADCY 

that were not expressed were not graphed in the results figure. It was seen in all three cell lines that 

ADCY1 was not expressed at all, which is likely because ADCY1 is almost exclusively expressed in brain 

tissue (Sethna et al., 2017). It was seen that only ADCY 2,3,6 and 7 were expressed in the K562 cell line 

(Fig 7.23A). Out of these four ADCY, ADCY3 and 7 levels remained unchanged in hypoxia and DMOG 

Figure 7.22: Hypoxia Induces the Activity of MRP4. K562, KU812 and KCL22 CML cells were 
incubated in normoxia, hypoxia or with DMOG for 24hrs and MRP4 activity was measured, and 
%ΔC-AM was calculated. Results are displayed as mean±SEM. Results were analysed via one-way 
ANOVAs. * = P<0.05, #=P<0.001. N=3. 



   
  Chapter 7 

Page | 178  
 
 

treatment compared to the levels in cells grown in normoxia. Furthermore, it was also observed that 

ADCY2 levels were significantly decreased in both hypoxia and with DMOG treatment compared to 

the control. However, it was observed that ADCY6 mRNA expression levels were upregulated in 

hypoxia and following treatment with DMOG compared to the normoxia control. 

In the KU812 cell line, ADCY 2,3,4,6 and 7 were expressed (Fig. 7.23B). Similar to the K562 cell line, 

ADCY2 was downregulated in both hypoxia and DMOG treated cells compared to normoxia. It was 

also observed that ADCY3 and 7 expression levels were decreased in hypoxia in this cell line, however, 

treatment with DMOG made no change in comparison to the control cells. ADCY4 mRNA expression 

was observed to be unchanged in hypoxia and upregulated following DMOG treatment compared to 

the untreated normoxic control. Lastly, it was seen in the KU812 cell line that ADCY6 mRNA expression 

levels were increased in hypoxia and when treated with DMOG compared to the control. It was 

observed that ADCY 2,3,4,5,6 and & 7 were expressed in the KCL22 CML cell line (Fig 7.23C). Conversely 

to the KU812 cell line, the mRNA expression levels of ADCY 7 were unchanged in hypoxia and 

decreased when treated with DMOG. The mRNA expression of ABCY3 was significantly decreased 

following DMOG treatment, but significantly upregulated following incubation in hypoxia, compared 

to the control. ADCY2,4 and 5 were observed to be upregulated in hypoxia but decreased when cells 

were treated with DMOG compared to the untreated normoxia control. Lastly, similar to the other 

two cell lines, it was seen that ADCY6 levels were significantly increased in both hypoxia and with 

DMOG treatment, compared to the control. Overall, it was observed that the mRNA expression of 

ADCY 2,3,4,5 and 7 varied between the three cell lines, but ADCY6 was consistently upregulated in all 

three cell lines both in hypoxia and following DMOG treatment. Since DMOG treatment was also able 

to increase the expression of ADCY6, it can be hypothesised that the upregulation of ADCY6 in hypoxia 

is HIF-1 dependant. This result mirrors what was observed by Simko et al. (2017), as they also reported 

that ADCY6 expression was increased in hypoxia via the action of HIF-1. 
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7.2.4.4 Inhibition of ADCY6 Results in a Decrease in MRP4 Expression and Activity 

To further investigate the potential link between ADCY6 and MRP4 expression in hypoxia, the ADCY 

inhibitor, NKY80 was used. Although NKY80 is marketed as a ADCY5 selected inhibitor, Brand et al. 

(2013) found that this compound does not discriminate between ADCY5 and 6. Therefore, this 

compound was chosen as it will selectively target ADCY6, since ADCY5 was shown to not be expressed 

in the K562 and KU812 cells and was only very minimally expressed in the KCL22 cell line. NKY80 

functions by acting as an analogue of ATP and irreversibly binds to ADCY5 or 6 and therefore prevents 

these ADCY from producing cAMP. NKY80 was used to examine the effect of inhibiting ADCY6 on MRP4 

activity and mRNA expression. Initially, K562, KU812 and KCL22 CML cells were treated with 20µM 

NKY80 for 24hrs and MRP4 activity was determined by analysing %ΔC-AM (Fig 7.24A). The 

concentration of 20µM was chosen as Brand et al. (2013) reported that this concentration is sufficient 

to inhibit ADCY5 and ADCY6, but not any of the other ADCYs. These results showed that upon 

treatment of NKY80, %ΔC-AM levels were increased to between 200% and 300% compared to the 

Figure 7.23: Expression of ADCY in Hypoxia and with DMOG Treatment. K562 (A), KU812 (B) and 
KCL22 (C) CML cells were incubated in either normoxia, hypoxia or with DMOG for 24hrs, and RT-qPCR 
was used to measure mRNA expression levels of ADCY1-7. RPL32 was used as a normaliser for RT-qPCR. 
Results are displayed as Mean±SEM, RT-qPCR results were analysed via one-way ANOVAs. * = P<0.05, 
**=P<0.005, #=P<0.001, ##=P<0.0001. N=3. 
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control in all three cell lines and was considered as statically significant. This result implies that the 

inhibition of ADCY6 lead to a decrease in MRP4 activity.  

Next, to further examine the effect of NKY80 on MRP4, RT-qPCR was used to measure MRP4 mRNA 

expression levels following treatment with 20µM NKY80. The mRNA expression levels of ADCY6 were 

also measured to determine if NKY80 also altered its mRNA expression, and not just its activity. As 

shown in figure 7.24B, the mRNA expression levels of both MRP4 and ADCY6 were significantly 

decreased following NKY80 treatment in the K562 cell line. MRP4 levels were reduced by 

approximately 50% following NKY80 treatment, while ADCY6 levels were reduced by about 30%. In 

the KU812 cell line (Fig. 7.24C), there was a significant decrease in the mRNA expression levels of 

ADCY6, as the expression levels of this gene were reduced by approximately 75% following treatment 

with NKY80. There was no statistically significant change in MRP4 expression in the KU812 cell line 

following NKY80 treatment, however, MRP4 mRNA expression levels were decreased by about 20% in 

NKY80 treated cells compared to the control. Lastly, in the KCL22 cells (Fig 7.24D) it was observed that 

there was a significant decrease in both MRP4 and ADCY6 mRNA expression levels following treatment 

with NKY80.  Western blotting was used to examine the effect of NKY80 on MRP4 protein expression. 

K562 and KU812 CML cells were treated with 20µM NKY80 for 24hrs and MRP4 protein expression 

was measured (Fig. 7.24E,F). These results displayed a significant decrease in MRP4 protein levels 

following NKY80 treatment in the K562 cells. In this cell line, MRP4 protein levels were decreased by 

approximately 65%. There was no significant difference in MRP4 protein levels in the KU812 cell line 

following NKY80 treatment, however, there was an observed decrease by about 25% compared to the 

control. Overall, it was observed that the inhibition of ADCY6 using NKY80 resulted in a decrease in 

the activity and mRNA and protein expression of MRP4.  
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7.2.4.5 Reoxygenation Increases MRP4 Activity and mRNA Expression 

One of the primary regulators of MRP4 expression is the redox regulated transcription factor, Nrf2. 

Nrf2 activity is upregulated when cells undergo oxidative stress. Therefore, Nrf2 is upregulated when 

cells are reoxygenated in normoxia following a prolonged period in hypoxic conditions, this was 

observed in section 5.2.3.4. Hence, it is likely that this increase in Nrf2 in reoxygenation conditions 

would also lead to an increase in MRP4 activity and expression. To test this hypothesis, K562, KU812 

and KCL22 CML cells were incubated in either normoxia or reoxygenation conditions (as described in 

section 2.2.1.4). Following this incubation, RT-qPCR was used to measure MRP4 mRNA expression 

levels and calcein AM assays were used to measure MRP4 activity. RT-qPCR data in figure 7.25A shows 

that K562 and KU812 CML cells undergoing reoxygenation had significantly higher mRNA expression 

levels of MRP4 compared to cells grown in normoxia. In the KU812 cell line there was a 3-fold increase 

in MRP4 mRNA expression in reoxygenation conditions compared to normoxia, while in the K562 cell 

Figure 7.24: NKY80 Decreases MRP4 Expression and Activity in CML Cells. K562, KU812 and KCL22 
CML cells were treated with 20µM of NKY80 for 24hrs and %ΔC-AM levels were measured. MRP4 
and ADCY6 mRNA expression levels were measured using RT-qPCR in the K562 (B), KU812 (C) and 
KCL22 (D) CML cells. RPL32 was used as normaliser. Western blotting was used to measure MRP4 
protein levels in K562 and KU812 cells following 24hr 20µM NKY80 treatment (E,F). β-Tubulin was 
used as a loading control.  Multiple paired T-tests were used to determine significant results 
between the untreated control and the NKY80 treated cells* = P<0.05, **=P<0.005, #=P<0.001. 
N=3. 
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line there was only a 1.8-fold increase. There was no significant change in the MRP4 mRNA expression 

levels in the KCL22 cell line, although there was a minor increase in reoxygenated cells compared to 

normoxic cells. 

