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Abstract 

Breast cancer is the most common cancer in women, and the second most common 

cancer to cause death in women. Although there has been significant development in 

the treatment of breast cancer over the last two decades, current therapies are still very 

limited in their ability to control metastasis and relapse, especially for erbB2high breast 

cancer. The erbB2 gene is highly expressed in approximately 30% of breast cancers, 

and erbB2high breast tumours are known to be more aggressive and more resistant to 

therapy, usually showing early relapse and poor prognosis. Treatment of erbB2high 

breast cancer has long been a challenge in cancer research. Therefore in this project, 

we focus on the tumour-initiating cells (TICs) of erbB2high breast cancer.  

Accumulating evidence suggests that breast cancer involves TICs. Over the last decade, 

the TIC (or cancer stem cell) model of tumour propagation has become increasingly 

accepted. TICs are tumorigenic and have the properties of self-renewal and multi-

potential differentiation. They are usually resistant to chemotherapy and radiotherapy, 

and therefore have the ability to re-initiate tumours, as well as to determine metastasis 

and relapse of the disease. Accordingly, specific therapies targeted at TICs may be 

potentially used for complete elimination of tumours, and can therefore significantly 

improve the survival and quality of life of cancer patients, especially for sufferers of 

the metastatic disease. The existence of TICs has been proved in many types of 

malignancies, including breast cancer. However, there has not been much progress on 

the TICs of erbB2high breast cancer, neither in characterisation of these cells nor 

effective targeted therapies.  

https://en.wikipedia.org/wiki/Tumorigenic
https://en.wikipedia.org/wiki/Metastasis
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This PhD project focuses on the mitochondrial properties of erbB2high breast TICs. 

Mitochondria of breast TICs may play a pivotal role in the maintenance of the stemness 

of these cells and also be associated with their anti-apoptosis feature. We also 

investigate the mitochondrially targeted vitamin E succinate (MitoVES), an anti-

cancer agent acting via mitochondria, for its effect on erbB2high breast TICs in vitro 

and in vivo.  

In this project, a mammosphere model for studying erbB2high breast TICs was 

established based on the NeuTL mouse breast cancer cell line. The increased level of 

stemness was documented by the expression of breast TIC markers, and by the higher 

tumour-initiating/propagating efficacy, verifying the plausibility of the 

mammospheres as a TIC model.  

We found that NeuTL spheres feature altered mitochondrial characteristics, such as a 

different energetic metabolism profile (in oxidative phosphorylation and glycolysis), 

different respiratory rates and respiratory reserve, and different synthesis and assembly 

of mitochondrial respiratory complexes and supercomplexes. Mitochondria of NeuTL 

spheres also present altered DNA content, reactive oxygen species (ROS), 

mitochondrial membrane potential, and mitochondrial mass. 

We also found that the sphere cultures were resistant to several established commonly 

used chemotherapeutics for breast cancer, but very sensitive to MitoVES, a 

mitochondrially targeted anti-cancer compound designed by our research group. 

MitoVES effectively induced apoptosis of NeuTL spheres by increasing the generation 

of ROS, and triggering the intrinsic apoptotic pathways. Compared with their 

differentiated counterparts, NeuTL spheres possess increased mitochondrial 

membrane potential, higher levels of the expression and assembly of mitochondrial 

complexes and supercomplexes, and increased activity of specific complexes. These 
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unique mitochondrial properties of NeuTL spheres contribute to their high 

susceptibility to MitoVES. Importantly, MitoVES effectively suppressed the 

progression of syngeneic erbB2high tumours derived from NeuTL spheres by inhibiting 

respiration and inducing apoptosis in the tumour tissue. These results suggest that 

targeting mitochondria of breast TICs is a promising approach to treat erbB2high breast 

tumours, which has a potential translational value. 



iv 

Statement of Originality 

This work has not previously been submitted for a degree or diploma in 

any university. To the best of my knowledge and belief, the thesis contains 

no material previously published or written by another person except 

where due reference is made in the thesis itself. 

Bing Yan 



v 

Acknowledgements 

First of all I would like to express my deep gratitude to my supervisor, Professor Jiri 

Neuzil, whose guidance and support allowed me to start growing as a research scientist. 

Professor Neuzil provided the research team with a sound platform on which I carried 

out my research activities. His passion for research aroused enthusiasm in our team. 

His rigour in research set a great example for my future career. 

I also wish to express my sincere gratitude to Dr Lan-Feng Dong, for her guidance in 

my PhD research as well as introducing the excellent laboratory to me and 

familiarising me with a new research and living environment. The example of 

meticulous scholarship she set for me was enlightening and precious.   

I would like to extend my thanks to my co-supervisor, Dr Derek Kennedy, for his 

valuable advice, particularly at a key stage of my research project.  

To Dr Marco Tomasetti, thank you for your patient guidance and generosity in sharing 

your extensive knowledge. Your instruction and encouragement helped me build self-

confidence as a researcher in this area.  

I am very appreciative of my research team members, Mr Berwini Endaya and Ms 

Elham Alizadeh Pesdar, whom I thank for the instruction, encouragement, and, most 

importantly, friendship. I would like to thank Dr Ayenachew Bezawork-Geleta, for his 

help in the experiments including the blue-native electrophoresis assay. Many thanks 

must go to my colleagues in the research group, Ms Karishma Sachaphibulkij, Dr 

Jacob Goodwin, Ms Maria Nguyen, Dr Marina Stantic, whose advice and assistance 

considerably accelerated the progress of this project.  



vi 

Sincere gratitude goes to the School of Medical Science and Molecular Basis of Cancer 

Research Centre, especially, to Professor Nigel McMillan, for his ongoing 

commitment in improving the research environment for HDR students and organising 

academic seminars which greatly enlarged my scope in cancer research. Many thanks 

to Dr Jason Peart, for his support and encouragement in my PhD studies, particularly 

in my scholarship application.  

Deep thanks must go to Griffith Health institute and Menzies Health Institute 

Queensland for the Griffith University Postgraduate Research Scholarship and Griffith 

University International Postgraduate Research Scholarship I was awarded. My PhD 

research as well as domestic and international academic activities related to this 

research would not be possible without the scholarships. Many thanks to Professor 

David Shum, for his commitment in providing research resources to and creating 

international communication opportunities for research students, and for his 

encouragement and advice on my career development. 

Many thanks to my fellow researchers, Connie, Nasim, Kavita, Sora, and Reem, for 

their support and encouragement and especially friendship throughout my PhD studies. 

To my Mum and Dad, thank you for your generous love. You award me with the power 

of knowledge and encouraged my interest in science and research. Moreover, you 

taught me the value of persistence which is essential in my study and research.  

Finally, my most heartfelt thanks go to my husband. I can never thank you enough for 

all the love, support and encouragement throughout all these years. Your love and 

devotion to our family is my motivation and sustenance. Thank you for your patience, 

constancy, optimism and humour. None of my achievements would be possible 

without you.  



vii 



viii 

Contents 
Abstract ......................................................................................................................... i 

Statement of Originality .............................................................................................. iv 

Acknowledgements ...................................................................................................... v 

List of figures ............................................................................................................. xii 

List of tables .............................................................................................................. xiv 

List of abbreviations ................................................................................................. xvi 

Chapter 1 Introduction .......................................................................................... 19 

Chapter 2 Background .......................................................................................... 23 

2.1 Breast cancer ................................................................................................ 23 

2.1.1 Risk factors of breast cancer ................................................................ 24 

2.1.2 Classifications of breast cancer ............................................................ 25 

2.2 Breast cancer treatment ................................................................................ 28 

2.3 ErbB2high breast cancer ................................................................................. 29 

2.4 Tumour-initiating cells ................................................................................. 32 

2.4.1 TIC models .......................................................................................... 33 

2.4.2 Significance of TIC investigation ........................................................ 34 

2.4.3 Identification of TICs ........................................................................... 35 

2.4.4 Biological properties of TICs .............................................................. 39 

2.4.5 Approaches for killing TICs ................................................................ 41 

2.5 Mitochondria ................................................................................................ 43 

2.5.1 Mitochondria in cancer cells ................................................................ 43 

2.5.2 Mitochondria in TICs ........................................................................... 46 

2.6 Killing TICs by targeting their mitochondria............................................... 48 

2.6.1 Targeting tumour-initiating cells with Mitocans ................................. 49 

2.6.1.1 -TOS .............................................................................................. 49 

2.6.1.2 Mitochondrially targeted vitamin E succinate (MitoVES) .............. 50 



Contents 

ix 

2.6.1.3 Bcl-2 inhibitors................................................................................. 51 

2.6.2 Targeting tumour-initiating cells with other compounds .................... 53 

2.6.2.1 Parthenolides .................................................................................... 53 

2.6.2.2 Avocatin B ....................................................................................... 55 

2.6.2.3 Quinacrine ........................................................................................ 55 

2.6.2.4 NV-128 ............................................................................................. 56 

2.7 Summary ...................................................................................................... 58 

Chapter 3 Materials and methods ......................................................................... 60 

3.1 Cell culture ................................................................................................... 60 

3.1.1 NeuTL monolayer cell culture maintenance ........................................ 60 

3.1.2 Sphere medium and sphere culture ...................................................... 60 

3.2 Western-blotting ........................................................................................... 61 

3.3 Quantitative real-time polymerase chain reaction (real-time qPCR) ........... 62 

3.3.1 RNA Extraction ................................................................................... 62 

3.3.2 cDNA Synthesis ................................................................................... 62 

3.3.3 Real-time qPCR ................................................................................... 63 

3.4 ATP generation, lactate generation and mitochondrial reducing activity .... 63 

3.5 Cell cycle analysis ........................................................................................ 64 

3.6 Mitochondrial membrane potential .............................................................. 64 

3.7 ROS generation ............................................................................................ 65 

3.8 Glucose uptake ............................................................................................. 65 

3.9 Mitochondrial mass ...................................................................................... 65 

3.10 Drug susceptibility ....................................................................................... 66 

3.10.1 MTT assay ........................................................................................... 66 

3.10.2 Apoptosis and total cell death detection .............................................. 66 

3.10.3 Dissipation of ΔΨm,i by CCCP ............................................................. 67 

3.10.4 Killing curve of the combination of MitoVES and CCCP .................. 67 



x 

3.10.5 Cell death by the combination of MitoVES and CCCP ....................... 67 

3.11 mtDNA content assays ................................................................................. 68 

3.12 SDH and SQR activity assays ...................................................................... 68 

3.13 Respiration assays ........................................................................................ 69 

3.14 Native blue gel electrophoresis (NBGE) ...................................................... 69 

3.15 Animal experiments ..................................................................................... 70 

3.15.1 Tumour formation and growth monitoring .......................................... 70 

3.15.2 Mouse tumour fixation and histopathology ......................................... 70 

3.15.3 Haematoxylin & Eosin (H&E) staining ............................................... 71 

3.15.4 Immunohistochemistry ........................................................................ 71 

3.16 Confocal microscopy ................................................................................... 71 

3.17 Statistical analyses ....................................................................................... 72 

Chapter 4 Establishment of research models ........................................................ 74 

4.1 Cultivation of NeuTL spheres ...................................................................... 74 

4.2 Breast TIC marker expression ...................................................................... 77 

4.3 Cell cycle analysis ........................................................................................ 80 

4.4 Apoptosis-regulating proteins ...................................................................... 81 

4.5 Tumour formation ........................................................................................ 83 

4.6 Histology of tumours derived from adherent or sphere NeuTL cells .......... 85 

4.7 Summary ...................................................................................................... 86 

Chapter 5 Mitochondrial properties of NeuTL TICs ............................................ 89 

5.1.1 ATP production, lactate generation, resazurin reducing function and 

glucose uptake .................................................................................................... 89 

5.1.2 Mitochondrial membrane potential ...................................................... 91 

5.1.3 ROS generation .................................................................................... 93 

5.1.4 Cellular and mitochondrial respiration reserve .................................... 95 

5.2 Mitochondrial DNA content ........................................................................ 97 



Contents 

xi 

5.3 Mitochondrial mass .................................................................................... 100 

5.4 Mitochondrial respiratory complexes ........................................................ 101 

5.4.1 Mitochondrial respiratory complex transcripts .................................. 101 

5.4.2 Mitochondrial respiratory complex expression and assembly ........... 103 

5.4.3 Mitochondrial complex II activity ..................................................... 105 

5.5 Summary .................................................................................................... 106 

Chapter 6 Efficacy and mechanism of NeuTL TIC killing by MitoVES ........... 109 

6.1 Susceptibility of NeuTL TICs to chemotherapeutic drugs and mitocans .. 109 

6.2 Total cell death and apoptosis induced by α-TOS and MitoVES .............. 112 

6.3 ROS generation .......................................................................................... 115 

6.4 Mitochondrial membrane potential affects MitoVES efficacy .................. 117 

6.4.1 Dissipation of ΔΨm,i using CCCP ...................................................... 117 

6.4.2 Cell viability by the combination of MitoVES and CCCP ................ 117 

6.4.3 Cell death in response to the combination of MitoVES and CCCP .. 118 

6.5 MitoVES affects mitochondrial complexes in NeuTL TICs ...................... 120 

6.6 In vivo efficacy of MitoVES ...................................................................... 122 

6.7 Summary .................................................................................................... 125 

Chapter 7 Conclusions and future directions ...................................................... 127 

Supplementary materials .......................................................................................... 133 

References ................................................................................................................ 135 

Publications based on this thesis .............................................................................. 167 

 



List of figures 

xii 

List of figures  

Figure 1: ErbB/EGFR (epidermal growth factor receptor) family ............................ 30 

Figure 2: Two general models of heterogeneity in cancer cells ................................ 34 

Figure 3: Methods to obtain TICs. ............................................................................. 38 

Figure 4: Classifications of mitocans ......................................................................... 45 

Figure 5: Structure of α-tocopherol (α-TOH, Vitamin E), α-tocopheryl succinate (α-

TOS), and mitochondrially targeted vitamin E succinate (MitoVES). .............. 51 

Figure 6: Sphere formation of NeuTL cells. .............................................................. 76 

Figure 7: mRNA expression of selected stemness markers. ...................................... 79 

Figure 8: Cell cycle analysis of adherent and sphere NeuTL cells. ........................... 80 

Figure 9: Pre-apoptotic and anti-apoptotic proteins. ................................................. 82 

Figure 10: Tumour formation capacity of NeuTL adherent cells and NeuTL spheres.

 ............................................................................................................................ 84 

Figure 11: Histology of tumours derived from adherent or sphere NeuTL cells. ..... 85 

Figure 12: Bioenergetic properties of NeuTL adherent and sphere cells. ................. 90 

Figure 13: Mitochondrial membrane potential of adherent and sphere cells. ........... 92 

Figure 14: Generation of reactive oxygen species of adherent and sphere NeuTL cells.

 ............................................................................................................................ 94 

Figure 15: Routine and mitochondrial respiration. .................................................... 96 

file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421507
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421509
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421512
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421514
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421515
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421517
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421517
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421518


  List of figures 

xiii 

Figure 16: Mitochondrial DNA ................................................................................. 99 

Figure 17: Mitochondrial mass. ............................................................................... 100 

Figure 18: mRNA levels of respiratory complex related genes ............................... 102 

Figure 19: Mitochondrial protein synthesis, respiratory complex formation, and 

supercomplex assembly. ................................................................................... 104 

Figure 20: Mitochondrial complex II activity. ......................................................... 105 

Figure 21: Susceptibility of NeuTL TICs to chemotherapeutic drugs and mitocans

 .......................................................................................................................... 110 

Figure 22: Total cell death and apoptosis induced by α-tocopheryl succinate (α-TOS) 

and mitochondrially targeted vitamin E succinate (MitoVES) ........................ 114 

Figure 23: ROS generation upon MitoVES treatment ............................................. 116 

Figure 24: MitoVES efficacy is related to mitochondrial membrane potential. ...... 119 

Figure 25: MitoVES affects mitochondrial complexes ........................................... 121 

Figure 26: MitoVES suppresses tumour progression .............................................. 124 

 

file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421519
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421520
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421521
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421522
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421522
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421523


List of tables 

xiv 

List of tables 

Table 1: The most common cancers expected to occur in men and women  in 2016 23 

Table 2: Probability of developing invasive cancers within selected age intervals by 

sex, US, 2010-2012 ............................................................................................ 24 

Table 3: TNM staging of breast cancer ..................................................................... 27 

Table 4: 5-year survival of breast cancer patients in different stages ........................ 27 

Table 5: TIC markers ................................................................................................. 38 

Table 6: Examples of mitocans in individual classes ................................................ 45 

Table 7: Agents that inhibit and/or eradicate TICs via mitochondrial pathways ...... 57 

Table 8: IC50 values for adherent and sphere cells exposed to various anti-cancer agents

 .......................................................................................................................... 111 

file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421628
file:///C:/Users/user20/Google%20云端硬盘/Thesis/Revision/Revised%20Thesis%202%20Bing%20.docx%23_Toc464421631


  List of tables 

xv 

 

 



List of abbreviations 

xvi 

List of abbreviations 

α -TOS - α-tocopheryl succinate 

ΔΨm,i - mitochondrial inner trans-membrane potential 

ABC - ATP-binding cassette 

ABCG2 - breast cancer multi-drug resistance protein 

ADH - adherent cells 

ALDH - aldehyde dehydrogenase 

AML - acute myeloid leukaemia 

ANT - adenine nucleotide translocase 

BH3 - Bcl-2 homology-3 

3BP - 3-bromopyruvate  

CCCP - carbonyl cyanide m-chlorophenyl hydrazone 

CI - complex I 

CII - complex II 

CIII - complex III 

CIV - complex IV 

CV - complex V 

CSC - cancer stem cell 

Cyt c - cytochrome c 

DAPI - 4’,6’ - diamidino-2-phenylindole 

DCA - dichloroacetate 

DCF-DA - 2’,7’ - dichlorfluorescein-diacetate 

2DG - 2-deoxyglucose 

EGF - epidermal growth factor 

EGFR - epidermal growth factor receptor 



  List of abbreviations 

xvii 

ErbB - avian erythroblastosis oncogene B 

HER - human epidermal growth factor receptor 

FACS - fluorescence-activated cell sorting 

ESA - epithelial specific antigen 

ETC - electron transport chain 

FGF - fibroblast growth factor 

HK - hexokinase 

MFI - mean fluorescence intensity 

MIM - mitochondrial inner membrane 

MitoVES - mitochondrially targeted vitamin E succinate 

MM - multiple myeloma 

mtDNA - mitochondrial DNA 

MV - MitoVES - mitochondrially targeted vitamin E succinate 

NBGE - Native blue gel electrophoresis 

nDNA - nuclear DNA 

NOD/SCID - non-obese diabetes/severe combined immunodeficiency 

OXPHOS - oxidative phosphorylation 

PI - propidium iodide 

ROS - reactive oxygen species 

RT - room temperature 

SDH - succinate dehydrogenase 

SOD - superoxide dismutase 

SP - side population 

SPH - sphere cells 

TCA - tricarboxylic acid cycle 

TIC - tumour-initiating cell 

TMRM - tetramethylrhodamine methyl ester 

TPP+ - triphenylphosphonium 



List of abbreviations 

xviii 

UbQ - ubiquinone 

VDAC - voltage-dependent anionic channel 

WB - Western Blot 

 



  Introduction 

19 

Chapter 1 Introduction 

Cancer is the second leading cause of death in the developed world, closely following 

cardiovascular diseases, and is trending to take first place in many countries (Jemal et 

al., 2011; Siegel et al., 2016). While survival rates vary dramatically for different types 

of cancer, the disease is considered ‘deadly’ due to poor prognosis of many tumour 

types. Cancer dramatically impacts quality of life in terms of health, and presents a 

significant economic burden for the individual and the society. 

Although the technology and methodology of treatment of malignancies have 

developed considerably during the last two decades, current therapies are still limited 

in their ability to and effectiveness in controlling tumour recurrence and metastasis; 

this limitation has currently become the main reason for the failure of treatments and 

also the major cause of cancer fatality in patients. However, not every tumour cell can 

metastasise or escape anti-cancer treatment to engender relapse of the disease. Tumour 

cells are highly heterogeneous, with some populations able to migrate or to determine 

the growth and invasion of the tumour. There have been various hypotheses on the 

heterogeneity of cancer cells, but over the last decade, the concept of tumour-initiating 

cells (TICs) has been increasingly recognised (Morrison et al., 2009; Neuzil et al., 

2007b; Zhou et al., 2009a). Convincing evidence has demonstrated that TICs exist in 

both haematological and solid malignancies (Al-Hajj et al., 2003; Bonnet and Dick, 

1997; Magee et al., 2012). These cells have self-renewal capacity and can ‘re-construct’ 

tumour hierarchy within a tumour mass. They can also survive cellular stress, re-grow 

tumours, and establish distant metastases (Al-Hajj and Clarke, 2004; Medema, 2013). 
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Therefore, targeting of TICs is a tempting strategy that can possibly result in tumour 

extermination.  

Breast cancer is the leading cancer type in women, and accumulating evidence has 

suggested that breast cancer involves TICs. One of the biggest challenges in current 

breast cancer therapy is erbB2high breast cancer which usually presents as an extremely 

aggressive disease with early relapse and metastasis, therapeutic resistance and poor 

prognosis. Despite the use of current erbB2-targeting medication, the overall clinical 

outcome of the treatment of erbB2high breast cancer is highly disappointing (Burstein 

et al., 2014; Hudis, 2007; Kute et al., 2004; Theriault et al., 2013). As more effective 

therapeutic agents for erbB2high breast cancer are urgently needed, in this project we 

focused on this tumour type and its potentially effective therapeutics. We speculate 

that targeting the TICs of erbB2high tumours can be a promising approach to efficiently 

manage this type of cancer.  

The biological properties of TICs and the development of anti-TIC have been recently 

attracting the attention of researchers, although there has been no major clinical 

breakthrough to date. Mitochondria are emerging as an intriguing target for anti-cancer 

drugs due to their important role in tumour growth and progression (Neuzil et al., 2013). 

