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Abstract 
 
Multidrug resistance is the process whereby most cancers establish resistance to 

chemotherapeutic drugs. It is the often known described as the ‘roots to the failure’ of 

chemotherapeutic treatments. There are several mechanisms that contribute to this 

phenomenon, such as 1) the upregulation of ABC transporter pumps such as MRP1 (ABCC1), 

which is one of the most widely studied transporters involved in the efflux of cytotoxic 

substances out of the cell and 2) increase of cancer stemness have been shown to increase 

malignancy and recurrence of tumours in patients. These two processes contribute to regulating 

MDR.  

 

This thesis consists of 6 chapter: A comprehensive literature review of ABC transporters and 

cancer stem cells (Chapter 1); a general overview of the materials and methods used in this 

thesis (Chapter 2); three results chapters (Chapter 3-5) describing and discussing the results 

obtained; and a final chapter that discusses the main points of the thesis, including proposed 

future studies (Chapter 6), and final discussion and summary (Chapter 7).  

 

Chapter 3 of the results section provides a comprehensive overview and characterisation of the 

alternative and novel functional roles that MRP1 plays in regulating cellular iron metabolism 

and proliferation, as well as the mechanistic action of the iron regulatory proteins. Furthermore, 

it thoroughly examines the interaction of MRP1 with c-Myc and the primary iron regulatory 

proteins and how it affects cellular proliferation, which has never been reported before. Hence, 

in this chapter, we attempt to elucidate the functional roles and mechanistic action of these 

crucial proteins through confocal immunofluorescence. To better understand the unique role 

of MRP1 as modulator of iron metabolism and cellular proliferation, the subcellular 
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localisation of these proteins with intracellular membranous compartments, lysosomes and 

endosomes was characterised and found to act as an ‘interaction hub’ for these proteins. To 

test the hypothesis, murine embryonic fibroblast (MEFs) that overexpresses MRP1 (wild-type; 

+MRP1) and homozygous MRP1 knock-out (-MRP1) were utilised. Silencing and inhibition 

studies showed that MRP1 can regulate crucial iron regulatory proteins such as transferrin 

receptor (TfR1), ferritin and ferroportin (Fpn1) through the proto-oncogene, c-Myc.  

 

Considering that MRP1 appeared to play an alternative role, independent of its traditionally 

known role as a drug efflux pump in Chapter 3, the role of ABC transporters in cancer stemness 

was explored in Chapter 4. Indeed, several studies in the past have established the connection 

between cancer stemness regulating ABC transporters through different molecular signalling 

pathways. However, this mechanism can be tumour or transporters specific, and therefore, this 

is still not well understood. The preliminary studies showed that co-expression of different 

ABC transporters could predict stemness states in different tumour types (Fig. 26). Strikingly, 

our drug resistant cancer cell models of different tumour types (cancer cells that have been 

pulsed exposed to their conventional drugs), showed consistently increased levels of stemness 

features, such as the upregulation of stemness factor, SOX2 and colony formation. While 

previous studies have shown these drugs to be transported by different ABC transporters, the 

mechanism of how these transporters interact with SOX2 remains unknown. Considering that 

drug-resistant/tolerant cancer cells have an altered metabolic profile and mechanism compared 

to their naïve counterpart. This thesis explored strategies for targeting this phenomenon. Based 

on our previous studies (Bořánková et al., 2023) the antibiotic drug, doxycycline (DXC) was 

found to be effective in targeting drug-resistant cancer cells. Interestingly, this study revealed 

that DXC effectively reduces the stemness marker SOX2 across multiple tumour types through 
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a unique mitochondrial integrated stress response (ISR) pathway. Inhibition and silencing 

studies of key proteins of the ISR pathway supported that this was a key pathway for reducing 

stemness.  

Considering that drug resistant/tolerant cancer cells were found to regulate cancer stemness 

through SOX2, via the ISR pathway in Chapter 5, it was further explored to develop strategies 

to target this pathway in Chapter 6. In this chapter it was found that drug resistant/tolerant 

cancer cells alter their metabolism and stemness, i.e., the cysteine metabolism. Different drug 

targeting strategies (DXC and other conventional drugs) were explored to target this pathway. 

In this chapter, it was demonstrated that DXC-treated cancer cells increase xCT (SLC7A11) 

transporter expression, which consequently led to increased cystine uptake as a means to cope 

and adapt to mitochondrial-mediated stress. By first using DXC to increase xCT transporter 

led to a sensitisation to conventional drugs such as sorafenib, a potent xCT inhibitor.  

 
The work reported in this thesis reveals an underlying and unique mechanism in regulation of 

SOX2-mediated cancer stemness. Moreover, the use of DXC to remove stemness was 

demonstrated to be a promising therapeutic strategy in combination with other common 

chemotherapeutics agents.  These findings presented in this thesis enables us to understand 

cancer stemness better and improve the efficacy of current chemotherapeutics, which 

ultimately improve overall quality of life.   
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Chapter 1  
 

 

 

 

Introduction 

 

 

 

This Chapter is adapted from:  

 

1. Leck LYW, Bořánková K, McKelvey KJ, Gillson J, Lane DJR, Jan Škoda, Jansson 

PJ. The Many Faces of and Functions of ABC Transporters in Cancer [Manuscript in 

preparation].  

 

2. Leck LYW, S Abd El-Aziz Y, Park KC, McKelvey KJ, Sahni S, Lane DJR, Skoda J, 

Jansson PJ. Cancer Stem Cells: Masters of all traits hiding in plain sight. Biochim 

Biophys Act,. Mol Basis Dis, 2022 [Under Revision]. 

 

3. Honours Thesis Titled: MRP1 is a Novel Regulator of Iron Metabolism and Cellular 

Proliferation (Honours thesis, 2017) 

Note: Some of the contents in Chapter 1 of this thesis have previously been published as part 

of Honours degree prior to my PhD candidature.   
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1.1  Introduction  
 

The development of multidrug resistance (MDR) remains a challenge in the treatment of cancer 

(1-3). The hallmarks of MDR include epigenetic modification, drug inactivation, drug target 

alteration, decreased drug uptake, cell death inhibition, epithelial-mesenchymal transition 

(EMT) and increased ATP-binding cassette (ABC) drug transporters (4-7). Although MDR is 

multifactorial the drug transporters play a central role in MDR (8,9). What causes the 

aberration in the expression of these ABC transporters in tumours and, in particular, changes 

in expression of these proteins in response to anti-cancer treatment is highly complex.     

 

In this introductory chapter, we will focus on the fundamental processes that are associated 

with the regulation and function of ABC transporters and stemness in the development of 

MDR. We re-examine and discuss established and new emerging areas of interest in the field 

of ABC transporters, namely: detoxification via increased drug efflux and decreased uptake; 

sequestration of anticancer drugs in intracellular organelles such as lysosomes and cytoplasmic 

vesicles; involvement in multiple signalling pathways; presence of heterogeneity; hypoxic 

induction within the tumour microenvironment;  genetic transfer from resistant cells to 

sensitive cells via extracellular vesicles; transporters playing interchangeable roles and; 

promotion of cancer stemness (Fig. 1). As such, this introductory chapter aims to provide novel 

perspectives and spark new interest in the ABC transporters in relation to their emerging role 

in multiple cellular pathways involved in cancer persistence and aggressiveness. These new 

roles of ABC transporters are essential to further explore and consider for development of 

effective therapeutic treatments and biomarkers designed to treat highly resistant cancers.  
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1.2   ABC Transporters and Multidrug Resistance in Cancer   
 

MDR affects patients with nearly all forms of both blood cancers and solid tumours (10). This 

is attributed to the fact that tumours consist of a heterogeneous populations of malignant cells, 

some of which are drug-sensitive while some are drug-resistant (10). Contributing to this 

phenomenon is the expression of ABC transporters. The classical model proposes that ABC 

transporters cause MDR via the lowering of intracellular drug concentrations by the active 

extrusion of drugs out of cells (2,11). However, a significant proportion of the field has 

questioned the relevance of this classical model of ABC transporters in MDR (12). 

 

ABC transporters represent one of the largest family transmembrane proteins and require ATP 

to drive transmembrane transport activity (13-15). The ABC family of transporters consists of 

49 members, further subdivided into seven distinct subfamilies (ABCA to ABCG) based on 

their sequence similarities (16-18). Among the ABC family of transporters, ABCB1 (P-

glycoprotein or Pgp), ABCC1 (multidrug resistance-associated protein 1, MRP1), and ABCG2 

(breast cancer resistance protein, BCRP), are the most studied and have been linked to the 

development of resistance to a wide range of drugs (12). Moreover, loss of ABC transporter 

activity, through either protein destabilization, loss of function or premature termination are 

implicated in cancer progression and numerous genetic conditions, such as Tangier disease, 

cystic fibrosis, Dubin-Johnson syndrome, and Stargardt macular degeneration (16,18-22). 

Overexpression of ABC transporters are frequently observed in solid tumours and hematologic 

malignancies and are correlated with poor patient prognosis (23). Importantly, development of 

MDR is by “definition” cross-resistance to various drugs, which prevents drugs to reach 

therapeutic levels within a tumour cell (18,19,24). For these reasons, these so-called “drug-

efflux pumps” have been ued as biomarkers for drug resistance and survival outcome. In 
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addition to a diverse range of chemotherapeutics, ABC transporters are also known to export 

non-drug substrates, including xenobiotics and their metabolites, a range of bioactive and 

endogenous organic anions, oxidative metabolites such as lipid peroxidation products and 

reduced and oxidised glutathione (GSH and GSSG, respectively) (25).  

 

There have been numerous attempts at developing novel inhibitors and treatments targeting 

these ABC transporters to increase the efficacy of cancer chemotherapies focusing on 

overcoming cancer MDR and also targeting endogenous functions of the ABC transporters (5). 

To date, these approaches have been largely unsuccessful in a clinical setting, which has led to 

dwindling interest in the area. In this review we explore that the failure of developing clinically 

useful inhibitors for these ABC transporters may be linked to other roles these transporters 

possess. For this reason, it is crucial that we revisit the other unique roles that ABC transporters 

play and targeting these processes might be more fruitful in effectively overcoming cancer 

drug resistance.  Considering a plethora of studies reporting their involvement in drug efflux-

independent cell-signalling pathways, the inhibition ABC transporters could shift the cancer 

phenotype to a more aggressive cancer phenotype that is not directly linked to drug transport 

(5). Indeed, there is mounting evidence that ABC transporters play multiple roles in different 

diseases, including cancer (9,26-28). Hence, these ABC transporters have important functions 

other than drug transport, which contribute to the development of drug resistance and increased 

malignancy. Herein, we aim to critically discuss evidence of these ABC transporters and their 

alternative diverse roles (Fig. 1). For this thesis, we focused on the core functional roles such 

as signalling pathways, cancer stem cells and the tumour microenvironment. 
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Figure 1: An overview of ABC transporters playing diverse roles in other crucial cellular 
processes and mechanisms in addition to their classical role as drug transporters.  
 

These roles include the involvement in the tumour microenvironment, regulation of cell death, 

modulating crucial immune response-related molecules and lipid signalling, regulating 

complex signalling pathways molecules, extracellular vesicles released, miRNAs and cancer 

stem cell maintenance.  
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1.3   Multiple Roles of ABC Transporters  
 

Classically, specific ABC transporters are upregulated during chemotherapeutic treatments and 

in some cases contribute to MDR due to their proposed capacity to act as drug efflux pumps. 

However, the extent to which ABC transporters contribute to MDR remains controversial as 

these transporters are frequently part of an integrated network of proteins with common 

transcriptional activators (12). For this reason, concerns have been raised that MDR could be 

due to the upregulation of this complex network of proteins rather than ABC transporters alone 

(12). Indeed, recent studies are reporting that these transporters are regulated through a diverse 

and coordinated network, and therefore play diverse roles ranging from metabolite flux to a 

protective role (29). Herein, we discuss the multiple roles in which ABC transporters may 

contribute to cancer progression. 

 

 

1.4  Signaling Pathways Regulating ABC Transporters 
 

ABC transporters are regulated by a plethora of biochemical signalling pathways (8,27,30-32). 

Signalling pathway crosstalk is a critical mechanism by which signal inputs from different 

distinct pathways can converge and cooperate to further induce a downstream response such 

as gene transcription (33). Crosstalk between signalling pathways allows for maximal plasticity 

and versatility in cellular responses. Indeed, cancer cells also exploit these myriad complexities 

in crosstalk between signalling pathways to ensure their survival and progression (34).  

 

ABC transporters have been established to be significantly linked to numerous important 

signalling pathways, such as the Wnt/β-catenin, PI3K/Akt, Notch, Sonic Hedgehog (SHH), 

NF-κB, TGFβ, and Nrf2 pathways (6,32,35-39). These pathways are strongly associated with 
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regulation of cancer stem cells, the immune response, and the tumour microenvironment 

signalling events, which are important in the maintaining and supporting cancer progression 

(40-42).  

 

For instance, the PI3K/Akt signalling pathway has been reported to upregulate the expression 

of ABC transporters such as ABCC1, ABCB1 and ABCG2, conferring MDR in numerous 

types of cancers (43-45). The Notch signalling pathway, which is essential for gene regulation 

associated with cell differentiation, has also been implicated in modulating the activity of ABC 

transporters in glioblastoma, prostate cancer and breast cancer (46-48). Wnt/β-catenin 

signalling was shown to upregulate the expression of: (i) ABCC1-4 in colorectal cancer; (ii) 

ABCB1 in NSCLC and chronic myeloid leukemia, and (iii) ABCG2 in colorectal, NSCLC and 

head and neck squamous cell carcinoma (49-53). The SHH-GLI1 pathway was found to be 

involved in increasing the expression of ABCB1 in pancreatic cancer (35,53-55), while GLI1 

of the SHH pathway has been shown to bind to the promoter region of six ABC transporters, 

namely ABCA2, ABCB1, ABCB4, ABCB7, ABCC2 and ABCG1 in colorectal cancer cells 

(CRC) (56). Indeed, inhibition of GLI1 modulates the expression of these ABC transporters 

and re-sensitises CRC cells to chemotherapy (56,57). Importantly, the SHH-GLI1 pathway is 

also involved in a complex cross-talk with numerous signalling pathways that promote cancer 

progression, which leads to activation of GLI1 in absence of the non-canonical SHH-GLI1 

pathway (58). The oncogenes of the Myc family have been reported to regulate ABCC1, 

ABCC3 and ABCC4 in cancers such as neuroblastoma, breast, glioblastoma and chronic 

myeloid leukaemia (CML) (59-62). 
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1.5 ABC Transporters and the Tumour Microenvironment (TME) 
 

The symbiotic ecosystem between tumour cells and the surrounding tumour microenvironment 

(TME) helps the tumour to adapt and change dynamically, to promote tumour progression, 

distant metastasis and chemotherapeutic resistance (63-65). For this reason, novel approaches 

to target and manipulate the symbiotic relationships between cancer cells and its TME, rather 

than the cancer cells alone, to overcome MDR may be a better approach to successfully treat 

cancers. Disrupting or re-educating the complex dysfunctional interaction between the tumour 

and TME can make a tumour more vulnerable and treatable from cancer therapies (66). 

 

Within the TME, tumour cells utilise hypoxia to stimulate angiogenesis and increase nutrient 

uptake to promote survival and progression (67-69). Hypoxia inducible factor-1α (HIF-1α) is 

a well-established master regulator of oxygen homeostasis and promotes tumour adaptation 

via: (i) increased oxygen delivery, (ii) altered energy metabolism through the increased of 

glucose transport and glycolysis to maintain ATP production, and (iii) promotion of 

vascularisation through the activation of vascular endothelial factor (VEGF) and by increasing 

the expression of ABC transporters (70-73). Besides HIF-1α, two other isoforms of HIF-1 have 

been identified in mammals, namely HIF-2α, which has a more restricted tissue distribution, 

and HIF-3α, the function of which is poorly understood (74,75). Importantly, HIF-1α has been 

demonstrated to augment the expression of ABCC1, ABCB1, and ABCG2 expression, through 

the binding of HIF-1α to the hypoxia response element (HRE) on the promoter region of genes 

encoding these transporters (76-79). This effect was observed across different cancer types 

such as breast, colon and pancreatic cancer (80-82). In addition to hypoxia, it has been 

demonstrated that serum and glucose starvation, as well as reactive oxygen species 

significantly, increases drug resistance via the upregulation of ABCB1 in a HIF-1α -dependent 
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manner (83,84). Interestingly, these stress conditions also led to the re-localization of ABCB1 

from the plasma membrane to lysosomes, facilitating the trapping of cytotoxic drugs within 

this substrate-degrading organelle (83-85). Although evidence have shown a strong link 

between HIF-1α, TME and ABC transporters, other studies have reported contrasting set of 

results. In particular, a study by Patak et al., 2011 reported that ABCB1 and ABCC1 are not 

regulated by HIF-1α in primary immortalised human brain microvascular endothelial cells 

(86). This suggests that ABC transporters may be regulated differently depending on cell- and 

tissue-type.  

 

Another important feature of TME is the epithelial-mesenchymal transition (EMT). 

Importantly, EMT promotes a stem-cell-like phenotype and malignancy in nearly all cancer 

types (87-91). Numerous studies reported the links between ABC transporters and EMT within 

the tumour microenvironment (6,92). The interaction is thought to be mediated through several 

signalling pathways and molecules that overlaps in the participation during both processes. 

These pathways include the PI3K/AKT, TGF-β, HIF-1 and NF-κB, which contribute to the 

complex regulation of TME. Hypoxia within TME plays a central role in orchestrating the 

induction of EMT and ABC transporters (93,94). Several invasive breast cancer cell types 

treated with chemotherapeutic drugs have been shown to upregulate the expression of as many 

as 16 ABC transporters including ABCA2, ABCA3, ABCC1, ABCC5 and ABCG2, and 

increased EMT markers and transcription factors, such as Twist, Snail and FOX2, resulting in 

increased migration and invasion (6). Indeed, the reversal of EMT in these breast cancer cells 

results in a concomitant decrease of ABC transporters expression, reduced invasiveness and 

restored chemosensitivity to anticancer agents (6). These data suggest that ABC transporters 

are not only exploited by cancer cells to evade chemotherapy, but they may also play a direct 

role in cancer cell migration and invasion. In breast cancer, ABCB1 has been reported to 
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interact with Anxa2, a calcium-dependent phospholipid-binding protein and contributes to the 

invasiveness of MDR in breast cancer cells (95). Exposure with doxorubicin enhanced the 

motility via the upregulation of both ABCB1 and Anxa2 expression (95). Indeed, Anxa2 in the 

TME has been shown to be involved in local immunosuppression and immune escape (96-98). 

Inhibition of ABCB1 activity using ABCB1-selective inhibitor such as verapamil or 

trifluiperazine inhibiting the invasive capacity did not affect the interaction and co-localisation 

between ABCB1 and Anxa2, but it appears to disrupt the Anxa2 phosphorylation. Besides, 

ABCB1 also cooperates with CD44 through the activation of extracellular signal-regulated 

kinases (ERK1/2) and p38 mitogen-activated protein kinase (MAPK) proteins (99). 

Consequently, this resulted in the increase of metalloproteinase (MMP-2, MMP-3, and MMP-

9) mRNAs, and proteolytic activities, which is associated with increased invasive behavior. 

The involvement of metalloproteinase in the TME remodeling has been well reported (100-

102). Silencing of either CD44 or ABCB1 significantly reduced the migration and invasion 

(99).  

 

While in ABCG2, the knockdown of this transporter significantly inhibited the migration and 

invasion potentials of U251 Glioma stem cells (103). Similar to ABCB1, it appears that 

ABCG2 is also linked to metalloproteinase (MMP-9). However, the molecular mechanisms for 

the invasion and spread of Glioma CSCs have not been fully understood and requires further 

investigations (103).  

 

Notably, the promoters of several ABC transporters were also reported to contain binding sites 

for important EMT-related transcription factors markers, which are associated with invasion 

and metastasis. These markers include Twist, Snail, Slug, FOXC2, and E12/E47, of which 
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Snail, Twist and FOXC2 are shown to modulate the promoter activities of ABC transporters 

such as ABCC4 and ABCC5 (6).  

 

Furthermore, several more studies also reported the potential linkages between ABC 

transporters and EMT, whereby EMT-associated pathways such as NF-κB, TGF-β and the 

PI3K/AKT pathways have been reported to regulate ABC transporters to promote MDR in 

several cancers (104-106). Collectively, these studies stress the importance of TME-dependent 

signalling molecules which could be used as future potential targets for manipulating the TME 

to overcome MDR and cancer survival.  It is important to note that whilst these studies are 

mostly correlative in the changes of ABC transporters expression, more functional studies are 

warranted to confirm and better elucidate the functional link to these crucial processes.  

           

1.6 ABC transporters Involvement Cancer Metabolism 

 

The pleiotropic sphingolipid metabolite and intracellular second messenger, sphingosine-1-

phosphate (S1P), plays a crucial role in several diseases including cancer, inflammation, 

autoimmune diseases (107,108). In cancer, S1P is involved in numerous cellular processes that 

promote cancer progression, such as proliferation, angiogenesis, cell survival and migration 

(109-111). The two sphingosine kinases, SphK1 and SphK2 have been identified to be involved 

in the production of S1P (112). Importantly, the level of S1P, as well as the levels of its 

precursors, ceramide and sphingosine, appears to play a crucial role in determining whether 

cells survive, proliferate or die (113).  

 

S1P can be transported in an “inside-out” signalling manner, after S1P has been produced 

inside the cell by SphK1, this phosphorylated sphingolipid is then exported out of the cells 



 

21 

 

through ABCC1, ABCG2 and sphingolipid Transporter 2 (Spns2) (114). Once exported out of 

the cells, S1P can bind to specific G protein-coupled receptors (S1PR1-5) on cell membrane, 

to exert their effects by activating a plethora of signalling cascades within the cell (108). Hence, 

it appears that cancer cells may utilise these receptors to achieve specific functions to their 

advantage by promoting and maintaining cancer progression (115). Therapeutically targeting 

the S1P axis could provide an answer to treating aggressive tumours.     

 

To date, numerous papers have reported the involvement of S1P in several highly aggressive 

cancers of the brain, breast, colon and pancreas (116-119). Intriguingly, the direct involvement 

of ABCC1 in the export of S1P was first identified in mast cells, which suggests that S1P plays 

regulatory or mediating roles between different members of the ABC transporters and the 

immune response in cancers. Indeed, in breast cancer, SphK1/S1P/S1PR1 are involved in 

cellular processes such as cell growth, survival, and invasion but also immune cell trafficking, 

cytokine, and chemokine production (120).  The central role that ABC transporters play in S1P 

distribution and regulation highlights these proteins as critical participants in cancer 

progression, the increased knowledge of which may enable us to better modulate cancer 

progression by targeting ABC transporters (114,121-123).  

 

The ABC subclass A transporters are predominantly expressed in the cells of the central 

nervous system (124) and are well known for their involvement in lipid metabolism and 

cholesterol homeostasis. However, emerging evidence also links these transporters to MDR 

and cancer progression (4,8,60). As cholesterol is a crucial component of cell membranes, it 

can influence and alter the physiological and pathological processes of e.g., cell migration, 

cancer progression and metastasis (125). Indeed, defects in cholesterol metabolism and LDL 

regulation are often associated with cancers such as pancreatic, breast, prostate and NSCLC 
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(126). Indeed, ABCA2 was reported to be highly expressed in estramustine-resistant prostate 

and ovarian cancer cells (127). Other studies also found elevated expression of ABCA2 in 

several other cancers including the melanoma, leukemic and colon cancer, which suggests a 

putative role of this particular subfamily of the ABC transporters (127). Moreover, ABCA1 

has also been demonstrated to contribute to tumorigenesis through cellular cholesterol efflux 

in prostate cancer (128-130). ABCA1 has also been found to facilitate transport of membrane 

lipids such as sphingomyelin, and cholesterol, which also binds directly to ABCB1 and ABCB4 

thereby modulating substrates that are also recognised by ABCB1 (131). As a result, 

transporters of the ABCA family may play an assisting role to other transporters to facilitate 

the transport of different classes of substrates (131), which may contribute to the progression 

and development of resistance in cancers.  

 

One of the most widely-studied tumor suppressors, p53, exhibits multiple effector functions 

such as cell-cycle arrest, cell death, senescence, and DNA repair (132). Numerous studies 

report an association between increased ABCC1 expression in cancers such as colorectal and 

prostate cancer and the loss of functional p53, which reflects poor patient prognosis (133-135). 

While the mechanism remains unclear, it indicates that ABCC1 transporters could be involved 

in important processes of maintaining cancer cell survival and avoiding cell death. 

Interestingly, p53 plays a novel regulatory role in upregulating the expression of ABCA1 

transporter and suppressing the mevalonate pathway via the maturation of SREBP-2 (Sterol 

regulatory element-binding protein 2) (136). The mevalonate pathway is responsible for 

biosynthesis of cholesterol and non-sterol isoprenoids via inducing the expression of ABCA1 

cholesterol transporter. Indeed, the inhibition of p53, results in the ablation of ABCA1, 

promoting liver tumorigenesis in murine models. This finding suggests ABCA1 is a bona fide 
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target gene of p53 (136). Again, this highlights the complex crosstalk between the ABC 

transporters and the signaling pathways which enables them to carry out many functional roles.  
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1.7 ABC transporters (MRP1) and iron Metabolism  
 

Nitric oxide (NO) plays a vital role in macrophage toxicity against cancer cells (137-139). This 

is largely due to its ability to induce iron release from the cells (137). However, the mechanisms 

of how these activated macrophages protect themselves against endogenous NO remains 

unclear (139). Notably, NO has been shown to strongly activate the activity of iron-regulatory 

proteins 1 and 2 (IRP1 and 2), hence exert a marked effect on iron metabolism. The impact of 

NO on the iron responsive element (IRE) -binding activity of these regulatory proteins 

increases transferrin receptor 1 (TfR1) expression and a slight increase in transferrin (Tf) -

mediated iron uptake (137,140). The discordance in the direct link between the increase of 

TfR1 expression but only a slight increase in iron uptake from Tf might be due to the ability 

of NO to reduce ATP synthesis and therefore leads to the inhibition of iron uptake which is 

energy dependent (137,140). 

 

Interestingly, MRP1, a GSH conjugate transporter, has the unique ability to be involved in NO-

mediated efflux of iron from cells (Fig. 2) (140,141). This is attained through the formation of 

dinitrosyl-dithiol iron complex (DNIC), facilitated by GSH substrates (138,139,141). It was 

proposed that the DNIC occurs as a GS-Fe-NO complex under an energy and temperature 

dependent process (141) (Fig. 2). Furthermore, it has also been proven that inhibiting MRP1 

with small molecule inhibitors such as MK571 and probenecid, results in the accumulation of 

DNIC in macrophages, and hence, significantly inhibits the NO-mediated release of iron (140). 

This further confirms that MRP1 is indispensable in the release of NO-mediated iron from cells 

(138,140). Additionally, it was also demonstrated that there is a strong correlation between 

MRP1 and iron metabolism (138,140). Considering the many pivotal roles that iron plays in 
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diseases such as cancer, a better understanding of its intracellular trafficking mechanism could 

pave the way for the development of new cancer therapeutics (140). 

 

 

 
  

Figure 2: NO-mediated release of iron via MRP1. 

The dinitrosyl-dithiol iron complex (DNIC) is composed of: i) Iron derived from the labile iron 
pool (LIP) or iron sulphur clusters [Fe-S] proteins from the mitochondrial electron transport chain 
e.g. cytochrome c oxidase; ii) NO-derived from macrophages; iii) glutathione (GSH) reduced 
from glutathione disulphide (GSSG), via glutathione reductase. MRP1 is able to efflux GSH and 
iron in the form of DNIC from the cell under a temperature and energy dependent process.  
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1.7.1  Overview of Cellular Iron Transport  
 

The uptake of iron into the cell from circulating Tf-Fe complex is facilitated by diferric Tf 

binding to TfR1 at the cell surface prior to being transported into the cell through receptor-

mediated endocytosis through the formation of endosomes (142-145) (Fig. 3). The 

acidification of the endosome by an ATP-dependent proton pump enables the release of iron 

into the endosome. However, the divalent metal transporter 1 (DMT1), an H+-driven metal 

transporter with a principal role in iron transport, and is responsible for iron uptake from the 

gut and transport from endosomes, only transports iron in the ferrous form, which typically 

occurs in a proton-coupled manner, hence Fe(III) must be reduced to Fe(II)(146). This 

reduction involves ferrireductase six-membered epithelial antigen of the prostate 3 (STEAP3) 

before endosomal export (147,148) (Fig. 3). Other reductive mechanisms have also been 

proposed (145). Then, Fe(II) is subsequently transported from the endosome into the cytosol 

via DMT1 (142,149). Upon the release of iron, Tf-TfR1 complex is recycled back to the plasma 

membrane and the apo-Tf is released back into the circulation through exocytosis (144)(Fig. 

3).      

 

Iron released from the endosome then enters the labile iron pool (LIP), where it is believed to 

be distributed for: i) protein utilisation [e.g. ribonucleotide reductase (RR)]; ii) utilised at the 

mitochondria for the synthesis of haem and iron sulphur clusters; iii) stored in the ferritin, the 

latter of which is aided by the newly described human iron chaperone poly (rC)-binding protein 

1 (PCBP1) and; iv) exported out of the cell via Fpn1 (144,145) (Fig. 3).  

  

 

https://www.frontiersin.org/articles/10.3389/fnmol.2015.00019/full
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Figure 3: Cellular iron transport.  

Ferric iron [Fe(III)] binds to transferrin (Tf) to form a Tf complex. Two molecules of diferric Tf 
complex then binds to transferrin receptor 1 (TfR1) on the cell membrane. The complex then 
undergoes receptor mediated endocytosis through the formation of clathrin-coated pits. The acidic 
environment in the endosome allows the release of ferric irons. Fe(III) is then reduced to ferrous 
irons [Fe(II)] by ferrireductase six-membrane epithelial antigen of the prostate 3 (STEAP3), which 
is then transported out the of the endosome into the cytosol through divalent metal transporter 1 
(DMT1). These exported ferrous iron becomes part of the labile iron pool (LIP), which can then 
be either stored in the ferritin, utilised in mitochondrial or proteins or to ferroportin (Fpn1) for 
export.    
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1.7.2  Transferrin  
 

Transferrin (Tf) is a metal-binding glycoprotein found in abundance in the serum (150). It is 

well established that Tf plays an important role in the delivery of iron by binding and 

transporting them from the extracellular compartment into the cell (151). This protein 

consists of two homologous domains, each containing high-affinity binding sites for Fe(III) 

to facilitate binding of two ferric iron atoms to bind to the Tf protein (152,153).  

 

The binding of the iron metal to Tf induces a conformational change in the structure (154). 

It involves bringing two tyrosine residues, histidine and aspartic residues closer together in 

order to hold the iron in place (152). The binding affinity of Fe(III) to Tf is a pH-dependent 

process and this property enables the release of iron from the Tf into the endosome, following 

endocytosis and the acidification of the cellular endosomal environment by ATPase 

(152,154). The high-affinity binding of ferric iron at the N- and C-terminal of the protein 

then goes on to bind to the homodimer, TfR1 on the cell membrane and the process repeats 

(153,154).    

  

1.7.3     Transferrin Receptor   
 

Transferrin receptor 1 (TfR1) are expressed on the plasma membrane of cells. They are 

homodimers consisting of two identical transmembrane subunits (152). Presently, there are 

two known TfRs subtypes (TfR1 and TfR2) and they have slightly different functions. TfR1 

plays a role in the regulation of cellular uptake of iron from transferrin (152). TfR1 is required 

by most cells for iron uptake, hence it is expressed ubiquitously in many cells (155). It is also 

regulated by intracellular iron levels, differentiation and proliferation (151). Further analysis 
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from other studies have suggested that cellular iron depletion results in the upregulation of 

TfR1 via the interaction of IRP1 and 2 and the IREs, thereby increasing the uptake of iron 

into the cell (151,156).  

 

However, TfR2 is highly expressed in the liver and normal erythroid precursor cells (157,158). 

Expression of the TfR2 is not up-regulated in an iron depleted cell, hence suggesting that its 

regulation is not iron-dependent, but via other mechanisms such as cell cycle (158,159). More 

recently, studies have recently demonstrated that TfR2 also plays a role in regulating iron 

metabolism as well as erythropoiesis (160). Interestingly, TfR2 has been shown to modulate 

hepcidin expression in hepatocytes by activating ERK/MAPK signalling pathway and 

therefore it is highly involved in iron metabolism (143,161,162). Intriguingly, the deficiency 

and the distinct difference in the regulation of both TfR1 and TfR2 leads to a different 

phenotypic outcome (161,163). In fact, the deficiency of TfR1 results in a low tissue iron level, 

whereas a deficiency in TfR2 leads to the development of hemochromatosis, an iron overload 

disorder (161,163).  

 

Numerous studies in the past and studies more recently have demonstrated that the recycling 

of TfR1 back to the cell surface is regulated by numerous genes such as c-Abl and sorting 

nexin 3 and 4 (SnX3 and SnX4) (164-166). All studies have shown the reduction or silencing 

of these genes leads to intracellular degradation and a loss of TfR1 at the cell surface, thereby 

resulting in the reduced uptake of iron from Tf (164-166). This emphasises the complexity of 

TfR1 regulation and its importance of the proper regulation in iron metabolism.   
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Furthermore, TfR1 induces a conformational change when an iron-laden transferrin binds to 

it, forming a TfR1-Tf complex enclosed within an endocytic vesicle (152). This results in the 

endocytosis and uptake of the metal complex (167,168). Iron is then released from the 

transferrin through endosomal acidification. Internalised released iron is transported to the 

mitochondria for other uses such as the synthesis of the haem. Excess iron is then detoxified 

and stored in cytosolic ferritin (168).   

  

1.7.4  Ferritin for Iron Storage  
  

Due to the ability of iron to catalyse the generation of free radicals, it is crucial that unbound 

iron is being detoxified and stored in the ferritin to prevent the generation of ROS (152,169). 

In humans, this protein is composed of ferritin heavy chain (FTH) and ferritin light chain 

(FTL) subunits that are independently transcribed as their genes are found in different 

chromosomes (151,170,171). The structure consists of variable proportions of the heavy and 

light chain, hence giving rise to iso-ferritin that is either more basic (L chain-rich) or acidic 

(H chain rich). The specific ratio proportion of the H and L subunits are tissue dependent 

(172). For instance, L chain ferritin is predominantly found in the liver and spleen tissues, 

whereas, H chain ferritin is mainly found in the heart and kidney (171,172).   

  

The ferroxidase activity mediated by H sub-unit of the ferritin is an inherent feature, hence the 

structure of the catalytic site located within the ferritin is highly conserved across all species 

of eukaryotes (173). The mechanism of ferritin iron storage involves the four step process of: 

i) iron oxidation; ii) migration of iron into the shell cavity; iii) nucleation and; iv) hydrolysis 

for core formation (171). The H chain protein is involved in the oxidation of Fe(II), while the 

L chain is important in the hydrolysis and core formation (174). Studies have also reported 
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the presence of ferritin in cell nuclei (169). It has been proposed that nuclear ferritin is 

involved in the protection of DNA as well as the exacerbation of oxidative damage to DNA 

caused be iron (169).   

  

It is postulated that the regulation of ferritin is responsive to intracellular iron levels. While 

ferritin is believed to be down-regulated in iron-depleted cells, it is conversely related to the 

levels of TfR1 (175). Moreover, levels of ferritin are also affected by a number of factors such 

as oxidative stress and hypoxia (172,176). Interestingly, Picard et al., (1998) has demonstrated 

the capacity of H-chain ferritin is not only involved in the oxidation of iron but also modulate 

the levels of LIP (177).   

  

1.7.5 Labile Iron Pool   
 

Upon release of the iron from the endosome into the cytosol, this metal iron is then believed 

to enter the iron labile pool (LIP). LIP was previously defined as a low molecular weight pool 

of weakly chelated iron that passes rapidly through the cells (178-180). This cytosolic iron, 

originally defined as an intracellular transit iron pool by Allan Jacobs, is also regarded as the 

crossroads of the various metabolic pathways in which iron is involved in cells (181-183). 

Studies conducted by Cabantchik et al. (2002) and Glickstein et al. (2005) demonstrated that 

the LIP is capable of catalysing HO· production from reactive oxygen species intermediates 

(ROIs, e.g. H2O2) via the Fenton reaction, which causes damage to lipids, proteins and nucleic 

acids (178,184). This creates a constant burden on cells to efficiently eliminate ROIs through 

enzymatic reaction (e.g. superoxide dismutase and peroxidases) aided by antioxidant/reducing 

agents such as glutathione and other cellular reductants like nicotinamide adenine dinucleotide 

phosphate (NADPH) and nicotinamide adenine dinucleotide hydride (NADH) (185).   
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More recently, it has been established that PCBP1 and 2 act as a chaperone for free iron. 

These PCBPs have therefore shown to play a vital role in the facilitation of iron delivery to 

ferritin for storage or to other non-haem requiring proteins such as prolyl hydroxylases (PHDs) 

(185-188) (Fig. 4). While PCBP1 and 2 have been known to play an important role in the 

uptake and the release of iron, Yanatori et al. (2016) have further demonstrated a close 

interaction between PCBP2 and DMT1 (186). It was reported that a PCBP2 knock-down 

experiment by siRNA significantly affected the uptake of iron through DMT1. Hence, this 

suggested that PCBP2 was crucial for iron transport activity of DMT1. Notably, although 

both PCBP 1 and 2 share similar homology, they are markedly different in terms of their 

function as iron chaperone proteins (186).  PCBPs binds to ferrous iron [Fe(II)] and delivers it to 

ferritin for storage or to cytosolic non-haem iron enzymes such as prolyl hydroxylases (PHDs).  

 

 

 

 

Figure 4: Human poly (rC)-binding proteins 1 and 2 (PCBP1 and 2) act as chaperones for free 

iron in the cytoplasm. 
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1.7.6 Ferroportin for Export of Iron   
 

The cellular iron exporter ferroportin-1 (Fpn1) is a transmembrane protein, predominantly 

found in all tissues, particularly those that are crucial for systemic iron homeostasis (e.g. 

duodenal enterocytes, splenic macrophages and hepatocytes) (189). This protein plays a critical 

role in iron homeostasis, specifically in intestinal iron absorption and the cellular release of iron 

(190). Previously, it was thought that Fpn1 is the only mammalian Fe exporter and therefore 

crucial in the transport of iron from one cell type to another (176,190). However, further 

analysis from studies have indicated the involvement of MRP1 in iron release in the form of 

dinitrosyldithiol iron complexes (DNIC) (141).   

 

Hepcidin is a major effector hormone which functions as a systemic regulator of iron 

metabolism (176,190-192). Under conditions of high iron concentration levels, hepcidin is 

transcriptionally upregulated in the liver (191,193) (Fig. 5). It is then secreted into the blood 

circulation, where it binds to the receptor of Fpn1, resulting in the internalisation and 

degradation of this protein (193) (Fig. 5). This results in the reduction of Tf-bound iron levels 

as well as iron exported from the intestine and splenic macrophages into the bloodstream (193). 