To further examine the effect of reoxygenation on MRP4, the %ΔC-AM was measured in CML cells 

grown in normoxia or in reoxygenation conditions. As shown in figure 7.25B, there was a statistically 

significant decrease in %ΔC-AM levels in both the K562 and KU812 cell lines following reoxygenation 

compared to cells grown only in normoxia. This result implies that reoxygenation induced an increase 

in MRP4 activity, which correlates with the increase in MRP4 mRNA expression that was seen in these 

two cell lines. There was no significant change in %ΔC-AM levels in the KCL22 cell line between the 

two oxygen conditions, despite there being a minor decrease following reoxygenation, compared to 

normoxic cells. Again, this result mirrored what was seen in in figure 7.25A as there was no significant 

change in MRP4 mRNA expression levels in the KCL22 cell line following reoxygenation. Overall, it can 

be concluded that reoxygenation upregulates the mRNA and activity levels of MRP4, and this is most 

likely due to the upregulation of Nrf2 under these conditions.  
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7.2.4.6 Inhibition of MRP4 Sensitises CML Cells to TKIs in Hypoxia 

As previously discussed in section 5.2.1, hypoxia induces TKI resistance in CML cells, which presents a 

major hurdle in the treatment of this disease. Additionally, as outlined earlier in this current chapter, 

MRP4 is upregulated in hypoxia, which could potentially be one of the various reasons CML cells are 

less responsive to TKI treatment in hypoxia. However, this also presents MRP4 as a possible target in 

overcoming hypoxia-induced drug resistance. To test this hypothesis, K562, KU812 and KCL22 CML 

cells were cultured in normoxia or hypoxia and co-treated with TKIs and with or without the MRP4 

inhibitor, CF2. MTT cell proliferation assays were used to determine cell growth. Dasatinib and 

ponatinib were the TKIs chosen to be examined in these experiments, as these were previously 

hypothesised to be transported by MRP4 (section 7.2.2.1). Two separate two-way ANOVAs were used 

Figure 7.25: Reoxygenation Induces the mRNA Expression and Activity of MRP4. K562, KU812 and 
KCL22 CML cells were incubated in either normoxia for 24hrs or under reoxygenation conditions (20hrs 
hypoxia + 4hrs normoxia). MRP4 mRNA expression (A) and activity (B) were then measured. RPL32 was 
used as a normaliser for RT-qPCR and %ΔC-AM was calculated for MRP4 activity assays. Results are 
displayed as mean±SEM. Results were analysed via multiple paired T tests. * = P<0.05, **=P<0.005. 
N=3. 
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to analyse the significance of these results. A two-way ANOVA was used to determine if there was a 

statistically significant change in the efficacy of TKIs when cells were co-treated with CF2 in hypoxia, 

compared to cells treated with TKIs alone in normoxia. Another two-way ANOVA was used to 

determine if there was a statistically significant difference in the proliferation of cells co-treated with 

TKIs and CF2 in hypoxia, compared to cells treated with TKIs alone in hypoxia. 

K562 CML cells were treated with increasing concentrations of dasatinib for 24 and 48hrs (Fig. 7.26). 

It was found that there was no significant difference in the efficacy of dasatinib after 24hrs treatment 

between cells co-treated with or without CF2 in hypoxia (Fig. 7.26A). This is most likely due to dasatinib 

treatment being relatively ineffective in this cell line with only 24hrs treatment.  After 48hrs dasatinib 

treatment there was a significant increase in the efficacy of this drug in hypoxia when cells were co-

treated with CF2, compared to those that were treated with dasatinib alone (Fig. 7.26B). When K562 

cells were treated with dasatinib in hypoxia for 48hrs there was no inhibition of cell growth, even at 

the highest concentration of dasatinib tested (25nM). However, following CF2 co-treatment, cell 

proliferation was decreased to about 60%, although there was still a significantly higher level of 

proliferation in these cells compared to those treated with dasatinib in normoxia. When K562 cells 

were treated with ponatinib in hypoxia for 24 and 48hrs, this drug was significantly more effective 

when co-treated with CF2 (Fig. 7.26C,D). When cells were co-treated with ponatinib and CF2 in 

hypoxia for 24hrs cell proliferation was decreased in a similar manner to what was observed in 

normoxia, as there was no significant difference between these two treatments. After 48hrs co-

treatment in hypoxia cells were still significantly more resistant to ponatinib than they were in 

normoxia, however, cell proliferation was decreased to approximately 65%, whereas without co-

treatment, ponatinib was not able to decrease cell proliferation at all in hypoxia after 48hrs.   
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When KU812 cells were co-treated with dasatinib and CF2 for 24hrs in hypoxia, there was a 

significantly larger reduction in cell proliferation compared to cells treated with dasatinib alone in 

hypoxia (Fig. 7.27A). At this time point, there was no significant difference in the efficacy of dasatinib 

between cells co-treated with CF2 in hypoxia and those incubated in normoxia and treated with 

dasatinib alone. However, following 48hrs dasatinib treatment in hypoxia, there was no significant 

difference in proliferation between cells that were co-treated with CF2 and those that were not (Fig 

7.27B). In KU812 cells cultured in hypoxia, co-treatment with CF2 seemed to have a more notable 

effect on ponatinib treatment, compared to dasatinib treatment. After both 24 and 48hrs treatment 

of ponatinib in hypoxia, cells that were also co-treated with CF2 displayed significantly less cell 

proliferation compared to those treated with ponatinib alone (Fig. 7.27C,D). Furthermore, there was 

no significant difference between cells co-treated with ponatinib and CF2 in hypoxia, compared to 

cells treated with ponatinib alone in normoxia, after both 24 and 48hrs treatment. These results show 

that CF2 is able to sensitise KU812 cells to ponatinib treatment in hypoxia to a similar level to what 

was observed in normoxia.  

Figure 7.26: The Influence of CF2 on the Efficacy of TKIs on K562 Cells Grown in Hypoxia. K562 
CML cells, were treated with increasing concentrations of dasatinib (A,B) or ponatinib (C,D) with or 
without CF2 for 24 or 48hrs in either normoxia or hypoxia. MTT proliferation assays were used to 
measure cell growth. Two separate two-way ANOVAs were used to statistically analyse the 
difference in the efficacy of TKI and CF2 co-treatment in hypoxia between either TKI treatment in 
normoxia or CF2-treatment in hypoxia. * = P<0.05, **=P<0.005, #=P<0.001. Results are displayed 
as mean±SEM. N=3. 
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When KCL22 CML cells were treated with dasatinib in hypoxia there was no impact on cell proliferation 

at any concentration tested after both 24 and 48hrs treatment. However, when cells were co-treated 

with CF2 in hypoxia cell proliferation was significantly lower compared to cells treated with dasatinib 

alone in hypoxia (Fig 7.28A,B). Furthermore, following both 24 and 48hrs treatment with dasatinib, 

cell proliferation was significantly lower in KCL22 cells co-treated with CF2 in hypoxia, compared to 

those incubated in normoxia and treated with dasatinib alone. This result shows that CF2 incubation 

is able to sensitise hypoxic KCL22 cells to dasatinib to a level even higher than what was observed in 

normoxia. Following treatment with ponatinib in hypoxia, it was observed that this drug was 

significantly more effective after both 24 and 48hrs when cells were also co-treated with CF2 (Fig 

7.28C,D). Ponatinib was able to decrease cell proliferation to 70% and 40% after 24hrs and 48hrs, 

respectively, however CF2 co-treatment halved both these values. Following 24hrs ponatinib 

treatment, there was no significant difference between KCL22 cells co-treated with CF2 in hypoxia, 

and those treated with ponatinib alone in normoxia. However, following 48hrs ponatinib treatment, 

CF2 co-treatment in hypoxia resulted in significantly less cell proliferation compared to KCL22 cells 

Figure 7.27 The Influence of CF2 on the Efficacy of TKIs on KU812 Cells Grown in Hypoxia. KU812 
CML cells, were treated with increasing concentrations of dasatinib (A,B) or ponatinib (C,D) with or 
without CF2 for 24 or 48hrs in either normoxia or hypoxia. MTT proliferation assays were used to 
measure cell growth. Two separate two-way ANOVAs were used to statistically analyse the 
difference in the efficacy of TKI and CF2 co-treatment in hypoxia between either TKI treatment in 
normoxia or CF2-treatment in hypoxia. * = P<0.05, **=P<0.005, ##=P<0.0001. Results are displayed 
as mean±SEM. N=3. 
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treated with ponatinib alone in normoxia. These results show that CF2 co-treatment in hypoxia 

sensitised KCL22 cells to ponatinib to an equal or higher degree to what was observed in normoxia.  

 

Overall, CF2 co-treatment significantly increased the efficacy of both ponatinib and dasatinib in 

hypoxia in all three cell lines. It was also observed that the KCL22 cell line was the most responsive to 

CF2 co-treatment in hypoxia. These results highlight the potential of MRP4 as a target in overcoming 

hypoxia-induced TKI resistance in CML. 