Specific mitochondrial components of malignant cells, such as the apoptosis-relevant 

proteins, mitochondrial permeability, mitochondrial respiratory chain, and 

mitochondrial membrane potential, can be employed as targets of drugs that can 

eliminate these cells (Gogvadze et al., 2009; Neuzil et al., 2013). Recently, we have 

shown that several mitochondrially targeted agents are effective against TICs 

(Stapelberg et al., 2014). We propose that targeting mitochondria of TICs may present 

a promising strategy to kill these cells. However, there has not been much research 
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into the mitochondria of TICs, and the reports on mitochondrially targeted anti-TIC 

agents are extremely rare.  

Therefore in my PhD project I decided to investigate the mitochondrial properties of 

TICs of erbB2high breast cancer, and to study a mitochondrially targeted mitocan, 

developed by our research group, for its efficacy and molecular mechanism in killing 

these TICs.  

My research aims are as follows.  

1. To establish and verify an in vitro model of erbB2high breast TICs. This involves 

enrichment and propagation of mammospheres from an established breast cancer 

cell line derived from erbB2high mouse breast tumours, and verification of 

stemness characteristics of this sphere model using in vitro and in vivo approaches. 

2. To investigate mitochondrial features of breast TICs using this sphere cell model, 

especially mitochondrial bioenergetic properties, mitochondrial DNA content, 

and mitochondrial transcripts and proteins related to respiratory complexes. 

3. To study MitoVES, a mitochondrially targeted mitocan developed by our 

laboratory, for its in vitro and in vivo effect on erbB2high breast TICs.  

Structure of the thesis 

Chapter 2 introduces the background information related to breast cancer, especially 

erbB2high breast cancer. This chapter documents research developments concerning 

TICs, mitochondria in cancer, and TICs as a therapeutic target for eradication of cancer. 

Chapter 3 presents materials and methods involved in this project. 

Chapter 4 demonstrates how the first aim of the project was addressed. We established 

and verified cell cultures and animal models needed for this project, including 
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cultivation of NeuTL spheres, investigation of their TIC properties and their tumour 

formation in experimental animals. 

In Chapter 5, the second aim of the project is addressed. Mitochondria of NeuTL TICs 

were investigated from several points of view, such as bioenergetic properties 

(mitochondrial respiration, glycolysis, mitochondrial potential, and ROS generation), 

mitochondrial DNA content, as well as transcription of mitochondrion-related genes, 

and synthesis and assembly of mitochondrial respiratory complexes and 

supercomplexes.  

Chapter 6 includes the third aim of this project - studies of the efficacy of MitoVES in 

killing NeuTL TICs and suppressing erbB2high tumour growth using the in vitro and in 

vivo models established previously in Chapter 4, as well as the molecular mechanisms 

of this agent. 

Chapter 7 comprises conclusions derived from the project and future directions of the 

research. 
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Chapter 2 Background 

2.1 Breast cancer 

Breast cancer is the most commonly diagnosed cancer in women both in developed 

and in developing countries, and is the second most common cancer to cause death in 

women. According to the estimation by American Cancer Society, breast cancer alone 

is expected to account for 29% of all new cancer cases among women in the United 

States in 2016. Breast cancer is expected to take up 14% of all female cancer death 

(Table 1) (Siegel et al., 2016). As can be seen in Table 2, the lifetime probability of 

being diagnosed with breast cancer is 12.3% for women (Siegel et al., 2016), which 

means almost one in every eight women will be diagnosed with breast cancer in their 

lifetime. 

Table 1: The most common cancers expected to occur in men and women 

 in 2016 (Siegel et al., 2016, Figure 1, permission to use this figure has been 

granted by John Wiley & Sons, Inc) 
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Incidence rates of female breast cancer remained relatively stable from 2005 to 2009, 

after decreasing by 2% per year from 1999 to 2005. This incidence is increasing in the 

developing world due to increased life expectancy, increased urbanisation, and 

adoption of western lifestyle (Siegel et al., 2016). As for the mortality from breast 

cancer, the past 20 years have seen significant reductions, largely due to the 

improvement in early detection and the development of more effective adjuvant 

therapies. 

Table 2: Probability of developing invasive cancers within selected age intervals by 

sex, US, 2010-2012  (Siegel et al., 2016, Table 4, permission to use this table 

has been granted by John Wiley & Sons, Inc)  

 

2.1.1 Risk factors of breast cancer 

The main risk factors for breast cancer are female gender and older age (Reeder and 

Vogel, 2007). Therefore along with the aging of population in many countries, the 

incidence of breast cancer is expected to increase.  
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Other potential risk factors are highly related to lifestyle, genetic profiles, and medical 

conditions. For example, high fat diet, obesity, lack of physical exercise, drinking 

alcohol, smoking tobacco and exposure to light pollution have been linked to the 

development of breast cancer (McPherson et al., 2000; Tyrer et al., 2004).  

In 5-10% cases, genetics has been reported to be the primary cause of breast cancer. 

BRCA1 and BRCA2 gene mutations can cause a hereditary breast–ovarian cancer 

syndrome. Other significant mutations include: p53, PTEN, and STK11, CHEK2, 

ATM, BRIP1, andPALB2 (Gage et al., 2012). 

Higher levels of certain hormones, lack of childbearing or breastfeeding, and use of 

oral contraceptives are also reported as risk factors of breast cancer (Kahlenborn et al., 

2006; Yager and Davidson, 2006). 

2.1.2 Classifications of breast cancer 

Breast cancer classification relies on several grading systems, including 

histopathology, TNM (tumour, lymph node, metastasis) staging, receptor status, and 

DNA assays.  

Primarily classified by its histological appearance, breast cancer can be divided into 

ductal or lobular carcinomas according to their place of origin, while each type can be 

further classified as carcinoma in situ or invasive carcinomas, based on whether the 

tumour is confined to the initial tissue compartment. The three most common 

histopathological types are invasive ductal carcinoma, ductal carcinoma in situ and 

invasive lobular carcinoma, followed by lobular carcinoma in situ, less common 

subtypes of invasive ductal carcinoma (tubular, medullary, mucinous, papillary and 

cribriform carcinomas) of the breast, inflammatory breast cancer, Paget’s disease of 

the nipple, and Phyllodes tumour of the breast (Bocker, 2002; Theriault et al., 2013). 

https://en.wikipedia.org/wiki/Oral_contraceptives
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By comparing the appearance of breast cancer cells to normal breast tissue, and using 

tubule formation, together with nuclear pleomorphism and mitotic count as grading 

criteria, breast tumours can be graded overall as well differentiated (low grade or grade 

1), moderately differentiated (intermediate grade or grade 2), and poorly differentiated 

(high grade or grade 3) (Bevers et al., 2009). 

In order to describe the load and location of cancer, the TNM system is adopted (Table 

3), which is based on the size of the tumour (T), whether or not the tumour has spread 

to the lymph nodes (N) in the armpits, and whether the tumour has metastasised (M) 

(Edge, 2009; Singletary and Connolly, 2006). Breast cancer staging provides the 

information of the extent and severity of the disease in an individual; thereby the 

prognosis can be predicted (Table 4) and the appropriate treatment plan can be 

established (Singletary et al., 2003; Singletary and Connolly, 2006), when considered 

along with other classification aspects such as human epidermal growth factor receptor 

2 (HER2/neu) status, hormonal receptor levels, menopausal status and the patient’s 

general health (Bevers et al., 2009; Carlson et al., 2000; Theriault et al., 2013).  

Traditionally, using immunohistochemistry (IHC), the receptor status of breast cancer 

can be identified based on the presence of the estrogen receptor (ER), progesterone 

receptor (PR) and HER2. This receptor status determines whether a patient is suitable 

for receptor-targeted treatments, such as the use of tamoxifen, an estrogen receptor 

antagonist; letrozole, an aromatase inhibitor; or trastuzumab, a monoclonal antibody 

targeting HER2. Meanwhile, the receptor status of breast cancer also has its prognostic 

significance, as illustrated by the relatively good prognosis in ER+ tumours, and poor 

prognosis in HER2+ and in triple negative tumours. More recently, with the assistance 

of DNA microarrays, receptor status can be assessed together, along with tumour grade, 

and thereby breast cancer can be classified into several molecular subtypes, such as 
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basal-like (triple-negative), luminal A (ER+ and low grade), luminal B (ER+ but high 

grade), luminal ER-/AR+ (androgen-responsive subtype), HER2+, normal breast-like, 

and claudin-low (often triple-negative with low expression of junction proteins) breast 

tumours (Prat and Perou, 2011).  

 

 
 

  

Table 4: 5-year survival of breast cancer patients in different stages  

 (AJCC Staging 5th, permission to use this table has been granted by American 

Joint Committee on Cancer.  

Table 3: TNM staging of breast cancer  (Used with permission of the American Joint 

Committee on Cancer (AJCC), Chicago, Illinois. The original and primary source 

for this information is the AJCC Cancer Staging Manual, Seventh Edition (2010) 

published by Springer Science+Business Media.) 
T1 Tumour ≤ 20 mm in greatest dimension  

T2 Tumour > 20 mm but ≤ 50 mm in greatest dimension  

T3 Tumour > 50 mm in greatest dimension 

T4 Tumour of any size with direct extension to the chest wall 

and/or to the skin (ulceration or skin nodules) 

N0 No regional lymph node metastases  

N1 Metastases to movable ipsilateral level I, II axillary lymph 

node(s)  

N2 Metastases in ipsilateral level I, II axillary lymph nodes that 

are clinically fixed or matted; or in clinically detected 

ipsilateral internal mammary nodes in the absence of 

clinically evident axillary lymph node metastases  

N3 Metastases in ipsilateral infraclavicular (level III axillary) 

lymph node(s) with or without level I, II axillary lymph 

node involvement; or in clinically detected ipsilateral 

internal mammary lymph node(s) with clinically evident 

level I, II axillary lymph node metastases; or metastases in 

ipsilateral supraclavicular lymph node(s) with or without 

axillary or internal mammary lymph node involvement  

M0 No clinical or radiographic evidence of distant metastases  

M1 Distant detectable metastases as determined by classic 

clinical and radiographic means and/or histologically 

proven larger than 0.2 mm 
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2.2 Breast cancer treatment 

Breast cancer is usually treated with a combination of surgery, chemotherapy, 

hormonal therapy, molecular targeting therapy and radiation therapy. Treatment 

choice depends on the stage and classification of the cancer and the general health 

condition of the patient (Chavez-MacGregor and Valero, 2011).  

Chemotherapy is mainly used for cases in stages 2 to 4, such as neoadjuvant therapy 

prior to surgery, adjuvant therapy after surgery, or palliative therapy for recurrent or 

metastatic cases. The most commonly used chemotherapeutic drugs are anthracyclines, 

taxanes, cyclophosphamide, methotrexate, and 5-fluorouracil. The chemotherapeutic 

medications are usually administered in combinations. A basic regimen is ‘AC’, which 

is the combination of an anthacycline agent such as doxorubicin or epirubicine, and 

cyclophosphamide. The ‘CAT’ regimen is stronger, with an addition of a taxane, such 

as paclitaxel or docetaxel, given along with ‘AC’. Similarly, ‘CAF’ has 5-fluorouracil 

in addition, while the ‘CMF’ regimen combines cyclophosphamide, methotrexate, and 

5-fluorouracil. Most chemotherapeutic agents work by killing fast-proliferating cancer 

cells. Accordingly, these medications also harm normal cells, especially those that 

grow or replicate fast, resulting in various side effects, from mucositis and alopecia, to 

very severe adverse effects, such as myocardial damage, resulting sometimes in heart 

failure (Chavez-MacGregor and Valero, 2011).  

Some breast cancer cells have ER and/or PR on their cell membrane, enabling the 

cancer growth to be promoted by related hormones. Consequently, blocking these 

hormone pathways contributes to inhibition of the tumour growth. For example, ER+ 

breast cancer can be treated with tamoxifen, an estrogen blocker, for 10 years in both 

pre-menopausal and post-menopausal patients, as adjuvant therapy following surgery, 

to reduce the risk of cancer relapse and new breast cancer development (Burstein et 
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al., 2014). A better endocrine treatment option for post-menopausal women is the use 

of aromatase inhibitors, such as letrozole or anatrozole, which reduce the synthesis of 

estrogen from androgen (Dowsett et al., 2015). 

Although there have been significant advances in the treatment of breast cancer in the 

past two decades, current therapies are still very limited in their ability to control 

metastasis and relapse, especially for erbB2high breast cancer, which has long been a 

considerable therapeutic challenge. 

2.3 ErbB2high breast cancer 

The erbB2 gene is highly expressed in approximately 20-30% of breast cancers, and 

this is known to be associated with a more aggressive course, therapeutic resistance, 

early relapse, and poor outcome of the disease (Ithimakin et al., 2013; Slamon et al., 

1987). 

ErbB2 is a protein also known as neu, HER2 (human epidermal growth factor receptor 

2), CD340, or p185. In humans it is encoded by the erbB2 gene, a member of the 

epidermal growth factor receptor (EGFR; also known as erbB) family. The erbB 

family is a group of receptor tyrosine kinases (RTK) (Figure 1). In humans it includes 

HER1 (EGFR, erbB1), HER2, HER3 (erbB3) and HER4 (erbB4) (Cho et al., 2003). 

All the four proteins contain an extracellular ligand-binding domain, a trans-membrane 

domain, and an intracellular domain that can interact with a multitude of signalling 

molecules and exhibit both ligand-dependent and -independent activity. ErbB2 can 

heterodimerise with any of the other three receptors and is considered to be their 

preferred dimerisation partner (Olayioye, 2001). This dimerisation results in the 

autophosphorylation of tyrosine residues within the cytoplasmic domain of the 

receptors and initiates a variety of signalling pathways including mitogen-activated 

protein kinase (MAPK), phosphoinositide 3-kinase (PI3K/Akt), phospholipase C γ, 
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protein kinase C (PKC), and the signal transducer and activator of transcription (STAT) 

pathway (Roy and Perez, 2009).  

Signalling through erbB receptors mediates cell proliferation and differentiation in the 

developing embryo and in adult tissues. Inappropriate activation of erbB is associated 

with the pathogenesis and progression of several types of cancers, most represented in 

human breast cancers, in which erbB2 is strongly associated with increased disease 

recurrence and a poor prognosis (Slamon et al., 1987). 

 

Figure 1: ErbB/EGFR (epidermal growth factor receptor) family(Baselga and 

Swain, 2009, Figure 1, permission to use this figure has been granted by Nature 

Publishing Group) 

As erbB2 plays such an important role in the propagation, biological behaviour, and 

prognosis of breast carcinoma, much effort has been directed towards the development 

of drugs that can target this RTK. Among these agents, the most investigated one is 

trastuzumab (marketed as Herceptin), a monoclonal antibody that binds to the juxta-

membrane region of human erbB2. It has an anti-proliferative effect on cells 
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transformed by erbB2 over-expression, and is a relatively effective treatment for 

human breast cancer (Neve et al., 2001).  

The mechanism of trastuzumab action is considered to involve a number of processes 

including antibody-mediated cytotoxicity and blocking receptor aggregation. However, 

the stimulation of erbB2 endocytosis and removal of erbB2 from the cell surface seems 

to be a principal element of its effectiveness (Sliwkowski et al., 1999). Monovalent 

trastuzumab Fab fragments do not possess the anti-proliferative properties of the whole 

trastuzumab antibody, suggesting that either receptor cross-linking is an important 

feature of trastuzumab activity, or that divalence is needed to increase its apparent 

affinity. Trastuzumab also inhibits activation of erbB2 through cleavage of the juxta-

membrane region of the extracellular domain, a process that normally occurs at a low 

level but increases when erbB2 is over-expressed (Cho et al., 2003). Another 

monoclonal antibody, Pertuzumab, which inhibits dimerization of HER2 and HER3 

receptors, is now being used clinically (Keating, 2012). 

Apart from monoclonal antibodies, micromolecular tyrosine kinase inhibitors (TKI) 

represented by Lapatinib, have been developed for the targeted inhibition of erbB2 

pathways. Lapatinib is a dual TKI which disrupts the erbB2 and EGFR pathways (Higa 

and Abraham, 2007). It inhibits receptor signal processes by interacting with the ATP-

binding pocket of the EGFR/erbB2 protein kinase domain, preventing auto-

phosphorylation and subsequent activation of the signalling mechanism (Nelson and 

Dolder, 2006). It is now used in combination with chemo and/or hormonal therapies 

for HER2-positive breast cancer. 

Although these erbB2-targeted treatments have shown some efficacy for erbB2high 

breast cancer, their contribution to the improvement of the overall clinical outcome is 

still very limited. For example, trastuzumab extended the overall survival in metastatic 
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breast cancer by mere 4 additional months (Hudis, 2007). Another complicating factor 

is that 70% of HER2-positive patients do not respond to trastuzumab, and further, 

resistance to the treatment develops rapidly (Kute et al., 2004). Therefore, more effort 

should be made into the research on the treatment of erbB2high breast cancer. To 

achieve this, we need to gain deeper understanding of the biological properties of these 

tumours, so that new strategies to target these cells can be explored, especially the 

therapies that can bypath barriers restricting the existing drugs from executing their 

function. 

2.4 Tumour-initiating cells 

Over the past decade, a new concept of tumour-initiating cells (TICs) has been 

emerging, suggesting that cancer is a disease driven by TICs. The theory of TICs 

proposes that tumour initiation, maintenance and growth, as well as distant metastases 

are driven by a small sub-population of the tumour mass, the TICs (Bansal and 

Banerjee, 2009; Neuzil et al., 2007b; Zhou et al., 2009a). This ‘tumorigenic’ 

population is also known as cancer stem cells or cancer stem-like cells (CSCs), because 

the constituent cells have characteristics that are similar to normal stem cells, such as 

the ability to self-renew and to differentiate (Boman and Wicha, 2008; Kvinlaug and 

Huntly, 2007; Reya et al., 2001; Wicha et al., 2006; Winquist et al., 2009). It is still 

controversial whether these cells originate from stem cells that have lost the ability to 

regulate proliferation (Bansal and Banerjee, 2009; Neuzil et al., 2007b; Reya et al., 

2001; Wicha et al., 2006). Here, we prefer to use the term ‘tumour-initiating cells’ to 

emphasise that these cells are (most likely) responsible for the initiation, growth, and 

propagation of tumours. This notion follows, for example, from experiments showing 

that when transplanted into immunocompromised mice, TICs are able to form the same 

type of tumour as the one from which they were isolated or identified. By contrast, the 

non-tumorigenic bulk of the tumour mass does not have this tumour formation 
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propensity (Boman and Wicha, 2008; Kvinlaug and Huntly, 2007; Neuzil et al., 2007b; 

Winquist et al., 2009; Zhou et al., 2009a). 

2.4.1 TIC models 

For decades, the dominant model of tumour propagation was the clonal evolution 

model, which postulates that mutant tumour cells with a growth advantage are selected 

and expanded, and cells in the dominant population have a similar potential for 

initiation of tumours or regenerating their growth (Nowell, 1976). In recent years, 

however, the TIC or CSC model is becoming increasingly recognised; it focuses on a 

subset of tumour cells that have the ability to self-renew and their capacity to generate 

the diverse tumour cell subsets (Reya et al., 2001). This model suggests that cancer is 

hierarchically arranged with TICs/CSCs lying at the apex of the hierarchy, and only 

the TICs/CSCs have the ability of generating a tumour, based on their self-renewal 

properties and proliferative potential (Figure 2). The TIC/CSC model has become 

highly plausible due to the fact that TICs have been continually identified in various 

types of haematological carcinomas and solid tumours, including breast cancer.  

Since Bonnet and colleagues identified leukaemia stem cells from acute myeloid 

leukaemia in 1997 (Bonnet and Dick, 1997), the existence of TICs has been proved 

during the following years in various types of carcinomas such as breast cancer (Al-

Hajj et al., 2003), brain cancer (Singh et al., 2003; Singh et al., 2004), lung cancer 

(Kim et al., 2005a), prostate cancer (Collins et al., 2005; Patrawala et al., 2006), 

melanoma (Fang et al., 2005), colon cancer (O'Brien et al., 2007; Ricci-Vitiani et al., 

2007), pancreatic cancer (Hermann et al., 2007; Li et al., 2007), ovarian cancer (Baba 

et al., 2009; Szotek et al., 2006), liver cancer (Ma et al., 2007; Suetsugu et al., 2006), 

head and neck squamous cell carcinomas (Prince et al., 2007), renal carcinomas 

(Bussolati et al., 2008), gastric cancer (Takaishi et al., 2009), and gallbladder 
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carcinomas (Li et al., 2012; Shi et al., 2010). Thus, the existence of TICs has been 

confirmed in a number of tumour types, indicating that it plays a general role in 

neoplastic disease. 

 

 

Figure 2: Two general models of heterogeneity in cancer cells  (Reya et al., 2001, Stem 

cells, cancer, and cancer stem cells, Figure 4, permission to use this figure has been 

granted by Nature Publishing Group). CSC, cancer stem cells. 

 

2.4.2 Significance of TIC investigation 

TICs are widely considered to be responsible for the generation, relapse and metastasis 

of tumours, and therefore specific therapies targeted at TICs hold hope to cure cancer 

‘from the root’. However, most current anti-cancer therapies fail to eliminate TICs, 

and this is largely due to the fact that the efficacy of cancer treatments is usually 

measured by the ablation fraction of the tumour mass. Selected conventional anti-

cancer therapies are generally powerful in killing differentiated or differentiating cells 

which form the bulk of the tumour but are unable to generate new cells, while the small 

population of TICs, which give rise to them, could remain ‘untouched’, causing the 

relapse of the disease. This is also one of the main reasons that current treatment 

http://en.wikipedia.org/wiki/Chemotherapy
http://en.wikipedia.org/wiki/Chemotherapy
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regimens for cancer such as chemotherapy, radiation and other modalities including 

targeted therapies, have shown a lack of efficacy when utilized in cancers in later 

stages (Loureiro et al., 2013). Therapeutic strategies different from the conventional 

ones are needed for elimination of TICs. 