This is evident in patients suffering from iron- limited anaemias (193). In contrast, hepcidin is 

repressed under low intracellular iron, resulting in the increase of Fpn1 and the acquisition of 

iron, promoting greater iron availability in the serum (193,194).  
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Figure 5: Regulation of hepcidin on iron metabolism. 

High concentration of iron in the plasma up-regulates the production of hepcidin in the liver, 
which is then released into the blood stream where it binds to ferrportin 1 (Fpn1). This causes the 
degradation of Fpn1 resulting in the decreased levels of Tf- bound iron levels.   
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1.7.7 Regulation of Iron Metabolism   
 

The human body lacks a defined mechanism to actively excrete iron from the body (144,168). 

As such, it has adapted a variety of mechanisms at maintaining an appropriate balance in the 

proteins involved in Fe uptake, utilisation and storage (144,145,195,196). This is to ensure that 

there is adequate amount of Fe for different cellular activities and at the same time, prevent the 

formation of ROS due to high levels of accumulated iron (145,151).   

 

The homeostasis of iron is tightly regulated by various mechanisms through intracellular iron 

concentration at the transcriptional and post-transcriptional level (144,195). The messenger 

RNA (mRNA)-binding molecules, iron-regulatory proteins IRP1 and 2 are able to ‘sense’ and 

response to cellular iron availability, thereby coordinating the expression of crucial proteins 

that are involved in iron metabolism such as TfR1, ferritin and Fpn1 (195,197). This is attained 

through the binding of the IRPs to the iron-responsive elements (IREs), a highly conserved hair-

pin structure located in the 5’- or 3’- of the untranslated regions of the mRNA encoding proteins 

(173,198,199). More importantly, this iron-facilitated regulatory mechanisms enable cells to 

maintain a desired level of iron in the cell (173,198).  

 

Moreover, the cellular LIP is also known to regulate the binding of IRPs to IRE through various 

distinct mechanisms (172). Notably, a study conducted by Meyron-Holtz et al (2004) has 

demonstrated that IRP2 is highly sensitive to iron status in animal tissues than IRP1. Hence, it 

can be regarded as the major iron sensor responsible for iron homeostasis at the cellular level. 

The analyses of IRP1 knock-out and IRP2 knock-out have revealed the difference in their 

effects on iron metabolism (200). The knock-out IRP2 resulted in a more profound aberration 

of iron homeostasis compared to IRP1 (200).  
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1.7.8  Iron-regulated Protein Binding and the Control of Intracellular Iron   
 

The ability of IRPs being able to bind to IREs at the 5’ or 3’ terminal of the mRNA, allows it 

to regulate protein expression by stabilising mRNA or inhibiting the translation 

(173,197,201,202) (Fig. 6). When cellular iron stores are high, the assembling of the [4Fe-4S] 

cluster to IRP1 results in the conversion to aconitase and a loss of IRE binding ability 

(145,173). IRPs cannot bind to 5’ IREs of ferritin and ferroportin mRNA, consequently 

leading to an increase synthesis of these proteins, while promoting the degradation of TfR1 

mRNA (145,199,202,203) (Fig. 6).   

 

In contrast, under low intracellular iron levels, the cluster [4Fe-4S] is not present 

(145,199,202,204). This enables the high affinity binding of IRP1 to 5’ IREs in mRNA-

encoding proteins for iron storage and export to repress translation, while binding to 3’ IREs 

of TfR1 mRNA to inhibit its degradation (202,204) (Fig. 6). IRP2 has the similar binding 

affinity to IRP1, albeit does not contain a [4Fe-4S] cluster (173,202,204). This protein is 

accumulated in iron depleted cells and is targeted for degradation by proteasome when there is 

abundance of iron (173,202). 

 

Interestingly, studies have demonstrated that the IRP1/IRP2 mechanism can be regulated by c-

Myc, a proto-oncogene. Specifically, c-Myc can repress the expression FTH, which decreases 

the sequestering of intracellular iron. Additionally, c-Myc is also able to stimulate the 

expression of IRP2, thereby increasing the level of intracellular iron pool (205). Collectively, 

this outlines the pivotal role of c-Myc in co-ordinately regulating the expression of iron-

regulated proteins involved in maintaining a balance in iron metabolism. This function is 

especially important for the proliferation and transformation by c-Myc (206).  
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Figure 6: Schematic diagram of cellular iron metabolism. 

Iron-regulatory proteins (IRPs)/iron-regulatory element (IRE) modulates the expression of 
proteins involved in iron uptake [Transferrin receptor 1 (TfR1)], iron storage [H-ferritin (FTH1) 
and L-ferritin (FTL)] and iron export (ferroportin), by stabilising mRNA or inhibit translation. 
IRPs can bind to the IRE located either at the 5’ or 3’ end of the untranslated portion of the 
specific mRNAs. Under low iron conditions, high affinity binding of IRPs to IREs in the 5’ UTR 
mRNA of FTH1, FTL and Fpn1 results in translational repression, consequently reducing overall 
iron storage and export. Conversely, IRPs stabilise mRNA of TfR1 by binding to IREs at the 3’ 
end, increasing synthesis of TfR1. Under conditions of high intracellular iron, IRP1 converts to 
aconitase and loses its IRE-binding activity. This leads to an increased synthesis of FTH1, FTL 
and ferroportin. In addition, TfR1 mRNA is subjected to RNase activity resulting in quicker 
degradation. IRP2 is also targeted for degradation by proteasomes. 
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1.8   ABC Transporters and Other Unique Roles in Tumour Development 
and Plasticity  

 

A major issue in combating MDR is intratumoral heterogeneity (64). Cancer cells within a 

single tumour can display distinct morphological, genetic and behavioral variability as reported 

in breast, prostate, glioblastoma, colorectal and pancreatic cancers (64, 65-69). The 

simultaneous overexpression of multiple ABC transporter family members in different cancer 

types have also been widely reported (8,10,70).  

 

ABC transporters are important during different stages of tumour development. One study by 

Calatozzolo et al., reported a negative correlation between ABCC1 and ABCC3 in brain cancer 

(207), as observed by an upregulation of ABCC1, whereas the expression of ABCC3 was 

reduced (207). However, in another study by Salmaggi et al., it was demonstrated 

glioblastoma-derived tumour stem-like cells had increased ABCC3 expression, while ABCC1 

expression was found to be decreased (208), which led them to propose that ABCC3 could be 

utilised as a biomarker of glioblastoma derived stem-like cells (208). In contrast, Jin et al., 

reported that ABCC1 was more highly expressed than ABCC3 in glioma stem-like cells, 

suggesting that ABCC1 might play a more important role than ABCC3 in glioma CSCs (209). 

It is also important to note that the expression of ABCC3 was shown to be increased 

significantly during and after differentiation of stem-like tumour cells (209). Together, this 

seems to indicate that ABCC3 and ABCC1 play interchangeable roles during different stages 

of tumour development in different cancer types. Further, Saxena et al. reported a large 

heterogeneity in expression signatures of these ABC transporters across numerous types of 

breast cancer cell lines and primary-derived tumour cells (6). RT-PCR studies demonstrated 

the involvement of 16 different ABC transporters orchestrating the MDR phenomenon at basal 

levels (6,8), but the specific roles of transporters in the MDR process was not established. 
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However, with the lack of causal link in the expression of these transporters in many of these 

studies, one could speculate that changes in the expression of these transporters would be 

considered a passenger. While these studies require further investigations to evaluate the role 

of these transporters in different tumours types and stages of cancer, nevertheless, these studies  

provide fundamentals insights into the complex interaction between these transporters.   

 

High‐resolution cryo‐electron microscopy‐based and mutagenesis investigations have revealed 

exciting new insights into the structure and function of the ABC transporters. Recent studies 

showed that ABC transporters exhibit structures that are conformational dynamic and 

overlapping substrate-binding sites, which described as having “polyspecificity” towards its 

transport substrates (19,210-213). This raises the questions that if ABC transporters could 

contribute to a sum effect of a phenomenon. As such, these points are all premised on the ideas 

that Pgp is important in MDR in human cancer, which is obviously not as clear as it was once 

thought to be.  

 

This could explain the possible failure of inhibitors in the clinics and potentially promoting 

cancer progression.  Hence, it appears that ABC transporters might be passengers of the MDR 

effect, and not contributing to a direct role towards MDR.  Hence, this begs the question – 

besides playing a major role in metabolite transport, could these transporters also be involved 

in other functional roles that are independent of its classical efflux activity? This further 

complicates treatments and our understanding of the specific roles and functions of these 

transporters (19,214). Regardless, the advancement of technology is slowly unraveling the 

crucial understanding of these ABC transporters, and only the in-depth understanding of these 

transporters can we only develop more specific inhibitors for these transporters (210). 
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Indeed, numerous studies also link ABC transporter-mediated MDR to organelles other than 

the plasma membrane (215-218). For instance, ABCC1 was preferentially transported to the 

mitochondria in cancer cells compared to normal cells (218). However, it is worth to note that 

whilst this study provides an insight into subcellular localisation of transporters, it requires 

further studies to investigate the roles and the precise sub-cellular localisation of these 

transporters.  

 

Interestingly, exposure of doxorubicin and etoposide results in the increased expression of 

ABCC1 not only in general but also mitochondrial-specific localisation (218). Mitochrondrial-

ABCC1 efflux activity in removing calcein was also found to be more efficient from the 

mitochondria than from the whole cell and the efflux activity does not correlate with the 

ABCC1 expression found on the plasma membrane (218). Indeed, glycosylated ABCC1 was 

also reported to be localised to the outer mitochondrial membrane of Ewing's sarcoma cells by 

the chaperone protein heat shock protein 90 (HSP90β) and plays an important role in 

doxorubicin‐induced resistance (217). Direct inhibition or knockdown of HSP90β also results 

in reduced expression of ABCC1 in the mitochondria (217). Consistent with other studies, 

ABCC1 has also been reported to be localised in other important organelles i.e., golgi of cancer 

cells (219,220). Another transporter, ABCD4, was originally reported as a peroxisomal ABC 

transporter but recent studies reported that this transporter is also localised to both the 

lysosomes and endoplasmic reticulum (215,221). The mechanism remains to be elucidated but 

these findings provided insights into how ABC transporters could be playing vastly different 

roles and possibly undergo process of glycosylation depending on the subcellular localisation.  

 

It’s tempting to hypothesise that ABC transporters may play a different role depending on 

where they are localised. It may also be that ABC transporters play important roles during 
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cancer development to ensure cancer cell survival, progression and plasticity. If this is the case, 

a combination of ABC transporters could be utilised as future molecular biomarkers in different 

cancer types and development for promising future cancer therapies. However, more 

mechanistic studies are needed to understand the how and why different ABC transporters are 

being modulated as well as their specific roles at different stages of cancer. 

 

 

1.9  The Regulatory Roles of ABC Transporters in Cancer Stem Cells (CSCs) 
 

The stem cell theory of cancer proposes that among all cancerous cells, only a fraction of cells, 

commonly named cancer stem cells (CSCs), can perpetuate themselves through self-renewal 

to maintain tumour growth (222,223). As such, CSCs are essential in the initiation, progression 

and relapse of tumours, and contributes to inherent drug resistance to conventional anti-cancer 

therapy (222-224). Of note, ABCG2 is one of the important markers for CSCs, while other 

ABC transporters such as ABCC1 and ABCB1 are suggested to associate with CSCs in 

malignant tumours (225). Indeed, compelling evidence has demonstrated the strong correlation 

between the overexpression of ABC transporters and CSCs markers via activation of CSCs 

promoting signalling pathways, suggesting a synergistic relationship between them (226-230).  

 

Holohan et al. proposed two models explaining the association between CSCs and MDR 

phenotypes (1,229). Cancer cells with stem-like properties have been shown to be highly 

resistant to conventional chemotherapies, which has been attributed to increased expression of 

ABC transporters (231), stem cell activities/markers (CD133 and ALDH), anti-apoptotic 

proteins (BCL-2 and BCL-XL), and the activation of pro-surviving signalling pathways (Notch 

and SHH) (232). Hence, the classical model proposes that upon exposure to chemotherapeutic 
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agents that target rapidly dividing cells, relatively quiescent CSCs survive to repopulate the 

tumour (1). The second model proposes that CSCs survive after chemotherapeutic treatment, 

and undergo therapy-induced mutation, and subsequently develop to a more aggressive drug-

resistant cancer phenotype (1,233). Either way, conventional drug treatments can promote the 

regrowth of drug-resistant tumours and the phenotypic shift from non-CSCs to CSCs, thereby 

leading to a more aggressive course of the disease and a worse outcome for patients (1).  

 

In particular, ABCC1 is implicated in the regulation of chemoresistance via different signalling 

pathways in various types of CSCs, such as glioma, breast, hepatocellular (225,230,234). Other 

studies also demonstrated the association between ABCC2, ABCB1 and a CSC marker, CD44, 

or its variant form, CD44v6 which predicted worse outcomes in cancer patients such as ovarian 

cancer and NSCLC patients (235,236). CD44 was reported to activate the ERK1/2, Ras-

MAPK, PI3K/AKT pathways, and SHH/patched (PTCH) pathway (237-239).  Corroborating 

these reports, studies also reported that these signalling pathways that CD44 are implicated in 

are also involved in supporting the maintenance and growth of CSCs (240,241). Another 

instance, suppression of the SHH/patched (PTCH) pathway, targeted CSCs secretion of Shh, 

which has been implicated in the upregulation of cancer-associated fibroblasts (CAFs) that are 

responsible in promoting the expansion and self-renewal of breast CSCs (242). 

 

Further, the variant form of CD44, CD44v6 has also been reported to be a constitutive and 

reprogrammed CSCs markers driving stemness (243). Intriguingly, Lin Lv reported the 

overexpression of CD44v6 resulted in the downregulation of ABCB1 and ABCG2, resulting 

in apoptosis resistance. However, this contradicts the understanding and the role of ABC 

transporters as they are supposed to increased with chemosensitivity. Other studies reported 

the co-localisation of ABCB1 and CD44 receptors on the membrane of breast cancer cells, 
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therefore the concomitant regulation of membrane protein (244). Contrary to that, other studies 

reported that the activation of c-Met and VEGFR-2 is strictly dependent on the CD44 isoform 

containing the variant exon v6, rather than the non-variant CD44 (245). This event was not 

observed in cancer cells expressing the CD44v3 isoforms, which further suggests alternative 

functional roles of these variant forms (245). For these reasons, future studies examining these 

variant forms of CD44 and its link to ABC transporters needs to be elucidated to understand 

the precise mechanism between ABC transporters and CSCs.  

 

Vesuna et al. reported that attenuation of Twist reduces cancer stemness markers, 

CD44+/CD24, ABCC1 and mammosphere formation (230). Further, they proposed that 

increased expression of ABCC1 level in Twist-overexpressing cells leads to the development 

of chemoresistance and development of stem cell phenotype in multiple breast cancer cells 

(230). Indeed, the contribution of Snail and Twist to EMT has been extensively studied and 

shown to be functionally linked to the development and maintenance of CSCs (246).  

 

Besides ABCC1 (230), another transporter of the ABCC family, ABCC3, appears to be 

involved in the regulation of stemness of breast cancer cells (247). Notably, the expression of 

both transporters were further increased in patients treated with common chemotherapy drugs 

such as doxorubicin, mitoxantrone and 5-FU(247). The elevated expression of ABCC3 resulted 

in reduced drug retention, and knockdown of ABCC3 led to increased drug retention, thereby 

conferring chemosensitivity (247). The knockdown of ABCC3 reduced cells with a 

CD44high/CD24low, a marker profile of breast cancer stem-like subpopulation, which also 

corresponded to decreased tumour formation in vivo (247). Henderson et al., reported that the 

silencing of ABCC1 and ABCC4 compromised sphere formation of neuroblastoma cells, 
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which is indicative of decreased stemness (60). This raises the question of whether the silencing 

of ABC transporters could sensitise CSCs to chemotherapeutic drugs.  

 

In line with this, de Grouw et al., reported a significant difference in the gene expression of 

several members of the ABC family transporters of normal primitive CD34+/CD38− acute 

myeloid leukaemia (AML) malignant stem cells and its more committed CD34+/CD38+ 

progenitor cells (248). Of the 45 screened ABC transporters, 40 were detectable in both the 

CD38+/CD34- leukemic and normal progenitor cells. Several ABC transporters (ABCB1, 

ABCA3, ABCA4, ABCA5, ABCA13, ABCB5 ABCC1, ABCC7, ABCC9, ABCC11 and 

ABCG4) had statistical significance between the CD38+/CD34- and its CD34+/CD38+ 

progenitor cell counterpart (248). While the exact contribution and functional role of these 

ABC transporters to leukemic stem cells remains elusive, this study further implicates ABC 

transporters in maintaining leukemic resistance in AML and emphasises how different 

transporters may perform specific roles at different stages of cancer. 

 

Furthermore, there is also an association between ABC transporters expression and CSC 

properties, which may enhance survival of CSCs during chemotherapeutic treatment (249). 

Indeed, 164 patients with stage III colorectal cancer, who underwent postoperative oxaliplatin 

plus leucovorin and 5-fluorouracil (FOLFOX‑4) chemotherapy regimen, the overexpression of 

CSCs markers such as leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5), 

aldehyde dehydrogenase 1 (ALDH1) and SOX2 corresponded with high levels of ABCC2, 

ABCC3, ABCG2 (249). These data suggest the utility and potential use of CSC markers and 

ABC transporters as prognostic biomarkers in patients with stage III colorectal cancer who had 

received the same adjuvant treatment, FOLFOX-4 (249). 
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The homeobox A10 (HOXA10) transcription factor was found to be more expressed in CML-

derived myelogenous leukemia K562/ADM, stem-like leukemic cells relative to its 

counterpart K562 cell line (250). Furthermore, the overexpression of this transcription factor 

is also involved in temozolomide resistance in glioblastoma (251,252). Indeed, silencing of 

HOXA10 reverses MDR in K562/ADM cells via the downregulation of ABCC1 and ABCB1, 

thereby increasing intracellular accumulation of doxorubicin (250). However, further studies 

are needed to elucidate whether HOXA10 may be utilised as a novel and potent therapeutic 

target to overcome MDR in CSCs (250).  

 

Notch1 was reported to regulate the expression of ABCC1 through the binding of the gamma-

secretase-cleaved intracellular Notch1 (ICN1/NICD)/CBF1 activation complex to the CBF1 

binding elements on the promoter region of ABCC1 (47,48). Inhibiting NICD/ICN1 with 

shRNA of the Notch pathway was shown to markedly decrease the expression of ABCC1 and 

enhances the sensitivity of prostate CSCs to chemotherapy (47). Another study also reported 

that the reduction of ICN1 level resulted in the decreased expression of ABCC1 and 

consequently enhanced the sensitivity of drug-resistant breast cancer and leukemic cells to 

anticancer agents (48).  

 

The stem cell marker SOX2 enhanced the expression of ABCC3 and ABCC6 in a miRNA-9-

dependent manner in patient-derived glioma stem cells, resulting in significant 

chemoresistance (253). Nrf2 was also reported to play a role in promoting breast CSCs 

phenotype by upregulating the ABC transporters such as ABCC2, ABCC3 and ABCC5 in an 

autophagy-associated p62-dependent manner (254). Ryoo et al., 2016 also demonstrated a 

positive correlation between ABCB1 and Nrf2 that is associated with doxorubicin resistance 

in colon CSCs (254).   
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The functional relevance and mechanism underlying the overexpression of these ABC 

transporters for CSCs promotion and maintenance remains to be investigated (247). A better 

mechanistic understanding of how ABC transporter proteins are upregulated in response to 

chemotherapy could lead to development of therapeutic drugs that would prevent drug-induced 

CSCs formation (255,256).  

 

For these reasons, multi-targeting of ABC transporters inhibitors could potentially be utilised 

as a a potential strategy in treating CSCs within the tumour bulk. However, targeting a single 

ABC transporter and its associated signalling pathways is difficult as it usually results in the 

compensatory upregulation of other transporters and signalling pathways. Hence, single-

targeting agents could potentially lead to a more severe outcome due to the adaptive response 

of the cancer cells, which could lead to the development of even more CSCs.  

 

The examples presented of the crosstalk between programmed cell death and ABC transporters 

is only the ‘tip of the iceberg’, in that there may be numerous other mechanisms involved that 

are yet to be discovered.  

 

 

1.10 Cancer Stem Cells (CSCs) 

 

Aggressive tumours are associated with more pronounced stem cell-like gene expression 

signatures and features (257). Compelling evidence from experimental models and clinical 

studies demonstrate that CSCs contribute to the initiation, maintenance, and progression of 

tumours (258-260). A recent study utilising machine learning reported that distinct 
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characteristics of cancer progression such as epithelial-to-mesenchymal transition (EMT), 

metastasis, long-term self-renewal and therapeutic resistance are also linked to cancer stemness 

(261).  

 

The hallmarks of cancer described by Hanahan and Weinberg provide a rational framework for 

defining cancers by their biological principles (64,262). In this context, it is noteworthy that 

CSCs need to be considered in the next iteration of the hallmarks of cancer (262,263). 

However, our understanding of CSCs and their specific function and interaction both inside 

and outside the tumour bulk is still emerging. Classically, the CSC model describes the 

hierarchical organisation of cells where CSCs are a small subset of cells that possesses the 

ability to sustain tumorigenesis and generate heterogeneity through differentiation (264). 

However, a more recent model describes that CSCs can exist in a dynamic state that enables 

them to shift between a CSC and more differentiated states, which further adds to the 

heterogeneity and complexity of tumours (264,265). In this regard, CSCs represent the 

determining factor for cancer plasticity and malignancy. Indeed, recent investigations into the 

role of CSCs have made it clear that a diverse range of traits assist these cells to drive cancer 

aggression. These include plasticity, resistance to apoptosis, evading immunosurveillance via 

crosstalk with immune cells, dynamic conversion between quiescent and active state, altering 

metabolic profile and remodeled tumour microenvironment (TME) (Fig. 7). Here, we discuss 

how these CSC traits help them ‘hide in plain sight’, and that these traits co-exist; allowing 

tumour cells to offset survival pressures imposed by therapy, while driving malignancy. This 

review aims to summarise insights into these diverse traits of CSCs to encourage more 

comprehensive studies that will focus on these features collectively to allow for more effective 

cancer therapies in the future. 
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1.11   Key Traits of CSCs 
 

A pioneering study by Ben-Porath et.al. showed that embryonic stem cell (ESC)-like 

transcription program, associates with tumour dedifferentiation and aggressiveness in several 

cancer types (257). This was crucial for the understanding of the relationship between CSCs 

and normal somatic stem cells as it has been established that normal stem cells and CSCs share 

common signalling pathways underlying their stem cell properties. In line with this, a 

comparison of gene expression profiles for different types of quiescent stem cells, including 

CSCs, hematopoietic stem cells, muscle stem cells, hair follicle stem and neural stem cells, 

reveals an overlapping gene signature (266). It is now well-documented that CSCs and normal 

stem cells share similar transcription programs (257,261,267). Similar to normal stem cells, 

CSCs are characterised by unlimited self-renewal and the capacity to differentiate into more 

committed progeny; however, in the context of cancer cells, this hierarchy is not always 

unidirectional. A parallel explanation for the dedifferentiation observed in aggressive cancers 

was provided by Yamanaka and colleagues who were the first to show that fully differentiated 

cells can be reprogrammed back into induced pluripotent stem cells (iPSCs) by inducing 

expression of four transcription factors (268). These factors are the octamer-binding 

transcription factor 4 (OCT4), sex determining region y-box 2 (SOX2), Krüppel-like factor 4 

(KLF4), and MYC proto-oncogene protein (c-MYC), now known as the OSKM factors or the 

Yamanaka factors (268,269). Importantly, the same ESC-associated transcription factors are 

typically active in CSCs. Together with Nanog Homeobox (NANOG) they have proven 

essential for constructing classifiers that identify stemness signatures associated with 

aggressive tumour phenotypes and metastasis in various cancers (257,261,270). Indeed, 

molecular profiling studies in breast (271), colon (272), ovarian (273) and hepatocellular 
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carcinoma (274) tumours reveal distinct stem cell-like gene expression patterns that distinguish 

CSCs from non-CSCs in the tumour bulk (275).   

 

During the last two decades, a diverse range of transcription factors and cell surface markers 

have emerged for detecting CSCs and the maintenance of stem cell identity in different types 

of cancers. A wide set of markers and transcriptional signatures including cluster of 

differentiation (CD)24, CD44, CD133, NANOG and aldehyde dehydrogenase (ALDH) are 

broadly expressed in different cancers, including breast, glioblastoma, melanoma, pancreatic 

and prostate (276-281) (Table 1). Transcriptional signatures of such markers have generated 

significant interest due to their clinical relevance and high predictive outcome of patient 

survival (259).  
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Figure 7: An overview of CSC traits that sustain and drive malignancy in tumours.  

The traits of CSCs that drive tumour aggression include: A) promoting heterogeneity; B) driving 

plasticity via EMT; C) maintaining self-renewal; D) escaping immunosurveillance; E) promoting 

metastatic potential; F) developing resistance to apoptosis; G) switching between active or quiescent 

state; H) altering metabolic profile; I) remodelling TME; and J) therapy resistance.  
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1.12  Cancer Stem Cells and Tumour Heterogeneity 
 

A significant trait of CSCs is their ability to drive therapy-resistance and cancer recurrence 

through tumour heterogeneity (259) (Fig. 7A). It is well understood that the majority of 

tumours exhibit extensive degree of phenotypic and functional heterogeneity. These 

heterogenetic  effects can arise from cellular-intrinsic factors (genetic and epigenetic 

differentiation); and/or extrinsic factors (i.e. signals from the microenvironment at different 

spatial locations) (282). Furthermore, these intrinsic/extrinsic factors can further integrate and 

collaborate which enhances tumour heterogeneity and plasticity (283). The classical clonal 

evolution model suggests that intratumoral heterogeneity occurs due to acquisition of 

sequential genetic mutations, which provide the tumour a growth advantage and clonal 

expansion (265,284). Historically, cancer diagnosis and treatment predominantly focused on 

the cytogenetic, molecular and biochemical changes within the tumour bulk (285). However, 

it has become evident that cancer is a heterogeneous disease and that intratumoral 

heterogeneity provides a ‘survival’ advantage to tumours during environmental selection 

pressures (286), leading to therapeutic failure and disease progression (287).  

 

While genetic heterogeneity has been a long-standing focus in cancer progression, non-genetic 

(i.e., phenotypic and epigenetic) heterogeneity has attracted recent attention for cancer 

malignancy and plasticity.  Indeed, ‘loose’ epigenetic constraint on tumour cells contributes to 

the enhancement of plasticity which favors cancer cells to increased adaptability and resistance 

to therapies (288). Cancer cell plasticity (i.e. EMT), which best explains this concept is 

discussed in Section 1.12 (283). Epigenetic regulators, such as signalling pathways, DNA 

methylation and chromatin modulation are also involved in CSCs heterogeneity and 

therapeutic resistance and discussed in Section 1.18.  
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The heterogeneity within solid tumour types had been well-profiled, however, it remains 

unclear how this heterogeneity directly contributes to treatment failure and tumour progression. 

Advanced single-cell genomic RNA sequencing (RNA-seq) has enabled the characterisation 

of the CSC population through genetic lineage tracing. For instance, RNA-seq studies revealed 

that a tumour within a single patient has extensive intratumoral heterogeneity, where multiple 

genetically distinct subclones of CSCs also have varying degree of transcriptomic and 

telomerase activities (288-294). Furthermore, it is becoming apparent that within these distinct 

clusters, different populations of cells are subjected to different fates, while progenitor 

populations are not as restricted to their predetermined fate as previously thought (295). Such 

results raise more questions – are all cancer cells CSCs with different degrees of ‘stemness’ in 

them and if that is the case, how can we identify these clusters of cancer cells to be 

subpopulations of CSCs?  

 

Single-cell RNA Seq has also enabled tracing of tumour lineages. Early lineage tracing was 

performed via visual tracking of cells over time, employing several different strategies, such 

as injection of dyes into a single founder cells and engraftment of cells from one species to 

another (296,297). Later, the development of fluorescent-activated cell sorting (FACS) has 

enabled the isolation of single cells into multi-well formats to assess whether each cell has the 

potential to sustain tumour growth. However, advancement of next-generation single cell 

sequencing has also enabled us to overcome limitations associated with imaging-based lineage 

tracking by using cell-specific DNA barcoding through several lentiviral transduction-based 

strategies. It works on the basis that each founder cell is transduced to contain a unique DNA 

barcode even if they occur in proximity, giving them ‘fingerprint-like’ identities. The presence 

of these DNA barcodes on different clones has enabled studies of clone complexity in vitro 
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and following in vivo xenograft transplantation to varying degree (298). Indeed, the 

development of the watermelon system, with green and red fluorescent reporters, can 

simultaneously trace clonal lineages and transcription as well as establish the proliferative state 

of each cell in a population. This system enabled the identification of persister cell/CSCs 

lineages that are preferentially poised for proliferation while under drug pressure, as well as its 

associated signalling molecules that are involved (299).  

 

In line with this, Nik-Zainal et al. have shown that while breast cancer evolves through the 

acquisition of driver mutations and subsequent clonal expansions, most mutations are found in 

just a fraction of subclones within the tumour bulk (300). This implies the presence of long-

lived lineages of cells that accumulate many mutations with minimal expansion until they are 

triggered by events that cause them to expand their subclones into a dominant final rate-

limiting step in the development of breast cancer (300). While this study provides a snapshot 

of the lineage history of breast cancers, more importantly, it provides insights into the extensive 

genetic variability in cancer subtypes (301,302). As such, cancers are not simply a ‘bag’ of 

homogenous malignant cells but rather a complex ecosystem of tumour cells including 

infiltrating cells such as stromal and immune cells and other TME factors. Collectively, these 

play a crucial role in influencing the function of tumour as a whole (259). This intricate tumour 

ecosystem provides enhanced tumour fitness (tumour-immune cell interactions), enabling them 

to withstand therapy (286). Understanding the fundamental traits of how CSCs hide within the 

tumour bulk is essential in the development of effective therapeutic strategies.  
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1.13   Cancer Stem Cells and Tumour Cell Plasticity   

 

The early model of how CSCs generate tumour heterogeneity described a strict unidirectional 

hierarchy where tumours develop in a manner like normal stem cells differentiating into 

multiple cell lineages of a tissue. In this context, only a limited subpopulation of tumour cells 

is responsible for tumour initiation and maintenance (265,303). While this initial CSC model 

has generated considerable interest it also remained a controversial and debated topic (259). 

Over the past decades, it is becoming clear that not all cancer types follow this strict CSC 

model (259). For instance, in some tumour types, it is nearly impossible to distinguish CSCs 

from non-CSCs, because the majority of cells within the tumour bulk possess CSC properties 

(259). This could be attributed to several factors including the advanced stages of cancer and 

the development of therapy-resistance. Recently, emerging studies have identified the 

existence of a dynamic bidirectional conversion (fluid CSC model) between subpopulations of 

CSCs and non-CSCs (304-306) (Fig. 7B). For instance, an in vivo breast cancer model 

displayed dynamic equilibrium between CSCs to non-CSCs, where subpopulations of 

CD44+/CD24- and ALDH enriched breast CSCs displayed a dynamic conversion between 

these differentiation states (305). In another study, interleukin (IL)-6 was shown to mediate a 

dynamic equilibrium between CSCs and non-CSCs in both breast and prostate cancer models 

(306).  

 

Another example of intrinsic plasticity of CSCs supporting the fluid CSC model was provided 

in melanoma, using H3K4 demethylase, JARID1B (KDM5B/PLU-1/RBP2-H1), as a 

biomarker of slow cycling melanoma cells (307). The small subpopulation of JARID1B-

enriched cells was essential for continuous tumour growth and metastatic progression in 

established melanomas. Importantly, while JARID1B+ cells were shown to give rise to highly 
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proliferative heterogeneous JARID1B- and JARID1B+ progeny, a single JARID1B- cell can 

also develop into JARID1B+ cells. This study supports that tumour initiation is not necessarily 

linked with tumour maintenance and substantiates the non-directional hierarchy and dynamic 

conversion between CSCs and non-CSCs (307).  

 

In line with this, even circulating tumour cells (CTCs) derived from a primary colon cancer 

comprise heterogenous subpopulations which differentially contribute to overall clinical 

outcome (308,309). The CXCR4+/CK20+ circulating differentiated cell population, was non-

tumorigenic but still able to disseminate and survive in tissues other than their primary location. 

Conversely, CD45−/CD133+ cells (typical of colon CSCs) were highly tumorigenic, exhibited 

higher metastatic potential, and were associated with a poorer survival outcome (308).  

 

As the molecular profile is diverse in CSCs and non-CSCs, developing therapies that target a 

distinct profile unique to one of these subpopulations is likely to fail. This is reflected by the 

high recurrence rates in many aggressive cancers. Hence, the plasticity of CSCs represents a 

huge challenge in developing precise targeted therapies (259,310). Moreover, the ability of 

CSCs to dynamically transition between EMT states contributes to the inherent plasticity and 

extensive heterogeneity among CSCs (282). This subsequently affects the TME, stromal cells, 

and tumour composition (282). CSCs can modulate tumour plasticity more so than non-CSCs, 

and these patterns are evident in their ability to drive tumour progression (e.g., self-renewal 

capacity) (258,275). This unique ability to evade therapy by ‘hiding’ within the tumour bulk, 

makes CSCs a moving target that is clinically challenging to overcome (311). Deep 

understanding of the determinants of the CSC plasticity will be required for the development 

of more effective therapies targeting this perplexing but common trait of CSCs.  

 



 

56 

 

1.14  Cancer Stem Cells and Long-term Self-renewal Capacity 
 

A crucial phenotypic behaviour of CSCs is their self-renew ability in driving the initiation and 

maintenance of tumour growth (Fig. 7C) (241,312). Ivanova et. al, identified that in addition 

to the core stemness factors, NANOG, OCT4, and SOX2, a set of other transcription factors, 

such as estrogen related receptor β (ESRRB), T-box transcription factor 3 (TBX3), and T-cell 

leukemia/lymphoma 1 (TCL1), were required for self-renewal of ESCs in vitro (313). While 

these markers are important for providing insights into cancer stemness, multiple 

developmental signalling pathways are involved in driving self-renewal in CSCs. Indeed, 

dysregulation of several signalling cascades such as the Wnt, sonic hedgehog (Shh), Notch and 

the BMI1 pathways underlie the self-renewal and tumorigenic capacity of CSCs (314,315). 

Notably, BMI1 is overexpressed in both spheroidal and adherent monolayer cell populations 

of patient-derived oral cancer xenografts, and inhibition of BMI1 attenuates self-renewal of 

oral CSCs by inducing cell cycle exit and cell death (316). In contrast, temozolomide, the 

standard-of-care chemotherapy for glioblastoma, failed to inhibit self-renewal of CD133+ 

glioma CSCs mediated by the Shh-GLI signalling (317). However, inhibition of smoothened 

(SMO), a signalling molecule in the Shh pathway, efficiently reduced glioblastoma stemness 

(317). These examples provide insights into mechanisms underlying the failure of conventional 

therapeutic drugs in many cancers. Hence, targeted inhibition of developmental pathways 

exploited by CSCs may offer a potential therapeutic strategy to ameliorate CSC self-renewal.  

 

1.15  Cancer Stem Cells and Metastatic Potential 
 

Paget once proposed the idea that tumours are ‘seeds’ of cancer that seek out ‘fertile soil’, 

representing a well-known paradigm for the propensity of some cancer cells to initiate tumours 
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at non-orthotopic sites (318). CSCs possess traits important for metastatic potential and recent 

findings demonstrate that CSCs directly and indirectly contribute to tumour metastases (Fig. 

7E).  

 

In breast cancer, CSC markers, CD24, CD29 and CD49f, play a critical role in mediating 

metastases for TICs isolated from Brca1-associated in vivo model (319). Importantly, the 

CD24/CD29+/CD49f+ population displayed higher metastatic potential than 

CD24−/CD29−/CD49f− both in vitro and in vivo in allograft nude-mice (319). In the same 

study, reduced expression of E-cadherin and β1/α6 integrin were responsible for mediating the 

cell-cell adhesion and CSCs–stroma interaction, leading to enhanced CSC metastatic activity 

(319).  

 

Another putative CSC marker, CD133, correlates with high-grade tumours and poor patient 

survival while also exhibiting high metastatic potential in oligodendroglial tumours (320), 

rectal carcinoma (321), gastric adenocarcinoma (322), non-small cell lung cancer (NSCLC) 

(323), lung adenocarcinoma (324), and rhabdomyosarcoma (325). In colorectal cancer, the 

combination of CD133, CD44, and CD166 predicted patients at low-, intermediate-, and high-

risk of recurrence and metastases (280). Similarly, in pancreatic cancer, a distinct population 

of CD133+/CXCR4+ CSCs was shown to be highly tumorigenic and metastatic, and the 

elimination of these CSCs abrogated the metastatic activity of pancreatic cancer cells (326). 

The CXCL12/SDF-1  and CXCR4 axis appear to regulate the metastatic potential of pancreatic 

CSCs (326).  

 

A commonly described CSC marker, SOX2 has been shown to enhance metastatic activity by 

inducing cell invasion, proliferation, and survival (327,328). For example, upregulation of 
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SOX2 in triple-negative breast cancer (TNBC) cell lines and clinical tissues is associated with 

shorter overall and disease-free survival (329). Similarly, another developmental 

transcriptional factor, sine oculis-related homeobox 2 (SIX2), which plays a key role in kidney 

development, regulates breast CSCs metastatic colonisation (330). Importantly, SIX2 promotes 

SOX2 and downstream NANOG expression, leading to increased metastatic colonisation and 

poor clinical outcome in TNBC (330).  

 

A subpopulation of cells known as circulating tumour cells (CTCs) are proposed to represent 

a subset of CSCs found in circulation (331-333). CTCs have been gaining attention as a liquid-

biopsy and non-invasive tool to investigate the mutational landscape of progressing cancers 

(331-333). CTCs acquire metastasis-initiating capacity through crosstalk and the clustering of 

CTCs lead to epigenetic remodeling such as the hypomethylation of binding sites that typically 

occupied by stemness markers such as OCT4, NANOG, SOX2, and SIN3A (334). 

Furthermore, according to Liu and colleagues, CD44+ mediates CTCs aggregation and these 

enriched CTCs clusters mediate the metastasis-initiating properties in TNBC (335). Similarly, 

in other multiple breast cancer models, E-cadherin acts as a survival component during 

detachment, systemic dissemination, and subsequent seed phases of metastasis via limiting 

ROS-mediated apoptosis (336). Recent evidence also identified a hybrid 

epithelial/mesenchymal (E/M) phenotype, which is believed to favor stemness traits (337,338). 

Indeed, several tumour types such as breast (339-341), pancreatic (342), prostate (343), 

rhabdomyosarcoma (344,345) and ovarian carcinoma revealed a mixed population of not only 

epithelial and mesenchymal but also hybrid E/M phenotypes with quasi-mesenchymal states. 