 

 

 

Figure 7.28: The Influence of CF2 on the Efficacy of TKIs on KCL22 Cells Grown in Hypoxia. KCL22 
CML cells, were treated with increasing concentrations of dasatinib (A,B) or ponatinib (C,D) with or 
without CF2 for 24 or 48hrs in either normoxia or hypoxia. MTT proliferation assays were used to 
measure cell growth. Two separate two-way ANOVAs were used to statistically analyse the 
difference in the efficacy of TKI and CF2 co-treatment in hypoxia between either TKI treatment in 
normoxia or CF2-treatment in hypoxia. **=P<0.005, #=P<0.001, ##=P<0.0001. Results are 
displayed as mean±SEM. N=3. 
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7.3 Discussion 

7.3.1 MRP4 is Upregulated in CML and is Associated with Disease Progression and 

Drug Resistance. 

Membrane bound solute transporters have long been associated with drug resistance in cancer due 

to their ability to shunt chemotherapeutics out of the cell, thereby limiting the effectiveness of these 

compounds (Choi, 2005). The most well-known and studied family of drug transporters involved in 

this phenomenon is the ATP binding cassette (ABC) transporter superfamily (Robey et al., 2018). This 

family is made up of 7 subgroups denoted as ABCA to ABCG. Out of all ABC genes, the most prominent 

gene involved in drug resistance in cancer is ABCB1, also known as MDR1, the first gene in this 

superfamily to be identified in 1976 (Juliano and Ling, 1976; Fletcher et al., 2016). This chapter, 

however, is focused on a relatively unknown ABC transporter, known as ABCC4 or MRP4. As shown in 

this chapter this gene is highly upregulated in CML patients unresponsive to imatinib, therefore giving 

it a potential link to drug resistance in CML. ABCC4 has been linked to drug resistance in gastric cancer, 

as it was found that MRP4 mRNA expression was significantly upregulated in multidrug resistant 

gastric cancer cells (Zhang et al., 2015). MRP4 has also been associated with a poor prognosis in breast 

cancer (Rumiato et al., 2016), ovarian cancer (Jung et al., 2020) and neuroblastoma (Murray et al., 

2017). Given these findings, it was determined that MRP4 being involved in drug resistance in CML 

was a reasonable hypothesis, and therefore this transporter was chosen for further study in this 

chapter. 

Using RT-qPCR it was found that MRP4 was upregulated in CML cells compared to the HS-5 bone 

marrow stromal cell line, which was the non-cancerous control. It was also observed that MRP4 levels 

were far higher in the KU812 than in the K562 and KCL22 cell lines. The upregulation of MRP4 in cancer 

compared to healthy cells implies that MRP4 may play a role in enhancing the severity of the cancer. 

A similar result has been observed in other cancers, including breast cancer, acute myeloid leukaemia 

and pancreatic cancer (Copsel et al., 2011; Low et al., 2020; Sahores et al., 2020). In all of these studies 

it was observed that MRP4 was upregulated in cancer, and that there were links between this gene 

and the progression of cancer. It was hypothesised that MRP4 was able to induce increased aggression 

in cancer due to its ability to regulate intercellular cAMP levels (Copsel et al., 2011). While many MRP 

proteins have been observed to export cyclic nucleotides from the cell, it is thought that MRP4 is the 

main exporter of cAMP (Sager and Ravna, 2009; Copsel et al., 2011). This is important in the 

progression of cancer cells, as has been observed on many occasions that the accumulation of cAMP 

in cancer cells leads to apoptosis and cell cycle arrest (Cho-Chung et al., 1981; Chen et al., 1998; Kim 
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et al., 2001; Copsel et al., 2011; Wang et al., 2016). High levels of MRP4 prevents intracellular cAMP 

from accumulating and therefore promote cancer cell cycle progression. This not only identifies MRP4 

as a marker of poor prognosis in cancer, but it also presents it as a possible target in the treatment of 

cancer. 

CML has three major phases: chronic, accelerated and blast crisis. Chronic phase is the first stage of 

the disease and usually presents very mild symptoms and can even be asymptomatic (Granatowicz et 

al., 2015; Eden and Coviello, 2021). Treatment of chronic phase CML is usually quite effective, as 

patients are typically responsive to TKIs for a period of around 5-6 years. However, if the disease goes 

untreated, or if treatment fails, chronic phase CML may progress to the accelerated phase. Before the 

introduction of imatinib 20% of CML patients progressed to the accelerated phase of CML, however, 

following the usage of imatinib and other TKIs, the rate of acceleration phase progression is between 

1-1.5% (Kantarjian et al., 2012). The accelerated phase of CML is substantially more severe than the 

chronic phase and may display symptoms including chronic fatigue and splenomegaly (Mukherjee and 

Kalaycio, 2016). Patients are far less responsive to TKIs in this phase, and if treatment is not successful, 

patients may advance to the blast crisis phase of CML in as little as 6 months. Blast crisis is the terminal 

phase of CML and is incredibly drug resistant. Treatment in this phase rarely has prolonged success. A 

2017 study showed that the median overall survival of blast crisis CML patients in their study was 12 

months (Jain et al., 2017). Blast crisis CML is characterised as an incredibly aggressive disease, prone 

to substantial increase in genetic mutation, as well as modulation of the expression of a vast array of 

genes involved in cell proliferation and drug resistance. One study found that 76.9% of blast crisis CML 

patients displayed mutations in at least 1 of 11 key oncogenes (Grossmann et al., 2011). 

Following the analysis of RNAseq data that displayed gene expression in different stages of CML 

(GSE4170), it was found that out of the three stages of CML, MRP4 expression levels were the highest 

in the blast crisis phase of the disease. Since this is the most severe phase of the disease, it can be 

hypothesised that MRP4 may be involved with increased aggression of CML, which correlates with the 

data already observed in this chapter. Chronic phase was shown to have similar MRP4 expression 

levels compared to healthy patients. Since chronic phase is typically asymptomatic, it shows that low 

MRP4 levels aren’t associated with severe symptoms. Overall, it was observed that MRP4 was 

upregulated in CML compared to healthy cells, and that its expression levels were highest in the most 

aggressive stage of the disease. This implies that MRP4 may be involved in the progression and severity 

of the cancer. Furthermore, it was seen that MRP4 was upregulated in imatinib non-responders, which 

means that it may possibly be involved in TKI resistance in CML. 
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7.3.2 MRP4 is Associated with TKI Resistance in CML 

Given the results of the previous subchapter, it was hypothesised that MRP4 may be involved in 

imatinib and TKI resistance in CML. Various other ABC transporters, including MDR1 and BCRP have 

already been linked to imatinib resistance (Mahon et al., 2003a; Burger et al., 2004). Due to their 

ability to transport imatinib out of the cell, the upregulation of ABC transporters can result in 

decreased efficacy of the drug. To date, MRP4 has not been linked to TKI resistance in cancer. 

However, it has been shown to export clinically relevant nucleotide and nucleoside analogues such as 

topotecan and irinotecan, and this has been linked to drug resistance in neuroblastoma (Norris et al., 

2005; Tian et al., 2005). The transport of nucleotide and nucleoside analogues is likely due to the cyclic 

nucleotide, cAMP, being a primary substrate of MRP4. Despite this, MRP4 has a large array of 

substrates, and since it has been shown to induce drug resistance in cancer, this study aimed to 

determine if it may play a role in drug resistance in CML. To do so, CML cells were treated with 

imatinib, dasatinib or ponatinib and with or without the highly specific MRP4 inhibitor, CF2 (Cheung 

et al., 2014). If the inhibition of MRP4 via CF2 enhanced the efficacy of the drug, it was hypothesised 

that this may be because the drug is a substrate for MRP4. If the drug was a substrate of MRP4, 

inhibition of MRP4 activity would mean less export of the drug and therefore more drug would 

accumulate in the cell, thus making it more effective. This was observed to be the cause with both 

dasatinib and ponatinib, leading to the hypothesis that these two drugs, but not imatinib, are 

substrates of MRP4. This result was also supported by caspase-3 activity assays that showed that 

MRP4 inhibition was able to enhance the ability of both dasatinib and ponatinib to induce apoptosis 

in CML cells. Given these results, it stands to reason that MRP4 could be linked to TKI resistance in 

CML.  

Following treatment of CML cells with either imatinib, dasatinib or ponatinib it was observed that 

MRP4 mRNA and protein expression were significantly reduced. In addition, this decreased expression 

of MRP4 was observed to lead to a decrease in the activity of MRP4 as well. It was observed that 

imatinib, dasatinib and ponatinib were able to inhibit the activity of MRP4, with ponatinib being the 

most effective in doing so. A similar result was observed by  Dohse et al. (2010), as they found that 

treatment of HEK293 cell lines with imatinib, nilotinib and dasatinib resulted in a decrease in the 

expression and activity of both MDR1 and BCRP. Since it was previously observed that dasatinib and 

ponatinib are likely substrates of MRP4, this would result in the increased efficacy of these drugs since 

inhibiting MRP4 would allow these drugs to accumulate within the cell. While the mechanism by which 

TKIs decrease MRP4 expression levels is not yet known, it can be hypothesised that it is through the 

activity of MYC. It has been shown on multiple occasions that bcr-abl activates the MYC oncogene, 
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either by activating its upstream targets, or by directly phosphorylating MYC (Samanta et al., 2006; 

Sanchez-Arevalo Lobo et al., 2013). Furthermore, it has been observed by Huynh et al. (2012) that 

MRP4 is under the transcriptional control of MYC. Therefore, it stands to reasons that a decrease in 

bcr-abl activity would lead to a decrease in MYC activity, which would reduce MRP4 expression.  