Knowing this, more effort is increasingly being directed towards research into 

biological properties of TICs and therapeutic agents that can target these cells, the 

progress in which will be introduced in more details in later sections. Impressively, 

among these agents, a group of mitochondria-targeting anti-cancer agents, mitocans, 

have shown the potential to kill TICs. Our research group has been focusing on the 

research into α-tocopheryl succinate (α-TOS) and the derived mitochondrially targeted 

vitamin E succinate (MitoVES). These agents have been proved to effectively kill a 

variety of cancer cell lines and suppress tumours in mouse models (Neuzil et al., 2013). 

In the following section, the research progress on mitochondria of TICs and the 

strategy of targeting mitochondria to achieve the elimination of TICs will be reviewed. 

2.4.3 Identification of TICs 

To study the biological properties of TICs or to investigate their drug susceptibility, 

the first step is to identify and isolate these cells. There is an increasing number of 

human tumours reported to contain sub-populations with the properties of TICs, as 

defined operationally through their efficient tumour-initiating capabilities upon 

xenotransplantation into mice (Boiko et al., 2010). The identification of the tumour-

initiating stem cell population has a great impact in the understanding of tumour 

biology and as a result, in tumour therapy (Bussolati et al., 2008). 

The most reliable process of TIC identification is to define their function of self-

renewal and multi-potential differentiation, which has to be performed both in vitro 

and in vivo. In the in vivo experiments, TICs are characterised by their ability to form 
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new serially transplantable tumours in immunodeficient mice and to display 

stem/progenitor cell properties such as ability of self-renewal and capacity to re-

establish tumour heterogeneity (Clarke et al., 2006). These TICs would give rise to the 

same (or very similar) type of tumour from which they came originally and the new 

tumour would have the same pathology as the original one (Boman and Wicha, 2008; 

Morrison et al., 2009; Neuzil et al., 2007b). The in vivo method to test the TIC nature 

of cells is considered the as ‘gold standard’ in TIC identification.  

There are several in vitro methods established for TIC identification: 

1) Use of molecular markers to identify TICs. For the identification of tumour stem 

cells, researchers have exploited the similarities between normal stem cells and tumour 

stem cells of the same tissue. Many of the stem markers expressed by normal stem 

cells have been found expressed in their malignant counterparts as well (Liu et al., 

2005). Firstly, a variety of stem cell markers (antigenic phenotypes) such as CD133, 

CD24, CD44, CD34, CD61 and ESA, have been verified and used to identify and 

characterise TICs from many types of tumours. Several markers can be used to define 

TICs derived from various tissues, while other markers are tissue-specific (see Table 

5). Based on these markers, fluorescence-activated cell sorting (FACS) can be used 

for isolation of TICs from mixed tumour cell populations. Following that, a xenograft 

assay can be used to verify whether the isolated TICs sub-populations from tumours 

can give rise to the same tumour type in immunocompromised mice. Using this method, 

TICs from many types of tumours have been identified and isolated. However, most 

organ-restricted stem cells lack unique surface markers, thus making isolation of these 

TICs a very difficult task (Collins et al., 2005). The first identification of TICs in solid 

tumour was accomplished by Al-Hajj et al. who identified and isolated TICs from 

breast cancer by using CD24 and CD44 as markers (Al-Hajj et al., 2003). 
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2) Hoechst staining side-population (SP) technique. Another method to identify TICs 

is the use of the Hoechst 33342 staining procedure. Previous studies have verified that 

SP cells, characterized by their ability to efflux the lipophilic substrate Hoechst 33342, 

share many characteristics with TICs in multiplying solid tumours (Li et al., 2012). 

When incubated with Hoechst 33342, these SP cells have the ability to pump out this 

dye, and consequently can be effectively sorted out via flow cytometry (Lopez et al., 

2012; Patrawala et al., 2005). Similar to TICs, SP cells are rare in tumour population 

and they also have the ability of self-renewal, multi-potential differentiation and 

tumour formation, hence they are considered as TICs (Goodell et al., 2005). In 

comparison to their non-SP counterparts, SP cells display higher proliferative, stronger 

clonal-generating, more migratory and more invasive capacities, they also show 

stronger resistance to anti-cancer therapies. Furthermore, recent experiments 

demonstrated that SP cells were more tumorigenic than non-SP counterparts in vivo. 

They express the ATP-binding cassette subfamily G member 2 (ABCG2) more than 

the non-SP counterparts. Thus, SP cells represent progenitor/stem-like cells 

(Haraguchi et al., 2006; Li et al., 2012; Szotek et al., 2006; Zhang et al., 2010). 
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Table 5: TIC markers 

Malignancy  Markers References 

Leukaemia CD34+CD38- (Bonnet and Dick, 1997) 

Breast cancer CD44+/CD24-/EpCAM+ 

EpCAM-CD49f+ 

Alpha-6 integrin+ 

CD44+/CD24-/ CD133+ 

(Al-Hajj et al., 2003) 

(Martin et al., 2003) 

(Cariati et al., 2008) 

(Wright et al., 2008) 

Prostate cancer  CD44+α2β1hi/CD133+ cells (Collins et al., 2005) 

Ovarian cancer  CD133+ (Baba et al., 2009) 

Brain cancer CD133+  (Singh et al., 2003a) 

Head and Neck cancer CD44+, high BMI1 expression (Prince et al., 2007) 

Pancreatic cancer  CD24+/CD44+/ESA+ 

CD133+ 

(Li et al., 2007) 

(Hermann et al., 2007) 

Gastric cancer CD44+ (Takaishi et al., 2009) 

Colon cancer CD133+  (Ricci-Vitiani et al., 2007) 

(O'Brien et al., 2007) 

Liver cancer 

 

CD133+ 

CD24+  

(Ma et al., 2007) 

(Henry and Fair, 2013) 

Gallbladder carcinoma CD44+CD133+  (Shi et al., 2010) 

 

 

Figure 3: Methods to obtain TICs.  (A) Cell sorting using biomarkers (Al-Hajj et al., 2003, Figure 1, 

subpopulations of tumour (T) cells that were passaged (P) in mice or un-passaged (UP) using flow 

cytometry and antibodies against cell markers, PNAS, Copyright (2003) National Academy of Sciences, 

U.S.A). (B) Cell sorting of side population (Lopez et al., 2012, Figure 3A, delimited red region is the 

side population fraction, BMC Cancer). (C) Sphere culture of neural stem cells (Weiss et al., 1996, 

Figure 1, Journal of Neuroscience). Permissions to use these figures have been granted by respective 

publishers.   

A 
B 

C 
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3) Sphere-formation Assay. Other than the two methods described above, there is 

another interesting method for TIC identification, the sphere-formation assay, which 

allows TIC population to be enriched in vitro. This method was developed from the 

neurosphere assay which uses serum-free media supplemented with epidermal growth 

factor (EGF) and basic fibroblast growth factor (bFGF), to grow neural stem cells as 

spheres (Reynolds and Weiss, 1992; Weiss et al., 1996). Under non-adherent culture 

conditions, some cells that have self-renewal ability will form spheroids. These 

spheroids can be disaggregated and passaged repeatedly while retaining the sphere-

forming ability. Spheroid formation in vitro has been used to study TICs from many 

types of malignancies including gliomas and glioblastomas, breast, colon, gallbladder, 

pancreatic cancer, and hepatocarcinomas (Hermann et al., 2007; Ponti et al., 2005; 

Ricci-Vitiani et al., 2007; Shi et al., 2010; Singh et al., 2003; Zhou et al., 2009b). 

Unlike using FACS to isolate TICs based on biomarkers or side population, sphere-

formation assay does not cause any damage to the cells and therefore is a better/gentler 

model for the consequent experiments, as cells are intact. The practicality, ease, and 

low cost of this assay make it a method of choice for performing high-throughput 

screens for identification of drugs that target TICs (Boman and Wicha, 2008). 

It is noteworthy that TICs identified by TIC/CSC markers, Hoechst33342 staining 

technique or enriched by sphere-formation culture should be functionally verified 

using in vivo experiments that would demonstrate the ability of these cells to initiate 

original types of tumours on animal models. 

2.4.4 Biological properties of TICs 

The biological properties of TICs have been the focus of recent research because they 

are the foundation of the knowledge based on which effective therapeutic measures 

may be developed to target these cells. It has been acknowledged that TICs share 



Background 

40 

several important properties with normal stem cells, such as the ability to self-renew, 

a property essential for tumorigenesis and tumour invasiveness, and the ability to 

differentiate, which generates other terminally differentiated cancer cells and 

contributes to tumour cellular heterogeneity, as well as the ability of tumourspheroid 

formation in tissue culture. Accumulating evidence in a variety of tumour types 

suggests that cells with properties of TICs are more resistant to various commonly 

used chemotherapeutic treatments (Creighton et al., 2009; Singh and Settleman, 2010), 

which is considered as one of the main reasons for frequent failure of systemic cancer 

therapies to eradicate advanced tumours. The therapeutic resistance of TICs is, at 

present, believed to be related to several features of TICs that differ from their 

differentiated counterparts. They include: (a) TICs express high levels of transporter 

proteins, such as ABCG2 (BCRP) and P-glycoprotein (ABCB1), which can efflux 

cytotoxic drugs (Ricci et al., 2012). (b) TICs are more anti-apoptotic because they have 

increased expression of anti-apoptotic proteins such as Bcl-2, Bcl-xL and IAPs, and 

consequently, targeting key intracellular apoptotic pathways has become a recent focus 

of research against therapeutic resistance of tumours (Liu et al., 2013). (c) TICs have 

enhanced DNA repair ability due to the increased DNA damage checkpoint activation, 

contributing to their resistance to DNA-targeting agents (Eyler and Rich, 2008). TICs 

have also been reported to be more resistant to ionising radiation therapy because they 

are more efficient in inducing repair of damaged DNA than the bulk of tumour cells. 

They escape the lethal DNA-damaging effects of ionising radiation by preferential 

activation of DNA repair checkpoints through phosphorylation of the checkpoint 

proteins Chk1 and Chk2 (Mathews et al., 2011; Pajonk et al., 2010). (d) Many TICs 

remain relatively quiescent, not in the ‘cycling’ status, thus being resistant to cell 

cycle-specific chemotherapy agents (Lundholm et al., 2013). (e) TICs do not express 

some tumour-specific antigens that are expressed on differentiated cells; hence the 
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immunological therapies that target these antigens cannot affect TICs (Singh and 

Settleman, 2010). (f) TICs are also able to induce angiogenesis and thus aid in 

promotion of tumour growth (Neuzil et al., 2007c). 

2.4.5 Approaches for killing TICs 

In accordance with the unique properties of TICs that distinguish them from their 

differentiated counterparts, researchers have been endeavouring to develop agents that 

would efficiently target TICs. So far, some agents have been designed to target the 

self-renewal signalling pathways, the TIC surface markers, the microenvironment of 

TICs, or the drug-resistant mechanisms of TICs (Boman and Wicha, 2008; Kvinlaug 

and Huntly, 2007; Winquist et al., 2009; Zhou et al., 2009a).  

Self-renewal pathways are considered as promising targets of TICs. These pathways, 

such as Notch, Wnt and Hedgehog, are related to tumorigenesis when they are 

deregulated by mutations in stem cells, and therefore their inhibition may have the 

potential to act as anti-TIC treatments (Takebe et al., 2010). Several drugs targeting 

the Notch and Hedgehog pathways have been in clinical trials (Loureiro et al., 2013). 

Unfortunately, these self-renewal pathways are not exclusive to TICs, and the role of 

their activation in tumour generation is not totally clear at present, and therefore the 

adverse effects of these drugs require considerable caution. High throughput small 

interfering RNA (siRNA) screening techniques have efficiently facilitated the 

identification of pathways/kinases regulating survival of TICs. For example, using 

kinome-wide short hairpin RNA (shRNA) screen, Cheng and colleagues identified the 

receptor tyrosine kinase AXL as a key regulator for mesenchymal glioblastoma TICs, 

the knockdown of which kinase led to decreased self-renewal capacity and increased 

cell death of these cells (Cheng et al., 2015). In glioma, a number of metabolism-

related genes, such as PDK1, PKM2, and especially PFKFB4, were reported to be key 
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regulators of the TICs, when the human kinome and phosphatome were screened with 

RNA interference (Goidts et al., 2012). These identified pathways/kinases provide 

attractive targets for the potential therapies of the tumours. 

Another widely considered therapeutic strategy is to target specific cell markers, 

usually those used for TIC identification and isolation, in order to achieve a selective 

elimination of these cells. Some of these markers, especially those shared across the 

landscape of various tumour types, such as CD133, EpCAM, CD44, CD24, are being 

investigated as potential targets for anti-TIC therapies. Some monoclonal antibodies 

targeting these markers have been developed and tested clinically (Loureiro et al., 

2013).  

Targeting checkpoint proteins is another important approach to kill TICs. Enhanced 

DNA checkpoint activity and increased checkpoint protein expression is essential for 

the therapeutic resistance of TICs against radiation and DNA-damaging 

chemotherapies. Accordingly, inhibitors of checkpoint proteins, Chk1 and Chk2 for 

example, have been developed to reverse the adverse condition (Kvinlaug and Huntly, 

2007).  

In addition, therapeutic agents are also being developed to target other biological 

processes of TICs such as interfering with their apoptotic pathways, inhibiting the 

ABCG proteins that efflux therapeutic drugs, or targeting microenvironment and the 

niche interactions (Kvinlaug and Huntly, 2007; Winquist et al., 2009), although so far 

there has been a remarkable breakthrough clinically. 

Among drugs able to target TICs, mitocans, a group of anti-cancer agents that induce 

apoptosis by destabilising mitochondria, have been showing a potential promise to kill 

TICs. We will discuss these agents and their mechanisms of action in details in the 

sections below. 
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2.5 Mitochondria 

Mitochondria are double membrane-bound organelles found in most eukaryotic cells, 

usually described as ‘the powerhouse of the cell’ due to their generation of ATP used 

as the main source of chemical energy in a cell. Additionally, mitochondria are 

important for a variety of cellular processes, such as regulation of cell cycle, cell 

growth and differentiation, programmed cell death, calcium storage and cell signalling 

(Henze and Martin, 2003; McBride et al., 2006). 

2.5.1 Mitochondria in cancer cells 

Mitochondria have recently emerged as intriguing targets for anti-cancer drugs. Agents 

targeting mitochondria to exert anti-cancer activity have become a focus of recent 

research due to their great clinical potential (Neuzil et al., 2013). 

Recent cancer research suggests that tumours differ in the expression of a high number 

of genes and mutations, even amongst patients with the same type of tumour, or, even 

worse, within the same tumour (Gerlinger et al., 2012; Jones et al., 2008; Parsons et 

al., 2008). This indicates that targeting a single gene or a single pathway is unlikely to 

suppress cancer even in personalised treatment, due to the heterogeneity existing 

between different regions among the same tumour. Therefore, it is imperative to search 

for a target that is invariant and whose exploitation may lead to a general strategy for 

efficient treatment across various tumour types (Neuzil et al., 2013). 

Mitochondria are of fundamental importance in tumour growth and progression as they 

determine the aberrant energetic metabolism of malignant cells and regulate cell death 

by apoptosis and necrosis. More importantly, despite the heterogeneity of tumours, 

mitochondria are a relatively invariant target present in all tumours. Almost all tumour 

cells demonstrate enhanced glycolysis, known as the Warburg effect. Although this 

effect was originally interpreted as indicating that the function of mitochondria was 
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disposable, we now know that cancer cells are in an altered metabolic state and do 

require the mitochondrial function. The stimulated pathways resulting in glycolysis 

contribute not only to the compensation for the reduced ATP generation but also the 

enhancement of mitochondrial stabilisation and apoptotic resistance (Gogvadze et al., 

2008). Accordingly, a series of mitochondrial aspects can be deployed for tumour cell 

elimination, such as the inhibition of glycolysis, neutralisation of anti-apoptotic 

proteins, induction of mitochondrial permeability transition, and modulation of 

mitochondrial respirator chain activity (Gogvadze et al., 2009). For these reasons, 

mitochondria are emerging to be a promising target for anti-cancer therapy. 

Neuzil and colleagues proposed the term of ‘mitocan’ to define a group of small 

compounds that exert anti-cancer activity by way of mitochondrial ‘destabilisation’, 

and classified them into several classes based on their molecular mode of action. As 

shown in Figure 4, the classification starts with targets at the surface of mitochondria 

and ends up with those in the mitochondrial matrix. Examples of mitocans in 

individual classes are listed in Table 6. These compounds, some of which have been 

known for a long time, hold a substantial promise to be developed into efficient anti-

cancer drugs, based on their selectivity for cancer cells (Neuzil et al., 2013).  
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2.5.2 Mitochondria in TICs 

In TICs, mitochondria present a unique organelle due to their specific functions in 

cellular energy generation, reactive oxygen species (ROS) production, cellular redox 

state regulation, and apoptosis initiation, which have both similarities and differences 

compared with the mitochondria of normal stem cells or differentiated malignant cells. 

Consequently, targeting mitochondria of TICs can be a plausible strategy against these 

cells. Recently, several reports have been published regarding anti-cancer agents that 

exert their activity in inhibiting and/or killing TICs via mitochondrial pathways 

(Alvarez-Calderon et al., 2014; Lagadinou et al., 2013; Lonergan et al., 2007; Nesti et 

al., 2007; Parker et al., 2009; Pasdar et al., 2015; Škrtić et al., 2011; Viale et al., 2015; 

Ye et al., 2011a; Ye et al., 2011b).  

Mitochondria play a fundamental role in the energy metabolism and apoptosis 

regulation of cancer cells, which is of considerable importance in the initiation, 

progression and metastasises of malignancies. However, despite the fact that TICs 

have been recently studied quite extensively from a variety of ‘angles’, not much 

research has been performed on mitochondria of TICs. From studies on embryonic and 

somatic stem cells, it has been revealed that these cells possess certain specific 

mitochondrial properties that may influence their proliferation, differentiation and life-

span (Parker et al., 2009). Some of these mitochondrial features, such as perinuclear 

mitochondrial localisation patterns, lower ATP content and higher oxygen 

consumption, are thought to be relevant for the maintenance of their stem cell 

properties (Lonergan et al., 2007). Stem cells have also been shown to have lower ROS 

levels and higher resistance to apoptosis under oxidative stress (Parker et al., 2009). 

Meanwhile, high mitochondrial membrane potential (ΔΨm,i), low quantity of 

mitochondrial DNA (mtDNA), low number and mass of mitochondria and immaturity 

of mitochondrial phenotype are also reported in some normal stem cells and are 
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suggested to be related to their ʻstemnessʼ properties (Nesti et al., 2007). 

Differentiation of stem cells is often accompanied by increased mitochondrial mass 

and mtDNA gene copy number, by higher ATP and ROS production, and by decreased 

ΔΨm,i (Nesti et al., 2007; Parker et al., 2009). On the contrary, there are also other 

studies reporting that certain ‘primitive’ or stem-like cells show a lower rate of oxygen 

consumption in comparison to their mature counterparts (Piccoli et al., 2005; von 

Heimburg et al., 2005), which points to the heterogeneity in different types of stem 

cells. Further investigation is needed to clarify these properties. 

More recently, studies have confirmed that mitochondria in TICs may possess 

similarities with those in normal stem cells. Ye and colleagues isolated lung TICs from 

the A549 lung cancer cell line and found that these TICs have different mitochondrial 

characteristics compared with their non-TIC counterparts, including perinuclear 

mitochondrial distribution, lower quantity of mtDNA, as well as higher mitochondrial 

membrane potential, lower oxygen and glucose consumption, and lower intracellular 

concentrations of ROS and ATP (Ye et al., 2011a). They also predict that the higher 

ΔΨm,i of TICs can possibly be utilised to isolate this cell population from the majority 

of non-TIC cells which possess lower ΔΨm,i (Ye et al., 2011b). Consistently, Viale and 

colleagues studied pancreatic TICs using an inducible mouse model of pancreatic 

cancer and revealed that they featured higher mitochondrial potential compared with 

the bulk of the tumour. They also found that mitochondrial potential correlated 

positively with the tumorigenic potential of pancreatic cancer cells, and proposed that 

this can be used as an unbiased method to isolate the TICs (Viale et al., 2015). Pasdar 

and colleagues have very recently grafted mesothelioma TICs derived from several 

mesothelioma cell lines prepared using spheroid culture in Balb-c/nude mice, to form 

tumours from which the tumour cells were placed in culture to obtain the next 

generation of TICs. These TICs were then grafted again to form the next generation of 
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tumours. When this procedure was repeated for several times, the mesothelioma TICs 

derived from different generation of tumours showed varied mitochondrial 

characteristics and functions, such as increased citrate synthase activity, increased 

respiration rate, mitochondrial mass, ROS generation, glucose uptake and 

mitochondrial potential, as well as decreased ATP level and lactate production (Pasdar 

et al., 2015). It is tempting to speculate that at least some of these altered mitochondrial 

characteristics are found in different types of TICs, so that this notion could be utilised 

in the design of novel therapeutic approaches targeting these differences, although 

more has to be done to materialise this speculation. 

Better understanding of mitochondrial biology of TICs will greatly facilitate the design 

of anti-TIC drugs that utilise mitochondria as a direct target. 

2.6 Killing TICs by targeting their mitochondria 

In general, TICs are more resistant to therapy than differentiated cancer cells, the 

mechanism of which has been introduced in previous sections. However, some of the 

mitochondrial features of TICs may render these cells sensitive, or even more 

vulnerable than differentiated cancer cells, to specific drugs. This is because some 

agents may effectively target mitochondria by taking advantage of mitochondrial 

features of TICs, such as their increased mitochondrial potential, enhanced dependence 

on mitochondrial respiration and high expression of anti-apoptotic proteins 

(Lagadinou et al., 2013; Pasdar et al., 2015; Škrtić et al., 2011; Viale et al., 2015). 

Recently, several reports have been published regarding the anti-cancer agents that 

exert their activity in inhibiting proliferation and/or killing TICs via mitochondrial 

pathways (see below). As TICs are one of the major reasons of treatment failure and 

cancer recurrence, targeting mitochondria of TICs to eliminate these cells is of great 

importance in cancer control. In this section, we will introduce agents that have been 
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reported to have the potential to kill TICs via mitochondrial pathways. A review paper 

based on the content in this section has been published recently (Yan et al., 2016). 