The latter hybrid phenotype has recently been linked to enhanced cancer stemness and 

metastasis. For instance, in breast cancer, the hybrid E/M state of CSCs is driven by Snail and 

canonical Wnt signalling, while CSCs switch to the mesenchymal state when regulated by zinc 
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finger E-box-binding homeobox 1 (ZEB1) and non-canonical Wnt signalling (339,340). As 

such, these cells can rapidly switch phenotypes to exploit microenvironmental cues to promote 

their survival, proliferation, and migration (346). Significantly, this crucial trait of CSCs 

provides them with the advantage to promote metastases.  

 

It is becoming increasingly clear that CTCs could be treated as a precursor for CSCs. However, 

the mechanism causing the CTCs to shed from tumours have not been fully characterised and 

need further studies. Till this day it is unclear if CTCs represent the entire makeup of CSCs or 

just a subset. Another challenge will be to characterise these subpopulations of CTCs and 

whether these subsets cause different clinical outcomes for patients.  

 

1.16  Switching between Active and Quiescent States in Cancer Stem Cells  
 

Dormancy, a common trait of CSCs, is broadly defined as a stalled phase of cancer progression 

and slow cycling state where cancer cells have ceased proliferation (Fig. 7G). However, 

dormancy is also linked to tumour recurrence and metastatic spread after a lag period, years 

after the removal of the primary tumours (258,307,347,348). In the dormant or quiescent ‘off’ 

state, CSCs remain in G0/G1 phases of the cell cycle. The concept of quiescence in CSCs has 

shifted over the years. The original concept was that CSCs become quiescent by default, which 

is when there is lack of support for their ongoing proliferation, such as during nutrient 

deprivation or contact inhibition (266). However, later research has focused on the ability of 

CSCs to preserve key cellular functions via active adoption of the quiescent state.  

 

Recent studies report that intrinsic signalling pathways work as partners in crime with tumour 

dormancy. For instance, according to Malladi et al., latency competent cancer (LCCs) cells 
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selected from breast and lung tumours exhibit latent, slow-cycling, metastatic and increased 

stem-like features (SOX2high/SOX9high) (349).These LCCs are able to enter a self-imposed NK-

cell-mediated immune evasive quiescence while retaining metastatic capacity by actively 

inhibiting WNT signalling via dickkopf-related protein 1 (DKK1) (349). In another study, the 

metastasis-associated urokinase receptor (uPAR) interacts and activates α5β1-integrins and 

consequently recruits focal adhesion kinase (FAK) and the EGF receptor (EGFR), which 

further activates the ERK signalling of the mitogen-activated protein kinase (MAPK) pathway, 

which ultimately leads to tumour expansion (350,351). Inhibition of uPAR, FAK or EGFR in 

turn leads to tumour dormancy and tumour suppression in vivo (350,351). In another study, the 

inhibition of uPAR also leads to the activation of p38 of the MAPK signalling pathway which 

favours cellular dormancy. Interestingly, the activity ratios between these key players were 

found to determine tumour proliferation or dormancy in vivo (352). Further, the MYC 

oncogene, widely known to crosstalk with several signalling pathways, has also been reported 

to promote tumour dormancy as long as MYC remains inactivated, while reactivation of MYC 

restores neoplastic features. Moreover, dormant tumour cells and restored active tumour cells 

retained identical molecular signatures, which further suggest that oncogene inactivation can 

lead to cancer cells resuming physiological programs whilst retaining their latent oncogenic 

potential (353). Unlike differentiated and proliferating cancer cells that are subjected to 

immune cell clearance at the primary tumour site, CSCs enter quiescence which enables them 

to stay ‘hidden’ and enter the bloodstream and evade the surrounding immune response (349). 

Under the optimal condition, this unique trait enables CSCs to exit dormancy and colonise at 

metastatic sites. 

 

The TME also plays a crucial role in modulating and maintaining the balance of CSCs 

dormancy and reawakening at metastatic sites (351). Hypoxia, a crucial component of the 
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TME, inhibits cell proliferation and enhance stemness by downregulating MYC and further 

drive stemness by promoting active undifferentiated state, consequently promoting dormancy 

via the TGF-β and WNT pathway (354,355). The angiogenic switch between the ‘on’ and ‘off’ 

states, which enables CSCs to maintain or exit dormancy is regulated by TME-associated 

factors and angiogenic stimulators such as pro-angiogenic vascular endothelial growth factor 

(VEGF), platelet-derived growth factor (PDGF), anti-angiogenic thrombospondin-1, 

angiostatin, endostatin and prosaposin (258,356,357). In breast cancer, heat shock 27 (HSP27) 

balances the angiogenic switch between tumour dormancy and progression (358). Indeed, 

reduced secretion of VEGF-associated factors such as VEGF-A and VEGF-C are associated 

with the downregulation of HSP27, leading to long-term dormancy in vivo (358).  

 

Dormancy is well documented to contribute to the early stages of tumour development and the 

formation of clinically undetectable metastatic foci (359). However, little is known about how 

and why CSCs enter and exit dormancy and how mechanisms involved in this regulation 

crosstalk with other ‘traits’ of CSCs. As a result, CSCs remain a major obstacle in combating 

many therapy-resistant cancers. Understanding the mechanism of CSCs dormancy would help 

to determine disease dormancy in patients and this knowledge will be instrumental in 

identifying predictable biomarkers and preventing delayed metastasises in cancer patients.  

 

As drug-tolerant persister cells (DTPCs) share similar traits as CSCs, research into DTPCs high 

plasticity state and propagation has sparked interest. DTPCs are widely recognised for their 

increased tolerance to therapies, dormancy, slow-cycling and reversible quiescent state. The 

quiescent state allows them to survive for long periods of time (from weeks to months) during 

stressful TME conditions and drug treatment. The termination of drug administration, termed 

‘drug holiday’, provides a ‘stress-relief period’ and a window of opportunity for tumours to 



 

62 

 

develop resistance to the original drug, during which DTPCs can acquire mutation-driven 

resistance mechanisms enabling them evolve into clinically relevant drug-refractory cells (360-

363). 

 

At present, the genesis of DTPCs state can conceivably be explained through several models. 

The Darwinian selection model (classical natural selection theory) proposes that the tumour 

bulk consists of ‘pre-existing’ stem-like DTPCs that can be selected for and enriched in 

response to therapies. This theory aligns with pre-existing slow-cycling JARID1B melanoma 

cells and ZEB2-expressing colorectal cancer cells that exhibit stemness and EMT features 

(364,365). On the other hand, the Lamarckian selection model proposes that DTPCs do not 

pre-exist within the tumour but are induced by therapies through different epigenetic 

modifications. The latter model is frequently reflected by a dynamic fluctuation of several 

resistance-related markers, such as drug efflux transporter ABCB1 (366). This ‘short-term' 

phenomenon is often called an internal ‘transcriptional noise’, employed by cancer cells as a 

‘defence system’ to fight and protect against external noise (i.e., drug exposure and a stressful 

TME). The increasing duration of therapy exposure could result in a transient and fluctuating 

noise survival mode, which could result in reprogramming cancer cells into a more adaptive, 

stable, and dormant state. This process could resemble a drug-refractory state and result in 

establishing DTPCs pools (362,367,368). The co-existing model proposes the coexistence of 

the Darwian and Lamarckian models, whereby DTPCs exist in varying tolerant states with 

varying degrees of epigenetic modulation (362,369). While the research in the field of DTPCs 

has attracted much attention the mechanisms governing its highly plasticity state and 

propagation remain largely unknown.  
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1.17  Metabolic Profile of Cancer Stem Cells  
 

Another unique trait of cancer is the ability to rewire the metabolic profile to adapt to the lack 

of nutrients by generating metabolic intermediates that ensure tumour survival and growth 

(370) (Fig. 7H). In contrast to normal differentiated cells, which rely heavily on mitochondrial 

oxidative phosphorylation, cancer cells switch their energy production predominantly to 

aerobic glycolysis. Although aerobic glycolysis (also called the ‘Warburg effect’) was 

classically thought to be an ‘inefficient’ way to generate ATP, cancer cells utilise this process 

to their advantage as it is faster than oxidative phosphorylation. Indeed, numerous studies have 

demonstrated that cancer cells switch from oxidative phosphorylation to aerobic glycolysis to 

acquire and metabolise nutrients conducive to proliferation, maintenance and survival, rather 

than efficiently producing ATP (370). 

 

CSCs that originate from primary tumours prefer utilising glycolysis at different stages of their 

progression. This has been recently demonstrated by hexokinase 2 (HK2), a key enzyme in 

glucose metabolism under aerobic conditions, regulating mitochondrial homeostasis by 

binding to mitochondria through its interaction with voltage dependent anion channels 

(371,372). In ovarian cancer cells, HK2 regulated stemness and invasion via CSC signalling 

markers, FAK, Ras–ERK1/2, MMP9, NANOG, and SOX9 (373), while the high metabolic 

rate and stem cell characteristics of oesophageal squamous cell carcinoma were dependent on 

the Hsp27-AKT-HK2 signalling cascade (374). Similarly, in lung carcinoma CSCs, the 

collagen XVII-regulated OCT4-HK2 axis plays a crucial role in metabolic reprogramming and 

maintenance of CSC-like features (375). HK2 is a marker of NSCLC CTCs independent of the 

expression of cytokeratin proteins (376). Importantly, prevalence of HK2high/CKneg  CTCs in 

peripheral blood predicts poor therapeutic response and shorter progression-free survival in 
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NSCLC patients (376). In gliomas, HK2 expression is significantly upregulated compared with 

non-neoplastic brain tissues and increases with glioma grade (377). While HK2 promotes 

tumorigenicity of glioblastoma cells, it is inhibited by the microRNA (miR) miR218/Bmi1 

pathway. Silencing of HK2 or its downregulation by miR218/Bmi1 decreased proliferation, 

migration and invasion, and tumorigenic potential of glioblastoma cells (377). Together, HK2 

appears as a promising protein to be exploited as a CSC marker or a therapeutic target to 

eradicate CSCs. 

 

Altered metabolism in tumour cells arises due to a variety of factors such as TME, activation 

of oncogenes or loss of tumour suppressors, and mitochondrial DNA mutation/impairment 

(378). Despite being impaired, such mitochondria are still functional and can be utilised to 

drive stemness in CSCs (370). CSC reliance on aerobic glycolysis or oxidative metabolism is 

cancer type-dependent (379,380). For instance, when compared to non-glioma CSCs, glioma 

CSCs exhibit low glucose consumption, low lactate production, high ATP generation and 

mitochondrial oxidation to meet their higher energy demand (381). Conversely, lung CSCs 

exhibit lower oxygen consumption, low ATP and reactive oxygen species (ROS) but high 

mitochondrial membrane potential and low glucose metabolism (382). Pancreatic CSCs 

demonstrate low metabolic plasticity and dependence on oxidative phosphorylation (380). 

CSCs can also retain a high energetic state (termed e-CSCs). These e-CSCs are metabolically 

active, proliferative, and utilise mitochondrial oxidation metabolism, as evidenced by their 

higher mitochondrial mass and elevated levels of glycolytic and mitochondrial activities (383). 

Furthermore, breast cancer e-CSCs show high capacity of anchorage-independent propagation 

in spheroids (383). However, attempts to utilise mitochondrial metabolism as a reliable 

biomarker to differentiate CSCs from non-CSCs in tumours remains elusive (384).  
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Several studies suggest that CSCs prefer anaerobic glycolysis. For instance, breast CSCs 

display high glycolytic metabolism, low oxidative phosphorylation and reduced mitochondrial 

activity relative to non-tumorigenic cancer cells (385). Similarly, osteosarcoma CSCs exhibit 

higher glycolysis and decreased oxidative phosphorylation, compared to their non-CSCs 

counterparts (386). However, CSCs can utilise several metabolic pathways and dynamically 

shift between these to adapt to nutrient availability and overcome cancer therapy (384). For 

example, glioma CSCs make use of glycolysis, ketones, fatty acid oxidation and glutaminolysis 

to produce energy, which renders them resistant to standard therapies (381). This also raises 

the question of whether CSCs can enable and assist non-CSCs to withstand TME stressors and 

switch metabolic profiles to sustain tumour progression. Of note, pro-metastatic metabolites 

such as citrate, glutamine, and acetyl-CoA generated by CSCs regulate the activity of rate-

limiting metabolic enzymes, which in turn reinforces the metastatic cascade (387,388). These 

tumour-derived pro-metastatic metabolites regulate and influence CSC cell fate, as well as the 

promotion of stemness, alleviation of oxidative stress, and induction of matrix 

metalloproteinases (387,388). Crucially, this unique trait of CSCs to dynamically switch and 

rewire their metabolic activity enables them to survive in circulation and sustain tumour 

progression, while simultaneously being ‘disguised’ within the tumour bulk.    

 

 

1.18   CSC Niche and Interactions with the Tumour Microenvironment  
 

The TME consists of endothelial cells, mesenchymal cells, immune cells, extracellular matrix, 

and a network of cytokines and growth factors that cross talk with CSCs (389,390) (Fig. 7I & 

8). Like normal stem cells, increasing evidence reveals that the TME niche has a direct 

influence on CSCs properties and maintenance such as self-renewal, as well as serving as a 
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physical barrier to drug delivery (389-391). Contrary to a normal stem cell niche, the CSC 

niche continuously promotes the malignant phenotype of CSCs, and thus is implicated in 

cancer resistance and metastasis (392-395). The interplay between CSCs and TME is an area 

of high interest, especially for developing better therapeutic modalities.  

 

Cancer associated fibroblasts (CAFs) represent an essential component of TME that 

contributes to tumour invasion and metastasis (396-398) (Fig. 8). In prostate cancer, CAFs 

enhance CSC growth by increasing spheroid formation (399). Co-injection of prostate CSCs 

and CAFs into immunocompromised mice increased the number of neoplastic lesions greater 

than with normal fibroblasts (399). 

 

The TME can also induce cancer stemness through the release of EMT-inducing signals IL-6 

and TGF-β, which influence CSC cell fate via the Notch-Jagged signalling pathway. JAG1 

knockdown significantly impaired tumour organoid formation potential in TNBC cells and 

CSCs with the mesenchymal phenotype localised to the invasive edge of the tumour, whereas 

CSCs with the epithelial/mesenchymal phenotype localised to the tumour core (400). Crucial 

markers of EMT such as Twist, Snail and Forkhead Box C2 (FOXC2) support mesenchymal 

properties in breast CSCs within the TME (401-403). These cells efficiently form 

mammospheres and exhibit a unique CD44high/CD24low signature (401-403). In pancreatic 

CSCs, a similar phenomenon was also observed. Cells exhibit an EMT phenotype, with 

enhanced sphere-forming ability and increased CSC markers, including SOX2, NANOG, 

OCT4, LIN28B and NOTCH1 (404).  

 

Tumour associated macrophages (TAMs) are a crucial type of immune cell that reside within 

the TME and promote tumour angiogenesis, invasion and metastasis (405). Compelling 
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evidence indicated a strong interaction between TAMs and TME in promoting CSCs properties 

in numerous cancer types (Fig. 8). For instance, TAMs density is correlated with to localise to 

areas of cells enriched with CSCs-specific markers (406-408). 

 

Specifically, TAMs have been reported to be dependent on TME-secreting factors such as 

colony stimulating factor (CSF)-1, IFN-γ, TGF-β and cytokines to facilitate tumorigenicity 

(409-411). In another study, TAMs were found to promote CSCs-like properties via the TGFβ-

induced EMT and the depletion of TGF-β, led to the decreased expression of Bmi1 and Klf4, 

and consequently resulted in the inhibition of migration, invasion and stem-like characteristics 

in hepatocellular carcinoma (HCC) cells (412). According to Huang et al., TAMs-secrets CCL5 

that drives migration, invasion and EMT of prostate CSCs via β-catenin/STAT3 signalling 

pathway (413). In line with this, CCL5 knockdown in TAMs suppressed prostate cancer 

growth, bone metastasis and prostate CSCs activity in vivo (413). Furthermore, CD68+ (a 

highly glycosylated lysosomal membrane protein that is often used as a molecular marker of 

TAMs) showed a positive correlation with EpCAM-positive HCC tissues, which was strongly 

associated with poor cancer-free survival and overall survival in patients (412). TAMs has also 

been reported to induce EMT through the release of IL-6 and IL-8 to activate the 

JAK2/STAT3/Snail pathway (414,415), whereas TAMs was found to regulate stemness via the 

STAT3/EGFR/SOX2 signalling in breast CSCs (416). 

Another crucial component of the TME are endothelial cells, which can affect CSC phenotype 

via cytokines and growth factor (416) including soluble Jagged-1, which activates the Notch 

signalling pathway and promotes acquisition of a CSC phenotype in colorectal carcinoma cells 

(Fig. 8). The CSC phenotype was characterized by CD133 expression and associated with 

increased self-renewal, sphere-forming capacity, and enhanced tumorigenicity (417). In line 

with this evidence, ablation of Notch reduces the number of CD133+ CSCs in glioblastoma 
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(418). Endothelial cell production of IL-6, promotes self-renewal and sphere formation in head 

and neck SCC (419), while endothelial cell ablation decreases ALDH+/CD44+ CSCs  in vivo 

(420). In head and neck SCC, epidermal growth factor (EGF) secretion by endothelial cells 

induced the EMT and CSC phenotypes and in vivo, EGF-silencing led to less invasive tumours 

and a reduced fraction of ALDH+/CD44+ stem-like cells (421).  

 

Vasculogenic mimicry is another unique trait which enables CSCs to hijack vasculogenic 

signals to maintain their stemness and blood supply via the expression of endothelial associated 

genes and formation ECM-rich vasculogenic-like networks (422). In melanoma, 

subpopulations of ABCB5+/CD133+ CSCs also express CD144+ (also known as vascular 

endothelial-cadherin) conferring vasculogenic mimicry (279). Likewise, VEGF secretion by 

endothelial cells stimulates VEGFR-2 expression in glioma CSCs  maintaining stemness and 

tumour initiation, while also enabling glioma CSCs to initiate tumour vascularisation (423). 

Knockdown of VEGF-2 markedly decreased Glioma CSC self-renewal capacity, tubule-

forming ability, and the establishment of vasculogenic mimicry in gliomas (423).  

 

Hypoxia is a hallmark of the TME and an important regulator of stem-cell properties (e.g., self-

renewal and multipotency) (424-426) (Fig. 8). Cells of solid tumours such as the breast (427), 

pancreatic (428), small-cell lung carcinoma (429), neuroblastoma (429) localised in the 

hypoxic zones are highly tumorigenic, migratory, and invasive. Mechanistically, hypoxia 

influences the invasive and migratory behavior of cancer cells via EMT (67). The key 

mediators of the hypoxia response are the HIFs, particularly HIF1α and HIF2α (430,431). High 

expression of these transcription factors is associated with poor prognosis across diverse cancer 

types. Indeed, HIFs regulate CSC features such as self-renewal, sphere formation, and 

migration by upregulating the stem cell factors NANOG, OCT4, and c-MYC (432,433). 
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Furthermore, hypoxia contributes to the immunosuppressive ability of glioma CSCs on Tregs 

and M2 macrophage via the induction of STAT3 and HIF1α (434).  

 

While HIF1α and HIF2α share very similar homology, HIF1α is more ubiquitously expressed 

(430,431). As an oncogene, HIF1α promotes tumorigenesis via proliferation, glycolysis, and 

metastasis across several types of solid tumours, including breast, brain, and colon cancers 

(435,436). However, the role of HIF2α in tumorigenesis is underexplored and poorly defined. 

Like HIF1α, HIF2α correlates with worse prognosis in different types of cancers including 

NSCLC (437), breast (438) and HCC (439). In recent years, there has been increased interest 

in elucidating the function of HIF2α, which may play a more prominent role in the context of 

CSCs compared to non-CSCs (440-442). Indeed, HIF2α directly contributes to glioma CSCs 

activity and phenotype, whereas HIF1α plays a more passive role in the maintenance of glioma 

CSCs by promoting cell survival (443). Silencing HIF2α in glioblastoma cells disrupted their 

CSC phenotype, by reducing their proliferative and self-renewal capacity (441).  In renal 

cancer cells, HIF2α is involved in the expansion of CXCR4+ CSCs (442). Hypoxia and a 

hypoxic TME favor the enrichment of CSC-like tumour cells both in vitro and in vivo breast 

cancer models (444-447).  

 

Inflammatory cytokines in the TME play a crucial role in communicating and regulating the 

fate of CSCs; phenotype acquisition, invasion, metastasis, and angiogenesis (448) (Fig. 8). 

Cytokines such as IL-6, IL-8, CCL2 and TGF-β are frequently upregulated in breast 

carcinomas. Activation and generation of the IL-6 feedback loop mediates trastuzumab 

resistance in HER2+ breast tumours by expanding the CSC population with the EMT 

phenotype via inactivation of PTEN in the nuclear factor-κB signalling pathway (449). The 

reduction of IL-6 or blockade of the feedback loop reduced tumour growth and metastases in 
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murine xenografts, and desensitised breast cancer cells to trastuzumab (449). Another instance, 

TGF-β modulates EMT and CSCs decision making in human breast cancer cells by triggering 

Notch-Jagged signaling (400). The knockdown of JAG1 significantly impairs tumour organoid 

formation potential in TNBC cells (400). In brain tumours, CSCs secrete VEGF to promote 

angiogenesis (450), in turn stimulating CSC proliferation (451). TGF-β was also found to 

induce EMT in cells with stem cell properties (452), stimulate angiogenesis (453) and act as a 

chemoattractant for macrophages infiltration into the tumour niche (454).  

 

The ECM is a non-cellular component of the TME, which consists of protein, proteoglycans, 

glycoproteins and polysaccharides with different physical and biochemical properties (455) 

(Fig. 8). The ECM is involved in various cellular processes, including cell migration, 

proliferation and differentiation (456), and acts as a physical barrier that limits the diffusion of 

chemotherapeutic agents inside the tumour bulk, thus protecting and maintaining CSCs (457). 

Cell contact with the ECM is pivotal for tumour cells into acquire a CSC phenotype (455). 

These components within TME promote a CSCs phenotype, and thus, could represent a 

potential future strategy to target and inhibit CSC initiation and survival.  

 

1.19   CSCs developing resistance to therapies  
 

One of the main ‘traits’ of CSCs, which also poses the biggest challenge in the clinic is the 

development resistance to therapies (458) (Fig. 7J). The capability of CSCs to enter dormancy 

contributes and enables them to evade antineoplastic drugs and irradiation since these are 

mainly effective against proliferating cancer cells (359). The first study of its kind was reported 
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in AML whereby the CD34+/CD38− CSC population in AML cells reflected a higher 

percentage of chemotherapy-resistant cells with poorer prognosis (459-461). 

 

CSCs also express high levels of ABC transporters mainly ABCB1, ABCC1 and ABCG2 (27). 

Pioneering studies by Kim et al., reported a link between ABC transporters and CSCs where a 

subpopulation of cells isolated from mouse hematopoietic cells expressed high levels of 

ABCG2 and ABCB1, which led to lower substrate retainment within cells (462,463). Indeed, 

ABCG2 gene was found to be an important determinant for the isolation of CSC and cancer 

stem cells.  

 

In line with the earlier studies in AML, de Grouw et al., reported a significant difference in the 

gene expression of several members of the ABC family transporters of normal primitive 

CD34+/CD38− AML malignant stem cells and its more committed CD34+/CD38+ progenitor 

cells (248). Of the 45 screened ABC transporters, 40 were detectable in both the CD38+/CD34- 

leukemic and normal progenitor cells. Several ABC transporters (ABCB1, ABCA3, ABCA4, 

ABCA5, ABCA13, ABCB5 ABCC1, ABCC7, ABCC9, ABCC11 and ABCG4) correlated 

with CD38+/CD34- and its CD34+/CD38+ progenitor cell counterpart (248). While the exact 

contribution and functional role of these ABC transporters to leukemic stem cells remains 

elusive, this study further implicates ABC transporters in maintaining leukemic resistance in 

AML and possibly maintaining CSCs stemness.  

 

Studies also demonstrated that ABCC2, ABCB1 and the CSC marker, CD44, including its 

variant form, CD44v6, predicts a worse outcome in ovarian cancer and NSCLC patients 

(235,236). Other studies reported the co-localisation of ABCB1 and CD44 receptor on the 

membrane of breast cancer cells (244). Vesuna et al. reported that attenuation of Twist reduces 
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cancer stemness markers, CD44+/CD24, ABCC1 and mammosphere formation (230). Further, 

they proposed that increased expression of ABCC1 level in Twist-overexpressing cells leads 

to the development of chemoresistance and development of stem cell phenotype in multiple 

breast cancer cells (230). Indeed, the contribution of Snail and Twist to EMT has been 

extensively studied and shown to be functionally linked to the development and maintenance 

of CSCs (246).   

 

Several signalling pathways such as the PI3K, Notch, Hippo and Wnt are implicated in the 

development of therapy-resistant in CSCs (464-467). Importantly, these complex pathways do 

not signal in a linear fashion but crosstalk to regulate the CSC phenotype. For instance, Cornejo 

et al., demonstrated crosstalk between the PI3K and Notch signalling pathways, both of which 

play crucial roles in expanding CSCs populations (468). Signalling pathways crosstalk between 

TME and CSCs also increases CSCs dynamic plasticity via EMT, which makes them a ‘moving 

target’ for therapies (311,469). Several studies have demonstrated this trait of CSCs. For 

instance, chronic myeloid leukemia (CML) and TME promote quiescence through the 

TGFβ/FOXO signalling pathway (470,471).  

 

Another crucial trait that contributes to CSCs therapy resistance is their ability to alter their 

apoptotic pathways and active DNA-repair mechanism (472,473). For instance, Bao et al., 

demonstrated that CD133+ enriched GBM cells preferentially activate DNA damage repair 

proteins, O6-methylguanine-DNA methyltransferase in response to radiation more effectively 

than its CD133-negative counterpart (474). Notably, resistance can be reversed with inhibitors 

of Chk1 and Chk2 checkpoint kinases (474). Similarly, another study also reported the radio 

resistance in mesenchymal CSCs through the upregulation of N-methyltransferase (NNMT) 

(475). Increased NNMT leads to the depletion of nicotinamide substrate, an inhibitor of Poly 
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(ADP-Ribose) Polymerase 1 (PARP1) that is responsible for DNA repair (475,476). 

Consequently, the depletion of nicotinamide leads to increased DNA repair. In line with this, 

PARP1 is upregulated in ALDH+ overexpressed breast CSCs resulting in olaparib-resistance 

(477).  

 

CSCs can also hijack epigenetic regulators to sustain their stemness phenotype and resist 

therapies. A land-marked study by Sharma and colleagues demonstrated that in NSCLC cells, 

a lethal concentration of EGFR tyrosine kinase inhibitor led to a reversible drug-tolerant state 

(363). Liau and colleagues also reported that targeted kinase inhibitors therapy induce glioma 

CSCs epigenetic transition between proliferative and slow cycling states, that is reversible 

through Notch-dependent signalling (478). This enables GBM tumours to propagate and adapt 

whilst efficiently evading therapeutic and environmental pressure (478). 
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Figure 8: Schematic diagram of the tumour microenvironment and its crucial components that 

promote CSC progression and survival. 

CSCs actively interact with components such as the ECM, inflammatory cytokines, TAMs, 

CAFs and endothelial cells which collectively enable CSCs to exhibit traits such as EMT and 

vasculogenic mimicry for their survival and progression.    
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Table 1: Putative molecular signature markers used to identify CSCs in 

different cancer types. 

Cancer types  Molecular Signatures  

Breast ABCG2 (479), ALDH1 (480), β3GalT5 (481), CD14 (482), CD24 (480), CD29 

(319), CD44 (480), CD24/CD44 (483), CD44high/CD24low (484), 

ALDHhi/CD44hi/CD24low (485), CD44+/CD24−/ANTXR1+ (486), CD49, 

CD49f (Integrin α6) (487), CD29+/CD49f+ (319), CD49f+/CD44+/CD24− 

(488), CD61 (489), CD70 (490), CD90 (482), CD109 (491), CD133 (492), 

DLL1+/DNER+ (347), GD2 (493), EpCAM (494), EpCAM-/CD49f+ (495), 

LRG5 (496), MUC1 (497), Nectin-4 (498), PROCR+/ESA+ (499), p63 (500), 

SCA-1 (501), SSEA-3 (481), SSEA-3+/CD44+/CD24-/low or 

ESAhi/PROCRhi/SSEA-3+ (481)  

Cervical  ABCG2 (502), ALDH1 (503), CD133 (504), CD44 (505), CD44/CD24 (506), 

CD49f  (507), CK17 (508), c-kit (509), MSI1 (507), NANOG (510), OCT4 

(511), OPN (512), p63 (508), SOX2 (513) 

Colorectal  ALDH1 (514), CD24 (515), CD29 (515), CD26+ (516), CD44 (517), CD51 

(518), CD133 (519,520), CD166 (521), EpCAM (522), 

EpCAMhigh/CD44+/CD166+ (521), KLF4 (523), LRG5 (524), 

LRG5+/CD44+/EpCAM+ (525), NANOG (526), p63 (527), SALL4 (528) 

Gastric  ALDHA1 (529), CCK2R (530), CD24 (531), CD44 (532), CD44+/CD24+ 

(533), CD44v9 (534), CD44v8-10 (535), CD49f (536), CD54 (537), CD90 

(538), CD133 (532), CXCL16/CXCR6 (539), CXCL12 (SDF-1)/CXCR4 (540), 

EpCAM (541), EpCAM+/CD44+ (542), FZD7 (543), LRG5 (544), Mist1 (540), 

NANOG (545), NANOG/NANOGP8 (546), OCT-4 (547), RUNX1 (548), 

SOX2 (549), SOX9 (550), TFR1 (551), TROY (540), WNT5A (552) 

Glioblastoma  A2B5 (553), ALDH (554), ASCL1 (555), CD15 (556), CD36 (557), CD44 

(558),  CD44high/Id1high (559), CD49f (Integrin α6) (560), CD90 (561), CD133 

(562), CD15/CD133 (563), EGFR (564), Gremlin1 (565), LiCAM (566), 

Ly6G/Ly6C  (567), Nestin (568), Olig2 (569), CD15 (SSEA-1) (570), SOX2 

(571)  

Head and neck 

squamous cell 

carcinoma  

α6hiβ1hiCD34hi (572), ABCG2 (573), ALDH1 (574), BCL11B (575), BMI1 

(576), CD10 (577),  CD44 (578), CD44/ALDH1 (579), CD44v3highALDH1high 

(580), CD66− /CD44+ (581), CD98 (582), CD133 (583), CD166 (584), CD271 
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(585), c-Met (586), CXCL12/CXCR4 (587), Integrin α7 (ITGA7) (588), LRG5 

(589), MSI1 (590), SLC3A2 (591), SOX2 (592) 

Leukemia  CCL1 (593), CD10 (594), CD19 (595), CD20 (596), CD25 (597), CD32 (348), 

CD34+/CD38- (598), CD44 (599), CD45RA (600), CD47 (601), CD90 (602), 

CD96 (603), CD123 (IL-3) (604), CD123+/CD34+/CD38− (605), 

CD133+/CD45dim/CD34+/CD38- (606), CD244 (607), c-kit (608),                   c-

kit+/CD34+ (609), HLA-DR- /CD34+/CD71- (610), TIM3 (611), CD33/TIM3 

(612), CLL1/TIM3 (612) 

Liver  α2δ1 (613), CD13 (614), CD24 (615), CD34 (616), CD44 (617), CD47 (618), 

CD90 (619), CD133 (620),  CD133/ALDH (621), CD133/CD44 (622), 

CD133/CD90 (623), c-kit/stem cell factor (624), EpCAM (625), 

EpCAM+/CD44+ (626), EpCAM/CD133 (627), DLK1 (628), FOXM1 (629),  

K19 (630), LRG5 (631), OV6 (632), OPN (626) 

Lung  ALDHA1 (633), ABCB1 (634), ABCG2 (635), ALDH1 (636), BMI1 (637), 

CD44 (634), CD44hi/ALDHhi (638), CD87 (639), CD133 (640), 

CD133high/ALDH1high/ASCL1high (641), CD166 (642), CD90 (643), 

CD90+/CD44high (644),  CD105 (645), CD164 (646), CD166 (647), c-kit (648), 

integrin α6β4 (649), NANOG (87), Nestin (650), PODXL-1 (651), SALL4 

(652), Snail (653), SOX2 (654), SP (655), OCT4 (87) 

Melanoma  ABCB1 (656), ABCB5 (657), ABCC2 (658), ALDH1A (659), CD14 (660), 

CD20 (661), CD24 (662), CD44 (663), CD44/CD24/ALDH1 (483),  CD63 

(660), CD68 (660), CD133 (658), CD166 (664), CD271 (665), CD271+ 

/CD44+ (666), c-kit (667), CXCR6 (668), EZH2 (669), JARID1B 

(KDM5B/PLU-1/RBP2-H1) (307),  MSI1 (670), Nestin (671), OCT4 (672), 

SOX2 (673), SOX10 (667), TRP2 (674) 

Neuroblastoma ABCG2 (675), ALDH1 (676), BMI1 (677), BMP4 (678), CD44 (679), CD44v6 

(680), CD133 (681), c-kit (682), DLK1 (683), FZD6 (684), G-CSF (CD114) 

(685), JARID1B (686), L1CAM (687), Lamin A/C (688), LRG5 (689),  MMP 

(690), MYC (c-Myc and MycN) (691,692), Nestin (693), OCT4 (694),  

REST/NRSF (695), SP (696), SPDYA (697), SOX2 (694), TRPM7 (698) 

Ovarian  ABCG2 (699), ALDHA1/2 (700,701), CD24 (702), CD44 (703), CD44+/CD24- 

(704), CD133 (705), CD133/ALDH (706), CD133+/CXCR4+ (707), c-kit 

(708), c-kit/CD44/ALDH1 (709), EpCAM (710), EpCAM/CD44 (711), 

EpCAM+/CD44+/CD24+/Ecad- (712), IL-17 (713), LRG5 (714), miR‐199a 
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(715), MyD88+/CD44+ (716), NANOG (717), OCT4 (718), SCA-1 (719), 

SSEA-4 (720), SOX2 (721)  

Pancreatic  

 

 

 

ABCG2 (722), ALDH (723), CD24 (724), CD44 (724), CD44v6 (725),  CD133 

(726), CD44+/CD133+ (407), CD166 (727), CD204 (407), Claudin 7 (728), c-

Met (729), CXCR4 (728), CD133+/CXCR4+ (326), DCAMKL-1 (730),  

EpCAM (731), EpCAM+/CD24+/CD44+/CD133+ (732), 

ESA+/CD44+/CD24+ (277), EZH2 (733), integrin α6β4 (725),  LRG5 (734), 

NANOG (735), Nestin (736), OCT-4 (735), SOX2 (737), 

SCA1−/EpCAM+/CD24+/CD44+/CD133– (738), TSPAN8 (725) 

Prostate  ALDH1A1 (739), ABCG2 (740), AR-V7 (741), CD44 (742), CD44+/CD24- 

(743), CD44+/ALDH+/α2β1+ (744), CD49f (745),  CD44/CD133 (746), 

CD133 (747), CD133+/CD44+/α2β1
hi (748), CD166 (749), CK6a (750), CK18-

/CK19- (751), c-kit (752), CXCR4 (753), CXCR4+/ALDH+/CD44+/CD24+ 

(754), E-cadherin (755), EpCAM (756), EpCAM+/CD44+/CD49fHi (757), 

EZH2 (758), Integrin α2β1 (759), Integrin α2β1/ CD44 (760) 

Lin(CD45/CD31/Ter119)−/Sca-1+/CD49fhigh  (761), NKX3-1 (762), p63 (527), 

PSA−/lo (744), Sca-1 (763), SOX2 (764), TROP2 (765) 

Protein and gene names were acquired from the National Center for Biotechnology Information 

(NCBI; www.ncbi.nlm.nih.gov/) accessed 1st October 2021. 

  



 

78 

 

Chapter 2  
 

 

 

 

Materials and Methods  

 

 

 

 

This Chapter is adapted from:  

 

1. Honours Thesis Titled: MRP1 is a Novel Regulator of Iron Metabolism and Cellular 

Proliferation (Honours thesis, 2017) 

Note: Some of the contents in Chapter 2 of this thesis have previously been published as part of 

Honours degree prior to my PhD candidature.   
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2.1  Cell lines (Chapter 3, 4 & 5) 

 

Murine embryonic fibroblasts (MEFs) expressing MRP1 from wild-type (+MRP1) and 

homozygous knock-out (-MRP1) mice were kindly provided by Prof. Piet Borst (the 

Netherlands Cancer Institute, Amsterdam, Netherlands). They were cultured in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% v/v fetal bovine serum (FBS). 

Human Cancer cell lines, pancreatic cancer (PANC1), breast cancer (MDA-MB-231) were a 

kind gift from Dr. Sumit Sahni (University of Sydney); breast (MCF7) and Glioblastoma 

(U87MG) were purchased from the American Type Culture Collection (ATCC, Rockville, 

MD, USA).  

 

2.2 Cell maintenance (Chapter 3, 4 & 5) 

 

MEFs and MCF7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Life 

Technologies, Carlsbad, MA) and supplemented with 10% (v/v) FBS, 1% (v/v) sodium 

pyruvate, 1% (v/v) MEM non-essential amino acids (NEAA), 1% (v/v) penicillin streptomycin 

glutamine and 0.28 µg/mL fungizone (all obtained from Invitrogen, Carlsbad CA, USA).  

 

Pancreatic cancer, PANC1 and breast cancer, MDA-MB-231 (Sahni lab; University of 

Sydney), Glioblastoma (U87MG) was purchased from the American Type Culture Collection 

(ATCC, Rockville, MD, USA). These cells were cultured in DMEM/F12 media (ThermoFisher 

Scientific), with 10% v/v FBS, penicillin (100 IU/mL)/streptomycin (100 μg/mL; Sigma). 

  

Neuroblastoma cells, SH-SY5Y and SK-N-E(2), osteosarcoma MNNG/HOS and Ewing 

sarcoma, ESFT-15 and ESFT-35 were established in Laboratory of Tumour Biology; Masaryk 
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University, Brno, Czech Republic. SH-SY5Y, SK-N-E(2), ESFT-15 and ESFT-35 were grown 

in DMEM/F12 (Biosera) and supplemented with 20% v/v FBS, whereas MNNG/HOS were 

cultured in 10% v/v FBS. All cells were grown in HEPES (15mM; Sigma-Aldrich), sodium 

bicarbonate (1.2g/L; Sigma-Aldrich). MNNG/HOS, ESFT-15 and ESFT-35 were cultured in 

DMEM (low glucose; Biosera) and supplemented with 20% v/v FBS (Biosera), L-glutamine 

(2mM; Biosera), 1 x MEM non-essential amino acids (Biosera), penicillin (100 IU/mL; 

Biosera)/streptomycin (100 ug/mL; Biosera). Cells were incubated at 37ºC in a humidified 

atmosphere of 5% CO2 and 95% air in a water-jacketed cell culture incubator (Thermo Fischer 

Scientific, Waltham, MA). 