The effect of MRP4 inhibition on bcr-abl expression was also examined, and it was found that when 

cells were treated with CF2 there was a decrease in bcr-abl protein, but not mRNA expression. This 

would imply that the regulation of bcr-abl by MRP4 is on a translational, and not at a transcriptional 

level. A similar outcome was observed in chapter 6, as hypoxia decreased bcr-abl protein levels, but 

had no effect on transcription, and it was determined this was due to the activity of the mTOR 

pathway, specifically RPS6, the ribosomal protein responsible for translating bcr-abl. Therefore, it is 

possible the same pathway is being affected here. One of the primary functions of MRP4 is to export 

cAMP out of the cell. As previously discussed, cAMP is linked to decreasing the activity of many 

different cell proliferation pathways, one of the primary pathways effected being the mTOR pathway 

(Kim et al., 2010). Therefore, it likely that the inhibition of mTOR through increased cAMP levels would 

lead to a decrease in the activity of RPS6 and thus decreased translation of bcr-abl.  

The last aim of this subchapter was to determine the effect of MRP4 on TKI resistance in CML. The 

mRNA expression of MRP4 was measured in sensitive CML cells vs CML cells that had developed 

acquired resistance to either imatinib or dasatinib. Initially only imatinib resistant cells were going to 

be examined, although when it was found that MRP4 likely does not transport imatinib, dasatinib 

resistant cells were also produced, since the efficacy of this drug was more strongly linked with MRP4 

activity. It was observed that imatinib resistant K562, KU812 and KCL22 CML cells had similar or even 

lower levels of MRP4 compared to their sensitive counterparts, although since MRP4 expression does 

not affect imatinib efficacy at all, this result was expected. However, it was found that dasatinib 

resistant CML cells had significantly higher levels of MRP4 compared to the sensitive cells.  Higher 

MRP4 levels in these cells means that higher levels of dasatinib are being exported out of the cell, 

making the drug less effective. This is likely one of the mechanisms by which these cells are resistant 

to dasatinib. A similar result was observed by He et al. (2015), wherein they determined that an 

overexpression of MRP4 led to an increase in doxorubicin resistance in osteosarcoma treatment. It 

was then found that the inhibition of MRP4 resensitised these dasatinib resistant cells to both 

dasatinib and ponatinib. These results not only show that MRP4 is linked to dasatinib resistance in 

CML, but that it may be a possible co-treatment for TKI resistant CML. 
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7.3.3 The Interaction Between the Trx System and MRP4 

One of the primary regulators of MRP4 is the redox regulated transcription factor, Nrf2 (Aleksunes et 

al., 2008). Upon an increase in ROS levels, Nrf2 is activated and then able to bind to the ARE in the 

promoter of the MRP4 gene and induce its transcription (Aleksunes et al., 2008). The link between 

Nrf2 and MRP4 was further elucidated in this study, and it was found that the upregulation of Nrf2 by 

TBHQ resulted in the increased activity and expression of MRP4. Conversely, it was found that the 

Nrf2 inhibitor, ML385 decreased MRP4 activity and expression. These two results demonstrate that 

the activity of Nrf2 is likely linked to the expression and thus activity of MRP4.  

Nrf2 is responsible for inducing the transcription of many other genes, some of the most prominent 

of these being Trx system genes. Due to this link between the Trx system and MRP4 it was examined 

if there was any cross-talk between these two systems. Since MRP4 expression is upregulated during 

periods of oxidative stress, it was hypothesised that the inhibition of the Trx system could induce 

MRP4 expression by inducing ROS levels (Maher et al., 2007). This hypothesis was tested by treating 

CML cells with TrxR inhibitors auranofin and [Au(d2pype)2]Cl and measuring their effect on MRP4 

expression and activity. It was found in the K562 cell line that treatment with these two TrxR inhibitors 

resulted in an increase in MRP4 expression and activity. This is likely due to the increase in ROS levels 

that occur due to the decreased activity of the Trx system. These higher ROS levels then activate Nrf2, 

which increases the transcription of MRP4, leading to higher expression and thus activity of this 

protein. However, the inverse was observed in the KU812 cell line, treatment with auranofin instead 

decreased the mRNA and protein expression of MRP4. However, [Au(d2pype)2]Cl was observed to 

increase the mRNA and activity of MRP4, highlighting the possible difference in functionality of these 

two compounds.  

The differences between the three cell lines may be due to the differences in expression of the Trx 

system. According to the Gene Expression Atlas, out of the three cell lines tested, the KU812 cells have 

the lowest expression levels of Trx1, TrxR1 and TXNIP. Therefore, these cells likely have lower basal 

ROS levels, so the inhibition of TrxR would not be as notable as it would be in the other two cell lines, 

resulting of less of a change in MRP4 expression and activity. As for the decrease in MRP4 observed in 

the KU812 cell line, this may be due to decreased TrxR activity, as TrxR has been shown to be a 

regulator of Nrf2 (Cebula et al., 2015). Therefore, in the KU812 cell line TrxR inhibition could 

potentially decrease Nrf2 activity, and thus decrease MRP4 expression. The results from these cell 

lines highlight the complicated nature of the interactions between the Trx system and MRP4. Overall, 

it is hypothesised that minor inhibition of the Trx system result in a decrease in MRP4 expression due 

to Nrf2 inhibition via TrxR. However, a stronger inhibition of the Trx system results in an increase in 
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MRP4 expression since inhibiting the Trx system increases ROS levels, which induces Nrf2 activity. It 

can also be noted that [Au(d2pype)2]Cl increases MRP4 expression and activity in KU812 cell line, while 

auranofin did not. This is most likely due to [Au(d2pype)2]Cl being far more specific to TrxR compared 

to auranofin (Stafford et al., 2018; Sze et al., 2020), and therefore inhibiting the Trx system to a higher 

degree. Furthermore, the relative lack of specificity of auranofin could result in off target effects that 

are liable to produce differing results to those obtained following [Au(d2pype)2]Cl treatment. 

The effect of MRP4 on the Trx system was then assessed. CML cells were treated with the highly 

specific MRP4 inhibitor, CF2, and TrxR activity was measured, as well as mRNA and protein expression 

of Trx system genes. It was found that CF2 treatment significantly decreased TrxR activity in the K562 

and KU812 cell lines. These results were supported by RT-qPCR data, which showed that Trx1 mRNA 

expression was significantly decreased following CF2 treatment in the K562 and KU812 cell lines. TrxR1 

mRNA levels were also significantly decreased in the K562 cell line following CF2 treatment.  TXNIP 

expression was significantly increased in the KU812 cell line following CF2 treatment. Furthermore, 

western blotting demonstrated that CF2 treatment was able to decrease the protein levels of Trx1 and 

TrxR1. The primary regulator of the Trx system is ROS levels, high levels of ROS increase the expression 

of the Trx system via the activity of Nrf2. While there are no known direct links between the expression 

of the Trx system and MRP4, MRP4 modulates the functionality of another prominent antioxidant 

system, the glutathione system. MRP4 has been reported to export reduced GSH out of the cell (Lai 

and Tan, 2002; Rius et al., 2003). Reduced GSH reduces ROS through the activity of glutathione 

peroxidase, therefore lower GSH levels result in increased ROS levels (Armstrong et al., 2002). So, in 

summary, increased MRP4 levels could also increase ROS levels due to decreased intracellular GSH. 

Therefore, when MRP4 is inhibited, this results in an increase in intracellular GSH and decrease in ROS, 

which in turn results in lower activity and expression of the Trx system. 

The final aim of this results section was to examine whether the TrxR inhibitors auranofin and 

[Au(d2pype)2]Cl are transported by MRP4. To do so, CML cells were treated with auranofin or 

[Au(d2pype)2]Cl with or without CF2. MTT cell proliferation assays were then performed. CF2 was 

observed to increase the efficacy of both these drugs in the KU812 cell line and had a minor effect on 

the K562 cell line. There was no observable change in the efficacy of either TrxR inhibitor in the KCL22 

cell when co-treated with CF2, compared to treatment with TrxR inhibitors alone. CF2 co-treatment 

was able to significantly increase apoptosis levels induced by [Au(d2pype)2]Cl in the K562 and KU812 

cell line, but it had no effect on the efficacy of auranofin. Using the same principle as TKI transport via 

MRP4 (section 7.4.2), an increase in efficacy of a drug following MRP4 inhibition would imply that due 

to lower export of the compound via MRP4, more compound accumulates in the cell, which makes it 
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more effective. Using this rationale it can be hypothesised that MRP4 may be able to transport TrxR 

inhibitors, although it appears that [Au(d2pype)2]Cl is more affected by MRP4 inhibition compared to 

auranofin. Furthermore, these results show that MRP4 likely does not transport TrxR inhibitors in the 

KCL22 cell line. To further investigate the ability of MRP4 to transporter TrxR inhibitors, as well as TKIs, 

additional experiments will be required, such as monitoring the movement of radiolabelled drugs 

following MRP4 inhibition. However, due to constraints on both time and resources this was not able 

to be carried out during this study. 