2.6.1 Targeting tumour-initiating cells with Mitocans 

As already mentioned in previous sections, ʻmitocanʼ is the general term for small 

molecular agents that induce apoptosis in malignant cells by way of mitochondrial 

destabilisation (Neuzil et al., 2006). Mitocans can be classified into eight groups 

(classes) according to the site of action of the individual agents from the surface of the 

mitochondrial outer membrane (MOM) to the mitochondrial matrix (Neuzil et al., 

2013). Intriguingly, some of these mitocans have been shown possess the potential to 

kill not only the bulk of the tumour, but also TICs. 

Class five of mitocans includes compounds that target the mitochondrial electron 

transport chain, and they are epitomised by the vitamin E (VE) analogues. Among 

these, -tocopheryl succinate (-TOS) and its derivative mitochondrially targeted 

vitamin E succinate (MitoVES) appear to be effective on TICs. 

2.6.1.1 -TOS 

-TOS is an anti-cancer agent of the family of vitamin E analogues (Figure 5), which 

selectively kills cancer cells (Neuzil et al., 2001). The efficacy of -TOS has been 

demonstrated in multiple cancer cell lines by both in vitro and in vivo methods. -TOS 

targets mitochondrial complex II (CII), and inhibits succinate dehydrogenase (SDH) 

activity of CII by interacting with its proximal and distal ubiquinone-binding sites 

respectively. -TOS is likely to displace UbQ in CII such that electrons generated by 

SDH can no longer be intercepted by CII’s ubiquinone and recombine with molecular 

oxygen to yield ROS (Dong et al., 2009; Dong et al., 2008). The consequent 

accumulation of ROS leads to increased expression of the Noxa protein and 



Background 

50 

oligomerisation of the pro-apoptotic protein, Bak, and eventually causes mitochondrial 

permeabilisation and apoptosis of cancer cells (Prochazka et al., 2010). 

More importantly, in the projects by our research group where mammospheres derived 

from the MCF7 and NeuTL breast cancer cell lines were used as models of TICs, we 

found that -TOS effectively induced cell death in these breast TICs. The apoptosis 

rate induced by -TOS was similar in NeuTL cells and NeuTL TICs, while, 

interestingly, MCF7 TICs were even more sensitive to -TOS than differentiated 

MCF7 cells. 

2.6.1.2 Mitochondrially targeted vitamin E succinate (MitoVES) 

MitoVES was designed by tagging -TOS with a cationic triphenylphosphonium 

(TPP+) group (Figure 5), which endow it with the character to preferentially 

accumulate in mitochondria. As confirmed in a number of cancer cell lines, including 

human T lymphoma Jurkat cells, Chinese hamster lung fibroblasts, human colon 

cancer cells, MitoVES associates almost exclusively with mitochondria, and kills these 

malignant cells more efficiently than the untargeted parental compound by 1–2 orders 

of magnitude. In clinically relevant HER2-high breast cancer mouse models and 

colorectal cancer mouse models, MitoVES also showed high tumour growth 

suppression activity, which indicates its promising clinical potential (Dong et al., 

2011a; Dong et al., 2011b). 
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Figure 5: Structure of α-tocopherol (α-TOH, Vitamin E), α-tocopheryl 

succinate (α-TOS), and mitochondrially targeted vitamin E 

succinate (MitoVES). 

 

Intriguingly, it has been documented that the ΔΨm,i of malignant cells is higher than 

that of non-malignant cells, which results in the selective accumulation of TPP+-tagged 

compounds in cancer cell mitochondria, while the agents are non-toxic to normal cells 

(Neuzil et al., 2013). Since TICs may even have higher ΔΨm,i than the differentiated 

cancer cells (Pasdar et al., 2015; Ye et al., 2011a; Ye et al., 2011b), it can be predicted 

that mitocans modified with TPP+ may be able to eliminate these cells more effectively. 

Thus, an ideal anti-TIC agent should selectively target TICs while sparing normal stem 

cells. As it has been reported that some normal stem cells have a higher ΔΨm,i than 

their proliferating counterparts, more research is needed to assure that new anti-TIC 

agents are not toxic to normal stem cells. Similar to -TOS, many other mitocans are 

hydrophobic agents that associate with various sub-cellular organelles, lessening their 

efficacy. Therefore, it may be expected that when modified with mitochondria-

targeting moieties such as delocalised lipophilic cations, the activity of these agents 

will be enhanced considerably. 

2.6.1.3 Bcl-2 inhibitors 

ABT-737 and its orally applicable version, ATB-263 (navitoclax), are class 2 mitocans, 

which refer to compounds targeting Bcl-2 family proteins (Neuzil et al., 2013). Cancer 

cells often highly express anti-apoptotic Bcl-2 family proteins, such as Bcl-2, Bcl-xL 
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or Mcl-1, which facilitates the survival of these cells (Lessene et al., 2008). ABT-737 

is a mimetic of the Bcl-2 homology-3 (BH3) domains, the integral parts of Bcl-2 

family of proteins, and it has high affinity for Bcl-2, Bcl-xL, and Bcl-w. It has been 

reported to be effective in treating small-cell lung carcinoma, lymphoma, and ovarian 

carcinoma in vitro and in vivo (Oltersdorf et al., 2005; Simonin et al., 2013; Witham 

et al., 2007). ABT-263 showed encouraging results in phase 1 clinical trials of 

lymphoid tumour, chronic lymphocytic leukaemia and small-cell lung cancer (SCLC) 

(Gandhi et al., 2011; Roberts et al., 2011). In phase 2 study, ATB-263 showed limited 

single-agent activity against advanced and recurrent SCLC, indicating a future focus 

on combination therapies (Rudin et al., 2012). In a phase 2 clinical trial of B-cell 

chronic lymphocytic leukaemia, ABT-263 in combination with rituximab generated 

good clinical outcome, demonstrated by prolonged progression-free survival in 

patients (Kipps et al., 2015). 

Recently, ATB-263 and ABT-737 have been reported to be effective in eliminating 

leukaemia stem cells. Using primary specimens derived from AML patients, 

Lagadinou and colleagues found that AML-stem cells have lower levels of ROS and 

higher expression of Bcl-2 in comparison with non-stem leukaemia cells. They also 

found that Bcl-2 inhibitors, including ABT-263 and ABT-737, selectively eradicate 

these leukaemia TICs through oxidative phosphorylation reduction, while sparing 

normal hematopoietic stem cells. More interestingly, leukaemia TICs, unlike their 

non-stem counterparts, were unable to shift to utilise glycolysis when mitochondrial 

respiration was inhibited by Bcl-2 inhibitors, which makes these cells more vulnerable 

upon the treatment. This indicates that the maintenance of mitochondrial respiration is 

essential for the survival of Leukaemia TICs, and inhibition of OXPHOS can be a 

promising strategy to target these cells (Lagadinou et al., 2013).  
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2.6.2 Targeting tumour-initiating cells with other compounds  

Apart from mitocans, there are also other compounds recently discovered that are 

effective on TICs, exerting their activity via mitochondrial pathways.  

2.6.2.1 Parthenolides  

Parthenolides, bioactive components isolated from the plant feverfew, have been used 

for a long time to treat migraine and arthritis. They also show anti-cancer and pro-

apoptotic characteristics (Mathema et al., 2012) in different types of malignant cells, 

including hepatoma cells (Wen et al., 2002), cholangiocarcinoma cells (Kim et al., 

2005b), breast cancer cells (Liu et al., 2008), and several types of haematological 

malignant cells (Steele et al., 2006; Wang et al., 2006; Zunino et al., 2007). 

Parthenolides induce apoptosis in these malignant cells by targeting mitochondria. 

They have been shown to dissipate the ΔΨm,i, increase the generation of ROS, and 

consequently cause a conformational change of the pro-apoptotic protein Bax, release 

of mitochondrial cytochrome c and activation of caspases (Juliana et al., 2010; Kim et 

al., 2005b; Kim et al., 2010; Nakagawa et al., 2005; Steele et al., 2006; Wang et al., 

2006; Wen et al., 2002; Zunino et al., 2007). Activation of p53 (Dinarello, 1998) was 

also reported to occur during apoptosis induced by parthenolide. Interestingly, the pro-

apoptotic activity of the agent was not observed in normal cells, such that these 

elevated levels of ROS in response to the drug were found to be limited to tumour cells 

(Steele et al., 2006). 

Remarkably, recent studies have shown that parthenolides can efficiently kill TICs. It 

has been reported that parthenolide has the ability to affect both bulk and melanoma 

TICs with clonogenic capacity and high expression of the ABCB5 transporter (Czyz 

et al., 2013). In osteosarcoma, parthenolide and ionizing radiation synergistically 

induce cell death in LM7 cells, and more importantly, the combination treatment 
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induces cell death in both the overall cell population and the TIC sub-population (Zuch 

et al., 2012). Guzman and colleagues reported that parthenolide induces apoptosis not 

only in human AML cells but also in AML-initiating cells in vitro, while sparing 

normal haematopoietic stem cells (Guzman et al., 2005). This effect was also 

confirmed in vivo on the basis of suppression of AML xenografts in NOD/SCID mice. 

Apart from increased ROS, it was also demonstrated that the molecular mechanism of 

parthenolide-mediated apoptosis is associated with the inhibition of nuclear factor 

kappa B (NF-κB) and pro-apoptotic activation of p53 (Guzman et al., 2005). In their 

further study, dimethylamino- parthenolide (DMAPT), an analogue of the natural 

compound parthenolide, was designed to improve solubility and bioavailability. This 

parthenolide analogue was shown to be able to kill primary human leukaemia TICs 

from both myeloid and lymphoid leukaemia (Guzman et al., 2007). From research on 

multiple myeloma, Gunn et al. reported that parthenolide has the potential to kill 

multiple myeloma TICs. Furthermore, the compound was more effective on multiple 

myeloma TICs than on non-tumorigenic multiple myeloma cells (Gunn et al., 2011).  

Apart from the effect on haematological malignancies, parthenolide has also shown to 

have the potential of killing TICs in solid tumours (Liu et al., 2008; Zhou et al., 2008). 

Zhou et al. demonstrated, using MCF7 sphere cells and MCF7 side population (SP) 

cells as models of breast TICs, that parthenolide can inhibit proliferation of these cells. 

Furthermore, parthenolide had a higher inhibitory effect on MCF7 sphere cells than on 

MCF7 cells (Zhou et al., 2008). In addition to using parthenolide as a single agent, 

attempts have been accomplished to combine it with other established 

chemotherapeutic agents. Liu et al. tested the effect of the combination therapy of 

vinorelbine and parthenolide on isolated MCF7 SP cells. In comparison to the non-SP 

cells, inhibitory effect of vinorelbine in the SP cells was lower, but when applying 

vinorelbine in combination with parthenolide, this inhibitory effect increased 
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remarkably. This combinatorial therapy produced a full inhibitory effect in MCF7 

xenografts (Liu et al., 2008). The success of this combinatorial therapy indicates that 

the strategy of targeting tumour cells simultaneously with TICs may be of great 

importance and a great promise for future therapies. 

2.6.2.2 Avocatin B 

Recently, avocatin B, a lipidic structure isolated from avocado fruit, was shown to be 

efficient in killing AML cells by targeting their mitochondria. More specifically, Lee 

and colleagues showed that the agent selectively killed leukemic TICs without 

affecting normal hematopoietic cells. Its toxic activity towards malignant cells was 

dependent on mitochondrial localisation of the agent, which was mediated by CTP1, a 

lipid carrier responsible for mitochondrial uptake of lipids. Avocatin B, once inside 

mitochondria, collapsed NADPH levels, resulting in generation of ROS with ensuing 

apoptosis pathway induction. The agent has been proposed to be capable of eradication 

of acute myeloid leukaemia (Lee et al., 2015a). 

2.6.2.3 Quinacrine 

Quinacrine has been used as an anti-protozoal, anti-rheumatic and an intrapleural 

sclerosing agent. Recent research has also shown its potential to kill TICs when used 

in combination with daunorubicin. Zhang and colleagues used mitochondrially 

targeted liposomes to carry daunorubicin and Quinacrine into tumours. The liposomes 

showed strong efficacy in killing MCF7 cancer cells, as well as CD44+/CD24- MCF7 

TICs in vitro, and in suppressing xenografts in mice derived from MCF7 TICs (Zhang 

et al., 2012). By contrast, the free daunorubicin alone was not efficient in killing MCF7 

TICs, whereas it was able to eliminate proliferating MCF7 cancer cells. It was shown 

in this study that mitochondria targeted liposomes selectively accumulate in 

mitochondria, activate the pro-apoptotic protein Bax, dissipated the ΔΨm,i, open the 

mitochondrial permeability transition pores, release cytochrome C into the cytosol, 
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and initiate a cascade of caspase 9 and 3 activation, whereby inducing apoptosis of 

CD44+/CD24- MCF7 TICs (Zhang et al., 2012). In Zhang’s study liposomes with the 

mitochondria-targeting effect were developed by modification of the surface of 

liposomes with the agent dequalinium. This is due to the fact that dequalinium is a 

positively charged lipophilic compound with a delocalised cationic centre, by virtue 

of which it can accumulate in mitochondria of live cells in response to ΔΨm,i (Rohlena 

et al., 2011a; Rohlena et al., 2011b). Apart from tagging the active molecules with 

mitochondrially targeting groups, such as TPP+, mitochondriatropic liposome carriers 

are also a promising mean of delivery of various agents to the mitochondria (Biasutto 

et al., 2010). 

2.6.2.4 NV-128 

NV-128 is a member of the phenyl-substituted isoflavone family of compounds, 

similar to phenoxodiol, which has been shown to be effective in reducing viability in 

a series of cancer cells (Alvero et al., 2009). Recently, NV-128 has also been reported 

to have the ability to kill ovarian TICs by targeting their mitochondria. Alvero et al. 

used CD44+/MyD88+ cells isolated from tumour tissue or ascites of ovarian cancer 

patients as the model of ovarian TICs, and found that their proliferation could be 

effectively inhibited by NV-128 (Alvero et al., 2011). After in vitro treatment, 

mitochondrial function of ovarian TICs was significantly depressed, exhibited by 

decrease in ATP level, as well as the levels of Cox-I and Cox-IV, and by an increase 

in mitochondrial superoxide and hydrogen peroxide. In this study, the insufficiency of 

mitochondrial function was revealed to be able to activate two independent pathways, 

the AMPKa1 pathway leading to mTOR inhibition, and the mitochondrial MAP/ERK 

kinase/extracellular signal-regulated kinase pathway leading to the loss of ΔΨm,i 

(Alvero et al., 2011).   
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Table 7: Agents that inhibit and/or eradicate TICs via mitochondrial pathways 

Agents Type of TICs Action mechanism References 

-TOS mesothelioma TICs, 

glioblastoma 

multiforme TICs, 

prostate TICs 

Targeting electron redox 

chain and Bcl-2 family 

proteins to trigger 

mitochondrial apoptotic 

pathways. Suppressing 

indolamine-2, 3-dioxygenase 

in TICs to promote the killing 

by immune cells. 

Stapelberg et al., 2014; 

Dong et al., 2008; Dong 

et al., 2009 

MitoVES mesothelioma TICs, 

glioblastoma 

multiforme TICs, 

prostate TICs 

Targeting electron redox 

chain mitochondrial complex 

II to trigger apoptosis. 

Suppressing indolamine-2, 3-

dioxygenase in TICs to 

promote the killing by 

immune cells. 

Pasdar et al., 2015; 

Stapelberg et al., 2014 

ABT-263, 

ABT-737 

AML-initiating cells  Targeting Bcl-2 family 

proteins, inhibiting 

mitochondrial OXPHOS 

Lagadinou et al., 2013 

Parthenolides AML-initiating 

cells, breast TICs, 

multiple myeloma 

initiating cells, 

osteosarcoma TICs, 

Melanoma TICs 

Causing apoptosis 

byissipating mitochondrial 

potential, increasing ROS 

generation and activating pro-

apoptotic protein Bax. 

Guzman et al., 2005; 

Zhou et al., 2008; Gunn 

et al., 2011; Zuch et al., 

2012; Czyz et al., 2013;  

Quinacrine Breast TICs Activating Bax, dissipating 

mitochondrial potential, and 

leading to apoptosis.  

Zhang et al., 2012 

NV-128 Ovarian TICs  Inhibiting mTOR, dissipating 

ΔΨm,i, increasing ROS 

generation, and impairing 

mitochondrial function.  

Alvero et al., 2011 
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2.7 Summary 

Accumulating evidence indicates that TICs are responsible for the growth, recurrence 

and metastasis of malignancies, as well as their resistance to chemotherapy and 

radiotherapy. Therefore TICs are considered as one of the main reasons for the failure 

of present systematic anti-cancer therapies. Although current treatments are often 

potent in eradicating differentiated or differentiating cancer cells that form the bulk of 

a tumour, they often fail to eliminate TICs. Mitochondria of TICs possess varied 

characteristics that may contribute to the maintenance of their ‘stemness’ and to their 

therapeutic resistance, such as the altered energetic metabolism, anti-apoptotic protein 

expression, mitochondrial DNA mutations, and mitochondrial morphology and 

physiology. Deeper understanding of the unique features of TICs, including their 

mitochondrial properties, will contribute to therapeutic targeting of these cells, 

allowing for manipulation, better selection, and eradication of TICs. Genetic 

heterogeneity of tumours indicates that a therapy towards an individual marker or 

pathway can hardly be expected to achieve a general effect against the disease. 

However, mitochondria are a relative invariant target because most if not all tumour 

cells demonstrate activated glycolytic pathways, relatively reduced mitochondrial 

energy generation, and enhanced mitochondrial stability and apoptotic resistance. This 

makes mitochondria a promising potential therapeutic target to eliminate not only 

differentiated cancer cells but also TICs. 

Recent research also strongly suggest an absolute requirement of cancer cells for 

respiration (Viale et al., 2015), such that cancer cells with impaired respiration cannot 

metastasise (LeBleu et al., 2014) or even initiate tumours (Tan et al., 2015). A link 

between repiration and TICs has been established in a study where Viale and 

colleagues genetically ablated KRAS in pancreatic cells. This resulted in the death of 

these cells, with the exception of a small population with the characteristics of TICs, 
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such as high levels of CD133 and Aldefluor, as well as the capacity to initiate tumours. 

Interestingly, these cells had highly elevated respiration and were very susceptible to 

respiration inhibitors (Viale et al., 2014). Respiration is not only important as a source 

of ATP but is also critically involved in the generation of certain metabolites such as 

aspartate (Birsoy et al., 2015; Sullivan et al., 2015), possibly via pyruvate metabolism 

(Cardaci et al., 2015). It appears plausible to suggest that respiration is an excellent 

target to kill cancer cells, including (and perhaps even more so) TICs, since tumours 

exhibit the so called ‘OXPHOS Addiction’, i.e an emerging paradigm that stems from 

the compelling data corroborating the notion that respiration is an absolute requirement 

for tumours to initiate, propagate and metastasize, and that targeting this paradigm may 

be a way how to eradicate tumours. 
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Chapter 3 Materials and methods 

3.1 Cell culture 

3.1.1 NeuTL monolayer cell culture maintenance  

NeuTL cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 

Gibco, Life Technologies) supplemented with 10% foetal bovine serum (FBS, 

Bovogen, Vic, Australia) and an antimycotic/antibiotic cocktail (Gibco, Life 

Technologies). The cells were incubated at 37ºC in humidified atmosphere containing 

5% CO2. At 60-70% confluency, cells were detached with 0.05% trypsin/EDTA 

(Gibco, Life Technologies) and re-seeded. TPP-treated tissue culture flasks were used 

to maintain NeuTL adherent cells in culture. 

3.1.2 Sphere medium and sphere culture 

NeuTL spheres were derived from adherent NeuTL cells. The sphere culture medium 

used in this project was serum-free DMEM-F12 medium (Gibco, Life Technologies) 

supplemented with 10% Neurocult neural stem cell proliferation supplement 

(StemCell Technologies, Seattle, WA, USA), 10 ng/ml recombinant mouse (m) EGF 

(R&D Systems, Vic, Australia), 5 ng/ml recombinant mFGF (R&D Systems, Vic, 

Australia), and 2 mM L-glutamine.  

To culture NeuTL spheres from adherent monolayer NeuTL cells, the adherent cells 

were firstly detached using 0.05% Trypsin/EDTA, after which trypsin inhibitor was 

added to the suspension (1:1 ratio of trypsin:trypsin inhibitor) to inhibit the trypsin 

activity. These detached single cells were then seeded into Nunc non-treated flasks at 

the density of 105 cells per ml in the medium mentioned above, and maintained at 37ºC 

in humidified atmosphere with 5% CO2. NeuTL sphere formation was evident within 
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3-5 days of the cells residing in the medium. The same amount of medium was added 

into the flask once every four days since the start of the sphere culture. Spheres were 

harvested for experimental studies between Day 11 and Day 14. 

3.2 Western-blotting 

Cells were lysed in cell lysis buffer (Cell Signalling Technology, Beverley, MA, USA) 

supplemented with the protease inhibitor cocktail (Sigma Aldrich), while tumour 

tissues were homogenised and lysed in the Kinexus lysis buffer (20 mM MOPS, pH 

7.0, 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 60 mM glycerophosphate 

pH 7.2, 20 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1% Triton X-

100, 1 mM phenylmethylsulfonylfluoride, 3 mM benzamidine, 5 μM pepstatin A, 10 

μM leupeptin and 1 mM dithiothreitol). Samples were incubated on ice for 5 minutes 

and then spun down at 12,000g for 15 minutes at 4ºC, after which the supernatant was 

collected for immediate use or stored at -80ºC for future use. The BCA method was 

used to measure the protein concentration of each sample, using the TECAN Sunrise 

plate reader and the software of Magellan5. 

Western-blotting analysis was then performed to assess the amount of the proteins of 

interest in the samples. Cells were harvested and protein fractions obtained as 

mentioned above. Protein samples were combined with the 6× SDS loading buffer to 

aid in protein dissociation and gel loading, before being boiled for 5 min. Depending 

on the size of the proteins of interest, appropriate SDS-PAGE separation gels were 

prepared, and the samples were loaded at desired concentrations (1-3μg/μl) for 

electrophoresis. 