 

2.3 Persister cell derivation and treatments (Chapter 3, 4 & 5) 

 

Perister/resistance cancer cells were derived from MCF7, PANC1, U87MG and MDA-MB231 

lines. Chemoresistant line in PANC1 cells was developed by treating the parent line, PANC1 

PC, with increasing gradient concentrations of gemcitabine (S1714; Selleck Chemicals; Texas, 

USA). Treatments started at 0.56 µM with IC50 of gemcitabine for 3 days through pulse 

exposure (i.e. drugs added onto cells for 3 days and media replenished with drug-free media to 

allow cell recovery and the cycle is repeated until the desired concentration is achieved). This 

cycle is repeated until the desired concentration is reached (i.e. 2 mM). Chemoresistant MDA-

MB231 cell line was generated by treating the parent cell line with gradient concentrations of 

Paclitaxel (SIH-239; Stressmarq Biosciences; BC, Canada). Pulse exposure of the treatments 

started with IC30 of Paclitaxel (0.59 nM) for 3 days, and media was changed into drug-free 

media and left for 3 days to grow again. As the cells became confluent, they were subcultured, 

and concentration was increased by twofold. The cycle was repeated, and treatments were 

continued until a concentration of 1 µM (~17-fold difference) was achieved, where the resistant 
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cell line could grow under these concentrations. Then, cellular proliferation assay were 

performed to determine IC50 of the generated resistant cell line (i.e., MDA-MB231 PR) 

compared to the corresponding parent cells. Similarly, the U87MG resistant line was developed 

by treating the parent line with temozolomide at IC50 value with pulsed exposure until the 

desired concentration was reached (i.e. 3 μM). MCF7/VP was treated with etoposide and a 

kind gift from the host laboratory. The resulting DTPs cells were maintained in drug-free 

DMEM/F12 media (ThermoFisher Scientific) for no more than 15 passages. 

 

2.4 siRNA transient knock-down treatment (Chapter 3, 4 & 5) 

 
Cells were seeded into 6 well plate (Sigma-Aldrich) with DMEM media (Life Technologies) 

and treated with siRNA or  relevant negative control: i) ABCC1 Silencer™ Select Negative 

Control No. 1 (30 nM; Thermo Fischer Scientific), ii) OMA1 Silencer™ Select No. 1 (#16708; 

Assay ID: 41775; 120 nM; Thermo Fischer Scientific); iii) MISSION® OMA1 esiRNA 

(#EHU072451; 40 nM; Sigma-Aldrich); iv) MISSION® eIF2α esiRNA (#EHU052871; 40 

nM; Sigma-Aldrich); v) Silencer™ Negative control No. 1 siRNA (#4404021; Thermo Fischer 

Scientific); vi) MISSION® esiRNA (EHUFLUC; Sigma-Aldrich); and vii) RNAiMAX 

Lipofectamine ® 2000 (Life Technologies). Cells were incubated for 48 h at 37ºC to 

approximately 80% confluency before extraction. 
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2.5 Western Blotting (Chapter 3, 4 & 5) 

 

2.5.1.  Whole cell protein extraction  

 

Protein lysates were obtained through whole cell protein extraction. Cell plates were kept on 

ice during the entire extraction process. Media was aspirated and plates were washed with 2 

mL of phosphate buffered saline (PBS; 200 µg/mL; Thermo Fischer Scientific). Cells were 

lysed with lysis buffer [(10 mM Tris buffer (pH 7.4), 150 mM NaCl, 0.5% sodium dodecyl 

sulfate (SDS), 1% v/v Triton X-100 (Sigma-Aldrich), 1 mM EDTA, 0.04 mM NaF (Amresco; 

OH, USA), protease inhibitor cocktail (PIC), phoSTOP and purified water)]. Cell suspension 

was then sonicated using a sonicator 150 (Branson, MO, USA) at an output of 2 for 30 cycles 

of 1-2 s pulse. This was followed by centrifugation of cell suspension at 14,000 g for 40 

min/4ºC. The supernatant was extracted and protein concentration was determined using the 

bicinchoninic acid (BCA) Protein Assay (Sigma-Aldrich). Absorbance level was measured at 

562 nm using the UV spectrometry (Shimadzu, Kyoto, Japan). Protein concentration was 

calculated with a standard curve generated with bovine serum albumin (BSA, Sigma-Aldrich).  

 

 

2.5.2.   SDS PAGE (Sodium Sodecyl Sulfate Polyacrylamide Gel Electrophoresis) 

 

Protein samples of 25 µg (i.e., mixture of 24 µL of protein samples and water) were prepared 

with 6 µL of loading buffer (5x) and 5% v/v β-mercaptoethanol (Sigma-Aldrich). Samples 

were heated at 95ºC for 5 min to denature the protein. Total proteins were separated by SDS-

PAGE in running buffer, in 12% and 10% w/v gel for low and high molecular weight proteins, 

respectively, for 15 min at 80 V and 90 min at 135 V. After which, proteins were transferred 
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onto a polyvinylidene fluoride (PVDF) membrane in transfer buffer for 2 h at 80 V on ice or 

overnight 30 V/4ºC. Following the transfer, membranes were placed in 100% v/v methanol for 

1 min to for permeabilization and then washed with Tris Buffered Saline/0.1% Tween-20 v/v 

(TBS-T).  

 

2.5.3.    Probing  

 

PVDF membranes were incubated in 5% w/v milk TBS-T at room temperature for 1 h to 

prevent any unspecific binding. They were then probed with appropriate primary antibodies at 

room temperature for 2 h or overnight at 4 ºC in either 5% w/v skim milk/TBS-T, 5% v/v 

bovine serum albumin (BSA)/TBS-T or 5% w/v skim milk/PBS-0.1% Tween (PBS-T). All 

membranes were probed for β-actin as a loading control at room temperature for 2 h. 

Membranes were then washed with TBS-T (4 x 5 min) and then incubated with appropriate 

secondary antibodies in 5% w/v skim milk/TBS-T or 5% w/v skim milk/PBS-T at room 

temperature for 1 h. Following the incubation., the membranes were washed again with TBS-

T (4 x 5 min) before detection. All primary and secondary antibodies used in these experiments 

are listed below. 

 

2.5.4.   Detection  

 
Following the antibody and wash with TBS-T, the membranes were incubated with either 

Luminata Crescendo Western HRP substrate (Cat. WBLUF0100; Millipore, Billerica, MA, 

USA) or Luminata Forte Western HRP substrate (Cat. WBLUF0100). The chemiluminescence 

signal produced was detected using the ChemiDoc MP imaging system (Biorad).   
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2.6 MTT cellular proliferation assay (Chapter 3, 4 & 5) 

 

Cells were first seeded into 96-well micro titre plates at a density of approximately 10,000 

cells/well in 100ul DMEM media (Life Technologies, Carlsbad, MA). This allows for 

exponential growth of the cells for the duration of the assay. Cells were treated with a highly 

potent MRP1 inhibitor, MK571 (20 µM) or probenecid (500 µM) for 24-72 h/37ºC to assess 

the impact of the inhibitor on cellular proliferation. At experimental endpoint, 20 µL of 5 

mg/mL solution of MTT in PBS was added to each well and the plates were incubated for a 

further 2 h/37ºC. The cells were then solubilized by adding 70 µL/well of dimethyl sulfoxide 

(DMSO) for 5-10 min. The plates were read at 570 nm on Omega Fluostar (BMG Labtech, 

Victoria, Australia).  

 

The yellow tetrazolium MTT is reduced in metabolically active viable cells by dehydrogenase 

enzymes to produce reducing equivalents such as NADH and NADPH (Richardson and 

Milnes, 1997). The resulting intracellular purple formazan can be solubilized and quantified, 

allowing cell viability to be measured by spectrophotometric means (van de Loosdrecht et al., 

1994). In the absence of cells, the MTT reagents yield low values of absorbance and vice-versa. 

Absorbance values below the control cells (i.e., without treatments) suggest a reduction in the 

rate of cellular proliferation (766). In contrast, higher absorbance values indicate an increase 

in cellular proliferation (766). The relationship between the number of viable cells and signal 

produced were established, thus allowing the accurate quantification of the changes in cellular 

proliferation (152). The results of the MTT assays obtained were expressed as a percentage of 

the control values (absence of drug treatment).  
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2.7 Immunofluorescence & image analysis (Chapter 3 & 4) 
 

Cells were seeded into 24 well plates (Sigma-Aldrich) containing sterilised coverslips in 

DMEM media (Life Technologies) for 24 h at 80% confluency. Media was discarded and cells 

were washed with 2 x ice-cold PBS. This was followed by fixation of cells with 4% w/v 

paraformaldehyde (PFA; Sigma Aldrich) for 10 mins at room temperature on an orbital rocker. 

Cells were then washed with PBS (3 x 10 min) and then permeabilised with Triton X-100 (0.1% 

v/v) dissolved in PBS for 10 min. Cells were then washed again with PBS (3 x 10 min). This 

was then followed by blocking with BSA/PBS (5% w/v) and glycine/PBS (0.3 M) for 1 h at 

room temperature. The blocking solution was removed and followed by another set of washing 

with PBS (3 x 10 min). The appropriate primary antibody (Table 2) was then mixed with 1% 

w/v BSA in PBS on an orbital rocker overnight/4ºC.  

 

The primary antibodies were then discarded and washed with PBS (3 x 10 min). Appropriate 

secondary antibodies were applied (Table 4) in 1% w/v BSA/PBS for 1 h at room temperature. 

Cells were washed again with PBS (2 x 10 min). The cover slips in each well were then 

mounted onto a glass histopathology slides with a drop of anti-fade mounting solution 

containing 4’6-diamidino-2-phenylindole (DAPI; Invitrogen). The cells were then visualised 

using either the Zeiss LSM 510 Meta spectral confocal microscope (Zeiss, Oberkochen, 

Germany) or the fluorescent light microscope at 63 x magnification. Images were obtained 

using either LSM 510 software or AxiovisionTM software from Olympus. Image J (NIH, 

Merryland, US) and Zeiss Axiovision co-localisation software (Zeiss) was used to examine the 

co-localisation through the generation of the Manders’s overlap coefficient.  
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2.8  Cystine uptake assay (Chapter 5) 
 

Cells were seeded in 6 well plates for 24 h at a 60% confluency, and DXC was added the next 

day for another 24 h. Each well was replaced with of Cystine-FITC stain (5 µM; Sigma- 

Aldrich) and incubate for 37°C for 45 minutes. Cells were washed with PBS twice before 

imaging through the Leica microscope (DMi1; Wtezar, Germany). Image J (NIH, Merryland, 

US) was used to analyse the intensity of cells.    

  

 

2.9 59Fe efflux and uptake analysis (Chapter 3) 

 

Cells were seeded into 6 well plates (Sigmal-Aldrich) with DMEM media (Life Technologies) 

and were grown overnight to approximately 70% confluency. The uptake of 59Fe from cells 

was examined using established techniques within our laboratory (152). Cell plates were kept 

on ice and the overlying medium was aspirated. Cells were first pre-labelled with 59Fe-Tf (0.75 

µM) dissolved in DMEM media (Life Technologies) for 3h/37ºC. This medium was discarded 

and the cells were washed the cells 4 x with ice-cold PBS. Next, protease from Streptomyces 

griseus (Pronase) (1 mg/ml; Sigma- Aldrich) was added into each well and incubated for 30 

mins/4 ºC. Cells were collected into a separate γ-counting tube for 59Fe measurement by a γ-

scintillation counter (Perkin Elmer, VIC, Australia). The 59Fe uptake was calculated as a 

percentage of the total 59Fe uptake by the cells.  

 

The release of 59Fe from cells was examined by first pre-labelling cells with 59Fe-Tf (0.75 µM) 

for 3 h/37ºC using previously described methods. This medium was discarded, and cells were 

washed 4 times with ice-cold PBS (4 ºC), and then re-incubated for 3, 6, 12 or 24 h at 37 ºC 
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with plain DMEM media.  After which, cells were collected and placed in separate γ-counting 

tubes for 59Fe measurement by a γ-scintillation counter. The 59Fe efflux was calculated as a 

percentage of the total 59Fe release by the cells.  

 

2.10  Colony formation assay  
 
 
Approximately 250,000 cells/per well were seeded into 6 well plate (Corning) for 24 h before 

DXC (50 µM) was added for another 24 h. All cells except for U87MG, were harvested and 

dissociated into single-cell suspension with Trypsin-EDTA (#15400054; Thermo Fisher) 

before re-seeding back into 6 well plate (Corning) at ~1000 cells/per well incubated in drug-

free DMEM/F12 media for another 7-14 days and replenished with freshly prepared drug-free 

media every 2 times a week. With U87MG cells, plates were first coated with 1% agarose 

(A6013, Sigma Aldrich) to prevent cell attachment and monolayer formation. ~2500 cells/per 

well were seeded into coated plates with drug free media for 4 weeks with media added 2 

times a week. Cells were stained with crystal violet for 30 mins and number of spheres 

(diameter ≥ 50 μm) was counted using AID vSpot Spectrum (VSR0781FL; Strassberg, 

Germany). 

 

2.11  Densitometry and statistical analysis (Chapter 3, 4 & 5) 

 

For western blot, densitometry was performed using the ChemiDoc Image Lab Software (Bio-

Rad, USA). Samples were normalised to their respective β-actin loading control values. 

Whereas for confocal immunofluorescence studies, Image J (NIH, Merryland, US) was used 

to analyse the intensity of antibodies staining. Microsoft Office Excel was used for statistical 
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analysis of data sets. All data are presented as a mean ± standard deviation (SD) and were 

statistically assessed using the Student’s t-test. Results were determined to be significant when 

p < 0.05. 
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Primary Antibodies 
(Antigen) Manufacturer Catalog Number Blocking 

agent Method Dilution 

MRP1 Enzo Life Sciences  ALX-801-007 NFM WB, IF 1:1000 (WB), 
1:100 (IF) 

TFR1 Invitrogen 136800 NFM WB, IF 1:1000 (WB), 
1:100 (IF) 

Fpn1  Alpha Diagnostics 
Intl MTP11A NFM WB, IF 1:1000 (WB), 

1:100 (IF) 

Ferritin (total) Abcam  75973 NFM WB, IF  1:1000 (WB), 
1:100 (IF) 

FTH Abcam 75973 NFM WB, IF  1:1000 (WB), 
1:100 (IF) 

FTL Sigma A6154 NFM WB, IF  1:1000 (WB), 
1:100 (IF) 

c-Myc CST 5605 NFM WB, IF 1:1000 (WB) 
Pc-Myc (S62) CST 13748 NFM WB 1:1000 (WB) 

AKT CST 9272 NFM WB 1:1000 (WB) 
pAKT (T308) CST 13038 NFM WB 1:1000 (WB) 
pAKT (S473) CST 4060 NFM WB 1:1000 (WB) 

PI3K p85 CST 4292 NFM WB 1:1000 (WB) 
PI3K p110 CST 4249 NFM WB 1:1000 (WB 

GSK-3β CST 9832 NFM WB 1:1000 (WB)  
pGSK-3β (Y216) Abcam A16552 NFM WB 1:1000 (WB) 

pGSK-3β (S9) CST 9323 NFM WB 1:1000 (WB) 
β-catenin CST 9582 NFM WB 1:1000 (WB) 

β-catenin (S552) CST 9566 NFM WB 1:1000 (WB)  
LAMP-2 Abcam  A6154 BSA IF 1:1000 

EEA1 Abcam  A18528 BSA IF 1:1000 

SOX2 CST 3728 NFM WB, IF  1:1000 (WB), 
1:100 (IF) 

eIF2α CST 5324 NFM WB 1:1000 

phospho-eIF2α 
(Ser51) CST 3398 NFM WB 

 
1:1000 

 
OMA1 CST 95473 NFM WB 1:1000 
OPA1 CST 80471 NFM WB 1:1000 
SOX2 CST 3579 NFM WB 1:1000 

YME1L1 Proteintech 11510-1-AP NFM WB 1:1000 
CHOP CST 2895 NFM WB 1:1000 
ATF4 CST 11815 NFM WB 1:1000 
xCT CST 12691 NFM WB 1:1000 

β-actin Sigma  A1978 NFM WB 1:10000 
Secondary 
Antibodies Manufacturer Catalog 

Number 
Blocking 

agent Method Dilution 

Anti-mouse IgG, 
HRP-linked CST 7076 NFM WB 1:5000 

Anti-rabbit IgG, 
HRP-linked CST 7074 NFM WB 1:5000 

Anti-mouse IgG 
Alexa Fluor ® 488 Invitrogen* A21202 BSA IF 1:1000 
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Table 2: Antibodies Used in Thesis for Western Blotting and Immunodetection 

Providers: Abcam (Cambridge, UK), Alpha Diagnostics Intl (San Antonio, TX, USA), CST – Cell 
Signalling Technology, Inc., (Danvers, MA, USA), ENZO Life Sciences (Farmingdale, NY, USA), 
Invitrogen, (Carlsbad, CA, USA), Proteintech Group (Rosemont, IL, USA), SCBT – Santa Cruz 
Biotechnology, Inc., (Dallas, TX, USA), Sigma-Aldrich (St. Louis, MO, USA). BSA (bovine serum 
albumin); IF (immunofluorescence staining); NFM (dry non-fat milk); WB (western blotting). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anti-mouse IgG 
Alexa Fluor ® 568 Invitrogen A10042 BSA IF 1:1000 
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Overall Aims and Objectives  
 

Chapter 3 

1. Elucidating the multi-functional role of MRP1 transporter in cellular proliferation and cancer 

stemness through iron regulatory proteins via the PI3K/Akt pathway and WNT/B-catenin 

signalling pathway.  

 

Chapter 4 

2. Validating the role of Doxycycline in reducing SOX2-mediated cancer stemness through the 

OMA1-eIF2α-SOX2 axis of the Mitochondrial integrated stress response pathway in 

extrinsically generated cancer stemness in therapy-resistant/persistent cancer cells and 

intrinsically generated stemness cancer cells.  

 

Chapter 5 

3. Validating the metabolic reprogramming response of cancer cells through the xCT-ATF4 axis 

of the mitochondrial integrated stress response pathway.  
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Chapter 3  
 

 

 

Multidrug Resistance Protein 1 (MRP1) is a 

Novel Regulator of Iron Metabolism and Cell 

Proliferation 
 

 

This Chapter is adapted from:  

 

1. Lionel YW Leck, Krchniaková M, Karolina Bořánková, Adela Kubistova, McKelvey KJ, Sahni 

S, Samra J, Mittal A, Skoda J,  Patric J Jansson. Prediction of cancer stemness states/behaviour 

through activity of ABC transporters. [Manuscript in preparation] 

 

2. Honours Thesis titled: MRP1 is a Novel Regulator of Iron Metabolism and Cellular Proliferation 

(Honours thesis, 2017) 

 

 

Note: Some of the data points included in this chapter were originally collected during my Honours 

degree. Building on this foundation, extensive additional research was conducted throughout my PhD 

studies. The data presented in this chapter has undergone reanalysis and reinterpretation, which reflects 

an evolution of new insights and understanding from my previous work.  
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3.1 Introduction  
 

 

Multidrug resistance (MDR) is a major impediment to numerous forms of chemotherapy 

treatments in various cancers (16,767). One of the major attributes to MDR is the over-

expression of the ATP-binding cassettes (ATP) transporters such as P-glycoprotein (Pgp),  

ATP binding cassette subfamily G member 2 (ABCG2) and the multidrug resistance protein 1 

(MRP1)(2). Over the past decades, these transporter pumps have been extensively studied and 

were revealed to efflux a diverse range of chemotherapeutics substrates to protect cells from 

drug-induced toxicity. Although new treatments and drugs have been developed, many initial 

responsive tumours are found to relapse and develop resistance to chemotherapeutics drugs 

(2,768). This decreases the treatment options and leads to more malignant and aggressive 

phenotypic cancers. MRP1 has been linked to increased aggressiveness in advanced stage 

cancer, increased metastasis and resistance (2,5,8,9,769). However, studies have reported that 

the aggressive phenotype of tumour cells was not directly linked to drug resistance despite 

expressing high levels of MRP1 (8,769). To date, there have been numerous attempts at 

developing novel inhibitors and treatments aimed at targeting these transporters, but these 

approaches have not been clinically successful (768). Hence, MDR still remains as a major 

obstacle in the clinical treatment of cancer (768). Therefore, it is vital for the development of 

alternative drugs and treatments to target this phenomenon.  

 

Past studies have revealed the dynamic and complex link between cancer and iron metabolism 

(203). Iron-regulated proteins are involved in regulating the balance of intracellular iron but 

have recently been found to function as a “double-edged sword” in cancer (203). While these 



 

94 

 

iron-regulated proteins are essential in maintaining a balance in the intracellular iron levels in 

normal cells, they also contribute to a more malignant phenotype in cancers (203).  

 

The proto-oncogene c-Myc is a known multifactorial transcription factor involved in several 

pivotal cellular functions, including proliferation, differentiation, and cell adhesion (770). c-

Myc is often associated with poor clinical outcomes and increased rates of metastasis and 

recurrence of cancer (771). However, the over-expression of c-Myc and related metabolic 

changes in transformed cells remains poorly understood (772). Interestingly, c-Myc has been 

revealed to be linked to iron-regulated proteins, such as repressing the ferritin level and 

inducing IRP2 expression, with the latter being a major iron sensor responsible for iron 

homeostasis at the cellular level (200,203,206).  

 

Herein, the primary aim was to investigate the interaction between the ABC transporter pump, 

MRP1, and c-Myc on the iron-regulated proteins involved in iron metabolism. Interestingly, it 

was reported for the first time in this study that there was a direct interaction between MRP1, 

c-Myc, and the iron-regulated proteins. Specifically, MRP1 induced a differential effect on c-

Myc and the proteins involved in iron metabolism. 

 

The data gathered in this chapter demonstrated that MRP1 plays a vital role in regulating iron-

regulated protein, potentially through c-Myc as a mediator. This was supported by interacting 

these proteins with distinct subcellular markers such as Early Endosome Antigen 1 (EEA1) 

and Lysosome-associated membrane protein (LAMP2) within the cell. It was also evident that 

MRP1-expressing cells, which resembles an aggressive phenotypic cancer, proliferated more 

rapidly than non-MRP1-expressing cells.  Furthermore, several studies have also reported that 

although cancer cells express high levels of MRP1, it was not directly linked to drug resistance 
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in cancer patients such as those found in neuroblastoma, the reason for this is poorly understood 

(773,774). A comprehensive analysis of the association between MRP1, c-Myc and iron 

metabolism has yet to be thoroughly examined. These collective studies suggest the ABC 

transporter, MRP1, may have a broader role beyond effluxing of metabolites and substrates, it 

could contribute to other potential crucial cellular processes, such as proliferation, that drive 

cancer progression. Considering these factors, we wanted to explore the relationship between 

MRP1 and c-Myc on iron-regulated proteins. 

 

The current study has expanded our understanding of the functional roles and the interaction 

between MRP1, c-Myc and the iron-regulated proteins. Importantly, these findings provide 

insights into how MRP1 increases the aggressiveness in cancer which will be vital to consider 

for future therapeutic development.  

  



 

96 

 

3.2    Results 
 

3.2.1 Altered MRP1 expression modulates activity of iron-regulated proteins  
 

In Chapter 3, we wanted to explore the crucial mechanistic link between the key MDR 

transporter, MRP1 and iron metabolism regulatory proteins. We investigated this mechanism 

in murine embryonic fibroblast (MEFs) cells from wild-type mice (WT/+MRP1) and MRP1 

knock-out mice (KO/-MRP1), which express or lack MRP1 respectively. Notably, these cell 

models have been established to study the crucial link of MRP1 transporter through 

overexpressing and gene knockout expression of the MRP1 gene (775).  

 

In this study, these models were examined to understand the functional role of MRP1 in 

regulating c-Myc and the iron-regulated proteins. Firstly, the expression of MRP1 in these cells 

was confirmed through western blot analysis (Fig. 9A). Western data showed that the 

expression of MRP1 was undetected in the MEFs/KO cells (p<0.001) compared to MEFs/WT 

cells (Fig. 9A & 9Ai). Proto-oncogene, c-Myc was markedly decreased (p<0.001) in the 

MEFs/KO cells compared to MEFs/WT cells (Fig. 9A & 9Aiii). Next, iron regulatory protein, 

TfR1 (Fig. 9A & Aii; p<0.001) and FTH (Fig. 9A & 9Av; p<0.05) was also found to be 

significantly decreased in the MEFs/KO cells compared to its counterpart, MEFs/WT. 

Interestingly, opposite to FTH, FTL expression in MEFs/KO was markedly increased (p<0.01) 

relative to the MEFs/WT (Fig. 9A & 9Avi). Similarly, Fpn1 was also shown to be significantly 

increased (p<0.01) in the MEFs/KO cells relative to the corresponding MEFs/WT cells (Fig. 

9A & 9Aiv). This data suggest MEFs/WT phenotypically resemble a cancer cell, requiring a 

higher uptake and lower iron efflux to meet the high metabolic iron demand. 
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Next, to elucidate whether the effect of intracellular iron-regulated proteins was modulated due 

to MRP1 expression, studies were subsequently performed using siRNA gene silencing studies 

to transiently silence MRP1 levels in the MEFs/WT cells to assess the relationship between 

MRP1 and c-Myc on iron metabolism proteins.    

 

3.2.2   Transient silencing of MRP1 regulates iron-regulated proteins and c-
Myc expression 
 

Following a 48 h incubation of siRNA treatment, the expression of MRP1 in MRP1 siRNA-

treated MRP1/WT cells (siMRP1/WT) was observed to be significantly reduced (p<0.01) in 

comparison to the MEFs/WT cells treated with control siRNA (siNC WT; Fig. 9B & 9Bi). 

Additionally, predictably (Fig. 9B & 9Bi) MRP1 was not expressed in the control siRNA 

treated MEFs/KO cells (siNC KO). c-Myc expression level was significantly decreased 

(p<0.05) in the siMRP1/WT compared to the siNC/WT cells (Fig. 9B & 9Biii). Similarly, the 

expression of TfR1 was also significantly lower in the siMRP1/WT compared to its counterpart 

siNC/WT cells (Fig. 9B & 9Bii). Conversely, there was a significant increased (p<0.001) in 

the expression of Fpn1 in the siMRP1/WT cells relative to the control siNC/WT cells (Fig. 9B 

& 9Biv). Interestingly, the levels of FTH were increased in the siMRP1/WT compared to the 

siNC/WT cells, although this was not found to be a significant change (p>0.05) (Fig. 9B & 

9Bv). Lastly, the expression of FTL was shown to be significantly increased (p<0.01) in 

comparison to the respective control siNC/WT cells (Fig. 9B & 9Bvi). 

 

Collectively, siNC/WT and siNC/KO demonstrated a similar pattern as to that observed in 

MEFs/WT and MEFs/KO cells (Fig. 9A). This investigation, in conjunction with the previous 
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analysis, supports the link between MRP1 and the iron-regulated proteins in how it affects iron 

transport and trafficking within the cell. 

 

3.2.3 Inhibition of MRP1 with MRP1 inhibitor, MK571 and probenecid 
affects expression of c-Myc and the iron-regulated proteins  
 

Continuing the investigation on the relationship between MRP1 and c-Myc on the iron-

regulated proteins. We next examine the effect of MRP1 on c-Myc and iron metabolism in 

response to MRP1 inhibitors such as MK571 or Probenecid (Fig. 9C). Of note, these inhibitors 

are well-reported and established inhibitors of MRP1, with MK571 being a more effective and 

specific blocker than Probenecid (776,777). Similar proteins, namely, MRP1, TfR1, c-Myc, 

Fpn1 and FTH were analysed. 

 

Treatment with MK571 for 48 h significantly increased (p<0.05) MRP1 expression in 

MEFs/WT cells relative to control MEFs/WT cells (Fig. 9C & 9Ci). It is worth noting that 

MRP1 inhibitors seem to lead to lead to an unexpected increase in MRP1 expression. This 

increase of MRP1 expression is likely attributed to the cellular stress response triggered by 

drug treatment as a form of compensatory mechanism, a common occurrence when studying 

ABC transporters. This observation is reinforced and further supported by the decrease of 

MRP1 functional activity when cell is treated with MRP1-specific inhibitors as demonstrated 

in sections 3.2.7 and 3.2.8 (Fig 14). The level of TfR1 was found to be significantly decreased 

(p<0.05) in the MK571-treated MEFs/WT cells relative to the respective control, MEFs/WT 

cells not treated with MK571 (Fig. 9C & 9Cii). Interestingly, the expression of c-Myc treated 

with MK571 was shown to be significantly increased (p<0.05) in the MEFs/WT cells in 

comparison to the control MEFs/WT cells (Fig. 9C & 9Ciii). There was no significant 
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difference (p>0.05) in the expression of Fpn1 between MEFs/WT cells with MK571 treatment 

and the control MEFs/WT cells not treated with MK571 (Fig. 9C & 9Civ). The level of FTH 

was found to be markedly increased (p<0.05) in the MK571-treated MEFs/WT cells in 

comparison to MEFs/ WT cells not treated with MK571 (Fig. 9C & 9Cv).  

 

As observed previously, the MEFs/KO cells did not express any MRP1 (Fig. 9C & 9Ci). There 

was a reduction in the level of TfR1 in MEFs/KO cells treated with MK571 relative to the 

MEFs/KO cells not treated with MK571, but this change was not found to be significant 

(p>0.05) (Fig. 9C & 9Cii). The expression of c-Myc in MEFs/KO cells was observed to be 

increased in the MEFs/KO cells with MK571 treatment compared to the MEFs/KO cells not 

treated with MK571 (Fig. 9C & 9Ciii). However, this change was also not found to be 

significant (p>0.05). Interestingly, the treatment with MK571 induced a significant increase 

(p<0.01) in both the expression of Fpn1 and FTH in MEFs/KO cells in comparison to the 

MEFs/KO cells not treated with MK571 (Fig. 9C, 9Civ & 9Cv). It is important to note that 

MRP1 inhibitors resulted in the increase of MRP1 expression.  

 

Next, we wanted to study the effect of probenecid in MEFs/WT cells that overexpress MRP1. 

Probenecid is known to be a less effective and specific inhibitor than MK571. The level of 

MRP1 was observed to be significantly increased (p<0.05) in the MEFs/WT cells treated with 

probenecid compared to the respective control, MEFs/WT not treated with probenecid (Fig. 

9C & 9Ci). In contrast, MEFs/WT cells treated with probenecid did not significantly alter the 

expressions of TfR1, c-Myc, Fpn1 and FTH (p>0.05) (Fig. 9C, 9Cii, 9Ciii, 9Civ & 9Cv). 

Furthermore, MEFs/KO cells treated with probenecid did not induce any significant change in 

the expressions of TfR1, c-Myc and FTH (Fig. 9C, 9Cii, 9Ciii & 9Cv). However, the level of 

Fpn1 was observed to be increased in the MEFs/KO with probenecid treatment in comparison 
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to the control MEFs/KO cells, but this change did not result in any significance (p>0.05) (Fig. 

9C & 9Civ).  

 

Overall, MRP1 expression was shown to be markedly increased (p>0.05) in the MEFs/WT 

cells with probenecid treatment compared to the corresponding control, MEFs/WT (Fig. 9C, 

9Ci). More importantly, these results indicated that probenecid did not induce a significant 

change (p>0.05) in the levels of TfR1, c-Myc, and FTH in MEFs/WT and MEFs/KO cells after 

48 h incubation (Fig. 9C, 9Cii, 9Ciii & 9Cv). Importantly, it was worth noting that the level 

of Fpn1 in MEFs/KO cells with probenecid treatment was increased slightly, but this did not 

result in any significant difference (p>0.05) (Fig. 9C & 9Civ). The results also correspond to 

the previous studies that MK571 is a more effective MRP1 inhibitor than probenecid (776,777).  

 

3.2.4 Iron chelator, desferoxamine alters MRP1 c-Myc and the iron-
regulated proteins expression 

 

Next, we wanted to explore and investigate the effects of MRP1 on c-Myc and the iron-

regulated proteins in the presence of an iron-chelating agent to stimulate an iron-depleted 

condition within the cell. Herein, desferoxamine (DFO; 250 µM) was utilised due to it being a 

well-characterised iron chelating agent used in the treatment of iron-overloaded diseases such 

as Friedreich’s ataxia and thalassaemia (778). Moreover, the ability of DFO to deplete cellular 

iron has also been well reported to induce anti-tumour activity, arrest proliferating cells at the 

G1/S phase cell cycle and eventually apoptosis (779).  
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Following a 24 h incubation with DFO, there was an observable change in the phenotypic 

expression of c-Myc and the iron-regulated proteins. Notably, the level of MRP1 in the 

MEFs/WT cells treated with DFO was shown to be increased relative to the control MEFs/WT 

cells, although this change was not found to be significant (p>0.05) (Fig. 9D & 9Di). Similarly, 

cells treated with DFO also demonstrated a marked (p<0.01) increase in the expression of 

MEFs/WT TfR1 compared to the respective control (Fig. 9D & 9Dii). Interestingly, the level 

of c-Myc in DFO-treated MEFs/WT cells was shown to be significantly (p<0.01) reduced 

relative to the control MEFs/WT (Fig. 9D & 9Diii). The level of Fpn1 in MEFs/WT cells 

treated with DFO was shown to be increased in comparison to the control MEFs/WT although 

there was no significant difference (p>0.05) (Fig. 9C & 9Civ). Notably, there was a significant 

(p<0.01) reduction in the level of FTH in DFO-treated MEFs/WT cells relative to the 

respective control (Fig. 9D & 9Dv). Lastly, the level of FTL in MEFs/WT was also shown to 

be decreased with DFO treatment in comparison to the relevant control, but this finding was 

not found to be significant (p>0.05) (Fig. 9D & 9Dvi).  

  

As evident in the previous figures (Fig. 9Ai, 9Bi & 9Ci), DFO-treated MEFs/KO cells did not 

express MRP1 after 24 h incubation (Fig. 9D & 9Di). The level of TfR1 in the DFO-treated 

MEFs/KO cells was demonstrated to be significantly reduced (p<0.001) in comparison to the 

DFO-treated MEFs/WT cells (Fig. 9D & 9Dii). In addition, the level of TfR1 in MEFs/KO 

cells treated with DFO was significantly increased (p<0.01) compared to MEFs/KO cells not 

treated with DFO (Fig. 9D & 9Dii). The expression of c-Myc in the DFO-treated MEFs/KO 

cells was also observed to be significantly decreased (p<0.001) relative to the MEFs/WT cells 

in the presence of DFO (Fig. 9D & 9Diii).  
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Interestingly, the level of Fpn1 in the MEFs/KO cells treated with DFO was shown to be 

markedly increased (p<0.05) compared to the DFO-treated MEFs/WT (Fig. 9D & 9Div). It is 

also worth noting that there was an observable increase in the level of Fpn1 in DFO-treated 

MEFs/KO cells compared to the MEFs/KO cells not treated with DFO, but that was not found 

to be significant (p>0.05). There was an increase in the expression of FTH in the DFO-treated 

MEFs/KO cells in comparison to the DFO-treated MEFs/WT cells, but this change was not 

found to be significant (p<0.05) (Fig. 9D & 9Dv). However, there was a significant decrease 

(p<0.05) in the expression of FTH in DFO-treated MEFs/KO cells relative to the MEFs/KO 

cells not treated with DFO (Fig. 9D & 9Dv). Lastly, the level of FTL in DFO-treated MEFs/KO 

cells was also shown to be increased relative to the MEFs/WT cells with DFO treatment, but 

it was not found to be significant (p>0.05). Interestingly, the level of FTL was shown to be 

significantly decreased (p<0.05) in MEFs/KO cells with DFO treatment relative to the 

MEFs/KO cells not treated with DFO (Fig. 9D & 9Dvi).  

In summary, these investigations demonstrated that the effect of DFO induced a significant 

(p<0.001-0.05) change in the expression of MRP1 and the iron-regulated proteins in a c-Myc-

mediated manner in both MEFs/WT and MEFs/KO cells. Inducing an iron-depleted condition 

increases iron demand and MEFs/WT cells resemble an iron-depleted state and retain iron by 

reducing iron efflux and maintaining intracellular iron.  
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Figure 9: Positive correlation of MRP1, c-Myc, and iron regulatory proteins in MRP1-expressing 
cells.   

A) MRP1-overexpressing, MEFs/WT (MRP1+) and non-MRP1-expressing, MEFs/KO (MRP1-) cells 
were incubated for 24 h to examine the effects of MRP1 expression on c-Myc and iron-regulated 
proteins in MEFs/WT cells relative to MEFs/KO cells. Total protein lysates from MEFs/WT cells were 
probed for MRP1, TfR1, c-Myc, Fpn1, FTH and FTL. (B) Scrambled siRNA treated, Negative control 
(siNC) cells, scrambled siRNA-treated (siMRP1) MEFs/WT cells and scrambled siRNA treated, 
MEFs/KO (MRP1-) cells were knockdown to examine the effects of MRP1 expression on c-Myc and 
iron-regulatory proteins in MEFs/WT relative to MEFs/KO cells. Total protein lysates from these cells 
were probed for MRP1, TfR1, c-Myc, Fpn1, Ferritin (total) after a 48 h treated with siRNA (30µM). 
(C) MRP1-expressing, MEFs/WT (MRP1+) and non-MRP1-expressing, MEFs/KO (MRP1-) cells 
were treated with MRP1 inhibitors, MK571 (20µM) and probenecid (500µM) for 48 h to examine the 
effects of MRP1 expression on c-Myc and iron-regulatory proteins in MEFs/WT relative to MEFs/KO 
cells. Total protein lysates from these cells were probed for MRP1, TfR1, c-Myc, Fpn1, and FTH. (D) 
MRP1-expressing, MEFs/WT (MRP1+) and non-MRP1-expressing, MEFs/KO (MRP1-) cells were 
incubated with DFO (250 µM) for 24 h to examine the effects of MRP1 on c-Myc and the iron-
regulatory proteins in MEFs/WT relative to MEFs/KO cells. Total protein lysates from these cells were 
probed for MRP1, TfR1, c-Myc, Fpn1, Ferritin (total). The data shown are representative of three 
independent experiments performed. The relative fold change was normalised to β-actin and measured 
in arbitrary units (AU). Data are displayed as mean ± SEM (n=3). Statistical significance is displayed 
as *p<0.05, **p<0.01 ***p<0.001 is relative to control untreated MEFs/WT cells. ##p<0 .01 is relative 
to the MEFs/KO cells. #p<0 .05, ###p<0.001 is relative to the MEFs/WT cells treated with DFO. 
^p<0.05, ^^p<0.01 is relative to MEFs/KO cells not treated with DFO. +p<0 .05, +++p<0.001 is 
relative to the MEFs/WT cells treated with DFO. 
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3.2.5   MRP1 expressing cells increase 59Fe uptake and decrease 59Fe efflux 

 

To further elucidate the data obtained from the previous study, we wanted to assess this 

mechanism using functional radioactive 59Fe uptake studies. Specifically, we wanted to know 

if the increase in TfR1 in MRP1-expressing MEFs/WT cells observed in the western blots (Fig. 

9A & B) results in corresponding changes in the uptake of iron into the cell, the uptake of Tf- 

bound radioactive 59Fe was studied over a 3 h time period (Fig. 10A).  

 

It is well established from previous studies that higher TfR1 expression leads to increased 

uptake of 59Fe by cells (152). Herein, we compared the uptake of 59Fe into MEFs/WT cells that 

express high levels of MRP1 to its counterpart, MEFs/KO cells that do not express MRP1. In 

agreement with the results of previous studies and the western blot analysis (Fig. 9A), the 

MEFs/KO cells demonstrated a significant decrease (p<0.01) in the uptake of 59Fe in 

comparison to the MEFs/WT cells (Fig. 10A).   