7.3.4 The Role of MRP4 in Hypoxia-Induced Drug Resistance 

Hypoxic environments are defined as conditions within the body where oxygen levels are below 3% 

(Paltoglou and Roberts, 2007). Hypoxic conditions have been reported on many occasions to be 

involved in drug resistance in cancer, including in CML (Giuntoli et al., 2006; Clapper et al., 2020a). 

Hypoxia-induced drug resistance is thought to be mediated through an extensive variety of pathways, 

with the most well-known being the HIF-1α pathway. However, HIF-1α itself also upregulates many 

different pathways that are associated with drug resistance (Kim and Lee, 2017). Because of this, the 

exact mechanisms of hypoxia-induced drug resistance are often quite complex. One commonly 

studied avenue of hypoxia-induced drug resistance is ABC transporters. It has been reported that the 

expression of MDR1 is upregulated in hypoxia in a HIF-1α dependent manner (Comerford et al., 2002), 

and it was found that this upregulation was associated with drug resistance in colon cancer (Xie et al., 

2013). Furthermore, other ABC transporters, including MRP1 (Chen et al., 2009) and MRP4 (Hara et 

al., 2011), have been observed to have increased expression in hypoxia due to the activity of HIF-1α. 

This study has also shown that MRP4 is upregulated in CML cells incubated in hypoxia compared to 

normoxia by analysing mRNA and protein expression levels. It was observed that this increase in MRP4 

expression was likely through the activity of HIF-1α, since the HIF-1 stabiliser, DMOG, was also able to 

induce increased activity of MRP4. 

While it has been reported by Hara et al. (2011) that MRP4 expression is increased in hypoxic mouse 

lung tissue, MRP4 expression in hypoxic human cancer tissue has not yet been reported. Furthermore, 

the mechanism of MRP4 regulation in hypoxia has not been elucidated. Therefore, the cause of this 

upregulation was investigated. While one of the primary functions of MRP4 is to export cAMP from 

the cell, it has also been observed that MRP4 expression levels are regulated by cAMP. Higher cAMP 

levels increase MRP4 expression, which is a result of the cell attempting to maintain homeostasis (Sassi 

et al., 2012; Broderdorf et al., 2014; Carozzo et al., 2019). cAMP is a cyclic nucleotide that acts as a 

second messenger for various downstream pathways and has been found to be involved in both 

enhancing and inhibiting cell proliferation (Schmitt and Stork, 2001; Serezani et al., 2008; Patra et al., 
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2021). The production of cAMP is carried out by adenylyl cyclases (ADCY). There are 10 ADCY isoforms 

in mammalian cells, and they are denoted ADCY1-10. ADCY1-9 are cell surface G-proteins, while 

ADCY10 is a soluble and not a G-protein.  

The hypoxic regulation of ADCY varies between each of the isoforms, however, it has been found by 

Simko et al. (2017) that ADCY6 and ADCY7 were upregulated in hypoxia in four cancer cell lines. In 

order to confirm this result in CML cells, RT-qPCR was used to measure the expression levels of ADCY1-

7 in K562, KU812 and KCL22 cells when incubated in hypoxia or treated with DMOG. It was found that 

ADCY6 was consistently upregulated in all three cell lines in both hypoxia and DMOG treatment 

compared to the untreated normoxic cells. ADCY7 expression was either decreased or unchanged in 

hypoxia or with DMOG treatment compared to the control. Therefore, it was hypothesised ADCY6 

may be involved in the regulation of MRP4 expression. To further examine this, the compound NKY80 

was utilised. Although it is marketed as a specific ADCY5 inhibitor, Brand et al. (2013) has found that 

this compound is specific to both ADCY5 and ADCY6. Therefore, it was chosen as the model ADCY6 

inhibitor, as there are no available inhibitors specifically designed for ADCY6. Furthermore, it was 

found in this study that ADCY5 was only expressed in KCL22 cells, and its expression levels were far 

lower than ADCY6 in this cell line. When CML cells were treated with NKY80 it as observed that MRP4 

activity and protein and mRNA expression were decreased. This means that ADCY6 mediated cAMP 

synthesis may influence the expression of MRP4. Since ADCY6 is upregulated in hypoxia, this could be 

the cause of the increase in MRP4 expression observed in these conditions. 

The effect of reoxygenation on MRP4 expression was also assessed. Reoxygenation is a very important 

phase in redox cell signalling. When cells exit the hypoxic niche and return to normoxia, there is a 

significant rise in oxygen levels, prompting a phase of oxidative stress, which results in the increased 

activity and expression of Nrf2 (Kim et al., 2007; Lee et al., 2016). Since MRP4 is under the 

transcriptional control of Nrf2 (Aleksunes et al., 2008), it was hypothesised that reoxygenation would 

induce an increase in the expression of MRP4. It was observed using RT-qPCR that MRP4 mRNA 

expression levels were increased in reoxygenation samples compared to the normoxic control in all 

three CML cell lines. Furthermore, MRP4 activity assays displayed an increase in activity in 

reoxygenated samples compared to normoxic samples. Similar results were observed by Ibbotson et 

al. (2017), as they observed that MRP4 expression was increased in a Nrf2 dependent manner in the 

blood brain barrier of rats. This is a clinically significant finding since MRP4 expression was increased 

in hypoxia and after reoxygenation by two completely separate mechanisms. This means that under 

both these conditions there is likely to be a degree of MRP4 dependent drug resistance. 
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To follow up on this hypothesis, the effect of inhibiting MRP4 on overcoming hypoxia-induced TKI 

resistance was examined. Since it was determined that reoxygenation was not as effective in inducing 

drug resistance (section 5.2.1.3), it was not investigated further here. It was observed in section 5.2.1.1 

that hypoxia decreased the efficacy of both ponatinib and dasatinib, which are two TKIs that were 

observed to be associated with MRP4 activity. Therefore, MTT proliferation assays were performed 

with these two TKIs in normoxia and hypoxia and with or without CF2. In all three CML cell lines (K562, 

KU812 and KCL22) it was observed that MRP4 inhibition with CF2 resensitised CML cells to ponatinib 

to levels similar to that observed in cell treated with ponatinib alone in normoxia. CF2 was also able 

to resensitise dasatinib in hypoxia to lower levels of cell proliferation than what was observed in 

hypoxia with dasatinib treatment alone. Similar results were observed by Chen et al. (2014a), as they 

found that inhibiting HIF-1α decreased MDR1 expression levels, which resensitised multidrug resistant 

colon cancer cells to drug treatment. These results indicate that inhibiting MRP4 may be an effective 

co-treatment in overcoming drug resistance in hypoxia for CML cells.   

 

 

 



 

 
 

 

 

 

 

 

 

 

Chapter 8- Final 

Discussions and 

Conclusions 
 

 

 

 

 

 

 

 



   
  Chapter 8 

Page | 198  
 
 

8.1 Summary of Results 

The following is an overview of the main research outcomes of each of the results chapters of this 

thesis: 

Chapter 3 

• TrxR inhibitors, auranofin and [Au(d2pype)2]Cl, induced apoptosis and increased ROS levels in 

CML cells. 

• TrxR inhibition using chemical compounds and specific siRNA resulted in the downregulation 

of bcr-abl expression, likely through inhibition of MYC. 

• The Trx system was upregulated in CML patients that were unresponsive to imatinib, 

compared to responsive patients. 

• Nrf2 upregulation resulted in increased expression of bcr-abl. 

Chapter 4 

• The Trx system was upregulated in CML patients compared to healthy individuals, specifically 

in the blast crisis phase of the disease. 

• Inhibition of bcr-abl by TKIs and bcr-abl specific siRNA resulted in a decrease of Trx system 

expression and activity. 

Chapter 5 

• Hypoxia and cycling hypoxia resulted in TKI resistance in CML cells. 

• Hypoxia decreased the expression of cyclins, which slowed the cell growth of CML cells in 

hypoxia. 

• The expression of the Trx system was decreased in hypoxia. 

Chapter 6 

• Bcr-abl protein levels were suppressed in hypoxia, through the activity of the mTOR pathway. 

• Inhibiting HIF-1α resensitised CML cells to TKIs. 

Chapter 7 

• MRP4 was more highly expressed in patients who were unresponsive to imatinib, compared 

to those that were responsive to imatinib. 

• MRP4 was upregulated in CML, particularly the blast crisis phase of the disease. 

• Inhibiting MRP4 decreased the expression of bcr-abl and resensitised drug resistant CML cells 

to TKIs. 
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• Upregulating Nrf2 increased MRP4 expression and vice versa. 

• Inhibiting MRP4 decreased the expression and activity of the Trx system. 