After electrophoresis, the proteins were transferred to PVDF membranes (Bio-Rad, 

CA, USA) using electro-blotting apparatus (Bio-Rad). The membranes were blocked 

using 5% skim milk in TBS buffer for at least 1 hour, and then incubated with primary 
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antibodies (1:200 to 1:1,000 dilution) overnight at 4ºC (erbB2 antibody from Sigma-

Aldrich, antibodies of caspase-9, caspase-8 and cleaved caspase-3 form Cell 

Signalling Technology (Beverley, MA, USA), antibodies of Parp 1/2, Bcl-2, Bcl-xL, 

Mcl-1, Bax, Bak, Bid, P53, Puma and Noxa from Santa Cruz, CA, USA). After 

unbound primary antibodies being washed off by TBS containing 0.05% Tween-20, 

membranes were incubated with the secondary horseradish peroxidase (HRP)-

conjugated antibodies (1:5,000, Cell Signalling Technology). Finally, membranes 

were exposed to the SuperSignal West Femto Chemiluminescent Substrate (Pierce), 

which allowed the bands to be visualised using the ChemiDoc™ XRS+ System (Bio-

Rad). The band intensity was analysed using the ImageJ software.  

3.3 Quantitative real-time polymerase chain reaction (real-time 

qPCR) 

3.3.1 RNA Extraction 

Total RNA was isolated from samples of cultured cells that were harvested and washed 

prior to RNA extraction, or from mouse tumour tissues harvested immediately after 

sacrifice of the animals. Samples were collected in biological triplicates. The Qiagen 

RNeasy Mini column purification kit (Qiagen, Venlo, Netherlands) was used to obtain 

RNA fractions according to the manufacturer’s instructions. Total RNA was evaluated 

for concentration and purity using the NanoDrop-2000 spectrophotometer. 

3.3.2 cDNA Synthesis 

The cDNA library was synthesised from the isolated total RNA. Random hexamer 

primers (500 ng/μl) were combined with dNTPs (mixture of dATP, dTTP, dGTP, 

dCTP and dH2O, Qiagen) and RNA (1 to 3 μg), and incubated at 65ºC for 5 minutes 

and then for 1 minutes on ice. The 5× first-strand buffer of 0.1 M DTT and 40 U/μl 

RNasein (RNAse inhibitor, Qiagen) was next added to the mixture, which was then 

incubated at room temperature for 2 min. Finally, the Superscript III reverse 
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transcriptase was added and the samples were placed in a thermal cycler (Bio-Rad) to 

undergo cDNA synthesis (25ºC for 10 min, 50ºC for 60 min, and 70ºC for 15 min). 

3.3.3 Real-time qPCR 

Quantitative PCR was performed to investigate the expression levels of mRNA of 

interest in individual samples. Samples collected in biological triplicates were assessed 

in technical triplicates for each gene (totally 9 samples per gene). For qPCR, 50 ng of 

cDNA was diluted with water into 4.5 µl, 0.5 µl of the combined 10 µM forward and 

reverse primers were added, and, finally, 5 µl of 2× RT² SYBR® Green qPCR 

Mastermix (Qiagen) was added, and then the reaction was run on a EcoTM Real-Time 

PCR system cycler (Illumina) with the following setting (95 °C for 15 s, 60 °C for 20 

s, and 72 °C for 20 s) for 40 cycles followed by melting curve analysis. 

3.4 ATP generation, lactate generation and mitochondrial reducing 

activity  

NeuTL adherent cells and spheres were seeded in 96-well plates at the same cell 

number. 

Intracellular levels of ATP were determined using CellTiter-Glo® Luminescent Assay 

(Promega, Madison, WI, USA).  

For lactate detection, aliquots of the medium were used for the analysis of lactate using 

a fluorescence-based L-lactate assay kit from Cayman (Ann Arbor, Michigan, USA).  

For evaluation of mitochondrial reducing activity, resazurin was prepared as an 

aqueous stock solution (6mM), which was sterilised by membrane filtration, and stored 

at -20ºC until used. Cells were incubated with 6 µM resazurin for 240 min, during 

which the fluorescence intensity was measured (530 nm excitation and 590 nm 
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emission) for 4 times using the TECAN spectrophotometer (Tecan Trading AG, 

Switzerland).  

All results from the above three assays were normalised to the total protein level in the 

cell lysate in each well assessed using the BCA assay.  

3.5 Cell cycle analysis 

To assess the cell cycle distribution, adherent or sphere NeuTL cells were trypsinised, 

washed, and re-suspended in 70% ethanol for overnight fixation at -20ºC. Ethanol was 

removed by centrifugation, and cells were washed by PBS (Gibco, Life technologies, 

Carlsbad, CA, USA) and re-suspended in the staining solution (50 μg/ml propidium 

iodide in PBS, 0.1% Triton X-100, 100 g/ml RNAseA). After incubation for 40 

minutes at 37ºC, the samples were accessed via flow cytometry using the BD Fortessa 

instrument and the data analysed by means of the FlowJo software. 

3.6 Mitochondrial membrane potential 

Tetramethylrhodamine methyl ester perchlorate (TMRM), a cationic red-orange 

fluorescent dye that is readily sequestered by active mitochondria, was used to assess 

ΔΨm,i. Adherent NeuTL cells were seeded into 6 well plates at approximately 70% 

confluence of the cells. Similar cell numbers of NeuTL spheres were transferred also 

into 6 well plates just before the experiment. Cell samples were exposed to 0.2 nM 

TMRM for 20 minutes at 37ºC in the dark. The samples were then harvested and re-

suspended in DMEM before being analysed by the BD Fortessa flow cytometer. Mean 

fluorescence intensity (MFI) was obtained for all samples and was used to compare 

the relative levels of ΔΨm,i.  
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3.7 ROS generation 

To monitor cellular production of ROS, a mitochondrially targeted probe, MitoSOX-

Red, and a cell-permeable probe, dichlorofluorescein diacetate (DCF-DA) (both from 

Molecular Probes, Thermo-Fischer Scientific, NJ, USA), were used. MitoSOX is an 

indicator of mitochondrial superoxide generation. MitoSOX-Red reagent permeates 

live cells, where it selectively targets mitochondria. It is rapidly oxidised by superoxide 

but not by other reactive oxygen species (ROS) and reactive nitrogen species (RNS). 

The oxidised product is highly fluorescent upon binding to nucleic acids. DCF-DA is 

deacetylated by cellular esterases to a non-fluorescent compound, which is then 

oxidised by ROS to 2’,7’-dichlorofluorescin (DCF). DCF is a highly fluorescent 

compound that can be detected by flow cytometry. To determine ROS generation in 

response to MitoVES, adherent and sphere cells were exposed to 2 μM MitoVES at 

for up to 5 h; 15 minutes prior to the time point, 5 μM MitoSOX-Red or 5 μM DCF-

DA were added to each sample. The cells were then harvested, centrifuged, washed, 

and assessed for ROS generation via flow cytometry using the BD Fortessa instrument. 

The data were analysed using the FlowJo software. 

3.8 Glucose uptake 

Cells were pre-incubated in low-glucose (1 g/l) DMEM for 24 hours, followed by 15-

min incubation in the presence of 50 µM 2-nitrobenzodeoxyglucose (2-NBDG; Life 

Technologies). Glucose uptake was then analysed by flow cytometry following 

tripsinisation and washing of the cells. 

3.9 Mitochondrial mass 

Adherent cells and spheres were trypsinised and centrifuged to obtain cell pellets. The 

supernatant was aspirated and cells resuspend gently in pre-warmed (37°C) DMEM 

containing 50µM MitoTrackerGreen probe (Life Technologies). Following 30 minutes 
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incubation under growth conditions, cells were pelleted by centrifugation, resuspended 

in DMEM and analysed by flow cytometry. 

3.10 Drug susceptibility 

3.10.1 MTT assay 

The MTT assay was used to obtain the killing curve of various drugs for adherent and 

sphere NeuTL cells. To determine the optimum concentrations of a compound, cells 

were subjected to increasing concentrations of the drug until 100% cell death was 

observed. For the experiments, adherent cells were seeded into 96-well plates at 1,000 

cells/ml, 200 l/well. When the adherent cells were 70% confluent, those in 3 wells 

were detached for counting their number, based on which NeuTL spheres at an equal 

cell number were transferred into 96-well plates. The cells were treated with increasing 

concentrations of drugs in triplicates for 24 hours, after which 10µl MTT (5 mg/ml) 

were added into each well (200 µl /well). After cells being incubated at 37ºC for 3 

hours, the supernatant was removed. DMSO was then added to dissolve the Formazin 

formed in cells, after which the plates were read by the Tecan Sunrise plate reader at 

540 nm using the Magellan5 software. 

MitoVES was prepared as a 50 mM stock solution and stored at -20ºC. -TOS, 

doxorubicin and paclitaxel were prepared as 100 mM, 1mg/ml and 1mg/ml stock 

solution respectively, and also stored at -20ºC. 

3.10.2 Apoptosis and total cell death detection 

To determine the sensitivity of adherent and sphere cells, experimental cultures were 

exposed to 50 μM α-TOS or 2 μM MitoVES based on the optimum concentrations 

obtained from the killing curves via the MTT assay. Annexin V-FITC and propidium 

iodide (PI) double staining was applied to characterise the extent and nature of cell 

death in the adherent and sphere cells using flow cytometry. Annexin V is a specific 
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marker for cells in the early stages of apoptosis, binding to phosphatidyl serine that 

translocates from the inner leaflet of the plasma membrane to its outer leaflet. PI 

staining was used to detect necrosis and/or secondary apoptosis. Drug treatment was 

conducted in 6-well plates, using the method mentioned in the killing curve assay. The 

cells were harvested, spun down and washed with PBS. The supernatant was removed 

and each pallet resuspended in 200 µl of the annexin V detection reaction mix, 

containing 10× annexin V binding buffer (20 µl), annexin V FITC (1 µl) (BD 

Biosciences, San Jose, CA, USA), and PBS (180 µl). The samples were incubated for 

15 minutes at 4ºC, PI was added and the samples incubated for additional 15 minutes 

at RT. The cells were evaluated by flow cytometry using the BD Fortessa instrument. 

The data were analysed using the FlowJo software. 

3.10.3 Dissipation of ΔΨm,i by CCCP 

Individual wells were pre-treated for 30 minutes with carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) at different concentrations (0.5-20 μM), which causes 

uncoupling of the proton gradient. Cells were then exposed to TMRM for ΔΨm,i 

assessment, using the methods mentioned in the Section 3.6. 

3.10.4 Killing curve of the combination of MitoVES and CCCP 

To investigate whether the efficacy of MitoVES will reduce once the ΔΨm,i is 

dissipated, adherent and sphere NeuTL cells were pre-treated by CCCP at different 

concentrations (0.5-20 μM) for 30 min, followed by the treatment with 2 μM MitoVES 

for 24 h. The MTT assay was then used to test the cell viability as mentioned in Section 

3.10.1. 

3.10.5 Cell death by the combination of MitoVES and CCCP 

We also investigated cell death in adherent and sphere NeuTL cells after their pre-

treatment with CCCP followed by MitoVES. The spheres were pre-treated with 5 μM 
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CCCP for 30 minutes prior to being treated with 2 μM MitoVES for 24 h. The optimum 

concentration was obtained from the experiment explained in Section 3.10.3 and 

3.10.4. The samples were then prepared for cell death evaluation and analysis as 

mentioned in Section 3.10.2. 

3.11 mtDNA content assays  

Total DNA was extracted using the AquaPure Genomic DNA Isolation Kit (Bio-Rad, 

Hercules, CA, USA), and DNA concentration tested using NanoDrop-2000. 50 ng of 

DNA was diluted with water to 4.5 µl, 0.5 µl of the combined 10 µM forward and 

reverse primers added (Mito1 primers for mtDNA, B2M1 primers for nDNA; see 

Supplementary Material), and 5 µl of 2×SYBR Green qPCR Mastermix (Qiagen) was 

added. The reaction was run on the Eco qPCR System (Illumina) with the following 

setting (one cycle of 50°C for 2 min; one cycle of 95 °C for 10min; 40 cycles of 95 °C 

for 15sec & 60°C for 1 min) followed by melting curve analysis. mtDNA levels were 

normalised to nDNA. 

3.12 SDH and SQR activity assays 

SDH activity was assessed in live cells seeded in 96-well plates. After incubation with 

20mM succinate for 1 hour, 10ul MTT reagent (5mg/ml) was added to each well, and 

the cells were incubated for 3 hours at 37 ºC (5% CO2). The medium was then 

removed, and the Formazin crystals dissolved using DMSO. Absorbance was 

measured at 570nm, and results normalised to total protein level in each well 

determined by the BCA assay (Dong et al., 2008). 

For SQR activity, 40 µg of protein from cell lysate were added to 1 ml of the SQR 

assay buffer (10 mM KH2PO4, pH 7.8, 2 mM EDTA, 1 mg/ml BSA) with 80 µM 

DCPIP, 4 µM rotenone, 0.2 mM ATP and 10 mM succinate, and incubated at 30 ºC 
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for 10 min. Decylubiquinone was then added at a final concentration of 80 µM, and 

absorbance assessed every minute for 30 minutes at 600 nm (Barrientos et al., 2009).  

3.13 Respiration assays  

Cellular respiration was evaluated using the Oxygraph-2k apparatus (Oroboros 

Instruments, Innsbruck, Austria). For intact cell respiration, adherent cells (detached 

by trypsin) or spheres were suspended at 106 cells per ml in DMEM without serum. 

Oxygen consumption was then evaluated for cellular ROUTINE respiration, 

oligomycin-inhibited LEAK respiration, FCCP-stimulated uncoupled respiration 

(ETS) and rotenone/antimycin-inhibited respiration (ROX). For respiration via 

mitochondrial complexes, cells were permeabilised with saponin, while tissues were 

shredded with the PBI-Shredder HRR-Set (Oroboros Instruments, Innsbruck, Austria). 

The samples were then suspended in the mitochondrial respiration medium MiR06 

(Pesta and Gnaiger, 2012). Oxygen consumption was evaluated for routine respiration, 

CI-linked respiration, (CI+CII)-linked respiration, maximum uncoupled respiration, 

CII-linked uncoupled respiration as well as residual oxygen consumption.  

3.14 Native blue gel electrophoresis (NBGE) 

Mitochondria were isolated following a standard protocol, and protein concentration 

assessed using the BCA assay. NativePAGE Novex Bis-Tris (4-16% gradient) gels 

(Life Technologies) were used for the electrophoresis of digitonin-solublised 

mitochondria. After electrophoresis, the gels were incubated in the SDS-PAGE 

running buffer for 5 minutes before proteins were transferred to the PVDF membrane 

and probed with specific antibodies against complex I (NUDFA9), CII (SDHA or 

SDHB), CIII (Core1), CIV (COVa) and CV (ATPaseβ). HSP60 was used as loading 

control. Anti- NDUFS3, NDUFA9, Cox 5a and complex III core 1 were purchased 
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from Novex (Life Technologies, Carlsbad, CA, USA). Anti- NDUFVI, SDHA SDHB 

and ATPaseβ were purchased from Abcam (Cambridge, UK).. 

3.15 Animal experiments  

The FVB/N c-neu mice carrying the rat erbB2/neu proto-oncogene driven by the 

mouse mammary tumour virus (MMTV) promoter on the FVB/N background were 

used in this study (Guy et al., 1992). 

3.15.1 Tumour formation and growth monitoring 

Tumours were established in FVB/N c-neu mice by subcutaneously injecting NeuTL 

adherent cells or NeuTL spheres at 106 cells per animal. Animals were regularly 

checked by ultrasound imaging (USI) using the Vevo770 USI apparatus equipped with 

the 30-μm resolution RMV708 scan head (VisualSonics). As soon as tumours reached 

~50 mm3, the animals were treated by intraperitoneal injection of MitoVES (5 mM, 25 

nmol per gram of mouse body weight) in corn oil containing 4% ethanol every 3-4 d. 

Control mice were injected with a similar volume (100 μl) of the excipient only. 

Progression of tumour growth was assessed every 3-4 days using USI, which enables 

three-dimensional reconstruction of tumours and precise quantification of their volume. 

All animal experimentation was performed according to the guidelines of the 

Australian and New Zealand Council for the Care and Use of Animals in Research and 

Teaching and was approved by the Griffith University Animal Ethics Committee.  

3.15.2 Mouse tumour fixation and histopathology 

Tumours were harvested immediately after the sacrifice of the mice. Tumours were 

fixed in 4% paraformaldehyde for 24 hours before being transferred into PBS 

containing 4% sodium azide, and processed using the standard method of paraffin 

embedding on Thermo Shandon Histocenter3 (Thermo, Waltham, MA, USA), after 

which they were cut into 4.5 µm sections on the Leica RM2265 sectioning machine. 
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3.15.3 Haematoxylin & Eosin (H&E) staining 

Slices of tumour samples were soaked in xylene for three times to remove paraffin, 

and transferred to 100% ethanol. Ethanol at decreasing concentrations was then used 

to gradually hydrate the samples. After washing with distilled water, the samples were 

stained using Carrazzi’s haematoxylin for up to 10 min, followed by washing using 

flowing tap water. 1% eosin solution was then used to stain the samples for up to 5 s, 

followed by soaking in 95% and 100% ethanol for dehydration. After two times of 

xylene washing, samples were mounted using the Entellan® new rapid mounting 

medium for microscopy. 

3.15.4 Immunohistochemistry 

Slices of tumours were soaked in xylene for three times and then acetone for two times 

for their deparaffinisation. Antigen retrieval was then performed by heating the 

samples at 80ºC in the DAKO target retrieval solution (Dako, Carpinteria, CA, USA). 

After cooling down and washing, samples were processed by hydrogen peroxide, 

before washing again. 10% donkey serum/PBT was then used for blocking, after which 

the first antibody was loaded to incubate the samples overnight. After washing with 

PBT, samples were incubated with the biotinylated secondary antibody, and the ABC 

kit (Vector Laboratories, CA, USA) was used to amplify the signal. The DAB method 

was then used to show the staining, and Mayer’s haematoxylin was used for 

counterstaining the nuclei. Samples were then gradually dehydrated by ethanol and 

xylene, before mounting with the Entellan® new rapid mounting medium. 

3.16 Confocal microscopy 

Adherent and sphere NeuTL cells were seeded to the Lab-Tek chamber cover glass 

slides (Nunc) at proper confluency. The cells were stained with 1 μM Hoechst 33342 

to visualise the nuclei for one hour before incubating for 15 minutes with 100 nM 
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TMRM to visualise the level of mitochondrial membrane potential. Immediately prior 

to imaging, cells were washed twice with PBS; they were maintained in PBS during 

imaging. Confocal images were captured using the Olympus FV1000 laser scanning 

confocal microscope fitted with a humidified incubation chamber, 60× oil objective, 

640×640 pixel image size, with no Kalman averaging. Hoechst 33342 was visualised 

using a 405 laser and the pre-defined DAPI filter set, and TMRM with a 540 laser with 

the pre-defined Texas Red filter set. Visualisation parameters, laser power, high 

voltage control, gain and offset were optimised using adherent NeuTL cells and kept 

consistent for all further imaging. 

3.17 Statistical analyses 

All data are mean values of three independent experiments (unless stated otherwise) ± 

S.D. Statistical significance was calculated using Excel or GraphPad Prism. The 

Student’s t-test or one-way ANOVA were applied and the difference was considered 

significant at p<0.05. Normality of the populations was assumed. Homogeneity of 

variance was checked using Levene’s test. 
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Chapter 4 Establishment of research models 

The aim of this chapter is to establish and verify the cell cultures and animal models 

required for this project. Cultivation of NeuTL spheres, their TIC properties, and their 

tumour formation on mouse models were investigated in this chapter.  

4.1 Cultivation of NeuTL spheres 

The NeuTL cell line is a murine breast cancer cell line derived originally from breast 

carcinomas of FVB/N c-neu transgenic mice (Guy et al., 1992). After being grafted to 

FVB/N c-neu mice, this cell line can form tumours with high expression of the neu 

gene. The NeuTL cell line and FVB/N c-neu mice present very good models for 

investigating the erbB2high breast tumour, in vitro and in vivo. 

To establish an in vitro model to study erbB2high breast TICs, we enriched NeuTL TICs 

using the NeuTL cell line (Guy et al., 1992), by means of the sphere culture approach 

as detailed in the chapter of materials and methods. The original protocol of sphere 

culture was modified and optimised, where the Nunc non-treated flasks and a serum-

free medium supplemented with a stem cell proliferations supplement, L-glutamine 

and growth factors in proper concentrations were used. NeuTL spheres formed within 

3-5 days of the cells residing in the proper medium, and gradually grew to around 50-

100 µm in diameter, usually between Days 11 and 14 (Figure 6B-D). This sphere 

formation assay, originally developed for preparation of neural stem cells from cells 

isolated from the central nervous system (CNS) (Reynolds and Weiss, 1992; Weiss et 

al., 1996), is now frequently used in TIC enrichment and propagation from various 

types of malignancies including breast cancer (Ponti et al., 2005; Ricci-Vitiani et al., 

2007; Zhou et al., 2009b). Unlike other methods often used for acquisition of TICs, 
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such as isolating these cells via FACS by means of TIC molecular marker staining or 

Hoechst side population staining, sphere-formation does not cause any mechanical or 

chemical damage to the cells, and therefore offered an ideal in vitro model for our 

subsequent experiments. We also tested the TIC sphere cultures for plasticity. Upon 

transfer into a normal medium for NeuTL adherent cells, these sphere cells attached 

again and returned to the morphology of adherent NeuTL cells (Figure 6E). 
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4.2 Breast TIC marker expression 

The development in identification of TIC markers as well as in validation of relevant 

cell and mouse models has facilitated the isolation and characterization of TICs from 

both murine and human tumours. A series of markers has been reported to be used for 

identification of breast TICs. Al-Hajj and colleagues defined breast TICs as a 

CD44+/CD24-/low population (Al-Hajj et al., 2003). Other markers, such as EpCAM, 

CD49f, CD29, CD61, and CD133, were also reported in breast TICs (Cariati et al., 

2008; Ginestier et al., 2007; Martin et al., 2003; Shackleton et al., 2006; Vaillant et al., 

2008; Wright et al., 2008). In this project, the expression of a series of these markers 

was evaluated at mRNA level. 