 

A time course experiment was also performed to compare the difference in the uptake of 59Fe 

between MEFs/WT cells and MEFs/KO cells. The experiment was carried out over a 3, 6, 12 

and 24 h time period. Similar to the result in (Fig. 10A), there was a significant decrease 

(p<0.01-0.05) in the uptake of 59Fe in MEFs/KO cells compared to MEFs/WT cells across all 

time points (Fig. 10B).  

 

Collectively, these results corresponded significantly to the initial western blot result (Fig. 9A), 

that the reduced expression of TfR1 in MEFs/KO cells compared to MEFs/WT cells leads to a 

decreased uptake of 59Fe into the cell (Fig. 10A,B). Considering that higher iron uptake is 
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observed in WT/MEFs, it indicates that these cells are in an iron-deficient state and, therefore 

require a higher iron uptake compared to the MEFs/KO cells that do not express MRP1.  

 

Consequently, to further dissect the functional role of MRP1 in regulating iron metabolism, we 

next study the difference in the 59Fe efflux between MRP1-expressing, MEFs/WT cells and 

non-MRP1 expressing MEFs/KO cells. Fpn1 is known to play an essential physiological role 

in the Fpn1-mediated transport of non-haem iron in vertebrate cells, and it is a well-

characterised transporter of iron efflux from the cell (176,203). The experiment was performed 

over a 3 h time period, and the results demonstrated a significant difference (p<0.05) between 

MEFs/WT and MEFs/KO cells (Fig. 10C). Overall, this result was consistent with the 59Fe 

uptake experiments, which further suggested that MRP1 expressing cells resemble an iron-

depleted state and are retaining iron by reducing the efflux of iron out of the cell.
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Figure 10: MRP1 expressing MEF cells have altered levels of iron-regulated proteins relative to non-MRP1 expressing cells. 

MRP1 expressing, MEFs/WT (MRP1+) and non-MRP1 expressing, MEFs/KO (MRP1-) cells were incubated for 24 h to examine the effects of MRP1 
expression on iron-regulated proteins relative to non-MRP1 expressing cells. Total protein lysates from MRP1 expressing cells were probed for (B) MRP1; (C) 
TfR1; (D) c-Myc; (E) Fpn1; (F) FTH; and (G) FTL. The data shown is a representative of three independent experiments performed. The relative fold change 
was normalised to B-actin and measured in arbitrary unit (AU). Data are displayed as mean ± SEM (n=3). Statistical significance is displayed as *p<0.05, 
**p<0.01 ***p<0.001 is relative to control. 
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3.2.6  Intracellular localisation of MRP1 with intracellular organelle 
markers 
 

3.2.8.1 Intracellular localisation of MRP1 with LAMP2 and EEA1 

 

Considering the marked effect of MRP1 on c-Myc and the iron-regulated proteins at the protein 

level through western blotting analysis (Fig. 9A), immunofluorescence was performed to 

assess the intracellular localisation of these proteins in MRP1 expressing cells (MEFs/WT) 

relative to non-MRP1 expressing cells (MEFs/KO). Specifically, the following proteins were 

examined, namely, MRP1, TfR1, c-Myc, Fpn1, and FTH. The levels of proteins expression 

were measured as fluorescence intensity and the intracellular localisation of each protein was 

assessed to the following organelle markers, (A) DAPI for nucleus as control; (B) Lysosome-

associated membrane protein 2 (LAMP2); and (C) Early endosome antigen 1 (EEA1).  

 

In agreement with western blots results (Fig. 9A), MRP1 (green fluorescence) was highly 

detectable (p<0.001) in MEFs/WT cells MRP1-expressing cells and absent in the MEFs/KO 

cells that do not express MRP1 (Fig. 11A[i], 11B[i] & 11C). MRP1 was found to co-localise 

with both LAMP2 (red fluorescence) and DAPI (blue fluorescence) in MEFs/WT cells, with a 

significantly higher intensity (p<0.001) in the latter. The merged images (Fig. 11A[iv]) 

generated Manders’s overlap coefficient values of 0.982, 0.972, 0.584 and 0.999 for DAPI 

stained MEFs/WT cells, LAMP2 stained MEFs/WT cells, DAPI stained MEFs/KO cells and 

LAMP2 stained MEFs/KO cells respectively (Fig. 11A[iv] & 11B[iv]), respectively. These 

values suggested a significant co-localisation of MRP1 with lysosomes and nucleus within the 

cells.Interestingly, MRP1 was also found to co-localise with both EEA1 and DAPI in 

MEFs/WT cells, produced by merging the overlaying images (Fig. 11B[iv] & 11E[iv]). The 



 

109 

 

co-localisation between EEA1 and DAPI was not found to be significant (p>0.05). The 

Mander’s overlap coefficient values were measured to be 0.794, 0.989, 0.545 and 0.780 for 

DAPI-stained MEFs/WT cells, EEA1-stained MEFs/WT cells, DAPI-stained MEFs/KO cells 

and EEA1-stained MEFs/KO cells respectively (Fig. 11E[iv] & 11F[iv]). These values 

indicated a significant overlap of MRP1 with EEA1 and the nucleus. Taken together, the 

difference in the levels of MRP1 in both MEFs/WT cells and MEFs/KO cells corresponds well 

to the western blot analysis. Notably, MRP1 was also present in both early endosome, lysosome 

and the nucleus, which has not been shown in other literature. This suggests these organelles 

are crucial for intracellular MRP1-mediated iron trafficking and regulation via iron regulatory 

protein
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Figure 11: Co-localisation of MRP1 with LAMP2, EEA1 and DAPI in MEFs/ WT and MEFs/KO 
cells.  

(A & B [i-iv]). MRP1-overexpressing, MEFs/WT (MRP1+) and non-MRP1-expressing, MEFs/KO 
(MRP1-) cells were incubated with plain media for 24 h. Cells were then subsequently stained for DAPI 
(blue), LAMP2 (A-D; red), EEA1 (E-H; red) and MRP1 (green). All images were taken at 63X 
magnification and at the same exposure using Axiovision™ software. Mander’s overlap coefficient 
generated through Image J software are represented as R1 for MRP1 with DAPI; and R2 for MRP1 
with LAMP2. Images are representative of 2 experiments with analysis in (C & G) Intensity value of 
MRP1 per cell generated via Image J. Relative to the corresponding MEFs/WT cell: ***p<0.001. (D) 
Merged intensity value of MRP1 with DAPI and MRP1 with LAMP2 produced using Image J. Relative 
to MEFs/WT cells stained with DAPI: ***p<0.001; or relative to MEFs/WT cells stained with LAMP2 
or EEA1. (G) Merged intensity value of MRP1 with DAPI and MRP1 with EEA1 produced using Image 
J. Relative to MEFs/WT cells stained with DAPI: ***p<0.001; or relative to MEFs/WT cells stained 
with EEA1: ## p<0.01. Scale bar (Ai, Bi, Ei and Fi): 20µm. 
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3.2.6.2  Intracellular localisation of c-Myc with LAMP2  
 

Considering the positive correlation between c-Myc and MRP1 on the iron-regulated proteins, 

immunofluorescence studies were then performed in both MEFs/WT and MEFs/KO cells to 

assess the localisation of c-Myc within the cell. Indeed, the intensity of c-Myc (green 

fluorescence) was shown to be significantly (p<0.001) lower in the non-MRP1 expressing cells 

(MEFs/KO) relative to the MRP1 expressing cells (MEFs/WT) (Fig. 12A[i], 12B[i] & 12C). 

Interestingly, there was a significant (p<0.01) increase in the co-localisation of c-Myc with 

DAPI (blue fluorescence) as compared to LAMP2 (red fluorescence) in MEFs/WT cells (Fig. 

12D). An increase was also observed in the LAMP2 stained MEFs/KO cells compared to the 

DAPI stained MEFs/KO cells but this finding was not found to be a significant (p>0.05).  

 

Further analysis was performed to elucidate the co-localisation of c-Myc with DAPI and 

LAMP2 (Fig. 12A[iv] & 12B[iv]). The Mander’s overlap coefficient values was found to be 

0.859, 0.558, 0.906 and 0.517 for DAPI-stained MEFs/WT cells, LAMP2-stained MEFs/WT 

cells, DAPI-stained MEFs/KO cells and LAMP2-stained MEFs/KO cells respectively (Fig. 

12A[iv] & 12B[iv]). Importantly, these values suggested no overlap of c-Myc with lysosomes 

but a significant (p<0.01) overlap with the nucleus within the cell (Fig. 12D). This is also 

indicative that c-Myc might play an important role in the regulation of proteins involved in iron 

metabolism through the transcription of genes within the nucleus.   

 

Overall results from Figure 11 revealed that MRP1 has subcellular localisation: namely, the 

localisation of MRP1 in the nucleus, early endosomal and lysosomal compartments (Fig. 11). 

MRP1 subcellular localisation is in agreement with other studies that show localisation of 

MRP1 in the nucleus and the mitochondria (217,218,780,781). A subcellular role of MRP1 has 
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been further demonstrated as MRP1 is found to efflux various cellular toxins and 

chemotherapeutics to protect nuclear and mitochondrial DNA from damage and prevent cells 

from induction cell death (217,781). Our studies suggest that MRP1 may exert similar 

functions in numerous organelle compartments. Furthermore, this significant finding that 

MRP1 is localised in numerous sub-cellular organelles could suggest a multifunctional role 

through the interaction with proteins such as c-Myc and the other iron-regulated proteins. 

Whether MRP1 can function to regulate c-Myc and the iron-regulated proteins may prove to 

be another way cells regulate intracellular iron levels. 
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Figure 12: Co-localisation of c-Myc with LAMP2 and DAPI in MEFs/ WT and MEFs/KO cells. 

(A and B [i-iv]). MEFs cells were incubated with plain media for 24h. Cells were then subsequently 
stained for DAPI (blue), LAMP2 (red) and c-Myc (green). All images were taken at 63X magnification 
and at the same exposure using Axiovision™ software. Mander’s overlap coefficient generated through 
Image J software are represented as R1 for c-Myc with DAPI; and R2 for c-Myc with LAMP2. Images 
are representative of 3 experiments with analysis in (C) Intensity value of c-Myc per cell generated via 
Image J. Relative to the corresponding MEFs/WT cell: ***p<0.001. (D) Merged intensity value of c-
Myc with DAPI and c-Myc with LAMP2 produced using Image J. Relative to MEFs/WT cells stained 
with DAPI: **p<0.001. Scale bar (Ai and Bi): 20µm. 
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3.2.6.3 Intracellular localisation of iron-regulated proteins with LAMP2  
 

Next, to further substantiate our previous studies of western blot data and the subcellular co-

localisation between the iron-regulated proteins (green fluorescence) and lysosomes stained 

with LAMP2 (red fluorescence) were employed. Immunofluorescence studies were employed 

and performed on both MEFs/WT cells and MEFs/KO cells to examine the difference in the 

levels of proteins in both cell lines.  

 

3.2.6.4  Intracellular localisation of TfR1 with LAMP2 
 

TfR1 (green fluorescence stain) was assessed for intracellular localisation in both cell lines. 

Indeed, TfR1 intensity detected in the MEFs/KO cells was significantly lower (p<0.001) in 

comparison to the corresponding MEFs/WT cells (Fig. 13A[i], 13B[i] and 13C). Interestingly, 

there was a significant (p<0.001) lower co-localisation with LAMP2-stained MEFs/WT cells 

in comparison to DAPI-stained MEFs/WT cells. In contrast, there was an increase in the co-

localisation of LAMP2-stained MEFs/KO cells compared to the DAPI-stained MEFs/KO cells. 

However, this finding was not found to be significant. The co-localisation between TfR1 and 

LAMP2 produced a Mander’s overlap values of 0.841, 0.969, 0.803 and 0.954 for DAPI stained 

MEFs/WT cells, LAMP2-stained MEFs/WT cells, DAPI-stained MEFs/KO cells and LAMP2-

stained MEFs/KO cells respectively (Fig. 13A(iv) and 13B[iv]). Notably, these data 

demonstrated a considerable overlap of TfR1 with the nucleus and a significant overlap with 

lysosomes (LAMP2-red fluorescence) within the cell.  

 

Evidently, the intensity of TfR1 in MEFs/KO cells was observed to be significantly lower 

(p<0.001) relative to the respective MEFs/WT cells (Fig. 13E[i], 13F[i] & 13G). Observable 
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co-localisation of TfR1 (green fluorescence) and the early endosomal marker, EEA1 (red 

fluorescence) generated through the merged images was shown to be markedly higher (p<0.01) 

in the LAMP2-stained MEFs/WT cells in comparison to the DAPI-stained MEFs/WT cells. 

Similarly, there was also an increase in the LAMP2-stained MEFs/KO cells compared to the 

DAPI-stained MEFs/KO cells, but this finding was not found to be significant (p>0.05). The 

Mander’s overlap coefficient value was measured at 0.751, 0.929, 0.791 and 0.923 for DAPI-

stained MEFs/WT cells, LAMP2-stained MEFs/WT cells, DAPI-stained MEFs/KO cells and 

LAMP2-stained MEFs/KO cells respectively (Fig. 13E[iv] & 13F[iv]). These results indicated 

the localisation of TfR1 in the early endosomes compared to the nucleus. Collectively, TfR1 is 

predominantly observed in the early endosomes, which agrees with previous studies that di-

ferric transferrin binds to TfR1 and subsequently undergoes endocytosis before iron is released 

through endosomal acidification and subsequent reduction to ferrous iron (195,782). Another 

important point to note is that this study has also shown a slight but significant co-localisation 

of TfR1 with the lysosomes (Fig. 13A[iv] & 13B[iv]). In fact, there has been recent evidence 

that TfR1 is also involved in the lysosomal trafficking of iron, especially in erythroid cells 

(783). These cells display high-efficiency iron delivery in the mitochondria to support the rapid 

and abundant synthesis of heme (783).  

 

3.2.6.5  Intracellular localisation of Fpn1 with LAMP2 
 

In conjunction with the western blot results (Fig 9A), the intensity of Fpn1 was shown to be 

detected at a significantly (p<0.001) higher level in the MEFs/KO cells relative to the 

MEFs/WT cells (Fig. 13I[i], 13J[i] & 13K). More importantly, the co-localisation of Fpn1 was 

shown to be markedly (p<0.01) higher in LAMP2-stained MEFs/WT cells relative to theDAPI-

stained MEFs/WT cells. Notably, there was also an increase in the MEFs/KO cells stained with 
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LAMP2 compared to the MEFs/KO cells stained with DAPI. Subsequently, these images were 

merged to generate (Fig. 13I[iv] & 13J[iv]) a Mander’s coefficient values of 0.728, 0.935, 

0.692 and 0.874 for DAPI stained MEFs/WT cells, LAMP2 stained MEFs/WT cells, DAPI 

stained MEFs/KO cells and LAMP2 stained MEFs/KO cells respectively (Fig. 13I[iv] & 

13J[iv]). These values indicated a substantial overlap between Fpn1 and lysosomes (detected 

with LAMP2) relative to the nucleus (detected with DAPI). Overall, the findings from 

immunofluorescence studies demonstrate a localisation of Fpn1 in the lysosomal compartment, 

suggesting that it may be involved in iron efflux from the lysosome into the cytosol. Other 

studies that support this theory suggested that Nramp, a natural resistance-associated 

macrophage protein may be working concomitantly with Fpn1 to regulate lysosomal iron levels 

(784). In line with this previous result, Fpn1 might also have a role in the immune response 

through the regulation of another mechanism that has yet to be elucidated (784).  

 

3.2.6.6  Intracellular localisation of FTH with LAMP2 
 

Evident in the previous western blot results (Fig. 9A), the intensity of FTH was detected at a 

significantly (p<0.01) lower intensity in the MEFs/KO cells relative to the respective 

MEFs/WT cells (Fig. 13M[i], 13N[i] & 13O). The co-localisation of FTH with LAMP2-

stained MEFs/KO cells was shown to be significantly (p<0.01) lower in comparison to LAMP2 

stained MEFs/WT cells. Similarly, co-localisation of LAMP2 stained MEFs/KO cells was 

relatively lower compared to MEFs/KO cells. However, this value was not found to be 

significant (p>0.05). The combined image of DAPI and LAMP2 produced a Mander’s overlap 

coefficient value of 0.859, 0.567, 0.845 and 0.719 for DAPI stained MEFs/WT cells, LAMP2 

stained MEFs/WT cells, DAPI stained MEFs/KO cells and LAMP2 stained MEFs/KO cells 

respectively (Fig. 13M[iv] & 15N[iv]). Hence, this strongly indicates that FTH is highly 
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localised in the nucleus, rather than in lysosomes (detected via LAMP2). This also suggests 

the additional undiscovered roles that FTH could be involved in iron metabolism in relation to 

c-Myc and MRP1. However, this requires further investigation to validate this observed event. 
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(A, B [i-iv], E and F[i-iv]). MEFs cells were incubated with plain media for 24 h. Cells were then 
subsequently stained for DAPI (blue), LAMP2 or EEA1 (red) and/or TfR1 (green), Fpn1 (green) and 
FTH (green). All images were taken at 63X magnification and at the same exposure using Axiovision™ 
software. Mander’s overlap coefficient generated through Image J software is represented as R1 for: 
(Ai & Bi) TfR1 with DAPI; (Ci) Fpn1 with DAPI; and (Di) FTH with DAPI; and R2 for: (Aii) TfR1 
with LAMP2; (Bii) TfR1 with EEA1; (Cii) Fpn1 with LAMP2 and; (Dii) FTH with LAMP2. Images 
are representative of 3 experiments with analysis in (Aiii-Diii) Intensity value of TfR1, Fpn1 and FTH 
per cell generated via Image J. Merged intensity value using Image J of : (Aiv) TfR1 with DAPI and 
TfR1 with LAMP2; (Biv) TfR1 with DAPI and TfR1 with EEA1; (Civ) Fpn1 with DAPI and Fpn1 with 
LAMP2; and (Div) FTH with DAPI and FTH with LAMP2. Relative to the corresponding MEFs/WT 
cell stained with DAPI: **p<0.01 and ***p<0.001; or relative to MEFs/WT cells stained with EEA1: 
### p<0.001. Scale bar (Ai-Di): 20µm.  
 

 

Figure 13: Co-localisation of iron regulatory proteins with EEA1 and DAPI in MEFs/ WT and 
MEFs/KO cells. 
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3.2.7  MRP1 inhibitor, MK571 inhibits the proliferation of MEFs cells after 
24 h incubation  

 

Considering the positive correlation between MRP1 and iron metabolic proteins (Fig. 9C), 

which is crucial for increased growth (785,786), the cellular proliferation of MEFs cells in 

response to MRP1 inhibitors, MK571, after 24, 48 and 72 h/37ºC incubation was next 

investigated. Following a 24 h incubation, there was no significant (p>0.05) difference detected 

in the control MEFs/KO cells relative to the control MEFs/WT cells (Fig. 14A). Interestingly, 

cellular viability of the MK571-treated MEFs/WT cells was significantly (p<0.05-0.001) 

decreased relative to the control, MEFs/WT cells not treated with MK571 (Fig. 14A). 

However, there was no significant difference in the cellular viability of MEFs/KO cells treated 

with MK571 corresponding to the control MEFs/KO cells (Fig. 14A).  

 

After a 48 h incubation, there was a significant (p<0.05) reduction in the control MEFs/KO 

cells relative to the control MEFs/WT cells (Fig. 14B). More importantly, there was also a 

significant (p<0.001) decrease in the MEFs/WT cells with MK571 treatment in comparison to 

the respective control (Fig. 14B). There was no significant (p>0.05) change observed in the 

MK571-treated MEFs/KO cells compared to the control MEFs/KO cells (Fig. 14B). Moreover, 

the cellular viability for the MEFs/KO cells was significantly (p>0.01) reduced compared to 

the MEFs/WT cells with MK571 treatment (Fig. 14B).  

 

Subsequently, following a 72 h incubation, the cellular viability for control MEFs/KO cells 

was significantly (p<0.05) decreased in comparison to the control MEFs/WT cells (Fig. 14C). 

Importantly, there was an observed significant (p<0.01) decrease in the MEFs/WT cells treated 

with MK571 relative to the control MEFs/WT cells (Fig. 14C). However, there was no 
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significant (p>0.05) change observed in the MK571-treated MEFs/KO cells compared to the 

relevant control, MEFs/KO cells (Fig. 14C).  

 

Interestingly, these findings indicate that MK571 significantly (p<0.01-0.001) decreased the 

cellular proliferation of MEFs/WT cells relative to the relevant control, MEFs/WT cells after 

24 h incubation (Fig. 14A-C). However, the effect of MK571 did not induce a significant 

(p>0.05) change in the MEFs/KO cells relative to the control MEFs/KO cells even after 72 h 

incubation (Fig. 14A-C). It is also important to note that the cellular proliferation of control 

MEFs/KO cells was significantly (p<0.01) lower as compared to the control MEFs/WT cells 

after 48 h incubation, suggesting that the slower rate of proliferation in MEFs/KO cells than 

the MEFs/WT cells (Fig. 14B-C). 

 

3.2.8  MRP1 inhibitor, probenecid affected the proliferation of MEFs cells 
after 48 h incubation  

 

Next, the MEFs/WT and MEFs/KO cells were examined in response to treatment with 500 µM 

probenecid. Following a 24 h incubation, there was no significant (p>0.05) difference observed 

in the control MEFs/KO cells compared to the control MEFs/WT cells (Fig. 14D). More 

importantly, there was a reduction in the probenecid-treated MEFs/WT cells compared to the 

control MEFs/WT cells, but this was not found to be a significant (p>0.05) change (Fig. 14D). 

However, there was a significant (p<0.001) decrease in the MEFs/KO cells with probenecid 

treatment in comparison to the control MEFs/KO cells (Fig. 14D).  

 

After a 48 h incubation, there was a marked (p<0.05) decrease in the control MEFs/KO cells 

in comparison to the control MEFs/WT cells (Fig. 14E). Furthermore, there was a further 
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decrease in the cellular proliferation of MEFs/WT cells treated with probenecid in respective 

to the relevant control MEFs/ WT cells (Fig. 14E). Although this value was not found to be 

significant (p>0.05). Also, at this time point, MEFs/KO cells treated with probenecid were 

shown to decrease relative to the control MEFs/KO, but this was not a significance (p>0.05) 

(Fig. 14E).  

 

Following a 72 h incubation, control MEFs/KO cells were shown to be significantly reduced 

relative to the control MEFs/WT cells (Fig. 14F). MEFs/WT cells in response to probenecid 

was shown to be significantly (p<0.01) decreased compared to control MEFs/WT cells (Fig. 

14F). Similarly, there was also a slight reduction in the cellular growth of probenecid-treated 

MEFs/KO cells relative to the control MEFs/KO cells, but this was not found to be a significant 

(p>0.05) change (Fig. 14F).  

 

MK571 was observed to have a more pronounced effect than the corresponding drug, 

probenecid on MRP1-expressing cells. Interestingly, it is also evident that the MK571 drug 

had exerted an effect on non-MRP1 expressing cells across all time points, showing a decrease 

in cellular viability. Considering that cells that do not express MRP1 should not be affected by 

the drug. This could possibly be in large part due to the cytotoxic effect potentiated by MK571, 

thereby causing a decrease in cellular growth and increased cell death (Fig. 14A-C). Indeed, 

studies have demonstrated through the analysis of cytotoxic experiments that MK571 is by 

itself toxic to cells, but intriguingly, it does not affect cellular membrane integrity (787).   

 

Significantly, probenecid did not induce marked adverse effects on non-MRP1 expressing 

cells. This is evident through the constant cellular viability across all time points (Fig. 14D-F). 

In summary, data analysis from the proliferation assay is consistent with the western blot 
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results (Fig. 9) and previous studies that MK571 is a more potent and specific MRP1 inhibitor 

compared to probenecid (776). It is noteworthy that control MRP1-expressing cells had a 

higher cellular proliferation rate compared to the control non-MRP1-expressing cells. Again, 

this supports earlier studies that cells expressing MRP1 have an aggressive phenotype that 

leads to increased cellular proliferation and metastasis. However, the consequence of this event 

is likely important but remains unclear. It is vital that further analysis is needed to elucidate 

and will be the subject of intense investigation in the future.  

 

Overall, these investigations demonstrated that the treatment with probenecid did not induce a 

significant change after 24 h incubation in both MEFs/WT and MEFs/KO cells (Fig. 14D). 

However, there was a significant (p<0.01) change observed after 48 h incubation in MEFs/WT 

cells but not MEFs/KO cells (Fig. 14E). Importantly, there was also an observed reduction in 

MRP1 and hence, being targeted by the inhibitor, which leads to the reduction in cellular 

proliferation. MRP1 and hence, being targeted by the inhibitor, which leads to the reduction in 

cellular proliferation. the cellular growth of control MEFs/WT cells relative to the control 

MEFs/KO cells after 48 h of exposure (Fig. 14E & F). This is due to the MEFs/WT cells 

expressing the transporter pump, MRP1 and hence, being targeted by the inhibitor, which leads 

to the reduction in cellular proliferation. 
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Figure 14: MRP1 inhibitor MK571 and probenecid inhibit proliferation of MRP1-expressing, 
MEFs/WT cells. 

 
 MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assays measuring cellular 
proliferation in the presence and absence of MK571 (20µM) or probenecid (500µM): (A & D) 24 h at 
37°C; (B & E) 48 h at 37°C; and (C & F) 72 h in MEFs/WT and MEFs/KO cells. Results are the mean 
representative of 2 experiments. Error bars are displayed as ± S.D. Significance is displayed as relative 
to respective control MEFs/WT cells: *p<0.05, **p<0.01, and *** p<0.001. Relative to MEFs/WT 
cells incubated with MK571: ^^p<0.01. Relative to MEFs/WT cells incubated with probenecid: 
##p<0.01.  
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3.2.9 MRP1 induces expression of c-Myc and iron-regulated proteins in 
MRP1-overexpressing MCF7/VP cells   

 
 
Considering that in the previous studies (Fig. 9) we showed that MRP1 regulates iron 

metabolism through c-mediated-iron regulatory proteins in MEFs cells, it was important to 

understand if this phenomenon/event is similar in a well-established human cancer cell line 

model, namely MCF7 breast cancer cells (Fig. 15). As a proof-of-concept, MCF7/VP cells 

were selected for resistance to etoposide through stepwise exposure according to this protocol 

(788). The consequent cell lines established to highly express MRP1 were compared to control 

MCF7 parental (PC) naïve cells, which express low MRP1 endogenously. The expression of 

the MRP1 was increased at least 10 times in the resistant MCF7/VP cells compared to the 

naïve/sensitive MC7 PC cells (Fig 15). The mechanism is through the reduction in intracellular 

etoposide drug concentration, as a consequence of MRP1 overexpression and an altered DNA 

topoisomerase II drug sensitivity.   

 

Western blot analysis was performed to assess the correlation of MRP1 expression to c-Myc 

and the iron regulatory proteins. As expected, the expression of MRP1 in MCF7/VP was 

observed to be significantly higher (p<0.001) relative to the naïve MCF7 PC cells (Fig. 15A). 

Next, c-Myc also significantly increased in MCF7/VP cells compared to its counterpart, MCF7 

PC cells. We also found an increase in the expression of both TfR1, FTH and FTL (p<0.001), 

while a marked decrease in Fpn1 (p<0.001) in the MCF7/VP cells compared to its naïve form, 

MCF7 PC cells (Fig. 15A). This suggests an increase in intracellular iron level within the 

MRP1 overexpressing MCF7/VP cells through an increased uptake and lower efflux of iron 

compared to the naïve control, MCF7 PC cells. While the majority of the iron regulatory 

proteins (i.e. TfR1, Fpn1, and FTH) was found to be positively correlated with MRP1 
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expression in the MCF7 cells, the expression of FTL was found to be the opposite as observed 

in MEFs cells. Notably, FTL was found to be positively correlated and significantly 

upregulated in MRP1-overexpressing MCF7/VP cells compared to MCF7 cells, whereas in the 

MEFs cells, FTL is negatively correlated with MRP1 expression.  

 

3.2.10 MRP1 induces higher iron demand through the Wnt/β-catenin and 
AKT/PI3K signalling pathway 

 

Lastly, we performed western blot analysis to examine the potential mechanisms and signalling 

pathways involved in the regulation of the MRP1-mediated iron-regulatory proteins. Since we 

know that this mechanism is regulated through the proto-oncogene and transcription factor, c-

Myc, we decided to assess the potential pathways that are associated with the Myc. Several 

established studies over the past decades have pointed to the vital link between c-Myc, iron 

metabolism and signalling mechanisms such as the Wnt/β-catenin and PI3K/AKT pathways  

(789-792). Considering this, we screened for crucial signalling molecules, and their 

phosphorylated forms associated with these pathways in the MCF7/VP and MCF7 parental 

cells, due to these cell lines being more physiologically relevant in a clinical setting than MEF 

cells. To examine the phosphorylation activity and the degree of activation of the signalling 

molecules, we measured the ratio of the phosphorylated/total expression level of proteins.  

 

Predictably and similar to the previous results (Fig. 15A), MRP1 in the MCF7/VP cells were 

significantly upregulated compared to MCF7 cells (Fig. 15B; p<0.001). Next, the level of 

proto-oncogene and transcription factor, c-Myc and its phosphorylated form, p-c-Myc (S58) 

was also markedly increased in the MCF7/VP cells relative to MCF7 cells (Fig. 15B; p<0.01-

0.001). In addition, the pc-Myc (S58)/c-Myc (Total) ratio also showed an increased level in the 
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MCF7/VP cells relative to MCF7 cells (Fig. 15C). Next, we also observed a similar increased 

level in both of β-catenin (total) and phosphorylated form, pβ-catenin (S51) in the MCF7/VP 

cells compared to MCF7 cells (Fig. 15B; p<0.05-0.001). The activity ratio for pβ-catenin 

(S51)/β-catenin (total) was also found to be significantly increased (Fig. 15C; p<0.05). We 

next examined the level of both phosphorylated PI3K molecules – pPI3K (p85) and (p110), 

both molecules are increased in the MCF7/VP cells compared to MCF7 cells. However, while 

we did not observe any significant difference in the phosphorylated pPI3K (p85) (p>0.05), 

pPI3K (p110) was markedly upregulated (Fig. 15B; p<0.01). We then screened for AKT – the 

AKT total form significant reduction in expression was observed in MCF7/VP cells relative to 

the MCF7 cells (Fig. 15B; p<0.001). Whereas the T309 AKT phosphorylated form, increased 

significantly (p<0.01) while the S473 AKT phosphorylated form significantly decreased 

(p<0.01) in the MCF7/VP compared to the MCF7 cells (Fig. 15B). The activity ratio of pAKT 

(S473 & T309)/AKT (total) was measured to be significantly higher in the MCF7/VP cells (Fig 

15C; p<0.01-0.001). Lastly, we also examined the GSK-3β pathway-associated proteins. The 

total form of the GSK-3β was found to be significantly increased in the MCF7/VP cells relative 

to MCF7 cells (p<0.05), whereas both the phosphorylated form of GSK-3β, (S9) and (Y216) 

were found to be significantly upregulated in the MCF7/VP compared to MCF7 cells (Fig. 

15B; p<0.05-0.01). The activity ratio for pGSK-3β (S9 & Y216)/GSK-3β (total) was 

calculated to be markedly increased in the pGSK-3β (S9) (p<0.01), but no significant 

difference was observed in the pGSK-3β (tyr216) (Fig. 15C; p>0.05).  
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Figure 15: Positive correlation of MRP1, c-Myc and iron regulatory proteins in overexpressing-
MRP1, MCF7/VP cells. 

(A) MRP1-overexpressing, MCF7/VP (MRP1+) and therapy-naïve, MCF7 cells were incubated for 24 
h to examine the effects of MRP1 expression on c-Myc and iron-regulated proteins. Total protein lysates 
from MCF7/VP cells and MCF7 cells were probed for MRP1, TfR1, c-Myc, Fpn1, FTH and FTL. (B) 
MRP1 overexpressing, MCF7/VP (MRP1+) and therapy-naïve cells, MCF7 cells were incubated for 24 
h to examine the signalling pathways and mechanisms of actions for MRP1 and c-Myc-mediated 
regulation of iron-regulatory proteins. Total protein lysates from MRP1-overexpressing MCF7/VP cells 
and MCF7 cells were probed for MRP1, c-Myc (Total), pc-Myc (S62), β-catenin (Total), pβ-catenin 
(S51), pPI3K (p110), pPI3K (p85), AKT (Total), pAKT (S473), pAKT (T309), GSK-3β (Total), GSK-
3β (S9) and GSK-3β (Y216); and (C) Ratio of phosphorylated form to total form to determine c-Myc, 
β-catenin, AKT and GSK-3β activities. The data shown is representative of three independent 
experiments performed. The relative fold change was normalised to β-actin and measured in arbitrary 
unit (AU). Data are displayed as mean ± SEM (n=3). Statistical significance is displayed as *p<0.05, 
**p<0.01, ***p<0.001 of MCF7/VP cells relative to MCF7 cells.  
 

  



 

 

 

130 

3.3   Discussion 
 

The development of multidrug resistance (MDR) in cancer is a major reason for the failure of 

many forms of chemotherapy. One of the most studied MDR mechanisms is the ability of 

cancer cells to efflux a variety of chemotherapeutic drugs via the over-expression of ATP-

binding cassette transporters (ABC transporters) (2,8,768,774). MDR affects patients with 

various solid tumours, including breast, ovarian and lung cancer (2) and this still remains a 

major challenge in the clinical treatment of cancer (4,8,9). As such, there is an urgent need to 

understand and develop novel therapeutic strategies to treat these highly resistant and 

aggressive cancers.   

 

It is well established that cancer cells can efflux various anticancer drugs including 

anthracycline, epipodophyllotoxins, camptothecins and methotrexate (793-796). The efflux of 

these drugs via the ABC transporter pump reduces the efficacy of chemotherapeutic drugs, 

thereby resulting in MDR (2). However, cells over-expressing MRP1 exhibited malignant and 

aggressive phenotypes independently of chemotherapy (8). These are especially found in 

neuroblastoma, increasing cancer cell survival and metastasis (8,797). Over the past decade, 

mounting evidence has shown that MRP1 increases the aggressiveness of cancer, but the exact 

mechanism remains elusive (798-800).  

 

The proto-oncogene c-Myc is a known multifactorial transcription factor that regulates 

numerous genes involved in cellular growth and differentiation (770,801). Moreover, c-Myc is 

also highly involved in various cellular activities such as cell cycle, protein synthesis and 

cellular metabolism (770,771,802). Furthermore, c-Myc was also found to be frequently 

elevated in various human cancers, and this was also linked to tumour aggressiveness and poor 
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clinical outcomes (771). Notably, c-Myc has been reported to be involved in the regulation of 

iron-regulated proteins, including TfR1, ferritin and IRP2, indicating the importance of c-Myc 

in the regulation of iron metabolism (200,203,205).  

 

Importantly, recent studies have unravelled the complex link between iron and cancer, with 

many of the proteins involved in iron metabolism being multifunctional (203,803). The role of 

iron proteins is a ‘double-edged sword,’ as it is required to maintain a balance in the level of 

intracellular iron but also contributes to the malignancy of cancer cells independent of their 

primary role in iron metabolism (203). Here, it is vital that systemic iron homeostasis must be 

tightly regulated (804). Indeed, the aberration in the intracellular iron level is highly associated 

with an aggressive cancer phenotype (203). Considering such findings, the primary focus of 

this study was to investigate the relationship between MRP1, c-Myc, and the iron-regulated 

proteins and whether they affect the aggressiveness and proliferation of cancers. Indeed, for 

the first time, this study showed an interplay between MRP1, c-Myc, and the iron-regulated 

proteins that promote increased cellular proliferation and aggressiveness.  

 

3.3.1  MRP1 regulates iron down-stream uptake and efflux proteins  

 

Iron is an essential nutrient in facilitating cellular proliferation and growth, especially those 

found in malignant cells (203). Hence, we investigated the effect of MRP1 and c-Myc on TfR1 

and Fpn1. Importantly, TfR1 and Pgp have been found to be concomitantly expressed in 

numerous cancers such as breast, leukaemia, and lung cancer (805). However, the link between 

other transporters of the ABC family and TfR1 has not been widely studied, hence, for the first 

time, we show that TfR1 also interacts with other members of the ABC transporters.  
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TfR1 accounts for the internalisation and transportation of diferric-iron complexes into the cell, 

which consequently play a vital role in intracellular iron homeostasis. In this study, the 

intensity of TfR1 was found to be increased with MRP1 expression, indicating the increased 

uptake of iron in cells expressing MRP1 (Fig. 9, 10, 13 & 15A). In line with these studies, 

silencing of MRP1 also showed a decreased TfR1 expression, indicating reduced intracellular 

iron uptake and a direct correlation between MRP1 and TfR1 (Fig. 9B).  

 

Furthermore, the transmembrane exporter of iron, Fpn1, was also found to be more highly 

expressed in the non-MRP1 expressing cells compared to MRP1-expressing cells, indicating 

the reduction of iron efflux, which is in line with previous studies that cancer cells have a high 

iron requirement to support the high metabolic and proliferative demand (806) (Fig. 9 & 10). 

Several possibilities could have resulted in the reduced expression of this molecule.    

 

Firstly, Fpn1 has been established to be regulated by IRP1 and IRP2 mechanisms, the important 

machinery that governs the regulation of essential iron-regulated proteins, including TfR1 and 

ferritin. The ability of the IRPs to bind to the IREs at the 5’ or 3’ end of the mRNA enables the 

regulation of protein expression by stabilising or inhibiting the translation (173,197,201,202). 

As such, the expression of Fpn1 is elevated under high levels of intracellular iron in the absence 

of cluster [4Fe-4S] (173,201,202). This prevents the binding of the IRPs to the 5’ IREs of Fpn1, 

thereby resulting in increased synthesis of proteins such as Fpn1 and ferritin (173,201,202). 

Indeed, decreased Fpn1 levels in human breast cancer contribute to an increased level of the 

iron labile pool (LIP) and subsequently increased growth of breast tumour xenografts (203).   

 

Secondly, cancer cells, known for their high metabolic rates, have a particularly high 

requirement for cellular iron uptake. Recent studies have reported the ability of these malignant 
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phenotypic cancer cells to evolve clonally and develop specific mechanisms to cope with the 

high demands of iron. For example, they do this via retaining iron through the increased 

secretion of hepcidin hormone. This hormone results in the decrease of Fpn1 expression, 

thereby reducing iron efflux and retaining high intracellular iron levels within the cell. 

Interestingly, there could be a possibility whereby the increased expression of the Fpn1 protein 

is exerted by one or the other mechanism depending on the condition, which is yet to be 

elucidated, or it could also be exerted by both mechanisms simultaneously independent of the 

conditions. Collectively, further intense investigations are needed to elucidate the possible 

functions of these complex mechanisms, and these topics are outlined in Chapter 7: Future 

Studies.  