• MRP4 was upregulated in hypoxia, likely through the activity of ADCY6. 

• Reoxygenation increased the expression of MRP4, likely through Nrf2. 

• Inhibiting MRP4 resensitised CML cells to hypoxia-induced TKI resistance. 

8.2 Discussion 

The primary objective of this project was to examine various mechanisms of intrinsic and extrinsic 

drug resistance in CML. CML is consistently treated with the same class of drug: TKIs that target the 

activity of bcr-abl by directly binding to the protein, usually to the kinase domain. Therefore, most of 

the drug resistance that arises in CML is due to mutations within bcr-abl, especially since the protein 

itself is highly mutagenic (Koptyra et al., 2006). A 2020 report has stated that up to 15% of CML 

patients become resistant to imatinib, while 10% become resistant to 2nd and 3rd generation TKIs 

(Hochhaus et al., 2020). However, this report encompasses all stages of CML, and it has been observed 

that treatment of the blast crisis phase is far more problematic, with the median survival at this stage 

being only 12 months (Thompson et al., 2015). Due to the prevalence of TKI resistance in CML, the 

development of alternate therapies to overcome bcr-abl dependent resistance is required. To identify 

these new targets, the conditions or cellular processes that made TKIs less effective were examined, 

so theoretically inhibiting these systems could either work as treatments or co-treatments for CML. 

There were three main mechanisms of drug resistance that were investigated in this thesis: the Trx 

system, hypoxia and ABC transporters, all of which have been linked to drug resistance in other 

cancers (Mansoori et al., 2017; Jia et al., 2019). An overview of the interaction of these three systems 

with each other, TKI resistance and bcr-abl is shown in figure 8.1. 
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The Trx system has been associated with drug resistance in many different cancers, with the 

upregulation of this system being linked to a poor prognosis (Shang et al., 2019). It has also been found 

by other researchers that inhibiting a key protein in this system, TrxR, was able to induce apoptosis in 

drug resistant cancer cells (Raninga et al., 2016a; Sze et al., 2019; Jovanovic et al., 2020; Zhu et al., 

2020). Therefore, the role of the Trx system in overcoming TKI resistance in CML was examined and 

the possibility of the Trx system being a viable target in future CML treatments was investigated. Using 

both RT-qPCR and RNAseq analysis, it was found in this study that the Trx system was upregulated in 

CML cells compared to non-cancerous cells. Specifically, it was found that Trx1 levels were 

upregulated in the CML samples, while TXNIP levels were downregulated, compared to the control 

samples. Similar results have been observed in many cancers including lung, breast and colorectal 

cancers (Kim et al., 2005; Csiki et al., 2006; Mollbrink et al., 2014; Zhao et al., 2015; Lin et al., 2017). 

Figure 8.1: Overview of Mechanisms of TKI Resistance Investigated in this Thesis. The effect of 
the Trx system, hypoxia and MRP4 on TKI resistance was assessed in this thesis. It was found that 
each of these systems influenced the level of TKI resistance in CML cell lines. Furthermore, it was 
observed that both the Trx system and MRP4 were involved in the upregulation of bcr-abl, while 
hypoxia suppressed the expression of bcr-abl. Crosstalk between hypoxia and the Trx system and 
MRP4 was also observed. It was found that hypoxia decreased the expression and activity of the 
Trx system but increased the expression and activity of MRP4. 
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Despite the extensive research into Trx expression in other cancers, this study is the first published 

report of the analysis of Trx system expression in CML. This study has also shown that the Trx system 

is upregulated in imatinib resistant CML cells, which may suggest this system is linked to imatinib 

resistance in this cancer. These two results were crucial in identifying the Trx system as a possible 

avenue for overcoming TKI resistance in CML. 

To test this hypothesis, CML cells were treated with two gold-based TrxR inhibitors, auranofin and 

[Au(d2pype)2]Cl. It was found that both these compounds induced apoptosis in sensitive and imatinib 

resistant CML cells. It was also observed that these TrxR inhibitors were able to indirectly inhibit the 

expression of bcr-abl. It was hypothesised that this inhibition was due to the inhibition of MYC which 

is thought to be a transcription factor that regulates bcr-abl (Mahon et al., 2003b; Sharma et al., 2015). 

Furthermore, it was shown in this study that inhibition of TrxR was able to decrease the protein levels 

of MYC, a result that has been observed previously in our lab in multiple myeloma cell lines (Sze et al., 

2020). It was also found that activating Nrf2 (which is a transcription factor that regulates the 

expression of the Trx system) was able to produce an opposite effect to inhibiting TrxR. Treating CML 

cells with the Nrf2 activator, TBHQ, resulted in increased protein levels and mRNA expression of bcr-

abl. This result further confirmed the cross-talk between the Trx system and bcr-abl expression.  The 

ability of TrxR inhibitors to decrease bcr-abl expression could potentially make them highly effective 

in the treatment of CML. This is because bcr-abl is the ideal target for CML therapy, but it has been 

observed that TKI treatment may select for cells that carry a drug resistant mutated version of bcr-abl 

(Iqbal et al., 2013;  Schmitt et al., 2018). These mutations occur primarily in the kinase domain of the 

protein and prevent TKIs from binding to bcr-abl, which can induce TKI resistance (Patel et al., 2017). 

Therefore, inhibiting bcr-abl via an indirect mechanism, such as TrxR inhibition, may be an effective 

strategy to avoid the high level of drug resistance that is associated with TKIs. 

The effect of TKIs on the Trx system was also assessed. It was found that the inhibition of bcr-abl via 

TKIs was able to decrease the expression and activity of the Trx system. It was hypothesised that this 

was through the activity of PKC, since bcr-abl regulates the activity of PKC (Hickey et al., 2005; Roy et 

al., 2015), and PKC is then able to phosphorylate Nrf2 (Huang et al., 2002). Since it has been observed 

that TrxR inhibition causes apoptosis in CML cells, it is likely one of the mechanisms by which TKIs 

induce apoptosis. These results further highlight the possibility of the Trx system being a promising 

target for CML treatment, since TrxR inhibitors are able to induce cell death in CML cells in a similar 

manner to TKIs but are not affected by bcr-abl dependent drug resistance.  
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Next, the hypoxia-induced drug resistance was assessed in CML. Hypoxia has been observed to be 

involved in drug resistance in many cancers. While the cause of hypoxia-induce drug resistance varies 

widely, it is often thought that the majority of these process are under the control of HIF-1α (Rohwer 

and Cramer, 2011; Samanta et al., 2014; Xu et al., 2017). HIF-1α is a gene that is only active in low 

oxygen conditions and mediates the transcription of genes that initiate a vast array of cell signalling 

pathways that are thought to eventually lead to drug resistance (Lee et al., 2019). This study aimed to 

identify if hypoxia can induce TKI resistance in CML, and if so, identify by which mechanisms this drug 

resistance occurs. Initially, CML cells were treated with three TKIs (imatinib, ponatinib and GNF-5) in 

normoxia and hypoxia and cell proliferation was measured. It was found that all three TKIs were 

significantly less effective in hypoxia compared to normoxia, showing that hypoxia-induced drug 

resistance may affect TKI efficacy in CML. The effect of other oxygen conditions, cycling hypoxia and 

reoxygenation were also investigated, as both have been shown to induce drug resistance in other 

cancers. It was found that cycling hypoxia was even more effective than hypoxia in inducing TKI 

resistance, however, reoxygenation had very little ability to increase resistance to TKIs compared to 

normoxia. Hypoxia-induced drug resistance is particularly pertinent to CML, since the affected myeloid 

cells spend the early stages of their lifecycle in the bone marrow niche. The oxygen levels vary 

throughout the different regions of the bone marrow, so cells may either be in normoxia, hypoxia or 

cycling between the two (Alvarez-Martins et al., 2016; Johnson et al., 2017). This makes hypoxia and 

cycling hypoxia relevant oxygen models for CML cells. Therefore, the reduced efficacy of TKIs observed 

in these conditions presents an issue that should be addressed.  

After determining that hypoxia plays a role in TKI resistance in CML, several possibilities to determine 

how this resistance was occurring were examined. It was observed that while hypoxia did not induce 

cell death, it did however reduce the rate of cell proliferation, and it was found that this was likely due 

to a decrease in cyclin activity. While it appears contradictory that a decrease in cell growth would 

convey drug resistance, it has been found by Gordon and Nelson (2012) that slowed cell growth or 

senescence can reduce the efficacy of chemotherapeutics. The activity of the Trx system in hypoxia 

was also examined. In other cancers the Trx system is upregulated in hypoxia via a HIF-1α dependent 

mechanism, which then results increased drug resistance (Zhao et al., 2015). However, the opposite 

was observed in this study, with the expression and activity of the Trx system being downregulated in 

hypoxia. This means that it is unlikely that the Trx system is the cause of hypoxia-induced drug 

resistance in CML. Despite this, TrxR inhibitors were still able to induce cell death in hypoxic CML cells, 

further demonstrating their effectiveness in overcoming drug resistance in CML. 
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One of the most important findings from this thesis involving hypoxia-induced drug resistance was 

that bcr-abl protein levels were decreased in hypoxia due to a decrease in the mTOR pathway. This 

finding shed light on many of the phenomena previously observed in hypoxic CML cells. Firstly, it may 

explain the decrease in the Trx system, as it was previously shown in this thesis that a decrease in bcr-

abl expression downregulates the Trx system. Furthermore, the decrease in bcr-abl expression may 

be responsible for the decrease in cyclin and cell proliferation observed in hypoxia. Bcr-abl not only 

upregulates many cell proliferation pathways, but has also been shown to upregulate the activity of 

cyclins (Gesbert et al., 2000; Moriyama and Hori, 2019). The decrease in bcr-abl expression in hypoxia 

likely also has a profound impact of the function of TKIs. Since TKIs used in CML treatment bind directly 

to bcr-abl to inhibit it, if there is no bcr-abl in the cell, this means that there is no target for them to 

bind to, rendering them far less effective. This finding demonstrates that finding bcr-abl independent 

targets to treat CML is crucial, since bcr-abl induces TKI resistance via hypoxia and self-mutagenesis. 