Real-time PCR analysis was applied to analyse breast TIC markers. Fold change in 

NeuTL spheres compared with NeuTL adherent cells was evaluated. Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) was used as an internal house-keeping gene for 

all samples. 

As can be seen in Figure 7, NeuTL spheres revealed increased expression of CD44 

after around one week in culture. This increase peaked in three weeks and lasted to the 

final time point of this experiment, which was day 28. After transfer of cells into the 

adherent cell medium and their culturing for three days, expression of CD44 reduced 

considerably towards the level in adherent cells. Decreased expression of CD24 

compared with their adherent counterparts was also documented after Day 14 and was 

maintained to the end point of Day 28. This CD44high/CD24low phenotype is consistent 

with the characterisation of breast TICs by Al-Hajj (Al-Hajj et al., 2003). Similarly, 

several other breast TIC markers, including ALDH1, EpCAM, CD61, CD133, CD49f 

and CD29f, also showed increased expression levels in NeuTL spheres. This is a very 

typical pattern of breast TIC marker expression. Expression of these markers at mRNA 
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level was also tested after spheres were transferred into the normal medium for 

adherent cells. After three days, we observed a return of these markers towards the 

levels of adherent cells. This demonstrates that spheres have the potential to grow to a 

more differentiated phenotype, which is also a basic characteristic of TICs.  
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Figure 7: mRNA expression of selected stemness markers. In all cases, the level of stemness 

genes of sphere cells was relative to that of their adherent counterparts. Data were from three 

independent experiments, and the results are expressed as mean ± SD. One-way ANOVA was 

performed for statistical test, and ‘*’ indicates p<0.05 when sphere cells of a specific culture 

time (D4-D28) were compared with their adherent counterpart. 
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4.3 Cell cycle analysis 

Cell cycle was assessed by flow cytometry using PI staining, and the result is shown 

in Figure 8. We can see that about 75% of NeuTL sphere cells were in G0/G1 phase, 

while less than 50% of adherent cells were in this phase (t-test, p<0.01). By contrast, 

the percentage of sphere cells in S phase accounted for less than a quarter of that in 

adherent cells, while in G2M phase the percentage of sphere cells was around half of 

that in adherent cells (t-test, p<0.001). NeuTL sphere cells are more in the G0/G1 

phase, and less in S phase or G2/M phase (t-test, p<0.01). This indicates that, compared 

with adherent NeuTL cells, the sphere cells are in a more quiescent state, with less of 

the population proliferating. A reduced percentage of cells in S and G2M phases was 

also reported in brain TICs when they were studied using the neurosphere model 

(Hussein et al., 2011). Quiescent, non-cycling TICs may contribute to 

chemotherapeutic resistance, as many anti-cancer drugs act on cycling and 

proliferating cells (Ravandi and Estrov, 2006). 

 

Figure 8: Cell cycle analysis of adherent and sphere NeuTL cells. The histograms on the right 

are an example of readings for these cells. Data are from three independent experiments, and 

the results are expressed as mean ± SD. The symbol * denotes significant differences between 

adherent and sphere cells with p < 0.05 when statistically analysed using t-test. 
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4.4 Apoptosis-regulating proteins 

One of the hallmarks of TICs is their high resistance to apoptosis, which contributes 

to their survival in terms of self-renewal, tumorigenesis, and resistance to anti-cancer 

therapies (Fulda, 2013; Liu et al., 2013). Recent studies found that TICs feature 

inactivated apoptosis signalling pathways including both the death receptor pathway 

(extrinsic pathway) and the mitochondrial pathway (intrinsic pathway). For example, 

lowered expression of caspase-8 and resistance towards TNF-related apoptosis-

inducing ligand (TRAIL) were reported in glioma and glioblastoma TICs (Capper et 

al., 2009; Qi et al., 2011). Increased expression of FLIP also contributes to the 

resistance of TICs to TRAIL-induced apoptosis (Piggott et al., 2011; Unterkircher et 

al., 2011; Zobalova et al., 2008). TICs were reported to feature higher expression of 

inhibitor of apoptosis (IAP) family proteins which play an important role in the 

resistance of these cells to apoptosis (Leung et al., 2007; Liu et al., 2006; Liu et al., 

2013). Elevated levels of anti-apoptotic Bcl-2 family proteins, including Mcl-1, Bcl-2 

and Bcl-XL, were documented in several types of TICs. For instance, glioma TICs 

were reported to have higher Mcl-1 expression (Tagscherer et al., 2008), while 

increased Bcl-2 and Bcl-XL levels were observed in glioblastomas TICs (Liu et al., 

2006; Liu et al., 2013). Higher Bcl-2 expression was also reported in breast TICs 

(Madjd et al., 2009).  

In this project, we tested the expression of a number of apoptosis-related proteins, 

especially Bcl-2 family proteins. As shown in Figure 9, NeuTL spheres have increased 

levels of Bcl-2 and Bcl-xL, and slightly elevated expression of Mcl-1. Further, spheres 

have decreased expression of Bax, a pro-apoptotic protein.  

The increased expression of anti-apoptotic proteins and decreased expression of one 

pro-apoptotic protein in sphere cells are consistent with the TIC nature of these cells. 
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Interestingly, however, sphere cells also revealed increased expression of Noxa, a pro-

apoptotic protein, in comparison with adherent cells, implying the complexity of 

apoptosis pathways in TICs. 

  

 

Figure 9: Pre-apoptotic and anti-apoptotic proteins. A series of pre-apoptotic and anti-

apoptotic proteins was assessed using WB with actin as loading control. Data are from 

three independent experiments.  
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4.5 Tumour formation 

High tumorigenic capacity is another pivotal property of TICs. In this project the 

tumour formation capacity was compared between NeuTL spheres and their adherent 

counterparts by grafting these two types of cells into FVB/N c-neu mice. As the NeuTL 

cell line is derived from the spontaneous tumour of FVB/N c-neu mice (Dong et al., 

2012; Guy et al., 1992), rejection of the graft is not expected. For this reason, tumour 

formation and the ensuing drug treatment (at a later stage of this project) can be 

conducted in the experimental mice with normal immunological function. Compared 

to the commonly used tumour xenogeneic transplantation on immune-deficient mouse 

models, this syngeneic mouse model provides an immunological environment that is 

closer to that of a human cancer patient.  

NeuTL adherent or sphere cells were injected in FVB/N c-neu mice subcutaneously at 

106 cells per animal. Animals were regularly checked by USI using the Vevo770 USI 

apparatus equipped with the 30-μm resolution RMV708 scan head (VisualSonics). As 

shown in Figure 10, NeuTL spheres initiated USI-detectable tumours within 

approximately one week, while there was a 2-week delay for adherent cells. Adherent 

cell-derived tumours progressed at about half the rate of the sphere-derived ones, with 

an increase of 100 mm3 in 1.4 and 2.7 days, respectively. This indicates that NeuTL 

spheres feature higher tumour initiating capacity than their adherent counterparts, 

consistent with the TIC nature of these cells. 
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Figure 10: Tumour formation capacity of NeuTL adherent cells and NeuTL spheres. 

(A) NeuTL adherent cells and NeuTL spheres were subcutaneously injected into 

FVB/N c-neu mice to form tumours, which were visualised, and their volume 

quantified using USI. (B) Representative ultrasound images of tumours derived from 

NeuTL adherent cells and NeuTL spheres were acquired on the days indicated. Data 

were statistically analysed using t-test and are expressed as mean values ± S.D. (n=5). 

The symbol ‘*’ indicates significant differences in the tumour volume with p<0.05. 

  

A B 
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4.6 Histology of tumours derived from adherent or sphere NeuTL 

cells 

H&E assay was conducted to study the histology of the tumours. As can be seen in 

Figure 11A, the tumours derived from NeuTL spheres and those from NeuTL adherent 

cells shared quite similar morphology, and this may reflect the multi-potential 

differentiation of TICs. As assessed by WB and IHC (Figure 11B), the receptor 

tyrosine kinase erbB2 was highly and similarly expressed in both tumour types. 

 

  

 

Figure 11: Histology of tumours derived from adherent or sphere NeuTL cells.  

(A) Sections of tumours were stained by hematoxylin and eosin for morphology, also 

showing regions of low and higher differentiated cancer cells. (B) Tumour sections 

were evaluated for the level of erbB2 using Western-blotting and 

immunohistochemistry staining. 

A B 
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FVB/N c-neu transgenic mice carry the unactivated neu gene under the transcriptional 

control of the MMTV promoter/enhancer transgene. This unactivated neu gene leads 

to spontaneous breast tumours that highly express erbB2 in 50% of female mice, and 

this high expression of erbB2 protein and increase of erbB2 activity play a crucial role 

in the process of tumour formation (Guy et al., 1992). In this study, we chose 7-9 

month old female FVB/N c-neu mice for tumour cell injection. The cells successfully 

formed tumours in more than 90% of mice. The positive expression of the erbB2 

protein indicates that these tumours derived from the injection of adherent or sphere 

NeuTL cells on FVB/N c-neu mice can be used as a proper tumour model in studying 

erbB2high breast cancer. 

4.7 Summary 

In this chapter, firstly, the cell model to study the TICs of erbB2high breast cancer was 

established using the sphere culture derived from NeuTL cells. The sphere model of 

breast TICs was adapted from research on neural stem cells isolated from the CNS 

(Reynolds and Weiss, 1992; Weiss et al., 1996) and is now accepted as a model for 

TIC studies in tissue culture (Ponti et al., 2005; Ricci-Vitiani et al., 2007; Zhou et al., 

2009b). The increased level of stemness in NeuTL spheres was documented by the 

expression of specific markers and is consistent with previous reports of breast TIC 

markers (Cariati et al., 2008; Ginestier et al., 2007; Martin et al., 2003; Shackleton et 

al., 2006; Stapelberg et al., 2014; Vaillant et al., 2008; Wright et al., 2008). Cell cycle 

analysis revealed that NeuTL spheres are residing in a relatively quiescent cell cycle 

state, which resembles normal stem cells, and was also reported for brain TICs 

(Hussein et al., 2011). The altered expression pattern of apoptotic proteins is also 

consistent with the high apoptosis resistance feature of TICs reported in other tumour 

types (Fulda, 2013; Liu et al., 2013). As NeuTL cells are originally generated from 

spontaneous erbB2high breast tumours in FVB/N c-neu mice, they can be injected into 
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FVB/N c-neu mice to form tumours without immunological rejection. Concerning the 

mouse model, NeuTL spheres showed enhanced tumour-initiating and propagating 

efficacy, which further demonstrates the TIC property of this sphere model. Therefore, 

this syngeneic mouse model allows us to study in vivo effects of anti-cancer agents of 

interest in the context of normal immunological environment, which will be detailed 

in Chapter 6.  

Thus we established and verified the NeuTL sphere model to study TICs of erbB2high 

breast cancer. In the next chapter, we will present our investigations on the 

mitochondrial profile of TICs using this NeuTL sphere model.  
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Chapter 5 Mitochondrial properties of NeuTL 

TICs 

The aim of this chapter is to investigate mitochondrion-associated characteristics of 

NeuTL TICs. Therefore NeuTL spheres were assessed from various aspects, including 

bioenergetic properties, mitochondrial DNA content, transcription of mitochondrion-

related genes, mitochondrial mass and mitochondrial respiratory complexes. 

5.1.1 ATP production, lactate generation, resazurin reducing function and 

glucose uptake 

To investigate the energetic metabolism properties of breast TICs, we assessed a series 

of factors in mitochondrial oxidative respiration (OXPHOS) and glycolysis. Compared 

to adherent cells, sphere cells revealed lower levels of ATP generation (t-test, 

p<0.0001, Figure 12A) and lactate production (t-test, p<0.01, Figure 12B). 

Interestingly, however, they had increased resazurin reducing function (t-test, 

p<0.0001, Figure 12C) and enhanced glucose uptake (t-test, p<0.01, Figure 12D). 

These results suggest that the spheres have reduced energetic metabolism under 

normal culture condition, in terms of both aerobic respiration and anaerobic glycolysis. 

However, when they are exposed to resazurin or glucose, they demonstrate an 

upregulated potential to process or utilise these substrates, indicating an enhanced 

reserved capacity in mitochondrial respiratory and glycolytic activities. 

Consistent with our results, in previous studies, low ATP content was also reported in 

small cell lung cancer stem cells (Ye et al., 2011a) and leukaemia stem cells 

(Lagadinou et al., 2013), while low lactate production and high glucose uptake were 

A B 
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reported in breast TICs represented by mammospheres derived from multiple breast 

cancer cell lines (Vlashi et al., 2014).  

 

 

  

Figure 12: Bioenergetic properties of NeuTL adherent and sphere cells. 

(A) ATP level, relative to adherent cells, normalised to protein 

concentration. (B) Lactate production, relative to adherent cells, 

normalised to protein concentration. (C) Resazurin reducing activity, 

relative to adherent cells, normalised to protein concentration.  

(D) Glucose uptake measured by flow cytometry. Data are from three 

independent experiments, and results are expressed as mean ± SD. The 

symbol * denotes significant differences with p < 0.05 when data were 

statistically analysed using t-test. 

C D 
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5.1.2 Mitochondrial membrane potential 

Mitochondrial inner trans-membrane potential (ΔΨm,i) of adherent and sphere cells 

was evaluated by flow cytometry using TMRM staining, and MFI was obtained to 

compare the relative levels of ΔΨm,i. TMRM is a cell-permeant cationic fluorescent 

agent, which can be captured by polarised mitochondria due to ΔΨm,i, and 

consequently the intensity of fluorescence reflects the level of ΔΨm,i (Joshi and 

Bakowska, 2011). We documented that the level of ΔΨm,i in sphere cells was 1.5-3 

times higher than that in adherent cells (t-test, p<0.05, Figure 13A). The high ΔΨm,i of 

NeuTL spheres was also visualised by confocal microscopy (Figure 13B).  

High ΔΨm,i was also reported in lung TICs isolated from the A549 lung cancer cell line 

(Ye et al., 2011a), pancreatic TICs derived from an inducible mouse model of 

pancreatic cancers (Viale et al., 2015), and another sphere culture model of breast TICs 

established by our laboratory based on the human MCF7 breast cancer cell line. 

Mesothelioma TICs, when studied using mesosphere models derived from several 

mesothelioma cell lines, also revealed increased ΔΨm,i (Pasdar et al., 2015). Increased 

ΔΨm,i may be of therapeutic significance as several mitochondrially targeted anti-

cancer agents may be more concentrated in TICs due to their high ΔΨm,i. 
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Figure 13: Mitochondrial membrane potential of adherent and sphere cells.   

(A) Adherent and sphere cells were evaluated for mitochondrial membrane potential 

(ΔΨm,i) using TMRM and flow cytometry. The histogram on the right is an example 

of a reading for these cells. (B) Adherent and sphere NeuTL cells were labelled with 

Hoechst to visualise nuclei and TMRM to document ΔΨm,i, and inspected by confocal 

microscopy. Data are from three independent experiments, and the results are 

expressed as mean ± SD. The symbol * denotes significant differences with  

p < 0.05 when data were statistically analysed using t-test. 

 

  

A B 
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5.1.3 ROS generation 

Cellular bioenergetics and mitochondrial respiration modulate the production of 

reactive oxygen species (ROS). Here, the generation of mitochondrial superoxide was 

assessed by flow cytometry using a mitochondrially targeted probe, MitoSOX. NeuTL 

sphere cells possessed four times higher mitochondrial superoxide generation than 

adherent cells (t-test, p<0.0001, Figure 14A). When assessed using another fluorescent 

probe, dihydrodichlorofluorescein (DCF), the production of cytosolic hydrogen 

peroxide also revealed a greater than 4-fold increase in sphere cells (t-test, p<0.0001, 

Figure 14B). Increased ROS levels in sphere cells are consistent with their high 

mitochondrial potential (presented in the previous section), which is a direct driving 

force for ROS generation.  

Increased generation of ROS and altered redox status have long been observed in 

cancer cells, the mechanism of which has been investigated for a therapeutic targets 

(Trachootham et al., 2009). However, the available, limited reports on ROS levels in 

TICs are controversial. Decreased ROS generation was reported in lung TICs (Ye et 

al., 2011a) and leukaemia TICs (Lagadinou et al., 2013), while ovarian TICs (Pasto et 

al., 2014) and breast TICs (Vlashi et al., 2014) were documented as high in ROS 

generation. 
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Figure 14: Generation of reactive oxygen species of adherent and sphere NeuTL 

cells. (A) Mitochondrial superoxide generation was evaluated using MitoSOX. (B) 

Cytosolic hydrogen peroxide levels were assessed with DCF.  

Data are from three independent experiments, and the results are expressed as 

mean ± SD. The symbol * denotes significant differences with p < 0.05 when data 

were statistically analysed using t-test. 
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5.1.4 Cellular and mitochondrial respiration reserve 

The Oxygraph-2k high-resolution respirometer was used to measure cellular and 

mitochondrial respiration. As shown in Figure 15A, sphere cells had a lower level of 

ROUTINE respiration (t-test, p<0.001), but a higher level of EST (uncoupled 

respiration stimulated by CCCP), indicating these cells need lower cellular respiration 

under ‘unstressed’ condition although they have a high maximum respiration capacity. 

This phenomenon is more clearly represented by R/E (ROUTINE/EST) (t-test, 

p<0.0001, Figure 15B), where adherent cells used almost 60% of their respiration 

capacity to support ROUTINE respiration while sphere cells used only 30%, which 

meant spheres had a larger reserve of their respiration capacity. Consistently, spheres 

also showed higher maximum mitochondrial respiration capacity (GMS_E, Figure 

15C), and higher reserve of this mitochondrial respiration capacity (the difference 

between GMS_E and GMS_P, Figure 15C). Interestingly, respiration mediated by 

complex II was considerably higher in spheres, for both coupled and uncoupled status 

(Figure 15D). 

As recently reported in a study of cardiac myocytes, respiratory reserve is critical for 

bioenergetics of these cells, because their mitochondria not only need to produce 

sufficient ATP for energy demands in basal conditions, but also need to retain the 

capacity to increase ATP synthesis upon increased energy demand (Dhingra and 

Kirshenbaum, 2015; Pfleger et al., 2015). Similarly, the high reserve respiration 

capacity of NeuTL TICs may provide these cells with the fast additional energy supply 

that they require in response to micro-environmental changes or cellular stress. In 

human and rat cardiac myocytes, mitochondrial complex II has been reported to be a 

main source of reserve respiration capacity, and activating complex II can lead to the 

increase of reserve respiration capacity and enhanced cell survival after hypoxia 

(Pfleger et al., 2015). In our study, NeuTL TICs showed increased reserve respiration 
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capacity for both mitochondrial complex I- and complex II-dependent processes 

(Figure 15D).  

  

Figure 15: Routine and mitochondrial respiration. (A) Cells were evaluated for 

ROUTINE, LEAK and uncoupled (ETS) respiration using Oxygraph respirometers. (B) 

Respiration ratios relative to ETS were calculated. (C) Cells were permeabilised with 

saponin and evaluated for coupled and uncoupled respiration in the presence of ADP and 

substrates specific for CI and CII. (D) Respiration through CI and CII was calculated at 

coupled (CI, CII) and uncoupled (CI’ and CII’) situation. Data are from three independent 

experiments, and the results are expressed as mean ± SD. The symbol * denotes 

significant differences with p < 0.05 when data were statistically analysed using t-test. 

A B 

C D 
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Resazurin reducing function can also reflect the general mitochondrial respiratory 

function by gauging the activity of mitochondrial oxidoreductases (Abu-Amero and 

Bosley, 2005; Tomasetti et al., 2014; Zhang et al., 2004). As shown in Figure 12C, 

sphere cells revealed enhanced resazurin reducing activity, which was more than 2.5 

times higher than that of adherent cells, indicating upregulated mitochondrial 

respiratory activity.  

Although cancer cells have been considered to rely more on glycolysis for energy 

supply, known as the Warburg effect, recent research also suggests that cancer cells 

have an absolute requirement for respiration, such that cancer cells with impaired 

respiration cannot metastasise (LeBleu et al., 2014) or even initiate tumours (Tan et 

al., 2015). The domination of OXPHOS in energetic metabolism has also recently been 

reported in TICs. Viale and colleagues reported that genetic ablation of the oncogene 

KRAS in pancreatic cancer cells resulted in their death, except for a small population 

with the characteristics of TICs, such as high levels of CD133 and Aldefluor, as well 

as capacity to initiate tumours. Interestingly, these cells had elevated respiration and 

were highly susceptible to respiration inhibitors (Viale et al., 2014). Pasto and 

colleagues isolated TICs from epithelial ovarian cancer patients, and these cells 

showed a metabolic profile dominated by OXPHOS, resisting glucose deprivation 

(Pasto et al., 2014). Similarly, breast TICs and glioma TICs were also reported to rely 

on OXPHOS rather than glycolysis (Vlashi et al., 2014).  

5.2 Mitochondrial DNA content 
 

Mitochondrial DNA (mt-DNA) is composed of a double-stranded circular genome, 

16.6 kb in length without introns. It encodes 2 rRNAs, 22 t-RNAs, and 13 of the 90 

proteins of the mitochondrial respiratory chain. The 13 mt-DNA-encoded proteins are 

translated by mitochondrial ribosomes within the mitochondrial matrix (Škrtić et al., 
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2011). Replication and transcription of mtDNA involves the regulatory D-LOOP 

region, which binds the nuclear-encoded mitochondrial transcription factor TFAM and 

other regulatory proteins. The mitochondrial proteome comprises about 1,500 proteins, 

most of which are encoded by nuclear DNA (nDNA) (Tan et al., 2015).  