 

Additionally, the iron uptake and efflux analyses were also performed to further assess if 

MRP1-expressing cells increase TfR1, as observed in the western blot analysis (Fig. 10), 

thereby increasing intracellular iron uptake. MRP1-expressing cells were found to internalise 

more iron over time and decrease the level of iron efflux. This was in concordance with the 

literature and earlier findings that cells overexpressing MRP1 phenotypically resemble a cancer 

cell, increasing iron uptake while lowering iron efflux to meet the high metabolic iron demand 

(807,808).  

 

3.3.2  MRP1 regulates c-Myc and iron storage protein  
 

An important result from this study was also the increased expression level of c-Myc in MRP1-

expressing cells and decreased level of c-Myc in non-MRP1-expressing cells (Fig. 9 & 12). 

This is indicative of a significant link between the two proteins. Numerous studies have 

demonstrated the positive correlation between c-Myc and MRP1 (771). Indeed, Lin et al. 



 

 

 

134 

(2017) also reported the inhibition of c-Myc by targeting the growth-related signalling 

pathways such as the galectin-3/β-catenin signalling of the Human antigen R, ELAVLI (HuR), 

an mRNA-binding protein involved in tumour progression, apoptosis and metastasis. The 

decreased expression of c-Myc subsequently reduced the level of MDR proteins such as Pgp 

and MRP1 (771).  

 

In line with the western blot data (Fig. 9A & B), c-Myc was found to be localised in the nucleus 

(Fig. 12). As mentioned earlier, c-Myc is a multifactorial transcription factor involved in 

numerous cellular activities such as proliferation, cell adhesion, and metabolism. Our finding 

also observed the localisation of MRP1 in the nucleus, and considering the localisation of both 

MRP1 and c-Myc in the nucleus may suggest a possible interaction with MRP1 in the 

transcription of genes, which may be linked to increased iron metabolism. The interplay of 

MRP1 and c-Myc could potentially lead to more aggressiveness in MRP1-expressing cells. 

However, due to time limitations, it was not possible to elucidate further and, as such, will be 

the subject of future investigations.  

 

Ferritin’s is a ferroxidase and is involved in incorporating iron into storage. Classically, ferritin 

has been widely studied as a single whole unit known as total ferritin rather than its individual 

subunits (ferritin heavy chain; FTH and ferritin light chain; FTL) (809). Hence, these individual 

subunit compositions in MRP1 status have yet to be thoroughly examined and remain poorly 

understood (809). More recently, the interest in the different subunits has been intensified due 

to their different roles in intracellular metabolism and various other functions, such as 

immunity response (809).  
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Overall, our data from western blot analysis showed that ferritin upregulation could be due to 

FTH exerting a protective stress response as a compensatory mechanism. Indeed, studies have 

shown previously that although FTH is mostly cytosolic, it has the ability to translocate to the 

nuclei of cells to protect DNA from iron-induced oxidative damage and toxicity due to the 

increased intracellular iron (810). The amount of FTH localised in the nuclei is reported to 

depend on the changes in the iron status (810). Furthermore, FTH can also be secreted from 

the nucleus to perform various functions, including innate immunity response and signalling 

molecules in the cytosol (810). Classically, FTH was known to be a key iron-regulated protein, 

and recent studies revealed that FTH function depends on its cellular localisation (810). FTH 

plays a role in iron detoxification, while FTL acts as a nucleation site for iron storage within 

the ferritin nanocage (811). Evident in the western blot analysis (Fig. 9 & 15A), the increased 

level of FTH in conjunction with the reduced level of FTL in MRP1-expressing cells indicates 

a reduction in iron storage and increased metabolic processing of intracellular iron in the LIP.  

 

The expression of FTH in the western blot results was shown to be opposite that of FTL in the 

MRP1-expressing cells (Fig. 9A, B & D). Notably, the expression of FTH was increased rather 

than reduced under low iron conditions. For this reason, it contradicts the reported IRPs/IREs 

mechanism (810), indicating that FTH might be regulated by additional mechanisms that have 

yet to be elucidated. It could also be another possible unknown mechanism that pre-dominates 

the IRPs/IREs mechanism. This suggests that these subunits are not only involved in iron 

metabolism but also in other important cellular functions, such as the immune response (49), 

further indicating that FTH and FTL could be regulated by different mechanisms that have yet 

to be examined.  
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In line with this study, current findings through immunofluorescence studies also revealed 

marked co-localisation between FTH and the nucleus (Fig. 13M-P). This further supports the 

notion that FTH may translocate to the nuclei to exert an antioxidant response to protect DNA 

from iron-induced toxicity (810). FTH, being localised in the nucleus, may also indicate that it 

might be involved in gene transcription that may or may not affect other iron-regulated 

proteins.  

 

3.3.3  Iron depletion, MRP1-silencing and inhibitors regulate c-Myc and 
iron-regulated proteins  

 

We also investigated the effect of MRP1 on c-Myc and the iron-regulated proteins in response 

to iron-depleted conditions. MEFs cells were incubated with an iron chelating agent, DFO, for 

24 h to observe its effect. MPR1 expression in the DFO-treated MRP1 expressing cells was 

significantly increased compared to the control, non-MRP1 expressing cells (Fig. 9D). It is 

possible that an iron-depleted condition caused by DFO induces a stress response on MRP1, 

thereby increasing the expression level.  

 

Moreover, the intensity of TfR1 expression was shown to be markedly increased in the DFO-

treated MRP1-expressing cells compared to the respective control non-MRP1-expressing cells 

(Fig. 9D). This could be attributed to a response in an iron-depleted condition, the level of 

TfR1 was elevated to increase iron uptake into the cell to maintain a balance in the intracellular 

iron level.   

 

Similar to the western blot results observed in the transient silencing of MRP1 (Fig. 9B), the 

c-Myc level was observed to be markedly decreased in the DFO-treated MRP1-expressing cells 
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compared to its relevant control (Fig. 9D). One possible attribution to this observation could 

be the aberrations in the regulatory pathway in response to low iron conditions.  

 

One major upstream c-Myc pathway, the WNT/β-catenin signalling pathway, plays a 

fundamental role in normal cell proliferation and differentiation (812-815). Perturbations in 

the pathway are highly associated with a series of human degenerative diseases and the 

progression of human tumours in numerous cancers (813,815,816). Indeed, a landmarked study 

by Polakis (2000) also reported a significant link between iron and the WNT pathway. Aberrant 

changes to the WNT pathway in response to low intracellular iron level has been shown to 

contribute to numerous cancer types, including colorectal cancer and oesophageal cancer 

(203,817). Specifically, it was revealed that iron exerts major effects on molecules such as 

APC and β-catenin of the WNT signalling pathway (203). The presence of canonical WNT 

signalling, such as a mutant APC enables β-catenin to evade destruction by the proteasome 

(818). It then enters the nucleus and interacts with the TCF/LEF, which leads to activating the 

gene transcription of target genes such as c-Myc (817). The induction of c-Myc expression 

subsequently transcribes iron-regulated proteins such as TfR1 and divalent metal transporter 1 

(DMT1) to promote iron uptake (203). However, in the presence of iron chelating agents such 

as DFO, the TCF/LEF complex is reduced by a mechanism that remains elucidated (203). This 

indicates that the western blot results (Fig. 9A) is in agreement with this study in that there is 

a direct correlation between c-Myc and TfR1, and they are upregulated in a cancer phenotypic 

cell.  

 

Notably, the DFO treatment also markedly upregulated the intensity of Fpn1 in the MRP1-

expressing cells compared to the control non-MRP1-expressing cells (Fig. 9D). Intriguingly, 

studies have identified additional Fpn1 transcripts, namely, Fpn1A and Fpn1B, with the latter 



 

 

 

138 

lacking a 5’ IRE component in the mRNA (819,820). While Fpn1A is subjected to the IRP/IRE 

machinery, it can be transcribed or repressed depending on the iron level status within the cell. 

In contrast, FPN1B lacking the regulatory component allows it to bypass the IRPs/IREs system 

in an iron-deficient condition (819,820). FPN1B transcript is mainly expressed in the 

duodenum, specifically in the enterocytes and erythroid precursor cells, while Fpn1A is found 

to be expressed in the duodenum, where there are frequent high demands of iron (820).  

 

Under limited iron conditions, Fpn1B continues to translate, allowing it to switch to an 

“altruistic” mode by giving up some of its iron to increase the supply to other tissues requiring 

more iron (819,821). Fpn1B might also be subjected to other mechanisms, perhaps a hypoxia-

dependent mechanism that predominates the IREs/IRPs, thereby limiting its repressive 

response on the molecule. However, this concept remains elusive, and for this reason, this 

makes Fpn1B more likely to be involved in cancer cell proliferation and metastasis and 

therefore, requires further investigation to allow a better understanding and elucidation of this 

complex protein.  

 

Interestingly, the DFO treatment significantly reduced the expression of FTH and FTL in 

MRP1-expressing cells relative to non-MRP1-expressing cells (Fig. 9D). Domenico et al. 

(2009) have also reported a similar study on the degradation of ferritin in the presence of iron 

chelators. Their studies utilised different forms of highly membrane-permeable iron and low 

permeable chelators, such as DFO (822). Notably, their results revealed that a membrane-

permeable chelator leads to degradation by the proteasome, whereas less membrane-permeable 

chelator like DFO results in autophagy-induced degradation via the lysosomes (822). 

Collectively, iron stored in the ferritin can be mobilised and released into the cytosol for 
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metabolic processing while the ferritin chains are degraded. As such, the amount of iron the 

ferritin releases to be processed also depends on the ferritin degradation (822).  

 

Interestingly, rather than observing a decrease in MRP1 expression after 48 h incubation, there 

was a significant upregulation of MRP1 expression in both MK571-treated and probenecid-

treated MEFs/WT cells compared to the untreated MEFs/WT cells (Fig. 9C). This may be in 

part due to the mechanistic compensatory response induced by the inhibitors, thereby causing 

an upregulation of MRP1.  

 

In conjunction with the western blot analysis and MTT proliferation assay, MK571 was 

observed to potentiate a more pronounced effect on c-Myc and the other iron-regulated proteins 

than probenecid and, therefore, more potent at inhibiting overall cellular proliferation (Fig. 9C 

& 14). c-Myc also plays crucial roles in cellular proliferation, which could elucidate why 

MK571 led to higher Myc expression compared to probenecid. This observation suggests a 

compensatory response from the stress induced by the inhibitor. Indeed, MK571 is known to 

be a more specific and stronger competitive inhibitor than probenecid, even though both are 

transporters of the same organic anion molecules (776,823).   

 

Previous studies with MRP1 inhibitors aligned with this finding in that there was a direct 

correlation between MRP1 and c-Myc (Fig. 9A & 9C). This can be observed in the 

upregulation of MRP1 in the presence of MRP1 inhibitors that elevated the expression of c-

Myc. This effect could be due to the cells attempting to cope with cellular stress caused by the 

drug. In response to the decreased uptake of iron into the cell, the level of FTH was also 

markedly increased, possibly resulting in more cellular iron processing rather than storing iron. 
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Similar to the increased Fpn1 expression as observed in the DFO-treated MEFs/KO cells (Fig. 

9D), Fpn1B might be involved when there is a low intracellular iron level caused by the 

decreased uptake of iron into the cell (819,821). To cope with this response, Fpn1B could 

bypass the IRPs/IREs mechanism and continue translating, thereby increasing iron efflux to 

supply other tissues that require a higher demand of iron (819,821).   

 

Earlier studies indicated that MRP1 could have an additional role as an influx-efflux pump 

rather than just a basal efflux pump described in (8,824). Considering this, probenecid, a less 

specific MRP1 inhibitor, might target other activities and impede the functions of proteins 

associated with MRP1. This could lead to an increased protective stress response within the 

cell, thereby increasing the expression of MRP1. On the contrary, MK571, a more specific 

MRP1 inhibitor, has a narrower range of targets, causing an attenuated stress response in MRP1 

but a more profound effect observed on c-Myc and the iron-regulated proteins.  

 

Considering that MEFs are physiologically different to human cells, we wanted to assess this 

hypothesized mechanism in a more biologically relevant model. We utilized the human breast 

cancer cell line, MCF7 cells, which resemble the MEFS/KO cells, endogenously expressing a 

low level of MRP1. We developed a resistance line MCF7/VP, through pulse exposure to 

etoposide. The MCF7/VP cell line resembles MEFs/WT and has it expresses high levels of 

MRP1. We screened for the same iron regulatory proteins in these cell lines to assess and 

compare the effects between MEFs and human MCF7 cells. The data showed a similar trend 

and response studies with MEF cells, in that MRP1 overexpression in MCF7/VP cells resulted 

in a significant increase of c-Myc, TfR1, Fpn1, FTH as well as FTL (p<0.05-0.001; Fig. 9A). 

However, it is worthy to note that the response of FTL is different in the MCF7 cells compared 

to the MEFs (Fig. 15A). This phenomenon could be due to MCF7 cells, being an oncogenic 
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cell line, mimicking an iron-deprived state, and is constantly required to meet the high iron 

demand due to their altered metabolic state and activity (803,806,825). It may be possible that 

intracellular iron is constantly being depleted through the ferroxidase to meet the increasing 

metabolic activity and demand (826), or FTL could contribute to an unknown role.  

 

3.3.4  Signalling pathways involved in MRP1-mediated modulation of iron-
regulatory proteins  

 

Lastly, this chapter also investigated some key signalling pathways that has been linked to 

multidrug resistance, iron metabolism and/or MRP1 transporter regulation, which could be  be 

involved in the regulation (791,827-829). One of the pathways investigated was the PI3K/AKT 

pathway, which modulates c-Myc and MRP1 (789-791). From our western blot, we observed 

an activation of the downstream signalling cascades such as AKT. Indeed, AKT activation was 

also observed to be activated through the upregulation of pAKT (T308) (Fig. 15C). Notably, 

while studies have shown that both pAKT (T308) and pAKT (S473) are needed to 

phosphorylate for the full activation of AKT in the canonical pathway, several studies have 

shown the multifactorial role of these pAKT phosphorylation sites can result in different 

catalytic activity (830-832). In contrast to the canonical pathway, one study has shown that 

pAKT (T308) can activate AKT independent of pAKT (T308) and vice versa (833), while 

another study suggests that AKT molecule with T308 but not S473 effectively activates GSK-

3β (834) in human non-small cell lung cancer. Interestingly, a recent study by Balasuriya et 

al., provided a detailed quantitative analysis of the catalytic activity of AKT at different 

phosphorylation sites, T308 and S473 (830). Notably, their study suggests that phosphorylation 

at the T308 site alone increases the catalytic site rate by 400-fold, which is sufficient for 

maximal activation of the AKT signalling (830). Moreover, their data also suggested that 
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phosphorylation at the S473 site alone may not be sufficient to elicit AKT signalling (830).  

This could explain the event of AKT signalling activation in the MRP1-overexpressing MCF7 

cells might be more efficient via the phosphorylation of pAKT (T308) relative to its counterpart 

pAKT (S473), which promotes the activation of further downstream signalling pathways (832). 

Indeed, our data, showed that MCF7-VP cells displayed higher levels of pAKT (T308) 

expression compared to pAKT (S473), which aligns with the study.  

 

Next, we also wanted to assess the phosphorylation activity of GSK-3β molecules, pGSK-3β 

(S9) and pGSK-3β (Y216). GSK-3β is thought to undergo constitutive activation by 

autophosphorylation at Y216 and inactivation at S9, but recent studies have shown that 

different variables can affect the activation of the GSK-3β pathway and the kinase activity of 

GSK-3β is dependent on the degree of inhibitory effect or phosphorylation of S9 (73). The 

phosphorylation of pGSK-3β (S9) results in the inhibition of GSK-3β activity and, therefore a 

reliable indicator of GSK-3β activity (835,836). In our study, while we did not observe any 

difference in the total GSK-3β expression between MCF7-VP (MRP1-overexpressing) cells 

and parental/wildtype MCF7 cells, we did observe a slight increase (p>0.05) in the pGSK-3β 

(Y216) expression which suggests an increase in GSK-3β activity in the MRP1-overexpressing 

cells relative to its parental MCF7 cells. This aligns with our hypothesis that upstream 

activation of PI3K signalling activates AKT signalling, consequently activating the GSK-3β 

pathway in MRP1-overexpressing cells. We also observe an increase in total and 

phosphorylated Wnt/β-catenin expression, indicating that it is interacting and activated, 

through the upstream GSK3β signalling pathway (Fig. 15C). This leads to the stabilisation and 

degradation of β-catenin in the cytosol and accumulation of nuclear β-catenin, which then leads 

to nuclear translocation, thereby activating c-Myc transcription, enabling the modulation of the 

iron regulatory proteins that affect numerous cellular processes including increased malignancy 
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and proliferation (837-839). Indeed, this hypothesis aligns with our western blot data, in that 

we observed an increase in pc-Myc (S62) activity (Fig. 15C).  

 

In conclusion, the over-expression of the plasma membrane transporter MRP1 may be an 

adverse marker in high-grade tumours, especially those found in lung, breast, prostate and 

neuroblastoma cancer (774). This frequently leads to the aggressive cancer phenotype observed 

through increased proliferation and metastasis in various human cancers, often leading to 

chemotherapeutic resistance (8,9). This study revealed for the first time that MRP1 modulates 

iron metabolism and cellular proliferation, where the c-Myc-mediated pathways such as the 

Wnt/β-catenin and AKT/PI3K signalling pathways may be key actors. Ultimately, the results 

gathered in this study have broadened our understanding of the mechanisms underlying the 

dynamic and complex interaction between MRP1, c-Myc and the iron-regulated proteins. 

Importantly, this may provide a promising avenue for future research for developing more 

effective therapeutic treatments designed to target the over-expression of MRP1 in cancer 

patients.   
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MRP1

↑ C-Myc

↑TfR1

↑ FTH ↓ FTL

↓ Fpn1

↑ Fe uptake 

Cellular Proliferation 

↓ iron storage
LIP↑ iron process

↓ iron efflux

Figure 16: Schematic summary of the main effects of MRP1 on c-Myc and the iron-regulated 
proteins at basal level. 

MRP1 regulates c-Myc-mediated cellular proliferation through iron regulatory proteins (i.e.TfR1, 
FTH FTH, FTL and Fpn1).   
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Early endosome
- MRP1
- TfR1

Lysosome
- MRP1
- Fpn1

Nucleus
- MRP1
- c-Myc
- FTH

Figure 17: Schematic diagram illustrating the predominant localisation of MRP1, c-Myc, 
TfR1, Fpn1 and FTH within the cell. 

MRP1 and TfR1 is localised to the early endosome (EEA1); MRP1 and Fpn1 are localised in 
the lysosome (LAMP2); and MRP1, c-Myc and FTH found to be localised to the nucleus.   
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Chapter 4  
 

 

Targeting the Integrated Stress Response 

to Eradicate the eIF2α-SOX2 Mediated 

Stemness in Cancer. 
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4.1   Prelude  
 

In Chapter 3, we observed that overexpression of the drug transporter MRP1 (ABCC1) was 

shown to promote cellular proliferation through modulating iron metabolism in MEFs cells 

(expressing MRP1), so we became interested in whether human cancer cells in general, respond 

similarly to drug treatment. Previous studies have also revealed that MRP1, Pgp and ABCG2 

contribute to acquired MDR due to their ability to transport a broad range of chemically diverse 

anticancer drugs (840). In our preliminary studies, we assessed and compared the expression 

of other members of the ABC transporters after we developed resistant cancer cell lines. We 

pulsed exposed MCF-7 to their conventional drugs (i.e., etoposide) by treating the cells with 

drug treatment at their IC50 value for 72 h and allowing the cells to grow for another 72 h in 

drug-free media (this process was repeated for at least 10 passages, see Chapter 2 for method). 

PANC1 cells were treated with increasing concentrations of Gemcitabine till 5 uM is 

concentration is reached, at which a highly resistant phenotype was selected. This treatment 

procedure resulted in chemo-resistant MCF7-VP16 (etoposide-resistant) and PANC1 GR 

(gemcitabine-resistant) cells (Fig. 18). 

 

Notably, MCF7-VP16 is an established model for studying the activity of MRP1 (48,788). We 

observed a significant increase in MRP1 (p<0.001) expression in the MCF7-VP16 compared 

to the parental MCF7 cell line, as MRP1 induced etoposide resistance (Fig. 18). Previous 

studies have shown that MRP1, Pgp and ABCG2 confers gemcitabine resistance in PANC1 

GR cells and this observation is consistent to our data in that we observed an increase in MRP1 

expression, and significant increase in Pgp (p<0.001) and ABCG2 (p<0.05) expression (Fig. 

18). Interestingly, we also observed a positive correlation between ABCG2, Pgp and stemness 

marker, SOX2. This is consistent with studies reporting that Pgp and ABCG2 is often utilise 
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as stemness markers across different tumour types (656,841-844). Considering this and the fact 

that we observed a link between the drug transporters Pgp and ABCG2, as well as together 

with an increase in the stemness marker, SOX2, the aim of Chapter 4 was to study how 

stemness is affected by drug treatment and whether stemness can be reversed if stemness traits 

develop.   

 

 

 

 

 



 

 

 

149 

 

 

  

PA
NC1 P

C

190

kDa

Pgp 140

42Β-actin

ABCG2 72

MRP1

PA
NC1 G

R

SOX2 35

MCF/VP 

190

Pgp 140

42Β-actin

ABCG2 72

MRP1

MCF7 P
C

35SOX2

kDaA B

0

5

10 MRP1

***

MCF-V
P1

6 
MCF7

 PC

M
R

P1
re

la
tiv

e 
to

 c
on

tro
l

0

10

20 ABCG2
***

MCF-V
P1

6 
MCF7

 PC

AB
C

G
2

re
la

tiv
e 

to
 c

on
tro

l

0

10

20
SOX2

***

MCF-V
P1

6 
MCF7

 PC

SO
X2

re
la

tiv
e 

to
 c

on
tro

l

0

10

20

30
Pgp

***

MCF-V
P1

6 
MCF7

 PC

Pg
p

re
la

tiv
e 

to
 c

on
tro

l

0

1

2
ABCG2

AB
C

G
2

re
la

tiv
e 

to
 c

on
tro

l
PA

NC1
GR

PA
NC1 P

C

0

1

2
SOX2

SO
X2

re
la

tiv
e 

to
 c

on
tro

l

***

PA
NC1

GR
PA

NC1 P
C

*

0

1

2
MRP1

M
R

P1
re

la
tiv

e 
to

 c
on

tro
l

PA
NC1 GR

PA
NC1 P

C

0

1

2
Pgp

***
Pg

p
re

la
tiv

e 
to

 c
on

tro
lz

PA
NC1 GR

PA
NC1 P

C

Figure 18: Positive correlation of ABC transporters, Pgp and ABCG2 with stemness marker, 
SOX2. 

cancer, PANC1 parental cells (PANC1 PC) and PANC1 gemcitabine-resistant cells (PANC1 GR). 
*p<0.05, **p<0.01, ***p<0.001 denotes statistical significance comparing naïve control (sensitive) to 
drug tolerant/resistance cancer cells in both PANC1 and MCF7. Results are mean ± SD (n = 3). 
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4.2   Abstract (Adapted from manuscript) 
 

Therapy-resistance remains a clinical challenge in all cancers. One of the main contributors to 

therapy resistance is the development of therapy-persister cells that are driven by non-genetic 

adaptive mechanisms. Cancer stem cells (CSCs) represent a determining factor for increasing 

malignancy and recurrence. Transcription factors, such as SOX2, have been shown to play a 

vital role in maintaining pluripotency of stem cells. SOX2 is a well-studied CSC marker and 

has been detected in all types of cancers. However, how SOX2 is being regulated in CSCs 

remains unclear. Herein, we show that drug therapies can lead to increased persistence and 

stemness in cancer cells through a SOX2-mediated pathway. We developed therapy persistence 

across multiple cancer types (pancreatic, breast and brain) with long-term repeated (pulsed) 

selection pressure. By comparing different CSC development models (Darwinian vs 

Lamarckian) of several cancer types, drug treatment was found to increased SOX2 expression 

and self-renewal capacity compared to therapy-naïve groups. Upon mitochondrial translation 

inhibition with doxycycline (DXC), mitochondrial stress-activated integrated stress response 

(ISR) via OMA1-eIF2α–SOX2 axis was activated. By activating the ISR pathway and the 

OMA1-eIF2α–SOX2 axis we observed reduced cancer stemness activity. Silencing of 

mitochondrial OMA1and eIF2α and eIF2α inhibitors, demonstrated regulation of SOX2 by 

these proteins and SOX2 was significantly decreased if the ISR pathway is activated. Taken 

together, our finding reveals insights into how cancer stemness is regulated and maintained 

through the OMA1-eIF2α–SOX2 axis. These studies also show that targeting of mitochondrial 

translation machinery can offer a promising therapeutic strategy for SOX2-enriched CSCs to 

prevent resistance and recurrence in cancers.  
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4.3   Introduction  
 

Despite advances in cancer treatments, therapeutic failure or resistance to therapeutic treatment 

is an ongoing challenge for patient survival (363). Therapeutic resistance is driven by genetic 

evolution and often involves non-genetic adaptive mechanisms, which has become the main 

focus for cancer therapy failure (299,845). Several studies have demonstrated that one of the 

Yamanaka stem-like gene factors, SOX2, is often overexpressed in cancer stem-like cells 

(CSCs), which gives such cells enhanced plasticity and survival advantages (299,363,845). 

CSCs are subpopulations of self-renewal malignant cells within the tumour bulk that can alter 

their metabolic profile. Their plasticity enables them to survive in harsh microenvironmental 

conditions, adapt to chemotherapeutic insult, and support cancer recurrence (299,363,845).  

 

The term intrinsic and extrinsic stemness has been proposed to occur through several models 

(846). The Darwinian model (natural selection theory) proposes the ‘intrinsic’ pre-exiting 

stem-like cells within the tumour, which can be selected and enriched by ‘forced’ transcription 

factors responsible for regulating their hierarchical and plasticity switch, while the latter, also 

known as the Lamarckian model, suggests that stem-like cells do not pre-exist within the 

tumour but are induced by therapies through different levels of genetic or epigenetic 

modifications (369,478,846,847). Cancer cells that develop tolerance to therapeutic treatments 

are also known as drug-resistant or drug-tolerant persister cells (DTPs). Chemoresistant 

tumours enriched with stemness markers/factors (extrinsic stemness) appear to protect them 

from chemotherapy and contribute to the origin of relapse after treatment (848). Recently, Oren 

et al., examined the cellular lineages and gene-expression profiles of DTPs. These studies 

revealed the role of non-genetic and reversible mechanisms in resistance to chemotherapy in 

different tumour types. Notably, these sub-populations of cancer cells across multiple cancer 
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types show distinct metabolic shifts to fatty acid oxidation and can enter senescence 

reprogramming, which promotes stem-like properties in different cancer types (299,845,849).  

 

Our studies demonstrate that the widely studied stemness marker SOX2 is consistently 

overexpressed in DTPs and cancer cells with intrinsic acquired stemness. Of interest for our 

studies, subpopulations of DTP cells are often characterised by their altered mitochondrial 

metabolism that displays more pronounced stem cell-like gene expression signatures 

(362,363). Considering this, the aim of this chapter was to investigate how targeting 

mitochondria could modulate stemness and stemness factors such as SOX2.  

 

Our previous studies (Bořánková et al., 2023; unpublished data) also show that inhibiting the 

mitochondrial translation could effectively target stem-like features in neural cancers. In the 

current research study, we demonstrate for the first time that we can utilise mitochondria, by 

employing doxycycline (DXC) as a modulating tool, to activate the OMA1-eIF2α-SOX2 axis 

of the mitochondrial-integrated stress response (ISR) pathway. Notably, the activation of this 

pathway can effectively reduce SOX2-mediated stemness of different tumour types with 

extrinsic stemness (i.e. DTPs) and intrinsic stemness enriched with SOX2 stemness factor. Our 

findings provide a new role of mitochondria function and by inducing the mitochondrial ISR 

response we can modulate the behaviour and presence of CSCs. Overall, this study provides 

better understanding of how refractory cancer cells respond to therapies and serves as a proof-

of-concept study for how future drug development efforts could utilise the mitochondria and 

the ISR pathway to reduce CSCs.  
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4.3.1   Graphical Abstract 

 

 

 

 

 

 

 

Figure 19: The models proposed for CSCs: Darwinian and Lamarckian models. 

A) Darwinian model proposes natural selection of CSCs that pre-exist within the tumour; (B) 
Lamarckian model proposes that CSCs do not pre-exist within tumour but can be induced by therapies; 
(C) combination of both models that could include both extrinsic and intrinsic stemness; (D) Tumours 
enriched with CSCs have an altered metabolic profile compared to naïve/untreated tumours and; (E) 
Doxycycline promotes 1) inner mitochondrial fusion and activates the integrated stress response 
pathway (ISR) via OMA1-eIF2α pathway consequently: 2) reduces SOX2-mediated cancer stemness 
and; 3) induces cellular stress (CHOP). 
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4.4   Results   
  
 
4.4.1   Chemotherapy induces SOX2 and colony-forming capacity  

 
Therapy resistance and increased malignancy is the main cause of cancer-related death 

(850,851). CSCs are often the determining factor for increased heterogeneity, plasticity and 

malignancy in all cancers and therefore represent a major challenge for developing precise 

targeted therapies (259,310,852). Our initial studies focused on evaluating the effect of 

chemotherapy on stemness in naïve/parental cancer (PC) cells treated with multiple cycles of 

chemotherapy. DTPs/drug-resistant cells were obtained by treating the naïve/parental brain 

(U87MG), breast (MDA-MB-231), and pancreatic cancer cell (PANC1) with their respective 

gold standard clinically relevant drugs i.e. temozolomide, paclitaxel, and gemcitabine 

respectively. These naïve/parental cancer cells were treated with the IC50 value of their 

respective chemotherapy through pulsed exposure (i.e., cycles of chemotherapy in which the 

drug was exposed for 72 h followed by the drug being withdrawn for another 72 h). This 

process was repeated for at least 10 passages (Fig. 20A). The resulting DTPs/resistant cell 

lines: U87MG-Temozolomide Resistant (U87MG TR), MDA-MB-231-Paclitaxel Resistant 

(MDA-MB-231-PR) and PANC1-Gemcitabine Resistant (PANC1-GR), where we then 

screened for the IC50 value for their respective drug treatments in these tumour types (Fig. 

20B). The level of resistance/persistence was determined by the level of IC50 in the DTPs 

compared to the naïve untreated cancer cells. U87MG TR, MDA-MB-231 PR (p<0.05) and 

PANC1 GR (p<0.05-0.001) significantly increased their IC50 values by 2-fold, 10-fold and 

4000-fold compared to parental control cells in response to the drug treatment.  
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To investigate how the drug treatment affected stemness activity in these different tumour types 

(PC vs. DTPs cell lines), the SOX2 stemness marker (Fig. 20C, D) and colony formation 

capacity methods (Fig. 20C, E) were utilised. Colony formation is commonly used to study 

self-renewal capacity, which is an important feature of CSCs (853). Firstly, we observed a 

marked increase in SOX2 expression in the DTPs/resistant cancer cells compared to their 

naïve/parental counterparts in different tumour types (Fig. 20D), i.e. U87MG TR (p<0.01), 

MDA-MB-231 PR (p<0.01) and PANC1 GR (p<0.001). Consistent with the increased stemness 

marker, SOX2 in the DTPs/resistant cancer cells (Fig. 20D), these cells also displayed a higher 

colony formation capacity than their parental/sensitive counterpart (U87MG; p<0.01) (Fig. 

20E), which indicates that chemotherapy can potentiate cancer cells with stemness and self-

renewal potential. In line with our data, a recent study that suggest that neoadjuvant 

chemotherapy is associated with an altered metabolic profile and increased cancer stemness in 

patients with pancreatic ductal adenocarcinoma (854). 
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Figure 20: Neoadjuvant chemotherapies potentiate stemness by inducing SOX2 and colony 
forming capacity in drug tolerant persister cells. 

Therapy resistance were developed in different tumour types by treating the different cancer types with their 
conventional therapies. (A) Different cancer cell types were screened for their IC50 value to their 
chemotherapeutic drugs. U87MG TR was treated with temozolomide at IC50 value with pulse exposure (i.e. 
drugs were added and then removed to allow recovery and process is repeated) for 10 cycles; PANC1 and 
MDA-MB-231 were treated with pulsed exposure of increasing concentrations, till 5 µM  and 1 µM are 
reached respectively; (B) IC50 of respective drugs were measured in different cell lines to assessed level of 
resistance; (C) schematic showing the timeline experiments; (Di-iii) SOX2 protein expression in different 
cell lines (drug tolerant/resistance vs sensitive) by western blotting; (Ei-iii) colony formation was assessed 
to compare levels of colony forming capacity in both resistance vs sensitive cell lines  Results are mean ± 
SD (n = 3). *p<0.05, **p<0.01, ***p<0.001 denote statistical significance compared each treatment (drug 
tolerant/resistance) to the untreated control (sensitive).  
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4.4.2   Doxycycline reduces SOX2-mediated stemness and colony formation   
           capacity in drug-tolerant/resistant cancer cells. 
 

Similar to our results in Fig. 21, the Darwinian process describes how cancer cells acquire 

increased stemness features from long-term chemotherapy-induced exposure (294). 

Interestingly, our previous studies have demonstrated that DXC-mediated inhibition of 

mitochondrial translation can efficiently reduce stem-like traits and resistance in nervous 

system-associated cancers such as neuroblastoma and glioblastoma cells as opposed to normal 

fibroblasts (Bořánková et al., 2023; unpublished). Therefore, we wanted to explore the if DXC 

also can affect SOX2 expression.  

 

Initial anti-proliferative studies (MTT assay) with DXC revealed that there was not a significant 

difference in IC50 values when drug-resistant and parental counterpart were treated with DXC 

(Fig. S2). Notably, DXC at concentrations of 12µM, 25µM and 50µM (concentrations used in 

later studies), did not display any cytotoxic effect after a 24-incubation period (Borankova et 

al., 2023; unpublished). Overall, this implies that DXC has similar anti-proliferative effects in 

both drug-resistant and their respective parental cell. 

 

To study the effect of DXC has on stemness we utilised the stemness marker SOX2 and 

assessed colony formation capacity. Interestingly, a consistent reduction in SOX2 expression 

was observed in DTPs/resistant U87MG-TR, MDA-MB-231-PR cancer cells, whereas a more 

significant decreased was observed in PANC1 GR (p<0.01) DXC dose-dependent manner in 

response to a short-term 24 h treatment period (Fig. 21A). Notably, SOX2 in non-treated DTPs 

was observed to be marked increased compared to non-treated PC across different tumour types 

(p<0.05-0.001). The decrease in stemness marker SOX2 in response to DXC treatment also 
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correlated with less colony formation capacity in DTPs/resistant cells (Fig. 21B). In the colony 

formation assay, we treated cells with 50 µM DXC for 24h, after which the cells were 

trypsinised and reseeded. Cells were replaced with drug-free media for 10 days (Long-term 

effect; Fig. 21C). We observed a significant reduction in colony forming capacity in the 

DTPs/resistant cancer cells that expressed high levels of SOX2 in response to DXC treatment, 

whereas DXC did not appear to have any effect on the naïve/parental cancer cells to form 

colonies that express little to no SOX2 (p<0.001) (Fig. 21B, C).  

 

Besides the short-term 24 h treatment (Fig. 21A), we also screened for SOX2 expression (Fig. 

21B) after long-term treatment (Colony formation after 10-21 days: Fig. 21C). The long-term 

exposure to DXC mirrored the short-term exposure of cells to DXC, where a decrease in SOX2 

expression was observed in the DTPs/resistant MDA-MB-231 PR and U87MG TR cells and a 

more marked downregulation was observed in PANC1 GR (p<0.001) (Fig. 21B). Notably, no 

difference (increase or decrease) in SOX2 expression was observed in PC in response to short- 

or long-term DXC treatment (Fig. 21A-C). Taken together, the decrease in SOX2 expression 

(induced by DXC) mirrored the decrease in colony formation capacity. This suggested that 

DXC exerts an anti-stemness effect by targeting SOX2-enriched DTPs/resistant cancer cells. 

This further indicates that DXC has the potential to be utilised to reduce stemness in tumours 

that have developed resistance to their conventional chemotherapeutic drugs.  
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Figure 21: Doxycycline reduces SOX2-mediated stemness and colony forming capacity 
in drug tolerant/resistant cancer cells with extrinsic stemness. 

Isogenic pairs of cancer cells of different tumour types (i.e. PANC1 PC vs. PANC1 GR, MDA-MB-
231 PC vs. MDA-MB-231 PR and U87MG PC vs. U87MG TR cells) were treated with Doxycycline 
and assessed for: (A) Titration of DXC to screen for SOX2 protein expression; (C-E) Isogenic pairs 
of different tumour types pre-treated with DXC for 24 h and replated were screen for colony forming 
capacity by staining with crystal violet and; (F-H) SOX2 protein expression were assessed in isogenic 
pairs of different tumour types that pretreated with DXC and replated. Results are mean ± SD (n = 3). 
*p<0.05, **p<0.01, +++/***p<0.001 denote statistical significance compared each treatment (drug 
tolerant/resistance) to the untreated control (sensitive). p<0.05, +++ p<0.001 denotes statistical 
significance comparing DTPs control (no treatment) to PC control (no treatment).   
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4.4.3   Doxycycline reduces SOX2 activity and colony formation in cancer   
           cells with intrinsic stemness.  
 

Intrinsic stemness response can also pre-exist and occur within the tumour as a part of the 

oncogenic process (Lamarckian intrinsic stemness theory) and exhibit high levels of CSCs 

marker, SOX2 (362,855,856). Hence, we also investigated whether DXC can reverse SOX2 

levels in parental/naïve cells that endogenously express SOX2. Western blotting data showed 

that cell lines such as gastric AGS PC, neuroblastoma SH-SY5Y PC and SK-N-BE(2) PC cells 

expressed higher levels of SOX2 than parental/naïve cells such as PANC1 PC, U87MG PC 

and MDA-MB-231 PC cells (p<0.01; Fig. 22A). It’s important to note that all cell lines 

screened were compared to AGS PC as control. Consistent with our results in the cancer cells 

with extrinsically generated (drug-induced) stemness, anti-proliferative studies in the cancer 

cells with intrinsic stemness also showed that inhibiting mitochondrial translation by DXC 

limited cell proliferation across the tested cell lines (Fig. 22B).  

 

Similar to the DTPs/resistant cancer cells with extrinsically generated (drug-induced) 

stemness, western blotting data also revealed that DXC also reduced SOX2 expression in the 

intrinsically expressing SOX2 cancer cells (Fig 22Ci-iv; i.e. Neuroblastoma SH-SY5Y PC, 

SK-N-BE(2) PC and osteosarcoma MNNG-HOS PC cells) in a dose-dependent manner; and 

more significantly in AGS PC (p<0.05-0.01). Colony formation studies also indicated that DXC 

consistently decreased intrinsic generated stemness features in cancer cells (DXY long-term 

effect) as displayed by markedly lowering colony forming capacity (p<0.001-0.05; Fig. 22Di-

iv). Hence, overall this indicates that DXC can reduce SOX2 expression both in drug-induced 

(extrinsic stemness; Fig. 21) and endogenously SOX2 expressing cancer cells (intrinsic 

stemness; Fig. 22).  
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Figure 22: Doxycycline reduces SOX2 activity and colony formation in cancer cells with intrinsic 
stemness. 