One of the most studied causes of drug resistance in cancer are ABC transporters that export drugs 

out of the cell and therefore reduce their efficacy (Mansoori et al., 2017). It has been observed in 

many cancers, including CML that the transporters MDR1 and BCRP export a wide variety of drugs out 

of the cell, including doxorubicin, paclitaxel, melphalan and imatinib (Hodges et al., 2011; Mao and 

Unadkat, 2015). This study aimed to identify an ABC transporter that is involved in TKI resistance in 

CML. Using RNAseq, it was found that multidrug resistant protein 4 (MRP4) was upregulated in CML 

patients that were unresponsive to imatinib, and therefore was chosen to be further examined for its 

role in TKI resistance in CML. MRP4 has also been linked to increased aggression and drug resistance 

in other cancers, including pancreatic and breast cancers (Kochel et al., 2017; Sahores et al., 2020). 

RNAseq and RT-qPCR data also showed that MRP4 was upregulated in CML patients and cell lines 

compared to the healthy donors and non-cancerous cell lines. The potential link between MRP4 and 

the efficacy of TKIs was then investigated, and it was shown that inhibiting MRP4 resulted in the 

increased efficacy of ponatinib and dasatinib in inhibiting CML cell proliferation. These results imply 

that these two TKIs may be transported by MRP4, since the inhibition of its exportation activity results 

in increased effectiveness of these two drugs. 

This thesis also found that the inhibition of MRP4 resulted in a decrease in the expression of bcr-abl, 

which was hypothesised to be through the activity of the mTOR pathway, in a similar manner to what 

was observed in hypoxia. This is a significant result, as it shows that MRP4 inhibition may be a possible 

co-treatment for CML, since it was able to enhance the efficacy of TKIs, as well as to inhibit bcr-abl via 

a separate pathway to the TKIs. Since MRP4 and the Trx system are regulated by the same 

transcription factor (Nrf2), the cross-talk between these two systems was investigated. It was found 
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that inhibiting the activity of MRP4 resulted in the downregulation of the Trx system, which is 

hypothesised to be through a ROS/GSH dependent pathway. Again, this shows the extent that MRP4 

has on cell signalling pathways, and demonstrates its potential as a target for CML treatment, since 

this study has shown that inhibiting the Trx system is an effective way to induce cell death in CML.  

The link between hypoxia and MRP4 was also examined, since it has been shown that many ABC 

transporters are hypoxia regulated. This was no exception for MRP4, as western blotting and RT-qPCR 

results showed this protein was upregulated in hypoxia. Further studies showed that it was likely due 

to an increase in cAMP levels caused by an increase in ADCY6 expression. This increase in MRP4 

expression is likely one of the many mechanisms by which CML cells are resistant to TKIs in hypoxia. 

However, it was found that the inhibition of MRP4 in hypoxia was able to sensitise CML cells to TKIs 

to a similar level to what was observed in normoxia. This result further shows that MRP4 may be an 

effective co-treatment for CML. 

Overall, it was found that there are many mechanisms that induce TKI resistance in CML other than 

mutations within bcr-abl and other mechanisms of acquired resistance. In this thesis it was found that 

both intrinsic and extrinsic processes induced TKI resistance in blast crisis CML cells. Many of these 

processes involving interconnected and complex cell signalling pathways. The three main systems that 

were examined were the Trx system, hypoxia and the ABC transporter, MRP4. It was also found that 

these three systems were connected by several main pathways, most notably Nrf2 and bcr-abl. By 

examining these mechanisms of drug resistance, several possible treatments or co-treatments for CML 

were identified that were able to not only induce cell death in sensitive CML cells, but also were able 

to overcome acquired and hypoxia-induced TKI resistance. These treatments included the gold based 

TrxR inhibitors auranofin and [Au(d2pype)2]Cl, as well as the MRP4 inhibitor CF2. These findings are 

crucial due to the fact TKI resistance remains a major issue in the treatment of CML, especially in the 

blast crisis phase of the disease. This is primarily due to the lack of diversity in current CML treatments, 

since they are bcr-abl specific inhibitors that bind directly to the protein. In order to overcome this 

resistance, alternate targets such as hypoxia, the Trx system and MRP4, need to be investigated, 

tested and applied. 

8.3 Future Directions 

An experimental addition that could be applied to most aspects of this thesis is the utilisation of 

alternative CML models, other than immortalised human cancer cell lines (IHCC). The use of IHCC 

when investigating potency and mechanism of action of anti-cancer compounds has several notable 

advantages. They are relatively cost effective and straightforward to use, as well as displaying similar 
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molecular mechanisms and pathways to in vivo human cancer cells (Kao et al., 2009). Due to this, IHCC 

are most suited to the first stages of testing chemotherapeutics, including high-throughput screening 

assays. For later stage testing, however, more advanced models are required. To compensate for the 

lack of 3D tumour microenvironment in cell lines, these cells can be transplanted into 

immunodeficient mice, which are known as cell line derived xenograft mice. This gives these human 

cancer cells a complete in vivo system, which is a far more realistic cancer model (Georges et al., 2019). 

Another alternative to IHCC is patient samples. Due to their high passage numbers and the 

immortalisation process, IHCC are often heavily mutated and grow at a much faster rate than cancer 

cells usually would. Therefore, using patient samples gives a more realistic version of human cancer 

cells (Sun and Liu, 2015; Sarin et al., 2020). However, they still have all the other disadvantages of cell 

lines, combined with the fact they cannot be kept in culture nearly as long as IHCC. Possibly the most 

advantageous cancer model to date are patient-derived tumour mouse xenografts. This model does 

not have the disadvantages that IHCC have due to the immortalisation process, as well as being in a 

full in vivo model (Yoshida, 2020). Ideally, some experiments in this thesis could be applied to this 

model, rather than being tested in only IHCC. The most important experiments likely being the efficacy 

of the TrxR inhibition, auranofin and [Au(d2pype)2]Cl in inducing cell death in CML cells. 

This research determined that the suppression of CML cell growth in hypoxia was likely due to the 

decrease in mRNA expression of cyclins in hypoxia. To further examine this hypothesis, the effect of 

hypoxia on cell cycle could be more extensively examined by using fluorescence-activated cell sorting 

(FACS). This procedure could shed light on the percentage of cells in the G0/G1 phase, the S phase and 

the G2/M phase of the cell cycle. More cells in the G0/G1 phase following hypoxia incubation would 

indicate that cell proliferation has been slowed in these conditions. Examining the state of cell cycle is 

one of the primary uses for FACS analysis; and according to Eastman and Guo (2020) FACS is one of 

the most efficient ways to investigate cell cycle. Due to the prevalence of this technique, FACS has 

been used by many other researchers to determine the state of cell cycle in contexts that may be 

helpful to this thesis, for example in CML cells, and cancer cells that have been treated with imatinib  

(Li et al., 2003; Sadarangani et al., 2015). In fact, Koshiji et al. (2004) observed that cell cycle was 

arrested in hypoxic human colon cancer cell lines using FACS, and the researchers hypothesised that 

this was due to the inhibition of MYC by HIF-1α. Unfortunately, due to the lack of suitable FACS 

equipment at Griffith University Nathan campus, combined with lack of access to other institutions 

due to COVID-19, FACS analysis was not able to be applied to this thesis.  

Another aspect of this thesis that may benefit from further experimental work, is the transport of TKIs 

by MRP4. It was hypothesised in this study that commonly used TKIs, ponatinib and dasatinib, are 
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exported out of CML cells by the ABC transporter, MRP4. This hypothesis was tested by specifically 

inhibiting MRP4 and examining the effect on TKI efficacy using MTT proliferation assays. It was found 

that inhibition of MRP4 enhanced the ability of TKIs to inhibit cell proliferation. It was concluded that 

this was likely due to the decreased export of TKIs out of the cell, implying that MRP4 was responsible 

for the transport of these TKIs. To further confirm this hypothesis, drug accumulation assays, such as 

the one described by Thomas et al. (2004), could be utilised. These assays require the procurement of 

radiolabelled drugs (in this case ponatinib and dasatinib), then to measure the level of radiation 

present when the transporter is inhibited. If more radiation is detected following MRP4 inhibition, 

then this would imply that TKIs have not been transported out of the cell, due to MRP4 inhibition. 