Using qPCR, we found that NeuTL sphere cells had significantly lower mtDNA 

content, which was nearly half of that detected in adherent cells, as calculated by the 

mtDNA level relative to the nuclear DNA level (Figure 16). This is consistent with a 

study on lung cancer, in which the TICs were documented to have decreased mtDNA 

in comparison with the non-tumour initiating cell population (Ye et al., 2011a). Low 

levels of mtDNA were also reported in embryonic and somatic stem cells, and have 

been considered to be related to the ʻstemnessʼ properties of these cells (Nesti et al., 

2007; Parker et al., 2009). The reason why TICs possess lower quantity of mtDNA is 

unclear, but it is probably not related to mitochondrial biogenesis, because several 

recent reports as well as our own study (presented in following sections) found that 

TICs may contain higher levels of mitochondrial mass and mitochondrial proteins 

(Lamb et al., 2015b; Viale et al., 2014). As revealed in various cancer or non-malignant 

cell types, the mtDNA copy number is strictly regulated during development and 

tumorigenesis, usually paralleling the level of OXPHOS-derived ATP (Lee et al., 

2015b; Lee et al., 2015c; Sun et al., 2016). Here, the low mtDNA copy number in 

NeuTL sphere cells may be related to their low requirement for OXPHOS-derived 

ATP (Figure 12 A). Reduction in mtDNA copy number has also been observed in 

tumour tissues from many types of cancer including breast cancer, hepatocellular 

carcinoma, astrocytoma and prostate cancer, while chemically induced mtDNA 

depletion in colorectal and prostate cancer cells promotes the emergence of neoplastic 

disease, suggesting a causative role of low mtDNA copy number in tumorigenesis 

(Guha et al., 2014). However, a recent report showed that when mtDNA is completely 
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depleted, breast tumour cell lines may demonstrate delayed tumour initiation, and, 

furthermore, the recovery of mtDNA content may facilitate tumour initiation and 

progression (Tan et al., 2015).  

 

    

  

Figure 16: Mitochondrial DNA content. Sphere and 

adherent NeuTL cells were evaluated for 

mtDNA/nDNA ratio using qPCR and specific primers. 

Data are from three independent experiments, and the 

results are expressed as mean ± SD. The symbol * 

denotes significant differences with p < 0.05 when data 

were statistically analysed using t-test. 
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5.3 Mitochondrial mass 

Using MitoTracker Green and flow cytometry, we evaluated the mitochondrial mass 

of sphere and adherent cells. MitoTracker Green is non-fluorescent in aqueous 

solutions and becomes fluorescent only when accumulated in the mitochondrial lipid 

environment regardless of membrane potential (Agnello et al., 2008). As shown in 

Figure 17, NeuTL spheres demonstrated increased mitochondrial mass in comparison 

with adherent cells. This is consistent with data found by Pasdar and colleagues in 

mesothelioma-initiating cells (Pasdar et al., 2015), and by Viale and colleagues in the 

observations of pancreatic TICs (Viale et al., 2014). In breast cancer, increased 

mitochondrial mass was also documented for TICs derived from MCF7 cells (Lamb 

et al., 2015b).  

    

  

Figure 17: Mitochondrial mass. The mitochondrial mass of 

adherent and sphere NeuTL cells was evaluated by flow 

cytometry using MitoTracker Green. Data were from three 

independent experiments, and statistically analysed using 

t-test. The results are expressed as mean ± SD. The symbol 

* denotes significant differences with p < 0.05.  
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5.4 Mitochondrial respiratory complexes 

5.4.1 Mitochondrial respiratory complex transcripts 

One of the major functions of mitochondria, ATP generation, is facilitated by oxidative 

phosphorylation (OXPHOS) comprising the mitochondrial respiratory complexes of 

the electron transport chain, and including complex I (CI), CII, CIII and CIV, and CV 

with ATP synthase activity. Respiratory complexes form supercomplexes, such as the 

respirasome that transfers electrons from CI to CIV via CIII. Mitochondrial respiratory 

subcomplexes and supercomplexes are assembled stepwise in a process involving 

specific factors (Tan et al., 2015). 

The level of respiratory complex transcripts was first evaluated using qPCR and 

specific primers. As shown in Figure 18, a series of genes related to mitochondrial 

protein synthesis (12S, 16S) and mitochondrial respiratory complexes was generally 

upregulated in sphere cells, regardless of the genes being nDNA-encoded (NDUFV1, 

SDHA, SDHB, SDHC, SDHD, UQCRC2, mt-CO4, ATP5) or mtDNA-encoded (ND1, 

ND2, CytB, mt-CO1, mt-CO2, ATP6, ATP8).  
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Figure 18: mRNA levels of respiratory complex related genes (relative to 

adherent cells). Sphere and adherent NeuTL cells were evaluated for 

transcripts of genes related to mitochondrial respiratory complex using qPCR 

and specific primers, and gene expression presented as relative values to 

adherent cells. Data were from three independent experiments, and statistically 

analysed using t-test. The results are expressed as mean ± SD. The symbol * 

denotes significant differences with p < 0.05. 
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5.4.2 Mitochondrial respiratory complex expression and assembly 

In keeping with the increase in mRNA levels, the expression of mitochondrial complex 

proteins, represented by their respective subunits, was upregulated consistently (Figure 

19). First, the whole cell lysate of adherent and sphere NeuTL cells was evaluated for 

expression of mitochondrial respiratory complex proteins using SDS-PAGE and WB 

(Figure 19A), where we could clearly see that NeuTL spheres have increased levels of 

mitochondrial respiratory CI, CII, CIII and CV. We then lysed the mitochondrial 

fraction of adherent and sphere NeuTL with a mild detergent and applied the samples 

to native blue gel electrophoresis (NBGE). This revealed the high expression level of 

these complexes, and also demonstrated the corresponding extent of the assembly of 

subcomplexes and supercomplexes (Figure 19B).  

Increased expression of mitochondrial proteins and enhanced mitochondrial mass were 

also reported in another breast TIC model established by Lamb and colleagues. The 

authors over-expressed WNT1 and FGF3 in MCF7 cells and reported that these cells 

had TIC characteristics such as increased mammosphere formation. These cells 

increased their mitochondrial mass and over-expressed more than 40 mitochondria 

related proteins, many of which are involved in OXPHOS, ATP regeneration, or 

mitochondrial biogenesis (Lamb et al., 2015a). Using spheres derived from MCF7 and 

T47D breast cancer cell lines, breast TICs were also shown to feature overexpression 

of a series of mitochondria related proteins, including proteins relevant to OXPHOSE 

and glycolysis, mitochondrial biogenesis, and inhibitors of autophagy/mitophagy 

(Lamb et al., 2014). 



Mitochondrial properties of NeuTL TICs 

104 

 
 

  

Figure 19: Mitochondrial protein synthesis, respiratory complex formation, and 

supercomplex assembly. (A) Adherent and sphere NeuTL cells were evaluated for 

expression of mitochondrial respiratory complex proteins using WB and specific 

antibodies. Actin was used as a loading control. (B) The mitochondrial fraction was 

lysed in the presence of digitonin and subjected to NBGE. Specific subunits of 

individual complexes were detected using the antibodies shown, representing 

respiratory complexes, subcomplexes, and supercomplexes. HSP60 was used as a 

loading control. 

A 

B 
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5.4.3 Mitochondrial complex II activity 

To investigate the mitochondrial CII activity, we assessed the succinate dehydrogenase 

(SDH) activity and succinate quinone reductase (SQR) activity of CII using the 

methods detailed in Chapter 3. We found that NeuTL sphere cells feature increased 

SDH activity of CII compared to adherent cells (Figure 20A). SQR activity of CII is 

also approximately two- to three-fold higher in sphere cells than adherent cells (Figure 

20B). 

The increased CII activity of sphere cells is consistent with their high mitochondrial 

respiration rate mediated by CII (Figure 15), and parallels the increased expression of 

CII at both mRNA (Figure 18) and protein levels (Figure 19).  

 

 

 

 

  

Figure 20: Mitochondrial complex II activity. (A) Succinate dehydrogenase (SDH) 

activity, relative to adherent cells, normalised by protein level. (B) Succinate 

quinone reductase (SQR) activity, relative to adherent cells, normalised by protein 

level. Data were from three independent experiments, and statistically analysed 

using t-test. The results are expressed as mean ± SD. The symbol * denotes 

significant differences with p < 0.05. 

A B 
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5.5 Summary 

In this chapter, the mitochondrial properties of NeuTL TICs were investigated using 

the sphere model established in the preceding chapter.  

The fundamental importance of mitochondria in the energy metabolism, proliferation 

and cell death of malignant cells has made the organelle emerge as a novel target for 

anti-cancer treatment (Neuzil et al., 2013). Therefore, studying mitochondria of cancer 

cells has an important therapeutic connotation. However, although the mitochondria 

of cancer cells have been studied relatively comprehensively, the mitochondria of TICs 

have not been investigated in much detail. Only very recently, TICs have been reported 

to be different in certain mitochondrial properties from differentiated malignant cells 

(Yan et al., 2016). Our research therefore fills, at least partially, this gap, since we 

investigated the mitochondria of NeuTL TICs from a number of points of view. 

In our breast TIC model, a low energetic metabolic state was documented by decreased 

ATP generation, lactate production, and cellular respiration, which would be expected 

for these quiescent, slow proliferating cells. However, NeuTL TICs also possess 

remarkably increased maximum energetic metabolism capacity, as illustrated by the 

high electron transport chain uncoupled respiration capacity, high resazurin reducing 

function, and high glucose uptake. These results indicate that NeuTL TICs have a large 

reserve of their ATP generation and respiratory capacity. Accordingly, these cells also 

showed increased mitochondrial membrane potential, ROS generation, and 

mitochondrial CII activity. The high respiration capacity is facilitated by the high 

expression and assembly of mitochondrial respiratory complexes, subcomplexes, and 

supercomplexes, as revealed by the increased levels of transcripts and proteins of 

mitochondrial respiratory complexes. The reasons for and mechanisms of the high 

energy reserve of TICs are not clear yet and require further study. However, it can be 
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speculated that this energy reserve might enable TICs to respond rapidly to micro-

environmental changes or cellular stress. While this is only speculation at this point in 

time, it cannot be discounted that TICs are sculpted to respond rapidly to conditions 

which will allow them to differentiate into rapid proliferating cancer cells to re-initiate 

tumour formation. 

As introduced previously, mitochondria have emerged as an intriguing target for anti-

cancer drugs (Fulda et al., 2010; Gogvadze et al., 2008, 2009; Ralph et al., 2010). 

Further understanding of the unique mitochondrial properties of TICs will facilitate 

the discovery and development of new drugs that may eliminate TICs by disturbing 

mitochondrial pathways. It is tempting to speculate that at least some of these altered 

mitochondrial characteristics of TICs, such as the increased mitochondrial potential, 

mitochondrial mass, and mitochondrial proteins, can be utilised in the design of novel 

therapeutic approaches targeting these differences, although much more has to be done 

to translate this notion into clinical practice.  

Our research group has been working on mitocans, a group of agents that exert their 

anti-cancer activity by destabilising mitochondria, and we speculate that some of these 

agents may have the potential to kill not only the bulk of a tumour, but also TICs. The 

next chapter focuses on the investigation of MitoVES, a mitochondrially targeted agent 

recently designed by our research group, as a potentially efficient agent capable of 

killing NeuTL TICs. 
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Chapter 6 Efficacy and mechanism of NeuTL 

TIC killing by MitoVES 

Emerging TIC-targeting drugs are becoming a focus of current research. As introduced 

in Chapter 2, mitocans, a group of compounds that induce apoptosis of cancer cells by 

destabilising their mitochondria, are presently showing their potential in killing TICs. 

This chapter focuses on the investigation of mitochondrially targeted vitamin E 

succinate (MitoVES), a recently developed mitocan, and its effect on NeuTL TICs, 

both in vitro and in vivo.  

6.1 Susceptibility of NeuTL TICs to chemotherapeutic drugs and 

mitocans 

Chemotherapeutic resistance is a generally acknowledged feature of TICs. Therefore, 

we first tested the susceptibility of adherent and sphere NeuTL cells to two first line 

chemotherapeutic drugs for breast cancer, doxorubicin and paclitaxel, using the MTT 

method. As shown in Figure 21, the spheres were clearly more resistant to these 

chemotherapeutic drugs than the adherent cells, with the IC50 of doxorubicin and 

paclitaxel being 1.44µg/ml and >10µg/ml respectively in spheres, compared with a 

much lower value of 0.45µg/ml and 0.26µg/ml respectively in adherent cells (Table 

8). The resistance of spheres to chemotherapeutic drugs is consistent with their TIC 

nature. 
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Figure 21: Susceptibility of NeuTL TICs to chemotherapeutic drugs and mitocans. 

Adherent and sphere NeuTL cells were exposed to different concentrations of 

chemotherapeutic agents (A) and mitocans (B) for 24 hours, and the viability assessed 

by the MTT assay. (C) Cells were exposed to 50 µM α-TOS or 2µM MitoVES for 24 

hours and inspected by light microscopy. The symbol ‘*’ indicates statistically 

significant differences for adherent and sphere cells with p<0.05 when data were 

statistically analysed using t-test. Images in panel C are representative of three 

independent experiments. The abbreviations are α-TOS, α-tocopheryl succinate; 

MitoVES, mitochondrially targeted vitamin E succinate.  

A 

C 
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In vitro susceptibility of adherent and sphere NeuTL cells to two vitamin E analogues, 

α-TOS and its mitochondrial targeting counterpart, MitoVES, was also assessed using 

the MTT assay. As shown in Figure 21B, -TOS killed adherent and sphere NeuTL 

cells with similar efficacy, while MitoVES was more efficient in killing sphere cells. 

The IC50 values of α-TOS for killing adherent and sphere cells were both around 55 

µM, while those for MitoVES were approximately 1.9 µM for adherent cells and 1.1 

µM for sphere cells (Table 8). 

 

Table 8: IC50 values for adherent and sphere cells exposed to various anti-cancer agents 

Doxycycline Paclitaxel -TOS MitoVES 

ADH SPH ADH SPH ADH SPH ADH SPH 

0.45±0.07a 1.44±0.17* 0.26±0.06 >10* 53±4.5 58±6.3 1.9±0.31 1.1±0.25* 

 

aIC50 values were calculated from the killing curves of adherent and sphere cell 

cultures exposed to the agents for 24 h. The killing curves were constructed using the 

MTT assay. The symbol ‘*’ indicates statistically significant differences of IC50 for 

adherent and sphere cells with p<0.05 when data were analysed using t-test. The 

abbreviations are α-TOS, α-tocopheryl succinate; MitoVES, mitochondrially targeted 

vitamin E succinate. 
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6.2 Total cell death and apoptosis induced by α-TOS and MitoVES 

Interestingly, as can be seen from images in Figure 21 (panel C), 2 µM MitoVES 

induced cell death in NeuTL spheres, while in the adherent cells, although cell viability 

and proliferation was apparently inhibited, we saw much fewer detached floating dead 

cells compared to sphere cells. Then, total cell death caused by α-TOS and MitoVES 

was assessed by flow cytometry analysis using annexin V/PI staining which detects 

apoptosis, necrosis and post-apoptotic necrosis. As indicated in Figure 22A, 50 µM α-

TOS induced similar percentage of apoptosis in NeuTL adherent cells and spheres, 

while MitoVES at 2 µM induced over 10 times more apoptosis in spheres than in 

adherent cells.  

Cell cycle distribution of adherent cells was assessed by flow cytometry using PI 

staining after MitoVES treatment. We can see that although MitoVES at 2 µM does 

not induce apoptosis in adherent cells as efficiently as in sphere cells, the agent 

effectively arrests the cells in the G1/G0 phase, thereby efficiently inhibiting 

proliferation (Figure 22B).  

The apoptotic nature of cell death induced in sphere cells by MitoVES was also 

documented by WB (Figure 22C). Upon treatment, a decrease in the level of pro-

caspase-9, pro-caspase-3 and pro-caspase-8 was observed, as well as an increase in the 

level of the cleaved forms of these caspases. The death substrate PARP was also 

cleaved upon the treatment. 

Sequential activation of caspases plays a central role in the execution-phase of cell 

apoptosis (Adams, 2003). The intrinsic apoptotic pathway, which is also referred to as 

the mitochondrial apoptotic pathway, is characterised by permeabilisation of 

mitochondria and release of cytochrome (Cyt c), which then triggers formation of the 

apoptosome and initiates activation of the caspase cascade through caspase-9. The 
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extrinsic apoptotic pathway is activated by death receptors at the plasma membrane, 

resulting in the formation of the death-inducing signalling complex, which initiates the 

caspase cascade via caspase-8 (Adams, 2003; Green and Kroemer, 2004). This in turns 

activates the effector protein caspase-3, resulting in the cleavage of the PARP protein 

allowing the cells to undergo the execution stages of apoptosis (Adams, 2003; Green 

and Evan, 2002). Figure 22C shows that upon MitoVES treatment, activation of both 

the intrinsic and extrinsic apoptotic pathways occurred in sphere cells.  
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Figure 22: Total cell death and apoptosis induced by α-tocopheryl succinate (α-TOS) 

and mitochondrially targeted vitamin E succinate (MitoVES). (A) Adherent or sphere 

NeuTL cells were exposed to α-TOS (50 µM) or MitoVES (2 µM) for 24 h; and 

apoptosis was evaluated using the annexin V/PI method. (B) Adherent NeuTL cells 

were exposed to 2 µM MitoVES for 24 hours and evaluated for cell cycle distribution. 

(C) NeuTL sphere and adherent cells were exposed to 5 µM MitoVES for 12 h; and 

full length and cleaved PARP, caspase-9 (C9), caspase-3 (C3) and caspase-8 (C8) were 

assessed using WB with actin as loading control. The level of full length and cleaved 

proteins was evaluated by densitometry and related to actin. Data were mean values ± 

S.D. (n=3) and were statistically analysed using t-test. The symbol ‘*’ in panel C 

indicates statistically significant differences in the expression of the full length and 

cleaved protein with p<0.05.  

  

B A 

C 



  Efficacy and mechanism of NeuTL TIC killing by MitoVES 

115 

6.3 ROS generation 

Generation and accumulation of ROS within mitochondria acts as a response to 

cellular stress caused by many anti-cancer drugs, and can lead the activation of 

apoptosis via the intrinsic pathway (Neuzil et al., 2007a). From our previous studies, 

we know that mitochondrial ROS production is a crucial trigger of apoptosis induced 

by -TOS and MitoVES in killing cancer cells (Dong et al., 2009; Dong et al., 2011a; 

Dong et al., 2011b). Assessing ROS production and their release from mitochondria 

can be useful to determine the effectiveness of compounds for their mitochondria-

destabilising activity. 

In this section we assessed the level of ROS generated in adherent and sphere cells in 

response to MitoVES treatment. Generation of ROS is usually an early event in the 

cascade of reactions resulting in the execution of apoptotic death. ROS generation has 

been shown also to be also a rapid response to vitamin E analogues. Therefore in this 

experiment we exposed cells to 2 µM MitoVES for up to 4 hours, after which the ROS 

levels were estimated using fluorescent dyes and flow cytometry. As assessed by 

means of MitoSOX, MitoVES induced mitochondrial superoxide generation within 15 

minutes in both adherent and sphere cells, with the superoxide level in sphere cells 

almost double that in adherent cells (Figure 23A). This level started to decrease after 

2 hours in adherent cells, while it kept rising in sphere cells. When we used DCF to 

assess the formation of ROS ( including hydroxyl and peroxyl radicals), we found that 

MitoVES at this concentration induced a very high level of ROS in sphere cells within 

1 hour, while in adherent cells, the ROS were produced more slowly (after 3 h) and 

the level was considerably lower as well (Figure 23B). This high ROS generation in 

sphere cells in response to MitoVES can be a direct trigger of apoptosis and can explain 

the high susceptibility of these cells to MitoVES treatment. The generation of ROS in 

response to MitoVES is consistent with the induction of cell death, where 2 µM 
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MitoVES induced almost 8 times more pronounced apoptosis in sphere cells than in 

adherent cells after 24 hours treatment. 

 

 

 

Figure 23: ROS generation upon MitoVES treatment. NeuTL adherent and sphere cells 

(mitochondrially targeted vitamin E succinate) for 

the times shown; ROS were evaluated by flow cytometry using MitoSOX (A) or DCF 

(B), and expressed as relative mean fluorescence intensity (MFI). The histograms on 

the right are representative of the individual readings. Data were statistically analysed 

using t-test. The symbol ‘*’ indicates significant differences for adherent and sphere 

cells with p<0.05.  
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6.4 Mitochondrial membrane potential affects MitoVES efficacy 

The findings above raise the question of why MitoVES is more powerful in killing 

NeuTL TICs than parental NeuTL cells. As stated previously, in addition to the basic 

molecular structure of α-TOS, MitoVES is tagged with a TPP+ group which is a 

lipophilic cation that makes the reagent preferentially accumulate in mitochondria, 

attracted by the negative ΔΨm,i (Dong et al., 2011a; Dong et al., 2011b). As presented 

in Chapter 4, we evaluated the ΔΨm,i of adherent and sphere NeuTL cells and found 

that the sphere cells featured ΔΨm,i 1.5-3 times higher than adherent cells (Figure 13); 

theoretically, higher ΔΨm,i may attract more MitoVES to the mitochondria of sphere 

cells, which would contribute to the high susceptibility of these cells to MitoVES. 

6.4.1 Dissipation of ΔΨm,i using CCCP 

To further verify the correlation between the ΔΨm,i of NeuTL adherent and sphere cells 

and their susceptibility to MitoVES, we dissipated the ΔΨm,i of these cells. 

As a preparation for the following experiments, different concentrations of CCCP were 

used to pre-treat cells, after which ΔΨm,i was evaluated by flow cytometry using 

TMRM staining. We found that the ΔΨm,i of adherent and sphere cells can be dissipated 

by CCCP, and this effect is directly correlated to the concentration of CCCP, which 

was between 0.5 and 20 µM in this experiment.  

6.4.2 Cell viability by the combination of MitoVES and CCCP 

After this, we investigated the efficacy of MitoVES on the cells whose ΔΨm,i was 

dissipated by pre-treatment with CCCP at different concentrations. The MTT method 

was used to measure cell viability during these treatments. Adherent and sphere cells 

were first exposed to 0 to 20 µM of CCCP for 20 min, after which 2 µM MitoVES was 

added to each sample except for the control. After 24 hours, cell viability was assessed. 