Cancer cells of different tumour types (i.e. AGS PC, MNNG-HOS PC, SH-SY5Y PC and SK-N-BE(2) PC) that 
expresses intrinsic levels of SOX2  were treated with Doxycycline and assessed for: (A) SOX2 protein 
expression comparing cancer cells of different tumour types with either intrinsic stemness or extrinsic stemness; 
(B) cellular viability and toxicity by MTT assay after 72 h exposure of DXC in MNNG-HOS PC, SH-SY5Y 
PC and SK-N-BE(2) PC; (Ci-iv) Titration of DXC to screen for SOX2 protein expression; (Di-iv) cancer cells 
of different tumour types pre-treated with DXC for 24 h and replated were screen for colony forming capacity 
by staining with crystal violet. Results are mean ± SD (n = 3). *p<0.05, **p<0.01, ***p<0.001 denote statistical 
significance compared each treatment (drug tolerant/resistance) to the untreated control (sensitive). *Note: 
Karolina Bořánková performed experiments for Figure 30B, 30C(i-iii) & 30D(i-iii).   



 

 

 

162 

4.4.4 Doxycycline induces integrated stress response (ISR) proteins in 
parental/sensitive and drug-tolerant/resistant cancer cells.   

 

Considering the marked effect of DXC in reducing stemness, we explored whether DXC can 

reduce stemness via its reported interaction with mitochondria (857-860). Recently the 

mitochondrial ISR pathway has been shown to relay pressure from the mitochondria to the 

cytosol via the OMA1-mediated pathway (861,862). In our previous studies (Borankova et al., 

2023; unpublished) found that inhibition of mitochondrial translation with DXC leads to 

mitochondrial stress and an ISR response can reduce stemness traits and this is independent of 

PERK activation. This led us to investigate whether DXC can trigger a mitochondrial ISR 

stress response that specifically reduces stemness and the CSC marker SOX2.  

 

To investigate our hypothesis, initial studies assessed the effect of DXC treatment on ISR 

pathway proteins, and SOX2 expression in drug-tolerant/resistant and parental cells (Fig. 23A). 

Notably, due to the lack of reliable antibodies that specifically recognise phosphorylated or 

activated DELE1 and HRI, we focused on assessing the activity of the key upstream and 

downstream regulators of the ISR pathway. Both naïve/parental and DTPs pancreatic cancer 

cells (i.e., PANC1-PC and PANC1-GR) were treated with varying DXC concentrations (12.5 

µM, 25 µM and 50 µM). Western blotting results revealed that DXC significantly reduced the 

expression of OMA1 and OPA1 (p<0.01-0.05; important for mitochondrial membrane fusion 

and distress relayed signal), while inducing stress-responsive molecules, eIF2α and CHOP 

proteins (p<0.01-0.05) in a dose-dependent manner in both PANC1 PC (parental/sensitive) and 

PANC1 GR cells (Fig. 23A).  
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Notably, OMA1 and OPA1 acts a mitochondrial gatekeeper of cellular stress by controlling a 

highly sensitive mechanism for mitochondrial structure/function homeostasis (863). It is worth 

noting that the significant decrease in OMA1 and L-OPA1 expression after DXC treatment is 

consistent with the activation of OMA1, which in turn can cleave L-OPA1 (Fig. 23A). OMA1 

undergoes self-cleavage upon mitochondrial membrane depolarisation, which is consistent by 

OMA1 being actively cleaved when activated (864). The activation of OMA1 (observed as 

decrease in OMA1, activated by self-cleavage) is consistent with the downregulating its 

substrate OPA1 (864) (Fig. 23A). The activation of OMA1 was also found to be consistent 

with an induction of its stress-responsive downstream protein activity, eIF2α (p-eIF2α (S51)) 

and eIF2α downstream effector, CHOP (Fig. 23A & B).  

 

Consistent with previous results (Fig. 21), PANC1 PC, which expresses little to no basal SOX2 

expression, did not change in SOX2 expression in response to DXC treatment (Fig. 23A). On 

the other hand, DXC treatment decreased SOX2 expression in a dose-dependent manner in 

PANC1 GR cells, which expressed significantly higher levels of SOX2 in relation to PANC1 

PC (Fig. 23A). These results imply that upregulation of OMA1 and eIF2α may be important 

for decreasing SOX2 expression in cells. Furthermore, we also observed a reduction of SOX2 

expression in a time-dependent manner in both PANC1 PC and PANC1 GR cells (Fig. 23C).  

 

To further assess SOX2 expression, we performed confocal immunostaining where we 

compared untreated and treated PANC1 GR and PANC1 PC. Consistent with the western blot 

data, we observed a significant increase of SOX2 staining in PANC1 GR cells compared to its 

naïve PANC1 PC cell counterpart (p<0.001; Fig. 23D). DXC treatment also resulted in a 

marked decrease of SOX2 staining in PANC1 GR-treated cells compared to untreated group 
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(p<0.05). In contrast, we did not observe any significant change in SOX2 staining between 

treated and untreated groups in PANC1 PC which expresses little to no SOX2 (Fig. 31D).  
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Figure 23: Doxycycline reduces SOX2-mediated stemness in dose-dependent and time-dependent manner by 
inducing integrated stress response (ISR) proteins in drug tolerant/resistant cancer cells. 

Isogenic pair of pancreatic cancer (PANC1 PC and PANC1 GR) were exposed to DXC (50 μM) for 
24 h and assessed for: (A) Protein levels of Mitochondrial ISR pathway molecules; SOX2, OMA1, 
OPA1, phosphor-eIF2α (S51), eIF2α (total), and CHOP; (B) schematic elucidating the effect of DXC 
on the mitochondrial ISR pathway in cancers; (C) SOX2 protein expression in PANC1 PC and 
PANC1 GR cells that were treated with DXC in a time course study; and (D) cells were stained with 
SOX2 (green) and all images were taken at 63X magnification and at the same exposure using 
Axiovision™ software. *p<0.05, **p<0.01, ***p<0.001 denote statistical significance compared 
each treatment (drug tolerant/resistance) to the untreated control (sensitive). + p<0.05 denotes 
statistical significance compared to drug tolerant/resistance control. Results are mean ± SD (n = 3). 
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4.4.5  Modulators of eIF2α reverse SOX2 activity in drug-tolerant/resistant 
cancer cells.  

 
To investigate if the SOX2 lowering effect of DXC is dependent on eIF2α, we utilised eIF2α-

modulators (i.e., ISRIB and salubrinal). Opposite to DXC treatment (inducing eIF2α activity), 

the eIF2α inhibitor ISRIB was shown to antagonise the activation of the ISR response and the 

eIF2α activation (peIF2α/eIF2α), which resulted in the induction of SOX2 expression (Fig. 

24A) (865). Notably, we did not observe a significant decrease in peIF2α expression with 

ISRIB treatment compared to the control in PANC1 GR cells. This can be explained through 

several studies having similar results, in that the potency of ISRIB depends on the levels of 

eIF2α activity within the cell (865-867). A high concentration of cellular eIF2α would 

outcompete the reagent, ISRIB. We observed high levels of eIF2α across all our screened cell 

lines, which could contribute to decreased effect of ISRIB and hence only a partial inhibition 

of eIF2α can be achieved.  

 

Importantly, inhibition of eIF2α with ISRIB partially rescues the DXC lowering effect on 

SOX2 expression in all DTPs/resistant cancer cells tested (i.e. PANC1 GR, U87MG TR and 

MDA-MB-231 PR) (Fig. 24A & B). Similarly, ISRIB also partially rescued the DXC lowering 

effect of intrinsically expressed SOX2 of gastric, neuroblastoma and sarcomas (i.e. AGS PC, 

SH-SY5Y PC, SK-N-BE(2) PC and MNNG-HOS PC; Fig. S1), which indicated that DXC 

exerts a universal effect in different tumour types. Predictably, ISRIB alone did not appear to 

affect the expression and rescue the activity of upstream eIF2α molecules such as OMA1 and 

OPA1. In addition, combination of both ISRIB and DXC did not rescue OMA1 and OPA1, 

which recapitulate the suppressive effect of DXC on mitochondrial translation. However, the 

combination of ISRIB and DXC seems to downregulate eIF2α downstream molecules such as 

CHOP.  
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DTPs/resistant pancreatic cancer cells, PANC1 GR were also treated with an eIF2α-

dephosphorylation inhibitor, salubrinal, which has an eIF2α-inducing effect. Salubrinal exerted 

similar effect as DXC demonstrated by its ability to reduce SOX2 expression in PANC1 GR 

cells (Fig. 24C). Moreover, as salubrinal induce a more specific eIF2α inducing effect than the 

DXC, we predicted that the pathways upstream of eIF2α should be less affected than with 

DXC. Indeed, no significant change was observed for OMA1 expression in PANC1 GR cells 

(Fig. 24B & C) with salubrinal. However, while OMA1 expression remains significantly 

unchanged with salubrinal, L-OPA1 was found to be reduced, indicating L-OPA1 substrate 

cleavage. This decrease in L-OPA1 by salubrinal may be attributed to YME1L1, which is also 

localised within the inner mitochondrial membrane, as YME1L1 can also drive OMA1-

independent cleavage of OPA1 and thereby contribute to the coordination of mitochondrial 

fusion and fission (863). In line with this, we observed an increase in YME1L expression in 

PANC1 GR cells that were exposed to salubrinal compared to control and DXC-treated cells. 

This indicated that salubrinal might contribute to an alternative YME1L-mediated cleavage of 

OPA1 (Fig. 24). Of note, salubrinal itself reduces SOX2 level to a similar level as DXC 

treatment alone, while the combination of salubrinal and DXC did not induce any further 

reduction in SOX2 expression or induction of the eIF2α pathway-associated proteins (Fig. 

24C; i.e. OMA1, OPA1 and eIF2α in the SOX2 expressing PANC1 GR cancer cells). To 

validate this further, we also utilised CHOP (downstream of eIF2α and runs parallel to SOX2 

of the eIF2α axis) and western also revealed that combination of both DXC and salubrinal did 

not induce CHOP expression. These data suggests that eIF2α activity may have been activated 

to its maximal level when using salubrinal and DXC alone. This would also explain why no 

further reduction in eIF2α can be observed when the two reagents are combined.   
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Intriguingly, the combination of ISRIB with DXC, or ISRIB with salubrinal did not increase 

colony formation in PANC1 GR cells (Fig. S3). The reason for this is unclear, but this indicates 

that while specific induction of eIF2α activity inhibits SOX2 expression, the inhibited colony 

formation depends on both activations of eIF2α and the ISR pathway. We also observed that 

while salubrinal markedly reduced SOX2 expression in PANC1 GR cells (p<0.01; Fig. 24C), 

and while combination of both ISRIB and salubrinal appears to partially rescue SOX2 

expression (similar to ISRIB and DXC treatment), it did not decrease the number of colonies, 

suggesting that overall cancer stemness is reduced via the activation of the OMA1-eIF2α-

SOX2 axis of the ISR pathway. Notably, the ability of DXC to cause irreversible mitochondrial 

damage/dysfunction via mitochondrial translation inhibition could ultimately result in a 

permanent phenotypic change or shift of activity to an irreversible quiescent state in cancer 

cells. In addition, the effect of DXC on mitochondrial global translation inhibition could also 

result in cancer cells being unable to rescue themselves by producing more stemness factors 

that are essential for self-renewal and recurrence, therefore no increase in colony counts would 

be expected.  
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Figure 24: eIF2a modulators can reverse ISR pathway mechanism and SOX2 activity in drug 
tolerant/resistant cancer cells, PANC1 GR cells. 

Isogenic pair of pancreatic cancer (PANC1 PC and PANC1 GR) were treated with: (A) pretreated with 
ISRIB (25 μM) and DXC (50 μM); (B) salubrinal (50 μM) and DXC (50 μM) and assessed for protein 
levels of SOX2, OMA1, OPA1, YME1L1, phospho-eIF2α (S51), eIF2α (total). Results are mean ± SD 
(n = 3). *p<0.05, **p<0.01, ***p<0.001 denote statistical significance compared each treatment (drug 
tolerant/resistance) to the untreated control (sensitive). Results are mean ± SD (n = 3). 
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4.4.6 SOX2-mediated stemness function and activity are predominantly 
dependent on the ISR pathway.  

 

To further investigate the importance of mitochondrial proteins and the ISR pathway for 

reducing SOX2 and stemness, we utilised PANC1 GR cells (high in SOX2) (Fig. 25A) and 

treated them with DXC. To assess if SOX2-mediated stemness is dependent on the ISR 

pathway, we silenced OMA1 (Fig. 25A) and eIF2α (Fig. 25B) and co-treat it with DXC. 

Western blot results revealed that silencing of OMA1 downregulated eIF2α expression relative 

to the negative control. Moreover, silencing of OMA1 was able to partially reinstate SOX2 

expression (Fig. 25A) when cells were co-treated with DXC. This data suggested that the 

reduction of SOX2 with DXC and regulation of SOX2 depend on OMA1 and the ISR pathway. 

Moreover, silencing of eIF2α, was found similar to OMA1 silencing, to increase SOX2 

expression during DXC treatments (Fig. 25B). This data also suggests that reduction of SOX2 

with DXC and SOX2 expression is dependent on eIF2α activation. Hence, the inhibition of 

OMA1 or eIF2α activity could be exploited to modulate SOX2 activity.  

 

Intriguingly, both OMA1 and eIF2α silencing showed no significant change in colony-forming 

capacity when treated with DXC (Fig. S3). This indicates that OMA1 is required to be induced 

in order for colony forming capacity SOX2-mediated stemness to be effectively reduced. The 

specific silencing of OMA1 and eIF2α was not sufficient alone to prevent recurrence and self-

renewal of colonies in different tumour types. This indicates the broad-spectrum ability of 

DXC and the specific mitochondrial translation inhibition pathway (i.e., OMA1-eIF2α-SOX2 

axis) is required to be activated to reduce overall cancer stemness.  
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Figure 25: SOX2-mediated stemness and activity is dependent on ISR pathway. 

Pancreatic cancer DTPs cells (PANC1 GR) were treated with: (A) OMA1 siRNA (40 μM) and 
DXC (50 μM); (B) eIF2α siRNA (40 μM) and DXC (50 μM); and (C) schematic depicting OMA1 
and eIF2α silencing of the ISR pathway. Following protein levels were assessed: SOX2, OMA1, 
OPA1, YME1L1, peIF2α (S51), eIF2α (total) through western blotting. Results are mean ± SD 
(n = 3). *p<0.05, **p<0.01, ***p<0.001 denote statistical significance compared each treatment 
group to the negative control. Results are mean ± SD (n = 3). *p<0.05, **p<0.01, ***p<0.001 
denote statistical significance compared each treatment group to the negative control (NC).  
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Supplementary Figure 1: eIF2a modulators can reverse ISR pathway mechanism and SOX2 

activity across different tumour types of cancer cells. 

(A) Isogenic pairs of cancer cells with extrinsic stemness (i.e. PANC1 PC vs. PANC1 GR, MDA-
MB-231 PC vs. MDA-MB-231 PR and U87MG PC vs. U87MG TR cells) and (B) cancer cells with 
intrinsic stemness (AGS PC, MNNG-HOS PC, SH-SY5Y PC and SK-N-BE(2) PC) were treated with 
ISRIB (25 μM) and screen protein expression of SOX2, OMA1, OPA, phospho-eIF2α (S51), and 
eIF2α (total) protein levels. Results are mean ± SD (n = 3). *p<0.05, **p<0.01, ***p<0.001 denote 
statistical significance compared each treatment (drug tolerant/resistance) to the untreated control 
(sensitive). Results are mean ± SD (n = 3). 
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Supplementary Figure 2: Doxycycline slowed down proliferative activity by slowing growth. 

(A) IC50 value of doxycycline was obtained via MTT on isogenic pairs of cancer cells with extrinsic 
stemness (i.e. PANC1 PC vs. PANC1 GR, MDA-MB-231 PC vs. MDA-MB-231 PR and U87MG PC vs. 
U87MG TR cells). Results are mean ± SD (n = 3).  

72h
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Supplementary Figure 3: The combination between Doxycycline and eIF2ɑ modulators 
(ISRIB and salubrinal) did not number rescue colonies in PANC1 GR cells.  

Pancreatic cancer cells, PANC1 GR were pretreated with: (A) ISRIB (25 μM) for 2 h before 
DXC (50 μM) was added for another 24 h; (B) ISRIB (25 μM) for 2 h before DXC (50 μM) 
was added for another 24 h; (C) esiOMA1 for 48 h before DXC was added for another 24 h. 
Cells were then incubated for 10 days before being screened for number of colonies. Results 
are mean ± SD (n = 2).  
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4.5   Discussion  
 

For the past decades, therapy resistance has become a major issue that needs to be addressed 

(20,21). Despite some clinical success with some chemotherapeutic therapies, a higher 

incidence of malignancy, recurrence, and metastasis are still urgent issues that needs to be 

addressed. Increased duration of therapies could also promote tumours with stochastic and 

transient mode to reprogram into DTP pools with a more adaptive, stable, and dormant-like 

state. This pool resembles a drug-refractory state with increasing stemness features (8,22,23).  

Notably, patients who exhibit greater expression of stem cells genes across multiple 

malignancies have been shown to have significantly worse prognosis (6,24,25). 

 

Considering that both CSCs and DTPs have shown to have an altered and reprogrammed 

metabolic profile such as elevated fatty-acid metabolism it has been an interest to identify and 

eradicate these rare subpopulations of cancer cells (2,3,26,27). Herein, we show that cancer 

cells can express high levels of SOX2 intrinsically, while drug therapies also can promote 

increased SOX2 persistence and stemness (Fig. 21 & 22). Considering that we previously 

(Bořánková et al., 2023; unpublished) demonstrated that inhibition of mitochondrial translation 

could effectively target stem-like cancer cells in neural cancers, we wanted to further explore 

the major pathway and target proteins in this process. In the current research study, we 

demonstrate for the first time that we can utilise mitochondria, by employing DXC as a 

modulating tool, to activate the OMA1-eIF2α-SOX2 axis of the mitochondrial-ISR pathway to 

reduce stemness traits in several cancers. Notably, DXC appears to selectively targets SOX2-

enriched stemness factor in cancer cells in both extrinsic stemness (i.e., DTPs) and intrinsic 

stemness across different tumour types through the activation of OMA1-eIF2α-SOX2 pathway.  

 



 

 

 

176 

We utilised DXC as a pharmacological tool to induce the mitochondrial-stress response in 

different tumour types in different cancer stemness models (i.e., Darwinian process; extrinsic 

stemness and Lamarckian method; intrinsic stemness). In our previous study, DXC was used 

as a standard tool to study mitochondrial translation inhibition. DXC is a well-tolerated and 

widely used FDA-approved drug, which we also confirmed by its low toxicity against normal 

neonatal fibroblasts and unlike other cancer cells, viability of normal fibroblast was not affected 

by DXC treatment (Bořánková et al., 2023; unpublished). In addition, our previous study 

developed long-term inhibition of mitochondrial protein synthesis by pulse exposing cancer 

cells to DXC to mimic multiple rounds of chemotherapy and gradually select for DXC 

phenotype. Notably, DXC-resistant cancer cells showed downregulation of drug resistant 

marker, Pgp, which suggest that cancer cells cannot easily induce resistance to DXC 

(Bořánková et al., 2023; unpublished). Intriguingly, OMA1 was markedly upregulated in the 

DXC-resistant cells, further indicating a compensatory mechanism from the long-term and 

constant stress exerted by DXC (Bořánková et al., 2023; unpublished).                             

 

We found that DXC-induced mitochondrial dysfunction resulted from the activation of OMA1-

eIF2α stress response pathway that ultimately reduced SOX2-stemness (Fig. 23). We were also 

able to reverse the DXC-induced reduction of SOX2 by co-treating with OMA1 silencing or 

eIF2α modulators (Fig. 24 & 25). However, while eIF2α modulators could be used to modulate 

SOX2 expression, we did not find them to modulate the colony-forming capacity in our study. 

This suggested that while eIF2α may also regulate SOX2 expression through different 

signalling pathways, the ISR-specific pathway seems important for inhibiting the SOX2-

mediated stemness and self-renewal capacity in CSCs (Fig. S3).  
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The activation of the ISR pathway also appears to be involved in reducing SOX2 stemness and 

this can be reversed with eIF2α inhibitors. It is worth noting that different concentrations of the 

eIF2α inhibitor, ISRIB (0.5µM- 50µM) were utilised in this study in combination with DXC to 

increase the expression of SOX2 (data not shown). The lack of full rescue of SOX2 levels 

during DXC treatment at higher concentrations of ISRIB is in line with another study by 

Rabouw et al., 2019, which demonstrated that ISRIB cannot inhibit ISR when intracellular p-

eIF2α concentrations exceed a critical threshold (866). Therefore, the effects of 

pharmacological activation of ISRIB are in agreement with p-eIF2α activity as a limiting factor 

(18). Interestingly, several studies showed that ISRIB is only a partial antagonist of the ISR 

pathway. Hence, while it plays a role in inhibiting the ISR response, its activity is highly 

dependent on the concentration of eIF2α activity and that high levels can outcompete ISRIB 

(17-19). Hence, this may offer an explanation to the partial rescue of SOX2 levels in our 

experiments as eIF2α was expressed at high levels.  

 

We also noted that siRNA silencing of both OMA1 and eIF2α during DXC treatment appears 

to rescue SOX2 expression more efficiently than co-treatment of eIF2α modulators with DXC 

(Fig. 24 & 25). This may be due to more specific and effective targeting via silencing than the 

modulators, of which the targets of the modulators (ISRIB and salubrinal) have yet to be fully 

elucidated. Despite this, eIF2α modulators ISRIB and salubrinal reveal insights into how cancer 

stemness can be modulated via the OMA1-eIF2α-SOX2 axis. It is also worth mentioning that 

while the eIF2α modulators can modulate SOX2 expression in our western blot data, we did 

not observe any significant change in OMA1 expression, which could attribute to the failure of 

rescuing and increasing the colonies with DXC treatment. Similarly, specific inhibiting of 

OMA1 through silencing did not rescue colonies when co-treating with DXC. Hence, while the 
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modulators and silencers can modulate SOX2 expression, it does not activate the OMA1-eIF2α-

SOX2 axis, which could contribute to the basis of inhibiting cancer stemness.  

 

Our result also suggests that DXC possesses unique mitochondrial targeting properties that can 

have multifactorial effects compared to the eIF2α modulators alone. Notably, the multifactorial 

effect of DXC to activate the mitochondrial ISR pathway to directly target SOX2-enriched 

cancer cells and cancer stemness is of interest. As such, DXC could be considered a better 

alternative to inhibit cancer cells with both intrinsic and extrinsic SOX2 stemness, specifically 

through the OMA1-eIF2α-SOX2 axis.  

 

Together, our study illustrates that the ISR pathway is a unique conserved retrograde pathway 

that relays mitochondrial stress, which could be directly involved in regulating both extrinsic 

and intrinsic SOX2-mediated stemness. The multifunctionality of DXC to induce mitochondrial 

ISR and inhibiting cancer stemness suggest that DXC could have a clinically important role to 

play in targeting hard-to-treat cancers with metastatic and invasive features.  
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Chapter 5  
 

 

Mitochondrial Integrated Stress 

Response Reveals Metabolic 

Reprogramming and Druggable 

Targets for Cancer Stem Cells Survival  
 

 

 

 
 

 

This Chapter is adapted and revised from: 

 

1. Leck LYW, Bořánková K, McKelvey KJ, Gillson J, Lane DJR, Sahni S, Samra 

J, Mittal A, Jan Škoda, Jansson PJ. Mitochondrial Integrated Stress Response 

Reveals Druggable Targets in Cancer Stem Cells [Manuscript in preparation].  
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5.1 Prelude   
 

Considering that numerous studies have demonstrated that CSCs have an altered metabolic 

profile compared to the non-CSCs of the tumour bulk (299,370,379,868,869), we wanted to 

explore this area further in Chapter 5 by assessing how the effect of DXC can alter the 

metabolic profile of CSCs. DXC can reduce cancer stemness by inducing a mito-ISR response 

(shown in Chapter 4), we wanted to explore further whether this effect led adaptive metabolic 

changes DTPs/CSCs.  

 

One important finding in this chapter was altered cellular cystine uptake changed, i.e. via 

upregulation of ATF4 and xCT, which are downstream molecules of the ISR pathway and the 

OMA1-eIF2α axis (Fig. 26). We also aim to determine if this downstream response from 

OMA1-eIF2α axis can be targeted to further increase drug treatment efficacy. By utilising DXC 

treatment in combination with other forms of commonly used anti-cancer agents, i.e., 

sorafenib, that inhibit the cystine uptake transporter (xCT), we aimed to increase the sensitivity 

of these cells. 
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Graphical abstract  

 

 

 

 

 

 

 

   

 

 

 

 

Figure 26: Schematic of the working hypothesis. 

Doxycycline promotes 1) inner mitochondrial fusion and activates the integrated stress response 
pathway (ISR) via OMA1-eIF2α pathway which then: 2) induces metabolic reprogramming via cystine 
uptake through ATF4 and xCT; 3) this mechanism can be targeted by further using a common 
chemotherapeutic agent and xCT inhibitor i.e. sorafenib to increase the sensitivity of cancer cells to 
other forms of programmed cell death such as ferroptosis.  
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5.2   Introduction  
 

Despite advances in cancer treatments, therapeutic failure or resistance to therapeutic treatment 

is an ongoing challenge which results in disease progression, recurrence, and poor overall 

survival in patients (287). Therapeutic resistance is not only driven by genetic evolution but 

also often involves non-genetic adaptive mechanisms, which has become an important driver 

for cancer therapy failure (870,871). Cancer cells can enter a reversible drug tolerant persister 

state in response to treatment (871,872). Cancer cells that developed resistance to therapeutic 

treatments are commonly referred to as multidrug resistant or persister cells, which are often 

characterised by their metabolic shift to fatty acid oxidation and glutathione metabolism (299). 

Indeed, persister cells are also often associated with more pronounced stem cell-like gene 

expression signatures and features (257). Compelling evidence from both experimental models 

and clinical studies demonstrated that CSCs contribute to the initiation, maintenance, and 

progression of tumours (258-260).  

 

The FDA-approved drug, DXC exerts anticancer properties by behaving as a mitochondrial 

biogenesis inhibitor in tumour cells due to evolutionarily conserved similarities between 

bacterial ribosomes and mitochondrial ribosomes. In chapter 4, we demonstrated that DXC 

induce mitochondrial-ISR mechanism, which can effectively remove SOX2 mediated stemness 

in CSCs across multiple tumour types (i.e., brain (U87MG), pancreatic (PANC1) and breast 

(MDA-MB-231).  

 

In recent years, the cystine/glutamate antiporter, xCT (SLC7A11) that imports cystine into the 

cells while exporting glutamate, has become an emerging target due to its link to ferroptosis, 

an alternative form of programmed cell death (873,874). Indeed, recent studies have also 
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shown that CSCs are sensitive to this form of cell death (875,876). Conventional therapeutic 

FDA-approved drugs such as sulfasalazine and sorafenib have been reported to be natural, 

specific and potent inhibitor of xCT (877,878). The aim of this chapter was to investigate the 

effect of DXC and how it can lead to metabolic reprogramming in DTPs through cystine 

uptake. And considering this, we could employ a combinational therapeutic strategy to 

effectively eradicate CSCs/DTPs.   

 

Herein, for the first time, we show that we can induce xCT with DXC resulting in cellular 

metabolic reprogramming-related response that could become a novel strategy for targeting 

CSCs in persister cells. The ability of DXC to target CSCs in several malignant cell lines, as 

observed in this thesis, offers a novel drug development strategy for targeting DTPs in tumours. 

 

In this chapter, we show that DXC activates a unique stress response (mito-ISR response) that 

results in an increased cystine uptake through xCT transporter. The activation of this pathway 

could potentially be effective at eradicating refractory CSCs cells through combinational 

treatment with conventional chemotherapeutic agents, including xCT transporter inhibitors 

such as sorafenib. This study also provides insights into how cancer cells respond in an attempt 

to protect themselves against anticancer agents.  
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5.3   Results  
 
 
5.3.1  DXC upregulates ATF4 and xCT through the eIF2α signalling of the 

ISR pathway in a dose-dependent and time-dependent manner.  
 
In Chapter 4, we explored the OMA1-eIF2α-SOX2 axis of the ISR pathway and discovered 

that activation of this pathway with DXC reduced cancer stemness across different tumour 

types of alternative cancer stemness models (i.e., Darwinian process vs Lamarckian process). 

In this chapter, we aimed to assess the relationship between stress-induced metabolic effects 

of DXC and the mitochondrial-ISR pathway.  

 

Of major interest for our studies was eIF2α, as it is a crucial signalling pathway molecule that 

facilitates numerous downstream metabolic cascades, while being a key protein for regulating 

global protein translation and unfolded protein response (879-882). The fact that eIF2α plays 

such a central role in many cellular processes and protein regulation, there has been an 

increasing interest in developing specific inhibitors for targeting the eIF2α protein. A crucial 

process that is dependent on eIF2α activation is the uptake of cystine via xCT (SLC7A11) 

transporter (883,884). This transporter has been shown to be an important part for upholding 

GSH synthesis and this transporter has also been shown to be involved in ferroptosis, an iron-

dependent form of programmed cell death (883,885,886). Of interest for us was that these 

crucial processes are being regulated by ATF4, and the fact that ATF4 is activated by 

downstream cascade of eIF2α (879), which we observed previously in chapter 4 was 

upregulated via the mitochondrial-ISR.  

 

By modulating the mitochondrial-ISR response with DXC we wanted to investigate whether 

cystine uptake is regulated and affected by mitochondrial-ISR and whether this regulation is 
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dependent on eIF2α and ATF4. In our first experiment we studied the expression of ATF4 and 

xCT in response to DXC treatment. As expected, and shown in chapter 4, we observed a 

consistent decrease in OPA1 and significant reduction in OMA1 (p<0.01) expression in 

PANC1 GR cells (Fig. 27A), which suggest the initiation of the ISR response. In a dose-

dependent manner of DXC, we observed a significant upregulation of peIF2α (S51) (p<0.05), 

which also correlated with significantly (p<0.001-0.01) increased protein expression of ATF4, 

xCT and CHOP (Fig. 27A).  

 

It is important to note that at basal level (low stress levels), peIF2α, ATF4 and xCT was 

expressed at very low levels. We utilised CHOP protein in this study as a positive control to 

xCT, as it also is downstream regulated by eIF2α (shown in chapter 4) (887). Indeed, with 

increasing doses of DXC resulted in the upregulation of peIF2α and consequently activating 

CHOP (p<0.001) and ATF4 (p<0.001) (Fig. 27A & B). This is indicative that activation of 

ATF4 and xCT is mediated by peIF2α (S51) of the ISR pathway.  

 

Next, we wanted to assess if DXC leads to a time-dependent upregulation of ATF4 and xCT 

in the PANC1 GR cells (Fig. 27C).  We treated PANC1 GR cells with standard (non-cytotoxic) 

concentration (50 µM) for varying time point (4h, 8h, 12h, 24h and 48h). In a time-dependent 

manner, WB analysis revealed a correlation between ATF4 and xCT and significant 

upregulation of these proteins was already starting at the 4 h and 12 h time point for ATF4 (p 

< 0.001) and xCT respectively.  

 

An interesting point to note is that it appears that there was a slight decrease in both ATF4 and 

xCT expression at the 48 h timepoint. This could possibly be due to a metabolic reprogramming 

event in response to protect the cells from DXC-induced stress. High levels of amino acids 
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such as cystine can also become toxic to cells. Indeed, studies have shown that cysteine is 

highly toxic to mitochondria, and an increased level of intracellular cysteine can impair 

mitochondrial respiration by limiting intracellular iron availability through an oxidant-based 

mechanism (888,889). Hence, cancer cells needs to maintain an intricate balancing act of 

cystine homeostasis. Accordingly, cystine is rapidly reduced to cysteine upon entering the cells 

via a glutathione-dependent process. The rapid cystine turnover is consistent with our data in 

Fig. 29, whereby cells were treated with buthionine sulfoxide (BSO) to prevent the conversion 

of cystine to cysteine and other metabolites.  

 

Overall, this data was consistent with a time-dependent downregulation of SOX2 observed in 

chapter 4. Hence, both the dose and time-dependent experiments with DXC revealed that 

mitochondrial-ISR proteins correlated with downstream pathway molecules (ATF4 and xCT) 

of the eIF2α pathway (Fig. 27B).  
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Figure 27: Doxycycline induces metabolic reprograming molecules, ATF4 and xCT in dose-dependent 
and time-dependent manner by inducing integrated stress response (ISR) proteins in drug 
tolerant/resistant cancer cells. 

Isogenic pair of pancreatic cancer (PANC1 PC & PANC1 GR) were exposed to DXC (50 μM) for 24 h and 
assessed for: (A) Protein levels of Mitochondrial ISR pathway molecules: SOX2, OMA1, OPA1, phosphor-
eIF2α (S51), eIF2α (total), and CHOP, as well as metabolic reprogramming molecules: xCT and ATF4; (B) 
schematic elucidating the effect of DXC on the mitochondrial ISR pathway in cancers and metabolic 
reprogramming through xCT; (B) SOX2 protein expression in PANC1 PC and PANC1 GR cells that were 
treated with DXC in a time course study. Results are mean ± SD (n = 3). *p<0.05, **p<0.01, ***p<0.001 
denote statistical significance compared each treatment (drug tolerant/resistance) to the untreated control 
(sensitive). Results are mean ± SD (n = 3). 
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5.3.2  DXC upregulates eIF2α, ATF4 and xCT consistently in other tumour 
types.  

 
Next, we were interested to know if DXC could initiate and activate the eIF2α-ATF4-xCT axis 

in other tumour types with both extrinsic or intrinsic generated stemness (i.e., Darwinian and 

Lamarckian theory). We treated different cancer cell lines of different tumour types with DXC 

at varying concentrations (12.5µM, 25µM and 50µM) for 24 h. Notably, we noted a significant 

upregulation of ATF4 (U87MG TR: p<0.001; MDA-MB-231 PR: p<0.001; and AGS PC: 

p<0.01) and xCT (U87MG TR: p<0.001; and AGS PC: p<0.05) in response to DXC in a dose-

dependent manner across different tumour types (Fig. 28). Just like the previous study (Chapter 

4), this study suggests that the DXC-mediated induction of the ISR pathway is not cell line nor 

tumour specific, but rather a consistent effect across different tumour types. In this study, we 

were able to show that DXC-mediated mitochondrial translation inhibition leads to metabolic 

reprogramming via the activation of the ISR response (Chapter 4), subsequently increasing 

cellular cystine uptake as a form of stress response (Fig. 29).  
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Figure 28: Doxycycline upregulates ATF4 and xCT of the eIF2α-ISR signalling pathway 
consistently in other tumour types. 

U87MG TR, MDA-MB-231 and AGS PC were treated with DXC (12.5μM, 25μM & 50μM) and assessed 
for protein levels: ATF4 and xCT. Results are mean ± SD (n = 3). *p<0.05, **p<0.01, ***p<0.001 denote 
statistical significance compared each treatment group to the control.  
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5.3.3  DXC increase cellular cystine uptake through the upregulation of xCT 
transporter.  

 
 
Next, we wanted to explore whether the upregulation of xCT was functionally associated to its 

mechanism as seen in data from WB. To study this, we employed fluorescent FITC-Cysteine 

(see methods, chapter 2).  Notably, to prevent the conversion of cysteine into other substrates 

upon entering the cells (necessary for more accurate cysteine measuring), we co-treated cells 

with the gamma-glutamyl cysteine synthetase inhibitor, buthionine sulfoxide (BSO) (Fig. 29B; 

(145).  Predictably, there was not substantial change in the cysteine (green) staining in cells 

that were treated with DXC and Cysteine alone. However, we observed an increase in FITC-

Cysteine staining when PANC1 GR cells were treated with BSO with DXC. It is also worth 

noting that PANC1 GR cells were treated at a confluency of approximately 80%. However, we 

only observed FITC-Cysteine in around 20% of the population (phase contrast compared to 

fluorescent images in Fig. 29A). This may indicate that only a small population of cells with 

increased persistence level showed increased in FITC-Cystine uptake. To elucidate this future 

study, we will need to include reliable quiescent markers for DTPs.  
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Figure 29: Doxycycline increases cysteine uptake through increase of xCT 
transporter 

(A) PANC1 GR cells were treated with DXC and buthionine sulfoxide (BSO; GSH 
synthase inhibitor) stained with FITC-Cysteine; & (B) schematic showing effect of BSO 
in cysteine metabolism. Results are mean ± SD (n = 3). 
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5.3.4    eIF2α inhibitor, ISRIB reverse cystine uptake mechanism through 
ISR pathway.  

 

To further assess the role of eIF2α for the regulation of ATF4 and xCT across different tumour 

types, we treated the different cell lines of both intrinsic (AGS PC) and extrinsic generated 

stemness (PANC1 GR and U87MG TR) with eIF2α inhibitor, ISRIB and/or DXC for 24 h. We 

did not observe any change in expression of ATF4 and xCT in the different cell lines that were 

treated with ISRIB. As previously observed, DXC resulted in a significant increase of ATF4 

(PANC1 GR: p<0.001; U87MG TR: p<0.001 and; AGS PC: p<0.01) and xCT (PANC1 GR: 

p<0.01 and; AGS PC: p<0.001) consistently across different cell line (Fig. 30). Interestingly, 

we also observed a consistent decrease in both ATF4 and xCT expression across all three cell 

lines that were co-treated with both DXC and ISRIB, but more significant in AGS PC (ATF4: 

p<0.01; and xCT: p<0.01), suggesting that ISRIB can reverse the activation of DXC-induced 

ISR response through the decrease of eIF2α activity. 
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Figure 30: eIF2α inhibitor, ISRIB, reverse cystine uptake mechanism through ISR 
pathway. 

PANC1 GR, U87MG TR and AGS PC were treated with DXC and/or ISRIB (ISR inhibitor) 
and assessed for protein levels: ATF4 and xCT. Results are mean ± SD (n = 3). *p<0.05, 
**p<0.01, ***p<0.001 denote statistical significance compared each treatment group to the 
untreated control.  ++ p<0.01, +++ p<0.001 denotes significance compared co-treated DXC and 
ISRIB to DXC alone. 
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5.3.5  Silencing of core-ISR pathway proteins reverses cystine uptake 
mechanism.  

 
 

To further assess if the ATF and xCT expression is dependent on the ISR pathway, we first 

silenced eIF2α of the ISR response and western blot data revealed a slight reduction of peIF2α 

(S51) expression in the sieIF2α-treated group compared to negative control. Predictably, eIF2α 

was only partially silenced as Chapter 4 have discussed that levels of eIF2α within the cell can 

contribute as a limiting factor. Notably, silencing of eIF2α did not result in any changes to 

ATF4 and xCT expression (Fig. 31A). However, co-treatment of both sieIF2α and DXC led to 

a slight downregulation of ATF4 and significant decreased of xCT (p<0.01) expression, 

recapitulating the notion that ATF4 and xCT are dependent on the ISR response and the reversing this 

pathway with silencing of key ISR-molecules can reverse the expression of these proteins (Fig. 31C). 