However, drug accumulation assays could not be performed during this thesis due to lack of facilities, 

equipment, and clearance to use radioactive substances. These assays would be very beneficial to this 

thesis since they would specifically confirm the transport of these drugs, as the MTT assays only 

showed the effect of MRP4 activity on TKI efficacy. 
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Appendix 1  

S.1 Supplementary Data for Chapter 4. 

S.1.1 Decrease in Cell Viability Induced by TKIs  

To confirm that sufficient cells were alive following TKI treatment for ROS assays, cell viability assays 

were used to count the percentage of living cells after treatment with imatinib, ponatinib, dasatinib 

or GNF-5. Cell viability was measured after 24, 48 and 72hrs treatment with each of the four TKIs, as 

these time points were used in the ROS assays (Fig. 4.5). Cell viability was measured using the Trypan 

Blue Exclusion method as described in section 2.2.1.1. In the K562 cell line (Fig. S.1A), it was observed 

that all four TKIs significantly reduced cell viability. Ponatinib and dasatinib significantly decreased cell 

viability after all three time points, however, imatinib and GNF-5, only significantly decreased cell 

viability after 48 and 72hrs. Following 72hrs of either imatinib or GNF-5 treatment, over 50% of cells 

were still alive, compared to the untreated control. After 72hrs of either dasatinib or ponatinib 

treatment, cell viability was reduced to approximately 25-30% compared to the control. 

In the KU812 cell line (Fig. S.1B), imatinib significantly reduced cell viability after 24, 48 and 72hrs 

treatment, compared to the control. Each of the other three TKIs only significantly reduced cell 

viability after 48 and 72hrs. Treatment for 72hrs with all four TKIs decreased cell viability to 

approximately 25-40%. Lastly, in the KCL22 cell line (Fig. S.1C), it was observed that dasatinib and GNF-

5 treatment resulted in significantly decreased cell viability after all three time points, whereas 

imatinib and ponatinib treatment only significantly reduced cell viability after 48 and 72hrs. In this cell 

line all four TKIs decreased cell viability to approximately 30-40% following 72hrs treatment. Overall, 

it was observed that even 72hrs treatment with each TKI resulted in at least 25% of cells remaining 

alive, which is a sufficient quantity to perform ROS level assays. 
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Figure S.1: Effect of TKIs on the Cell Viability of CML. K562 (A), KU812 (B) and KCL22 (C) CML cells 
were treated with either imatinib, dasatinib, ponatinib or GNF-5 for 24, 48 and 72hrs. Cell viability 
was then measured using trypan blue. Results were analysed via one-way ANOVAs with a Dunnett’s 
post hoc test. Statistical tests compared results between the treated cells and the untreated control. 
*= P<0.05, **= P<0.01, #=P<0.001, ##=P<0.0001. N=3. Values displayed as mean±SEM. 
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Appendix 2 

S.2 Supplementary Data for Chapter 7. 

S.2.1 Imatinib Resistant CML Cells Treated with Dasatinib 

This results section aimed assess the effect of CF2 co-treatment on the efficacy of TKIs against drug 

resistant CML cells. For these experiments, dasatinib and ponatinib were the TKIs tested since their 

efficacy was hypothesised to be linked to the inhibition of MRP4. Sensitive and imatinib resistant (IMR) 

K562, KU812 and KCL22 CML cells were treated with varying concentrations of dasatinib for either 24 

or 48hrs (Fig. S.2). In the IMR K562 and KU812 cell lines it was observed that co-treatment with CF2 

and dasatinib resulted in a larger decrease in cell proliferation compared to IMR cells that were treated 

with dasatinib alone. In the IMR KCL22 cell line, however, it was observed that co-treatment with CF2 

did not increase the efficacy of dasatinib. 

 

 

Figure S.2: The Influence of CF2 on the Efficacy of Dasatinib on Imatinib Resistant CML Cells. 
Sensitive or IMR K562 (A,B), KU812 (C,D) or KCL22 (E,F) CML cells, were treated with increasing 
concentrations of dasatinib and with or without CF2 for 24 or 48hrs. MTT proliferation assays were 
used to measure cell growth. Results are displayed as mean±SEM. One-way ANOVAs with Dunnett’s 
post hoc tests were used to statistically analyse the difference between CF2 treated and untreated 
cells. Significant results are marked with an * (* = P<0.05, **=P<0.005, #=P<0.001, ##=P<0.0001). 
N=3. 
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S.2.2 Imatinib Resistant CML Cells Treated with Ponatinib 

Sensitive and imatinib resistant K562, KU812 and KCL22 CML cells were co-treated with CF2 and 

ponatinib, or ponatinib alone for 24 or 48hrs. MTT proliferation assays were then used to measure 

cell proliferation (Fig. S.3). In the IMR K562 and KU812 cell lines it was observed that co-treatment 

with CF2 and ponatinib increased the efficacy of ponatinib significantly compared to IMR cells treated 

with ponatinib alone. Similar to treatment with dasatinib, ponatinib displayed no change in efficacy in 

IMR KCL22 cells co-treated with CF2 compared to those treated with ponatinib alone. 

 

 

 

 

 

 

 

Figure S.3: The Influence of CF2 on the Efficacy of Ponatinib on Imatinib Resistant CML Cells. 
Sensitive or IMR K562 (A,B), KU812 (C,D) or KCL22 (E,F) CML cells, were treated with increasing 
concentrations of ponatinib and with or without CF2 for 24 or 48hrs. MTT proliferation assays were 
used to measure cell growth. Results are displayed as mean±SEM. One-way ANOVAs with 
Dunnett’s post hoc tests were used to statistically analyse the difference between CF2 treated and 
untreated cells. Significant results are marked with an * (* = P<0.05, **=P<0.005, #=P<0.001, 
##=P<0.0001). N=3. 

 



   
  Appendices 

Page | 212  
 
 

S.2.3 Dasatinib Resistant CML Cells Treated with Dasatinib 

Sensitive and dasatinib resistant (DAR) K562, KU812 and KCL22 CML cells were treated with dasatinib 

with or without CF2 for 24 or 48hrs. Then, MTT proliferation assays were performed to analyse cell 

proliferation, and these results are displayed in figure S.4. In the DAR K562 and KU812 cell lines it was 

observed that co-treatment with CF2 and dasatinib was more effective than treating with dasatinib 

alone. In the DAR K562 cell line it was observed that CF2 co-treatment sensitised cells to dasatinib to 

a similar level that was observed with the sensitive cells. There was no difference in the efficacy of 

dasatinib between DAR KCL22 cells that were co-treated with CF2 and those that were not. 

 

 

 

 

Figure S.4: The Influence of CF2 on the Efficacy of Dasatinib on Dasatinib Resistant CML Cells. 
Sensitive or DAR K562 (A,B), KU812 (C,D) or KCL22 (E,F) CML cells, were treated with increasing 
concentrations of dasatinib and with or without CF2 for 24 or 48hrs. MTT proliferation assays were 
used to measure cell growth. Results are displayed as mean±SEM. One-way ANOVAs with 
Dunnett’s post hoc tests were used to statistically analyse the difference between CF2 treated and 
untreated cells. Significant results are marked with an * (* = P<0.05, **=P<0.005, #=P<0.001, 
##=P<0.0001). N=3. 



   
  Appendices 

Page | 213  
 
 

S.2.4 Dasatinib Resistant CML Cells Treated with Ponatinib 

Sensitive and DAR K562, KU812 and KCL22 CML cells were treated with ponatinib with or without CF2 

for 24 or 48hrs (Fig. S.5). MTT proliferation assays showed that when DAR K652 cells were co-treated 

with ponatinib and CF2 there was no notable difference in cell proliferation levels compared to DAR 

K562 cells treated with ponatinib alone. In the DAR KU812 and KCL22 cell lines it was observed that 

CF2 co-treatment did sensitise cells to ponatinib to varying degrees. In the KU812 cell line CF2 co-

treatment had a more notable effect of cell proliferation than it did in the KCL22 cell line. Overall, it 

was observed that CF2 co-treatment sensitised IMR and DAR K562 and KU812 cells to dasatinib, and 

IMR K562, IMR KU812, DAR KU812 and DAR KCL22 cells to ponatinib.  

 

 

 

Figure S.5: The Influence of CF2 on the Efficacy of Ponatinib on Dasatinib Resistant CML Cells. 
Sensitive or DAR K562 (A,B), KU812 (C,D) or KCL22 (E,F) CML cells, were treated with increasing 
concentrations of ponatinib and with or without CF2 for 24 or 48hrs. MTT proliferation assays were 
used to measure cell growth. Results are displayed as mean±SEM. One-way ANOVAs with 
Dunnett’s post hoc tests were used to statistically analyse the difference between CF2 treated and 
untreated cells. Significant results are marked with an * (* = P<0.05, **=P<0.005, #=P<0.001, 
##=P<0.0001). N=3. 
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