As shown in Figure 24A, cell viability was the lowest when cells were treated only 
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with MitoVES without CCCP, while upon CCCP pre-treatment, cell viability 

increased considerably. Thus, we confirmed that the decrease of ΔΨm,i , provoked by 

CCCP treatment, leads to decreased MitoVES efficacy, in both adherent and sphere 

NeuTL cells. These results demonstrate that the susceptibility of these cells to 

MitoVES is highly correlated to their ΔΨm,i.  

6.4.3 Cell death in response to the combination of MitoVES and CCCP 

To further investigate how the total cell death induced by MitoVES would be affected 

by the dissipation of ΔΨm,i, we compared the total cell death caused by MitoVES alone 

with that induced by MitoVES following CCCP pre-treatment. Annexin V/PI staining 

was used to assess total cell death by means of flow cytometry. Based on the results 

obtained in the section above, CCCP at 5 μM was chosen as an optimum concentration 

for the pre-treatment in this experiment. We found that MitoVES alone at 2 µM 

induced approximately 80% of apoptosis for spheres after 24 hours treatment, while 

when spheres were pre-treated with 5 µM CCCP before MitoVES, apoptosis extent 

was reduced to about 50% (Figure 24B). This result is consistent with cell viability 

results obtained by the MTT method (Figure 21A), and confirms the notion that the 

dissipation of the ΔΨm,i of cells makes cells less sensitive to MitoVES-induced 

apoptosis. The results in this section further indicate that the ΔΨm,i is a crucial factor 

for the susceptibility of TICs to MitoVES. 
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Figure 24: MitoVES efficacy is related to mitochondrial membrane potential.  

(A) Adherent and sphere cells were pre-treated with carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP) at different concentrations, before they were treated with 2 M 

MitoVES for 24 hours, and cell viability was assessed by the MTT assay. (B) Sphere 

cells were exposed to 2 M MitoVES for 24h in the absence or presence of 5 M 

CCCP, and then apoptosis was evaluated. The histogram on the right is an example the 

readings. Data are mean values ± S.D. (n=3) and were statistically analysed using t-

test. The symbol ‘*’ indicates significant differences in apoptosis induced in the 

presence and absence of CCCP with p<0.05.  
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6.5 MitoVES affects mitochondrial complexes in NeuTL TICs 

We next investigated whether MitoVES affects the mitochondrial respiration 

complexes of NeuTL TICs, specifically CI and CII. Spheres were treated with 2µM 

MitoVES for 2 hours and 4 hours and evaluated for respiration in the presence of 

substrates specific for CI and CII. As shown in Figure 25 A&B, oxygen consumption 

was inhibited both at CI and CII. Respiration mediated by CII, which is the molecular 

target of the agent, was inhibited with higher efficacy. This was observed at both the 

coupled and uncoupled states of respiration.  

NBGE using a mild detergent, and subsequently WB, were employed to assess 

possible changes of mitochondrial respiratory complexes and supercomplexes upon 

the treatment with MitoVES. The mitochondrial fractions from the control spheres and 

spheres exposed to 10 µM MitoVES for 4 hours and 8 hours were assessed. From 

Figure 25C we can see some decrease in the level of supercomplexes in cells treated 

with MitoVES after both 4 hours and 8 hours exposures to the drug (Figure 25C).  
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Figure 25: MitoVES affects mitochondrial complexes. (A) Spheres were treated with 

2 µM MitoVE for 2 and 4 hours, harvested, permeablised with saponin, and evaluated 

for respiration in the presence of substrates specific for CI and CII using the protocol 

presented in the Materials and methods chapter. The abbreviations in the top left line 

graph are: L, leak; CI, complex I; CII, complex II; ETS, electron transfer system 

(uncoupled respiration); CII’, uncoupled respiration via CII; ROX, residual respiration; 

PMG, pyruvate, malate and glutamate; cyt c, cytochrome c; succ, succinate; F, FCCP; 

rot, rotenone; ama, antimycin A. (B) The respiration via CI and CII, and the uncoupled 

respiration via CI (CI’) and CII (CII’) as derived from results in panel A is documented 

in control cells and cells exposed to 10 M MitoVES for 2 and 4 hours. (C) The 

mitochondrial fractions, prepared from control NeuTL cells or cells exposed to 10 M 

MitoVES for 2 and 4 hours, were lysed in the presence of digitonin, and subjected to 

NBGE as detailed in Materials and methods. Specific subunits of individual complexes 

were detected using the antibodies as shown. HSP60 was used as a loading control. 

The symbol ‘*’ in panel B indicates significant differences (p<0.05) for the respiration 

levels after the cells were exposed to MitoVES (statistically analysed using t-test).  
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6.6 In vivo efficacy of MitoVES  

To investigate the in vivo effect of MitoVES on erbB2high tumours derived from 

adherent and sphere NeuTL cells, 7-9 month old FVB/N c-neu mice were used in this 

study (Guy et al., 1992). Tumours were established in these mice by subcutaneously 

injecting NeuTL adherent cells or NeuTL spheres at 106 cells per mouse. Mice were 

regularly checked by USI. As soon as tumours reached ~50 mm3, the animals were 

treated with intraperitoneal injection of MitoVES (25 nmol per gram of mouse body 

weight per dose) twice a week. Control mice were injected with a similar volume (100 

μl) of the excipient only. Tumour growth was monitored twice a week using USI, from 

which the tumour volume was obtained. As can be seen from Figure 26 A&B, 

MitoVES very efficiently suppressed carcinoma growth in both types of tumours. 

After 7-8 injections, the average tumour size was lower by approximately 80% in the 

MitoVES-treated groups in comparison with their respective control groups. 

Concerning the suppression of tumour growth, MitoVES showed no obvious 

difference in effect in the sphere-derived tumours and the adherent cell-derived 

tumours, although regarding in vitro, the spheres showed a higher susceptibility to 

MitoVES than the adherent cells. This apparent inconsistency between the in vitro and 

in vivo results is probably because the sphere cells differentiate to a more mature 

phenotype after being injected into animals, and the majority of the tumour mass is 

thus composed of these more differentiated cells rather than the injected sphere cells. 

Based on the change in tumour size, in vivo efficacy of MitoVES reflected in the mouse 

model appears to indicate that the agent kills the differentiated cells that made up the 

majority of the tumour mass. Whether MitoVES also kills the small population of 

NeuTL TICs in vivo is yet to be documented; however, based on its in vitro effects, 

MitoVES may be efficient also against these recalcitrant cells. 
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Tumours derived from adherent and sphere cells were harvested, paraffin-embedded, 

sectioned, and probed by IHC for cleaved caspase-3 to assess apoptosis. As shown in 

Figure 26 C&D, the levels of cleaved caspases-3 increased considerably in MitoVES-

treated groups, for both adherent cell-derived tumours and sphere-derived ones, 

indicating that MitoVES suppressed tumour growth by way of apoptosis induction.  

A section of fresh tumour tissue of each sphere-derived tumour was shredded by a 

dedicated tissue shredder immediately after the tumours were excised from the animals, 

and oxygen consumption was evaluated using the Oxygraph instrument. Respiration 

via mitochondrial complexes was assessed and calculated (Figure 26 E& F), revealing 

that MitoVES suppressed both the CI- and CII-dependent respiration of tumours.  
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Figure 26: MitoVES suppresses tumour progression. NeuTL adherent (A) and sphere 

cells (B) were grafted subcutaneously in FVB/N c-neu mice (106 cells per animal) and 

tumour volume assessed in control and MitoVES-treated animals using USI. The 

images on the right are representative USI scans of tumours taken on the individual 

days (indicated by arrows in the graph on the left). The images on the right also show 

representative tumours excised from mice at the end of the experiment. Tumours 

derived from adherent (C) and sphere NeuTL cells (D) were paraffin-embedded, 

sectioned, and probed by IHC for cleaved caspase-3. Tumour tissue of sphere-derived 

tumours was shredded, and oxygen consumption evaluated using the Oxygraph 

instrument. Respiration via mitochondrial complexes was assessed and calculated (E, 

F). Data are mean values ± S.D. (n=3). The symbol ‘*’ in panels A and B indicates 

statistically significant differences in the volume of control and MitoVES-treated 

tumours with p<0.05. Images in panels C and D are representative of three independent 

experiments. The symbol ‘*’ in panels E and F indicates statistically significant 

differences (t-test) in the respiration levels of control and MitoVES-treated tumours 

with p<0.05.   
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6.7 Summary 

Previous research of our laboratory showed that MitoVES very effectively induced 

apoptosis in several cancer cell lines, and demenstrated that the presence of TPP+ 

alone did not cause effects cell cultures and mouse models (Truksa et al., 2015). In this 

chapter, the in vitro and in vivo efficacy of MitoVES was investigated using the 

established NeuTL cell models and mouse tumour models as documented in Chapter 

3. We found that the ‘sphere’ TICs were resistant to established, first line breast cancer 

therapeutics, which more efficiently killed adherent NeuTL cells, in line with the 

notion of the general recalcitrant nature of TICs (Bansal and Banerjee, 2009; Kvinlaug 

and Huntly, 2007; Takaishi et al., 2009). However, we found that NeuTL TICs were 

efficiently killed by the mitocan MitoVES that accumulates in mitochondria on the 

basis of high ΔΨm,i due to the presence of the TPP+ moiety in the agent (Kim et al., 

2005a; Singh et al., 2003; Smith et al., 2011), and this is consistent with the notion of 

higher ΔΨm,i in stem cells (Ye et al., 2011b). The high resistance to chemotherapeutics, 

and high sensitivity to MitoVES were also documented in another sphere model of 

breast TICs established by our laboratory on the MCF7 cell line. 

MitoVES inhibits the respiration of NeuTL TICs via mitochondrial CI and, more so 

via CII, causing generation of ROS that induces apoptosis in these cells. The assembly 

of mitochondrial supercomplexes was inhibited to some extent as well. MitoVES 

suppressed progression of tumours derived from both adherent and sphere cells with 

similar efficacy. The likely reason for this is that once grafted, TICs differentiate 

within the tumour microenvironment into fast-proliferating tumour cells (Ricci-Vitiani 

et al., 2007). In tumour tissue, inhibition of cell respiration and induction of apoptosis 

were also documented. Using the syngeneic FVB/N c-neu mouse model, the drug 

effect against erbB2high breast tumour was investigated under conditions of a functional 

immune system, which is an advantage of the NeuTL cell model and the syngeneic 
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mouse model in comparison with commonly used immunocompromised mouse 

models.   
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Chapter 7 Conclusions and future directions 

Breast cancer is the leading cancer in females, with the incidence being such that one 

in every eight women will experience this disease in their life time (Siegel et al., 2016). 

ErbB2high breast cancer, accounting for up to 30% of breast cancers, has become one 

of the major challenges in current breast cancer therapy due to its highly aggressive 

characteristic, early relapse, therapeutic resistance, and poor prognosis (Ithimakin et 

al., 2013; Slamon et al., 1987). Even after the application of erbB2-targeting therapies, 

improvement in the overall clinical outcome of erbB2high breast cancer is still limited, 

considering extension of only months of overall survival in metastatic cases, the low 

response rate to the agents, high secondary resistance, and some severe adverse effects 

(Hudis, 2007; Kute et al., 2004). Therefore, other than targeting erbB2, we need to 

develop novel strategies to treat erbB2high breast tumours. 

The concept of TICs enlightened us to focus on the subpopulation of erbB2high breast 

cancer cells that are responsible for the initiation, recurrence and metastasis of the 

disease. A major research interest of our group is the role of mitochondria in cancer 

biology, and the development of anti-cancer agents that exert their effect by activating 

the mitochondrial apoptosis pathways. Therefore in my PhD project, I focused on the 

mitochondria of erbB2high breast TICs and the treatment of these cells using MitoVES, 

a mitochondrially targeted anti-cancer agent designed by our research team.  

Accordingly, we set the first aim of this research at establishing a cell model to study 

erbB2high breast TICs. To achieve this, we used the sphere culture assay originally used 

in research into neural stem cells, and optimised the culture condition to suit the sphere 

culture of NeuTL cells, which is an established murine breast cancer cell line derived 
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from spontaneous erbB2high breast tumours in the FVB/N c-neu transgenic mouse 

model. After the NeuTL sphere culture was successfully and reproducibly established, 

we verified the stemness of the spheres using the in vitro and in vivo approaches. A 

typical expression pattern of multiple breast TIC markers, a quiescent cell cycle status 

of the cells, and an enhanced apoptosis resistance were documented in NeuTL spheres, 

demonstrating their TIC character. Using the syngeneic FVB/N c-neu mouse model, 

NeuTL spheres showed enhanced tumour-initiating/propagating efficacy, which 

further confirmed the TIC nature of the spheres. Thus we established the NeuTL sphere 

cell model for the following work, and accomplished the first aim of the project.  

The second aim of the study was to investigate the mitochondrial characteristics of 

erbB2high breast TICs, using the above mentioned NeuTL sphere model. The role of 

mitochondria in energy metabolism and apoptosis regulation is of considerable 

importance in the initiation and progression of cancer, including the metastatic disease. 

Accordingly, mitochondria have been emerging as an attractive target of anti-cancer 

therapies. However, although TICs have been attracting comprehensive attention in 

cancer research, understanding of the properties of mitochondria of TICs is still 

extremely inadequate. For these reasons, we believe that further investigation into the 

mitochondria of TICs will greatly contribute to current TIC research. 

In relation to this research aim, we investigated the mitochondria of breast TICs from 

a variety of viewpoints. Studies on the energetic metabolism features of NeuTL TICs 

revealed that these cells are in a relatively low energetic metabolism state, in terms of 

both OXPHOS and glycolysis, as assessed by assays of ATP generation, lactate 

production, and cellular respiration. However, these cells showed remarkably 

increased energy generation capacity and energy reserve in comparison with their 

differentiated counterparts. This was revealed by a series of results, such as the cells’ 
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increased uncoupled maximum respiratory capacity, high mitochondrial membrane 

potential, enhanced glucose uptake, and, with additional support, high expression and 

assembly, as well as increased activities, of their mitochondrial respiratory complexes 

and supercomplexes. 

Due to the lack of reports on mitochondria of TICs, we cannot conclude whether the 

high energetic reserve observed by us for NeuTL TICs is a general property across 

different types of TICs. However, it appears to be a very reasonable energetic 

metabolism strategy since these quiescent, slow proliferating TICs may keep a low 

energetic metabolism status most of the time, while, at the same time, they also need 

to be ‘ready’ for potential micro-environmental changes or states of cellular stress, 

where high energy supply is required for the ensuing differentiation, metastasis or 

toxin expulsion.  

Taken together, in connection with the second aim of my PhD project, the 

mitochondrial profile of NeuTL TICs was investigated, and unique mitochondrial 

properties were documented from several points of view, ranging from the energetic 

metabolism, and the formation and function of mitochondrial respiration complexes, 

to the mitochondrial DNA content and the mitochondria mass.  

Mitochondria of TICs require deeper study due to their pivotal role in the biological 

behaviour of TICs and their therapeutic target significance in anti-TIC treatment. We 

can predict that further investigations of the unique mitochondrial properties of TICs 

will produce remarkable results because this knowledge can facilitate the discovery 

and development of novel agents that can eliminate TICs by targeting their 

mitochondria.  

In this project, the investigation of mitochondria was conducted using a specific breast 

cancer cell line. In our future work, various erbB2high breast cancer cell lines, including 
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the transfected erbB2high-MCF7 cell line established by our research team, will be 

utilised to study the mitochondria of TICs of erbB2high breast tumours. We also plan to 

establish the use of patients’ tumour-derived xenografts, a recent trend to study biology 

of cancer and its therapy in a clinically related setting (Gao et al., 2015). 

Another research focus of our laboratory is the development of mitochondrially 

targeted anti-cancer agents. We have designed a group of mitochondrially targeted 

mitocans, some of which have shown plausible anti-cancer activity when tested on 

multiple cancer cell lines. Based on our understanding of the action mechanism of 

these agents, we speculated that some of them may have the potential to kill not only 

the bulk of the tumour, but also TICs.  

Consistent with the above, the third aim of this project was to investigate MitoVES, a 

mitochondrially targeted agent, recently designed and synthesised by our research 

group, for its efficacy and mechanism of killing NeuTL TICs. In connection with this 

aim, firstly, based on the NeuTL sphere model, we found that compared to the adherent 

cells, NeuTL TICs were more resistant to established, first line breast cancer 

therapeutic drugs, consistent with the notion of the general chemo-resistant nature of 

TICs. However, NeuTL TICs were efficiently killed by the mitocan MitoVES that 

accumulate in mitochondria on the basis of high ΔΨm,i due to the presence of the TPP+ 

group. MitoVES inhibited respiration of NeuTL TICs particularly via CII, its 

molecular target, causing generation of ROS that triggered the mitochondrial apoptotic 

pathway of these cells. MitoVES also inhibited the assembly of mitochondrial 

supercomplexes to some extent. We found that MitoVES very effectively suppressed 

the growth of tumours derived from both adherent and sphere cells, with similar 

efficacy in FVB/N c-neu mice.  
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Compared to commonly used immunodeficient mouse models, in this project we 

studied the anti-cancer effects of several agents using the syngeneic FVB/N c-neu mice 

with functional immune system, which is an important advantage of this in vivo model. 

We did not see a significantly higher tumour suppressing efficacy in sphere-initiated 

tumours, as we observed in vitro. Once grafted, TICs may differentiate within the 

tumour micro-environment into fast-proliferating tumour cells which form the bulk of 

the tumour. Since TICs form only a small portion of the total tumour mass, our current 

approaches will not resolve whether MitoVES kill TICs in vivo, although we would 

expect this based on the results with cultured cells. Notwithstanding this, additional 

experiments are needed, in which prolonged treatment, lower dosage, and higher 

tolerance dosage are to be investigated.  

The results from this project on NeuTL TICs, and the very recent reports on 

mitochondria of other TIC types, indicate that mitochondria have the potential to serve 

as a promising therapeutic target in the treatment of TICs. The research in this area is 

still at a very early stage. More research is required with focus on the mitochondria of 

TICs from different tumour types. The development of mitochondrially targeted anti-

TIC agents will be a promising research direction. Our research group has recently 

designed several novel mitochondrially targeted agents. Their efficacy on TICs, 

especially the TICs of erbB2high breast tumours, will be investigated, using multiple 

erbB2high breast cancer cell lines as well as erbB2high patient-derived xenografts.  
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Supplementary materials 

Primers used for qPCR analyses 

 

Gene Forward Reverse 

CD24 GCG GAC ATG GGC AGA GCG 

ATG 

GCG TGG GTA GGA GCA GTG 

CCA 

CD44 CGG AGC ACC TTG GCC ACC 

ATT 

TGC ACT CGT TGT GGG CTC 

CTG A 

ALDH1 TTG CGT CCA CTC TGA GGG 

CAA 

CAC GGG CCC GGT TCA CGA 

TG 

CD29 AAC TTG TTG GTC AGC AAC 

GC 

AGC CAA TCA GCG ATC CAC 

AA 

CD49f GCA CCT CGG GCA GAA GCA 

CT 

CCG CGA CTC CTG CTT CGT 

GTT 

CD61 ACG AGC CAG AGC CAA GTG 

GGA 

CCC ACG GTC CTG GCG TCA 

TC 

CD133 CCT CAA CGT GGT CCA GCC 

GAA 

GCA GCC CAC CAG AGG CAT 

GA 

EpCAM CTG GCG TCT AAA TGC TTG 

GC 

CCT GTT CGG TTC TTC GGA 

CTC  

mMito1 CTA GAA ACC CCG AAA CCA 

AA 

CCA GCT ATC ACC AAG CTC 

GT 

mB2M1 ATG GGA AGC CGA ACA TAC 

TG 

CAG TCT CAG TGG GGG TGA 

AT 

12S CTA GCC ACA CCC CCA CGG 

GA 

CGT ATG ACC GCG GTG GCT 

GG 

16S CGG CAA ACA AGA ACC CCG 

CC 

GTC AGG ATA CCG CGG CCG 

TT 

ND1 CAG CCG GCC CAT TCG CGT 

TA 

AGC GGA AGC GTG GAT AGG 

ATG C 

ND2 TCC TCC TGG CCA TCG TAC 

TCA ACT 

AGA AGT GGA ATG GGG CGA 

GGC 



Supplementary materials 

134 

SDHA GGA ACA CTC CAA AAA CAG 

ACC T 

CCA CCA CTG GGT ATT GAG 

TAG AA 

SDHB AAT TTG CCA TTT ACC GAT 

GGG A 

AGC ATC CAA CAC CAT AGG 

TCC 

SDHC GTT CTT GCT GAG ACA TGT 

CA 

AGT GAG TGG TAC ATG AGC 

SDHD TGG TCA GAC CCG CTT ATG 

TG 

GGT CCA GTG GAG AGA TGC 

AG 

CYTB ACA CGC AAA CGG AGC CTC 

AA 

TGC TGT GGC TAT GAC TGC 

GAA CA 

UQCRC2 AAA GTT GCC CCG AAG GTT 

AAA 

GAG CAT AGT TTT CCA GAG 

AAG CA 

CO1 CCA GTG CTA GCC GCA GGC 

AT 

TCT GGG TGC CCA AAG AAT 

CAG AAC A 

CO2 AGT TGA TAA CCG AGT CGT 

TCT GCC A 

TCG GCC TGG GAT GGC ATC 

AGT 

CO4 ATT GGC AAG AGA GCC ATT 

TCT AC 

CAC GCC GAT CAG CGT AAG T 

ATP6 GCT CAC TCG CCC ACT TCC 

TTC C 

GCC GGA CTG CTA ATG CCA 

TTG GTT 

ATP8 ATG CCA CAA CTA GAT ACA 

TCA ACA 

GGG GTA ATG AAT GAG GCA 

AA 

ATP5 GGT TCA TCC TGC CAG AGA 

CTA 

AAT CCC TCA TCG AAC TGG 

ACG 

GAPDH ACA GCC GCA TCT TCT TGT 

GCA GTG 

GGC CTT GAC TGT GCC GTT 

GAA TTT 
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