Next, we also silenced OMA1, which is the upstream initiator of the ISR cascade to study its 

effects. As previously demonstrated (see chapter 4) western blot data revealed that silencing 

OMA1 resulted in downregulation of OMA1 and L-OPA1 expression, however, it did not lead 

to any significant change in other molecules of the ISR pathway (Fig. 31B). Notably, 

comparing to DXC treated group alone, silencing of OMA1 with DXC treatment did not result 

in any change to ATF4 expression, but it led to a marked reduction of xCT expression (p<0.05), 

suggesting that xCT are dependent on the ISR pathway and that by blocking the expression of 

OMA1, we can inhibit and prevent the activation of this pathway (Fig. 31C). This data also 

strongly supports the previous chapter/studies (Chapter 4) where SOX2 and CHOP was found 

to be regulated via the eIF2α-mediated ISR response.   
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Figure 31: SOX2-mediated stemness and activity is dependent on ISR Pathway. 

DTPs pancreatic cancer, PANC1 GR was co-treated with: (A) eIF2α siRNA (40 μM) and DXC (50 
μM); (B) OMA1 siRNA (40 μM) and DXC (50 μM); and (C) schematic depicting OMA1 and eIF2α 
silencing of the ISR pathway. Following protein levels were assessed (A): peIF2α (S51) eIF2α 
(Total), ATF4 and xCT in (A) and (B) OMA1, ATF4 and xCT through western blotting. Results are 
mean ± SD (n = 3). *p<0.05, **p<0.01, ***p<0.001 denote statistical significance compared each 
treatment group to the negative control (NC) and ++ denotes statistical significance comparing co-
treatment of DXC and siRNA treatment to DXC treatment alone.  
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5.3.6   Co-treatment of DXC and sorafenib results in a more effective 
eradication of cancer cells in DTPs PANC1 GR cells 

 

 

Considering that DXC induces a cellular stress response in the form of increased cystine uptake 

through the transporter, xCT, we were interested to know if we could use conventional 

therapeutic reagents to target xCT to potentiate the toxicity of DXC treated cells. We did this 

by assessing the effect of co-treating the cells with commonly used xCT inhibitors, sorafenib 

and DXC. We treated cells first with DXC to induce the xCT activity followed by non-toxic 

concentration of sorafenib to enhance the process of xCT inhibition and ferroptosis.  

 

Interestingly, MTT data revealed that sequential treatment of DXC treated cells with sorafenib 

induced a 4-fold increase in cytotoxicity in the PANC1 GR DTPs cells compared to the parental 

cells PANC1 PC cells (Fig. 32). This suggests a potential use of DXC in combination with an 

xCT inhibitor as a therapeutic strategy to target DTPs cells that are enriched with stemness 

factors. However, future validation and investigation needs to be performed to elucidate the 

mechanism behind how this effect occurs.  
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Figure 32: Co-treatment of sorafenib and Doxycycline results in a more effective eradication 
of DTPs PANC1 GR cells than parental/naïve PC cells.. 

Cytotoxic effect (using MTT) as a result of sequential treatment of both DXC and sorafenib, 
between isogenic pair of pancreatic cancer (PANC1 PC and PANC1 GR) for 72 h. Results are 
mean ± SD (n = 2). *p<0.05, **p<0.01, ***p<0.001 denote statistical significance compared 
each treatment group to the negative control.  
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5.4   Discussion     
 

Therapy resistance is a major issue that needs to be addressed urgently. While we have seen 

improvements in clinical treatments over the last decades, there are still a high incidence of 

malignancy, recurrence, and metastasis that continues to post a challenge for effective treatment 

for patients (890).  

 

Notably, our study revealed that DXC and increased ISR stress response can reduce cancer 

stemness, possibly through metabolic reprogramming in cancer cells. In Chapter 4, we showed 

that activating the ISR pathway leads to reduction in cancer stemness and while we in this 

chapter observed that activating this pathway also can promote metabolic reprogramming as an 

adaptive mechanism for cancer cells survival. It is possible that both observed mechanisms in 

Chapter 4 & 5 could be a means of combating DXC-induced stress, through the suppression of 

ferroptosis to promote tumour development. Indeed, in recent years, ferroptosis has sparked 

significant interest in the field of cancer biology (891). Correspondingly, considerable interest 

has been directed into elucidating the role and regulatory mechanism of xCT in ferroptosis, 

which also creates a promising therapeutic targeting strategy in cancer treatment (892).   

 

Earlier studies support our finding that activation of ATF4 and/or NRF2 can mediate stress-

induced xCT transcription (883,893,894). Notably, ATF4 is induced primarily by mRNA 

translation, under various stress conditions such as amino acid starvation, endoplasmic 

reticulum stress, and hypoxia (883). Activation of ATF4 then was found to translocate into the 

nucleus and regulate transcription and promote genes such as xCT to cope with stress conditions 

(883,893). This cellular defence mechanism, through the upregulation of cystine/glutamate 

antiporter, xCT (SLC7A11) transporter, can increase cystine uptake to enable cancer cells 
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utilised in crucial process such as glutathione biosynthesis and antioxidant defence. Previous 

studies have also linked xCT overexpression increased tumour growth partly through 

suppressing ferroptosis, a form of regulated cell death induced by excessive lipid peroxidation 

(883). However, an increased expression of xCT is also associated with xCT-mediated 

metabolic reprogramming that has been shown to lead to glucose and glutamine dependency 

(883,895).  

 

In this study, we employed DXC as a pharmacological tool to study the metabolic changes in 

resistant/stemness cells as well as how xCT can be regulated through the mito-ISR. This chapter 

primarily focused on PANC1 GR cells, which were shown in previous chapter (Chapter 4) to 

be highly drug resistant and have increased stemness traits. Similar to the previous chapter 

(Chapter 4- Fig. 21 & 22), our western data revealed that dose-dependent exposure to DXC led 

to DXC-induced mitochondrial dysfunction, subsequently leading to the activation of OMA1- 

eIF2α stress response and the induction of xCT expression through the OMA1- eIF2α - ATF4 

axis (Fig. 27). Interestingly, we also observe a consistent upregulation of ATF4 and xCT in a 

dose-dependent manner across different parental tumour types, U87MG, MDA-MB-231 and 

AGS cells, which indicates that this event appears to be universal across multiple types of 

cancer (Fig. 28).  

 

To further investigate the functional activity of xCT, we utilise the cystine uptake assay to 

assess this mechanism. Consistent with western data and increased xCT expression, we 

observed an increased level of cystine uptake in cells that were co-treated with BSO and DXC 

(50µM/24h), which indicated that an increase of xCT expression was functional. 
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We also found that cystine uptake is dependent on the ISR pathway, when we performed 

inhibition studies of eIF2α with ISRIB (inhibitor of eIF2α). Cancer cells treated with ISRIB did 

not show any significant difference in ATF4 and xCT expression as ISRIB is known to target 

eIF2α, which is an upstream molecule of ATF4 and xCT (Fig. 30). Co-treatment of both DXC 

and ISRIB led to a slight decrease in ATF4 expression in multiple tumour types. Remarkably, 

co-treatment of both ISRIB and DXC resulted in a more significant reduction of xCT expression 

across different types of cancer cells, suggesting that co-treatment of both drugs can reverse the 

activation of the ISR pathway. Another worthy point to note is that this inhibition study is 

consistent with the confocal immunofluorescent study with SOX2 in Chapter 4. We noted a 

negative correlation in both SOX2 and xCT expression when cells were co-treated with DXC 

and ISRIB. Hence, co-treatment of DXC and ISRIB rescues SOX2 activity (increases SOX2 

expression) and reduces xCT activity (decreases xCT expression). As no studies has been 

performed on this link, it would be interesting to study the mechanistic link and relationship 

between SOX2 and xCT as part of a future investigation.  

 

In support of our eIF2α inhibition studies, gene silencing of OMA1 and eIF2α noted a similar 

response to eIF2α inhibition study, where western blotting data shows a slight decrease in ATF4 

expression and a more significant reduction in xCT expression when these two proteins are 

silenced during DXC treatment. Hence, both the inhibition of eIF2α and gene silencing studies 

of OMA1 and eIF2α, supports the hypothesis that xCT expression and activity is dependent on 

the ISR pathway. 

 

Lastly, considering that we observed an increase in xCT expression in response to DXC 

treatment we wanted to investigate if combining DXC with another common chemotherapeutic 

drug sorafenib, which inhibits xCT, can potentiate cytotoxicity in these cells. We noted a 4-
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fold increase of cytotoxic effect of PANC1 GR cells compared to the naïve PANC1 PC cells. 

This demonstrates the potential to sensitise DTPs/CSCs to this combination treatment.  

 

In addition, we have also utilised naïve parental cell line (PANC1 PC) in this study, and we 

observed a similar DXC-induced effect in this cell line (data not shown). However, while we 

did not observe any significant difference in DXC-induced ISR response between PC and GR 

cell, we did see a significant toxicity when co-treated with sorafenib. This suggests an enhanced 

sensitivity of ferroptosis in GR (DTPs) cells compared to parental cells. However, the 

mechanism that is mediating this phenomenon would require further investigation. However, 

also considering this, the increase in xCT could become an ‘Achilles heel’ in DTPs/CSCs when 

using a combination of such drugs. Future studies will tell if this strategy of targeting xCT 

increases cytotoxicity via ferroptotic cell death in DTPs/CSCs. Although, it’s worth noting that 

another crucial molecule that has been implicated in the regulation of ferroptotic cell death, 

namely glutathione peroxidase, GPX4 was not observed to change when cells were treated with 

DXC (data not shown). This suggests that the observed increase in toxicity when combining 

DXC with sorafenib is not likely to be an GPX4-dendepent ferroptotic process.  

 

This drug combination strategy with DXC has the potential to be employed as a different form 

of neoadjuvant or adjuvant strategy. Firstly, this same strategy could be implemented in an 

adjuvant post-chemo drug treatment strategy, whereby patients who have developed resistance 

to conventional therapies. We suggest that this “sheep herding strategy/theory” (labelled by us; 

Fig.36) has the potential to phenotypically shift the heterogeneous population of cancer cells to 

a more homogenous population of resistant stem cells and effectively eradicating them with 

DXC, before killing the rest of the population of sensitive cells with a conventional drug.  

 



 

 

 

202 

Alternatively, this “sheep herding strategy” with DXC could also be implemented as a 

neoadjuvant therapy to prevent the development of intrinsic cancer stem cells and then treating 

the sensitive cancer cells with conventional drugs. This unique strategy is designed to 

specifically target or effectively eradicate the roots or this small clonal subpopulation of the 

drug-resistant cancer stem cells within the tumour bulk to improve the treatment outcome. Our 

findings can serve as a future framework for more effective targeting of cancer, as well as 

provide insights into future drug development for targeting cancer metabolic reprogramming.  
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Chapter 6 

 

 

 

 

 

 

Future studies  
 

This Chapter is adapted from:  

 

1. Honours Thesis Titled: MRP1 is a Novel Regulator of Iron Metabolism and Cellular 

Proliferation (Honours thesis, 2017) 

Note: Some of the contents in Chapter 6 of this thesis have previously been published as part 
of Honours degree prior to my PhD candidature. 
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6.1 Future studies expanding from Chapter 3 
 

6.1.1 Investigate protein localisation and transport with alternative 

subcellular targets for immunofluorescence studies 

 
Immunofluorescence studies were employed in this investigation to assess the co-localisation 

of MRP1, c-Myc and the iron-regulated proteins within the cell. The subcellular markers 

utilised in these studies included EEA1 (early endosome), LAMP2 (lysosome) and DAPI 

(nucleus). Specifically, only MRP1 and TfR1 were stained together with the three subcellular 

markers. Notably, the iron-regulated proteins were only co-stained with LAMP2 and DAPI. 

 

Future investigations could include the staining of iron-regulated proteins together with EEA1 

to further elucidate the role and transport of these proteins in the early endosome. Previous 

studies demonstrated that iron-regulated proteins such as FTH and Fpn1 can be regulated by 

other indirect mechanisms, allowing them to perform various functions, which still at this 

point, remains elusive (810,819,821). As such, these functions could be better investigated by 

elucidating the localisation of these proteins within the cell.  Moreover, plasma membrane 

markers could be used in further studies to elucidate the presence and functional role of TfR1 

as an iron transmembrane receptor. MRP1 could also be stained with the plasma membrane 

marker to assess the role of MRP1 as a plasma transmembrane efflux pump.  

 

The endosomal compartments encompass dynamic and complex structures (896). Endocytosis 

of the plasma membrane leads to the formation of early endosome, which then further develops 

into lysosomes or recycling endosomes (896). Considering this complex endosomal pathway, 

each compartment contains its unique specific markers. As such, MRP1, c-Myc and the iron-
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regulated proteins could also be stained with EEA1 and other cellular markers to observe the 

intracellular trafficking of the iron-regulated proteins and MRP1 around the cell. Indeed, 

transmembrane proteins such as TfR1 and Fpn1 was observed to be degraded and recycled 

back to the cell surface (164,812,897). Interestingly, MRP1 was also found to be internalised 

and recycled back to the cell surface. The exact mechanism regulating these processes remains 

unclear (898).  

 

Additionally, while immunofluorescent studies appear to show the potential interaction 

between the iron regulatory proteins in the nucleus (merged confocal images; Chapter 3 (Fig. 

13), we will need to perform further tests such as immunoprecipitation and/or mass 

spectrometry of protein-protein interaction to validate these events.  Equally, subcellular 

fractionation of western blot could also be performed in conjunction with the confocal studies 

to confirm protein localisation.  

 

6.1.2  To examine the upstream pathways of c-Myc  

 
Transcription factor c-Myc accounts for more than 15% of the expression of cellular genes. 

Hence, c-Myc participates in a plethora of cellular processes including that of cell cycle, protein 

synthesis and cell adhesion (770). For this reasons, c-Myc is arguably one of the most studied 

oncogenes for the past few decades (899,900). The mechanistic pathway governing this protein 

has been well-established and elucidated, but not investigated in this study. The major pathway 

of this important protein includes the WNT/ β-catenin signalling pathway and the 

Phosphoinositide 3 kinase (PI3K)/Akt pathway (770,812,828).  
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Interestingly, studies have demonstrated a strong relationship between MRP1 expression and 

PI3K/Akt pathway (901). However, this association was not found for other MDR proteins 

such as Pgp (902-904). Tazzari et al (2007) first reported that PI3K/Akt activation leads to the 

over-expression of MRP1 and thereby conferring drug resistance in acute myeloid leukemia 

(AML) (902). Indeed, the inhibition of PI3K/Akt by drug inhibitors such as wortmannin 

resulted in the reduced level of MRP1 expression (902). The exact mechanism regulating this 

process remains elusive.  

 

The PI3K/Akt pathway is a key regulator of cell survival, proliferation, and apoptosis (902). It 

has been reported that the aberrant signalling pathway due to the alterations in the components 

of the PI3K pathway is frequently found in human cancers and is often associated with poor 

prognosis (902,905,906). These alterations include the mutation/loss of Phosphatase and tensin 

homolog deleted on chromosome 10 (PTEN), constitutive activation of Akt that is either due 

to the gene amplification of PI3K/Akt or the upstream activation of PI3K-Akt (903,905). 

Hence, inhibiting the Akt activation would be a potential approach for cancer treatment.  

 

The WNT/β-catenin signalling pathway is also a major regulatory pathway of c-Myc. Notably, 

studies performed by Rennoll & Yochum (2015) have demonstrated significant correlation of 

WNT/β-catenin signalling pathway and c-Myc gene with cancer. Several other studies have 

also indicated that APC is the most frequent mutated gene in human cancers (817,907,908). As 

such, the aberration activation due to the mutations in genes such as APC of the WNT/β-catenin 

signalling pathway has resulted in the over-expression of the Myc proto-oncogene in numerous 

cancers especially those found in colorectal cancer (909-911). According to Dong et al. (2014) 

and You et al. (2002), c-Myc has also been identified as a transcriptional target of the APC/ β-
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catenin/TCF signalling pathway found in colorectal cancer which strongly implies that one of 

the functions of WNT signalling in oncogenesis is through growth promoting activity of c-

Myc.  

 

Interestingly, numerous articles over the years have reported the link between the WNT/β-

catenin signalling pathway and regulation of Pgp expression in chronic myeloid leukemia 

(912,913). However, the association between WNT/β-catenin signalling pathway and MRP1 

still remains elusive. Hence, there is a need to explore the mechanism to further elucidate any 

possible links between them.  

 

The WNT/β-catenin signalling pathway are secreted signalling glycoproteins and its function 

is mediated by interacting with cell surface receptor such as the Frizzled (Fz) receptor and its 

co-receptor, lipoprotein receptor-related proteins 5 or 6 (LRP5/6) (Fig. 33). The binding of the 

WNT ligand to the receptor transduce a signal to various intracellular protein such as the 

Dishevelled (Dsh) protein, Axin, glycogen synthase kinase-3 beta (GSK-3β), Adenomatous 

polyposis Coli (APC), casein kinase 1α (CK1α) to form a larger multi-protein assembly known 

as the β-catenin destruction complex (914) (Fig. 33).   

 

In the absence of WNT signalling, β-catenin is phosphorylated by CK1α which in turn 

facilitates GSK-3β to phosphorylate β-catenin in the cytoplasm (Fig. 33). Consequently, this 

effectively targets β-catenin for ubiquitination and therefore degradation by the proteasome 

(812,915). Hence, cytoplasmic β-catenin is normally kept at a low level via the constant 

proteasome mediated degradation controlled by the destruction complex (813) (Fig. 33). In the 

presence of extracellular WNT stimulus, the degradation pathway is inhibited resulting in the 

accumulation of cytoplasmic β-catenin and in the nucleus (Fig. 33). Nuclear β-catenin acts as 
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a co-activator and interacts with the members T-cell factor/Lymphoid enhancer factor 

(TCF/LEF) family of transcription factors, which will lead to the activation of gene 

transcription (812,916) (Fig. 33). In summary, while we have screened the PI3K and the 

WNT/β-catenin pathways in MCF7/VP cells at basal level, however, due to time limitation, 

further testing such as silencing and inhibiting crucial proteins of these signalling pathways 

were not possible to elucidate further but they are essential and should be the subject of intense 

investigation in future studies.  
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Figure 33: Schematic illustrating WNT/β-catenin signalling pathway under normal conditions 

The mechanism of WNT/β-catenin pathway involves the interaction of WNT proteins with Frizzled 
receptors and its co-receptor, lipoprotein receptor-related proteins 5 or 6 (LRP5/6). The binding of 
the WNT ligand to the receptor induces a signal transduction to numerous intracellular proteins 
including dishevelled (Dsh) protein, axin, and glycogen synthase kinase-3 beta (GSK-3β), 
adenomatous polyposis coli (APC) and casein kinase 1α (CK1α). These proteins combined to form a 
larger multi-protein entity, β-catenin destruction complex. The absence of WNT/ β-catenin signals 
results in low intracellular free β-catenin. β-catenin is regulated by APC and GSK-3β and axin via the 
GSK-3β-mediated phosphorylation and this targets β-catenin for degradation by proteasome. The 
absence of nuclear β-catenin leads to the repression of gene transcription of c-Myc. Under WNT 
signalling, there is an accumulation of β-catenin in the cytoplasm and nucleus due to the inhibition of 
the degradation pathway. The interaction between the nuclear β-catenin and T-cell factor/Lymphoid 
enhancer factor (TCF/LEF) results in the activation of gene transcription of target genes such as c-
Myc.  
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The HIF-1α pathway is able mediate cellular response by playing a major role as a transcription 

factor, regulating numerous genes involved in maintaining oxygen homeostasis within the cell 

(917,918). It does so by regulating glucose uptake and anaerobic respiration in low oxygen 

environment. Additionally, HIF-1α is also known to promote angiogenesis by directing 

migration of endothelial cells towards a hypoxic environment (919).  

 

Interestingly, studies have reported the crosstalk between c-Myc and the HIF-1α pathway, 

demonstrating an interplay in regulating cellular growth in response to low oxygen conditions 

(917,918). Specifically, c-Myc and HIF-1α work together synergistically to reprogram cellular 

metabolism, proteins synthesis and cell cycle progression to modify response to adapt to 

stressful hypoxic environments (919,920).  

 

Considering the additional roles that HIF-1α play in regulating iron uptake, upregulation of 

MRP1, and perhaps the regulation of Fpn1B, it is indicative that HIF-1α pathway might be 

involved in the mechanism regulating MRP1, c-Myc and the iron-regulated proteins. However, 

the mechanisms involved remain elusive and should therefore be the topic of investigation in 

future studies.    

 

6.1.3  To investigate the functional role of MRP1 and other down-stream 

targets of c-Myc   

 
While a variety of techniques have been utilised in this study, some other aspects of the 

experiments were left unexamined due to time limitation. One example includes utilising the 

fluorescent calcein AM assay to examine the functional activity MRP1 (921). Specifically, this 

assay is divided into two parts; measuring the cellular dye accumulation and dye retention 
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(921). The difference in the dye accumulation and retention is necessary to account for 

substrate differences under varying experimental conditions (921). Importantly, the calcein 

AM assay could also be used to examine the MEFs cells treated with MRP1 inhibitors to further 

elucidate the functional role of MRP1 in exporting these substrates.  

 

Another aspect that could be examined is the cellular migration of MRP1-expressing cells 

compared to non-MRP1-expressing cells involving the scratch assay. Additionally, this could 

also be analysed with the addition of MRP1 inhibitors to observe if the drug would decrease in 

the rate of cell migration as observed in the cellular proliferation assay. By employing this 

technique, it would provide us with valuable insight into the importance of cell-cell interactions 

and cell-matrix on cellular migration during wound healing in vivo. Such aspects would be 

interesting to examine in future studies.  

 

6.1.4  To investigate the concentration effect of MRP1 inhibitors on multiple 

target effectors and time course for MRP1 inhibitors 

 
MRP1 is known to efflux a variety of endogenous conjugated organic anions and metabolites 

of xenobiotics such as the glutathione (GSH), various GSH-conjugated metabolites and active 

cysteinyl leukotriene D4 antagonist (LTC4) (922,923). Importantly, while it was evident in this 

study that the inhibitor MK571 significantly affects the expression of MRP1 and iron-regulated 

proteins, probenecid did not induce a marked effect on the iron-regulated proteins (Fig. 9C). 

Notably, MK571 is known to be a specific inhibitor that targets LTC4, an important 

inflammatory mediator, whereas probenecid is known to export the GST enzyme (922,924). 

Predictably, these drugs should not exert any effect on non-MRP1 expressing cells as they are 
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not known to export these metabolites due to the absence of the transmembrane pump, MRP1. 

Considering the fact that MK571 affects the viability of non-MRP1 expressing cells, could 

possibly be due to the drug potentiating a cytotoxic effect on these cells, thereby reducing 

cellular proliferation (Fig. 14).  

 

Further studies will need to determine if the cytotoxic effects by MK571 is due to effects related 

to iron or LTC4. To further investigate this effect of MK571, studies will need to be performed 

at different concentration on both MRP1 expressing and non-MRP1 expressing cells, it is of 

importance to include a study that utilises a range of concentration of the drugs to study the 

correlation between the concentration and the effects potentiated by these drugs.  

 

Moreover, the western blots analysis performed using the inhibitors were only assessed at the 

48 h time point (Fig. 9C). Evident in the cellular proliferation assay, both drugs induced a more 

potent effect on the MRP1-expressing cells after 72 h. Therefore, it is essential that a western 

blot analysis involves different time points to study the changes in the effects of the drugs on 

the cells. 

 

6.1.5  To investigate MRP1 and iron proteins in vivo 

 
Currently, all investigations were performed in vitro involving mice-derived cell lines. While 

these findings have provided a valuable insight into our understanding of the underlying 

mechanisms and the interactions between the iron-regulated proteins, c-Myc and MRP1, it 

would be of high interest to study these effects on mice in vivo or organoid models. Not only 

would it strengthen the current findings in this study, but it would also provide a scenario that 
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is more physiologically relevant. Considering this, modified gene segments could be 

transfected into the target chromosomal region of mice to allow them to hyper-express MRP1. 

Consequently, tissues can be extracted for haematological analysis and examination through 

western blot analysis and immunofluorescence studies.  

 

Studies on patient tissues could be used to diagnose patients with high risk of developing 

MRP1-aggressive cancers such as neuroblastoma, breast, and lung cancer (925,926) with same 

the techniques as mentioned above. It would also be interesting to note if tissues extracted from 

patients suffering from anaemia would reflect the same observation as shown in MEFs cells 

treated with DFO, in that MRP1 is being hyper-expressed, which subsequently could lead to a 

more aggressive phenotype. Findings like this might pinpoint patients at high risk of 

developing aggressive cancers and appropriate treatment for anaemia could prevent this from 

occurring.  

 

6.2  Future studies expanding from Chapter 4 
 

In the prelude section of Chapter 4, we showed the link between ABC transporters, Pgp and 

ABCG2, and SOX2. However, the mechanism behind this link was not further investigated in 

this thesis. As such, it would be of interest to explore this link further as part of a future study. 

We are currently working towards a manuscript that focuses on understanding this mechanism 

and potentially using this co-expression of these transporters and stemness markers to predict 

the phenotypic state and behaviour of CSCs (see list of publication). Due to time and financial 

constraints, we did not assess this mechanism in an vivo model.  Hence, it would be interesting 

for us to explore this mechanism in an in-vivo or organoid model to assess its translatability as 

well as this would be a more physiologically relevant model. 
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6.3  Future studies expanding from Chapter 5 
 

There are several studies that we would be interested in exploring for chapter 5. Firstly, in our 

current study, we demonstrated that the co-treatment of DXC and sorafenib exert an additive 

effect in PANC1 GR cells compared to its parental control. However, to test the synergism of 

both drugs, we would need to test the synergism of both drugs using the highly rigorous and 

well-established median effect analysis method of Chou-Talalay (927).  

 

Furthermore, due to time constraint, we only studied the cystine transporter, xCT and more 

ferroptosis markers need to be investigated for making a stronger relation to ferroptosis. It 

would be insightful to study the link between GPX4 (ferroptosis marker; (885,928,929) and 

xCT, as they both contribute to ferroptosis a has been linked to regulation of stemness in 

DTPs/CSCs (875,876,930).  

 

Another limitation of the studies performed in Chapter 5 is that ferroptosis is still a newly 

elucidated pathway, and there are only partially reliable markers/assay available to confirm 

this mechanism. For this reason, at this stage studies such as CRISPR-Cas9-mediated xCT 

knockout could be used to validate our studies further. Performing such studies would not only 

give us more insights into how xCT is being regulated by the ISR, but also provide more 

insights into developing future therapeutic strategies aimed at targeting xCT-mediated 

ferroptosis.  

 

Another interesting observation in this study was that not all cell lines respond similarly to 

DXC treatment. For instance, several cell lines such as MDA-MB-231 and neuroblastoma cell 

lines, did not show an increase in xCT expression when treated with DXC as compared to the 
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other tumour types such as pancreatic, gastric and brain. Interestingly, past studies have shown 

how crucial genes such as p53 contribute to how cancer cells regulate their GSH metabolism. 

In particular, wild-type and mutant-p53 appear to regulate cancer cells differently 

(883,931,932). A study by Liu and colleagues shows that wild-type p53 may positively regulate 

ferroptosis and exert an anti-ferroptotic role (933). In line with this, their study also showed 

that mutant-p53 entraps NRF2 and represses xCT expression, rendering mutant-p53 cell lines 

susceptible to oxidative stress, which could contribute to these cells modulating ferroptosis 

differently. Consistent with these studies, MDA-MB-231 has also been established to have 

high levels of mutant-p53, which could contribute to why we did not observe any increase in 

DXC expression in DXC-treated MDA-MB-231 cells.  The mechanism is not clearly 

understood. Hence, to understand how mutant-p53 plays a role in modulating xCT, it would be 

crucial to explore this study to understand the mechanistic link better and how it could affect 

this combination strategy.  

 

Another interesting observation is the link between Fpn1 (SLC40A1) and xCT (SLC7A11); 

both belong to the same SLC family of transporters. Furthermore, TfR1 has been demonstrated 

by several studies to be an important candidate marker for ferroptosis. The established link 

between iron metabolism and its associated proteins (i.e., TfR1 and Fpn1 - Chapter 3) as well 

as xCT and ferroptosis (Chapter 5) makes it an interesting investigation for future study and 

this crucial connection could be an answer to developing a therapeutic strategy in targeting 

cancer stemness in tumours.  

 

 

 

 

 



 

 

 

216 

6.4   Limitation during PhD candidature  

 
Several external factors limited and impacted my PhD candidature. First, our lab had to be 

relocated to another institute due to extenuating circumstances, causing a 2 months in research  

due to the set-up of the lab space. Nationwide lockdowns and restricted lab access during the 

pandemic had also resulted in four months of work disruption. Moreover, as our lab group is 

based at a hospital, COVID-19 related isolation requirements further delayed my experimental 

work by a month cumulatively. Furthermore, the post-pandemic also resulted in supply chain 

issues, several reagents we ordered took longer than usual (1-5 months) or did not arrive in 

time for thesis submission. My supervisor’s contract ended in July 2022. As such, he had to 

depart from his current position, necessitating a transition to remote supervision. This has also 

resulted in further extending my thesis submission dates due to the impact and disruption on 

my experimental work and writing in terms of supervision. In addition, due to the lengthy 

COVID-19 pandemic shutdown, I had to request an extension for my candidature for an 

additional semester, while the faculty had granted the extension, my scholarship was not 

extended, and as a result, I had not been supported financially during the extended period of 

my candidature. To support myself financially, I accepted a paid internship at Inventia Life 

Science in early 2023. However, this commitment required a significant portion of my time, 

making it challenging to simultaneously complete the thesis write-up and gather experimental 

data. Given the cumulative impact of these limitations, I could not pursue several experiments 

further, which may have been critical to the overall research objectives. Despite these external 

challenges, I remain committed to completing my PhD and addressing the research questions 

to the best of my ability. I appreciate your understanding of these circumstances and your 

continued support as we work to overcome these obstacles and make progress toward my 

degree. 
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Chapter 7 
 
 

 

 

Final Discussion and Summary 
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For the past decades, there have been numerous attempts to develop specific ABC-transporter 

inhibitors and stemness inhibitors to reduce drug-resistance and cancer stemness (4,464,934). 

These attempts to target ABC-transporters have been largely unsuccessful and there are no 

approved treatments for addressing stemness in cancer (4,27). The difficulty of directly 

targeting ABC-transporters might be due to alternative roles ABC-transporters may possess 

and at what stage of the cancers they are expressed. The alternative role of one of the ABC-

transporters, namely MRP1 was investigated in Chapter 3. We found that MRP1 seems to 

promote cellular proliferation through increased iron metabolism. In addition, we also observed 

novel links of ABC transporters to cancer stemness (Chapter 4, Prelude). In Chapter 4, we 

found that repurposing an antibiotic drug, DXC, we could achieve a significant reduction in 

cancer stemness across multiple tumour types such as breast, gastric, pancreatic, glioblastoma, 

neuroblastoma and sarcomas by reducing on of the Yamanaka stem-like gene factors, SOX2. 

Notably, in our study, SOX2 was markedly upregulated across numerous tumour types via 

different mechanisms (i.e. through intrinsically or extrinsically generated stemness).  

 

In further support and safety of using DXC for treatment of stemness was also evident in our 

previous studies (Bořánková et al., 2023), where DXC treatment of normal neonatal fibroblast 

(NDF-2 and NDF-3) confirmed that DXC did not reduce viability of these non-malignant cells, 

and their proliferation is only limited at much higher concentrations (Borankova et al., 2023; 

unpublished). This suggests that DXC exerts minimal toxicity against healthy non-cancer cells 

and that mitochondrial translation could be potentially used as a target with a favourable 

therapeutic window.  

 

Excitingly, the studies performed in Chapters 4 & 5 revealed a novel ISR pathway originating 

from mitochondria can reduce SOX2 stemness. The ISR-pathway was recently uncovered as 
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an important and novel signalling pathway that relays a distress signal from the mitochondrial 

to the cytosol via the OMA1- eIF2α axis (861,862). We found that the same distress signal via 

the ISR-pathway could offer an opportunity to reduce SOX2 expression and stemness (Fig. 

35). 

 

In chapter 5, we also examined how employing DXC as a form of a combinational ‘double-

punch’ therapeutic strategy could be used to eradicate DTPs/refractory cancer cells more 

effectively. By simultaneously reversing cancer stemness by reducing SOX2-mediated cancer 

stemness and increasing xCT transporter (with DXC) and then by employing sorafenib to target 

xCT to further remove cancer cells through other forms of programmed cell death (e.g., 

ferroptosis) (Fig. 32 & 35). We found that co-treatment of both drugs were more effective in 

sensitising refractory cancer cells (PANC1 GR) to cytotoxic effect than their parental 

counterpart, PANC1 PC.  

 

The challenge of overcoming acquired resistance to chemotherapy remains a major hurdle in 

treating nearly all types of cancers. Several cellular and non-cellular mechanisms are involved 

in developing both intrinsic and acquired resistance to chemotherapy. Therefore, an extensive 

understanding of MDR mechanisms is critical for developing novel treatment strategies to 

improve patient treatment and survival outcome. 

 

This thesis aimed to expand the current knowledge of MDR in terms of the functional roles of 

ABC transporters and its link to cancer stemness. By countering this problem, we shared 

insights into how we can ‘hijack’ or intervene in this mechanism by repurposing old drugs to 

decrease resistance and stemness. Specifically, by studying DXC mode of action, revealed new 

strategies, where: 1) DXC could be used as a stemness inhibitor to reduce cancer stemness and  
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(Chapter 4); 2) sensitising cancer cells to clinically available therapeutic agent, sorafenib that 

induces ferroptosis (Chapter 5). Furthermore, in Chapter 4, we also uncovered a vitally 

important stemness behaviour where cancer cells can acquire both intrinsic and extrinsic-

generated cancer stemness through extended exposure to commonly used clinically therapeutic 

agents. This creates a discussion point on when patients should be treated with anti-cancer 

drugs and for how long patients should be treated with such a drug. Indeed, numerous studies 

have shown that alternating drug treatments can prevent tumours from adapting to used drugs 

and therefore to a lesser extent alter their metabolic profile and phenotypic behaviour 

(935,936).  

 

Moreover, to further investigate if DXC induces a similar effect as other common employed 

mitochondrial inhibitors, we exposed PANC1 cells (PANC1 PC and GR) to inhibitors 

(established concentrations reported in the literature) such as Mdivi1 (50μM), Metformin 

(50μM) and Dichloroacetate (50μM). Interestingly, our preliminary data shows that DXC 

appears to induce a more ISR-specific response and therefore a more potent inhibitor/target of 

stemness factor, SOX2 and as well as xCT, compared to other commonly utilised 

mitochondrial-targeting inhibitors (Fig. 34). This data strongly suggests that DXC may be a 

more suitable and potent cancer stemness targeting agent, which can also be combined with 

other therapies for an even more effective treatment strategy. Hence, while these reagents are 

established mitochondrial-targeting inhibitors, these reagents target mitochondria through 

different mechanisms than DXC. For instance, DXC discussed in earlier (Chapter 5) induces 

mitochondrial translation inhibition, while Mdivi1 is a selective inhibitor of the mitochondrial 

division, dynamin-related protein 1 (DRP1) and the mitochondrial division Dynamin I (Dnm1) 

(937), metformin acts on inhibiting the complex I-dependent respiration of the mitochondrial 

(938), whereas dicholoroacetate primary action indues the pyruvate dehydrogenase kinase of 
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the mitochondrial, consequently potentiate a metabolic switch from glycolysis to 

mitochondrial glucose oxidation (939). Hence, this indicates most mitochondrial-targeting 

inhibitors induce its effect through different mechanisms. Notably, this indicates that the DXC-

induced mitochondrial protein synthesis/translation inhibition is of interest to us for reducing 

cancer stemness and inducing metabolic programming. However, further studies with 

mitochondrial targeting agents are necessary to confirm the statistical significance of these 

results. 

 

To further address the problematic one-drug-treatment-only strategy, we devised a strategic 

plan to use DXC in combination with other conventional chemotherapeutic drugs, which we 

labelled “sheep herding theory” (Fig. 36). The theory stems from sheep herding, whereby we 

can separate CSCs (‘sheep’) away from the main herd (tumour bulk), which would enable 

effective targeting of the rest of the tumour population more successfully. In Chapter 5, we 

demonstrated this strategy by utilising DXC as a neoadjuvant therapy on cancers that have 

developed acquired resistance to their conventional drug treatment and as a consequence, 

developed high levels of stemness factors such as SOX2. Reducing stemness (e.g., with DXC) 

in these tumours, would leave behind non-stemness cancer cells. This would enable the 

eradication of cancer cells with conventional therapies more effectively (Chapter 5). 

Alternatively, we could also consider DXC as a first-line of treatment to first reduce or suppress 

any stemness in the cancer cells to prevent any increase of stemness during other drug 

treatments. Indeed, we showed that DXC does not increase stemness in cancer cells (Chapter 

4). Hence, taking advantage of this strategy, we can then kill the remaining population of cancer 

cells with other conventional drugs.  
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In conclusion, identifying novel molecular pathways that can target MDR cancers will likely 

open up a new clinically relevant area of drug treatment to address patients facing cancer 

relapse. The results presented in the thesis demonstrate that new treatment strategies can be 

highly effective in overcoming MDR. Further studies are currently underway to enable the 

clinical application of the findings reported in this thesis. 

 

 
Figure 34: Doxycycline induces a different mechanism than other common mitochondrial 
inhibitors. 

PANC1 cells (PANC1 PC and GR) were exposed to different commonly employed mitochondria-
targeting reagents, including DXC (50 μM), Mdivi1(50 μM), metformin (50 μM) and dichloroacetate 
(DCA; 50 μM) to assess the effect of these reagents on the ISR pathway. Following proteins were 
assessed: OMA1, peIF2α (S51), eIF2α (Total), ATF4, CHOP, SOX2 and xCT. (Results are n = 1). 
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Figure 35: Schematic illustration of Doxycycline effect on cancer stemness and metabolic 
reprogramming via the ISR pathway. 

DXC treatment can be employed to (1) Induce Mitochondrial dysfunction through the protein synthesis 
/translation; (2) Reduce overall SOX2-mediated cancer stemness; (3) Induce cellular metabolic 
programming through the modulation of xCT transporter and; (4) Can be targeted through combination 
of DXC and conventional therapy (i.e., sorafenib).  
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Figure 36: Schematic illustration of therapeutic strategy in combining Doxycycline with other 
conventional chemotherapeutic agents. 

DXC treatment can be employed as a different form of strategies or also known as the ‘Sheep herding 
theory: (1) Adjuvant strategy: Patients who have had developed resistance to conventional therapies. 
Heterogeneous population of cancer cells can be shifted to a more homogenous population of resistant 
stem cells through conventional therapies and effectively eradicating them with DXC, before killing 
the rest of the population of sensitive cells with a conventional drug or (2) Neoadjuvant strategy: DXC 
can be implemented to prevent the development of intrinsic cancer stem cells and killing them with a 
conventional drug.   
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