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Abstract 
 
Introduction: Cancer has one of the highest mortality rates in humans, second only 

to heart disease. In 2018 there was an estimated 9.6 million deaths due to cancer. 

Cancer survival rates vary according to malignancy type, however modern medicine 

has improved cancer survival rates globally. Despite recent advancements, certain 

hard to treat cancers such as brain, pancreatic and triple negative breast cancer still 

have a poor prognosis. Therapy resistance is one of the major contributing factors to 

the failure of cancer therapy, leading to relapse, metastasis, and mortality. Radio- and 

chemoresistance can occur for a variety of reasons.  One of the major contributing 

factors to therapy resistance is tumour heterogeneity, related to epigenetics, genomic 

instability, and therapy related mutagenesis. Thus, during treatment, cancer cells 

continue to evolve and mutate often to therapy resistant phenotypes. Over the course 

of the disease and its treatment, cancers therefore become more heterogeneous and 

are composed of pockets of tumour cells which are molecularly distinct from others 

and possess differential levels of sensitivity to therapies. As a result of this, many 

current cancer therapies have limited success and more optimal combination 

chemoradiotherapies are therefore required. 

 

Materials and methods; Triple negative breast cancer cells were cultured in 2D and 

3D models to investigate the efficacy of combination therapies designed from either 

chemotherapy or irradiation and a pre-approved fumaric acids dimethyl fumarate and 

monomethyl fumarate. Dimethyl fumarate and monomethyl fumarate have been 

shown to inhibit the NRF2 activation via the DJ-1 stabiliser which induces oxidative 

stress and promoted cancer cell death, dimethyl fumarate is currently used as a 

treatment for several autoimmune diseases. Triple negative breast cancer cells 

resistant to Radiation and Chemotherapy were developed in house by serial culture 

and used to investigate novel combination therapies to overcome resistance. 

Clonogenic Assays and Spheroid analysis was used to investigate toxicity and 

mechanistic studies such as Comet Assay, Cell Cycle analysis, Annexin V, 

Glutathione Assay and Autophagy Assay were carried out to understand the 

mechanisms underpinning observed effects. The chick embryo model, a promising 

method of in vivo analysis was also investigated for its potential as a model to be used 

in the development of novel therapies.  
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Results and Discussion; Specifically scheduled combination therapies using 

Chemotherapy and Radiation with monomethyl fumarate in toxicity studies, showed 

a statistically significantly reduction in cell survival when compared with the control 

and the individual treatments alone. Mechanistic studies suggest an increase in DNA 

damage, depletion in glutathione levels and cell cycle arrest between combination 

therapy, control, and single treatments. These findings in triple negative breast cancer 

cells were mirrored in the resistant cells, providing a possible combination therapy 

that can be used to overcome resistance in triple negative breast cancer patients.  

 

Conclusion: Our research focuses on utilising medicines already approved for other 

conditions and using them in combination with current therapies to improve the 

efficacy of the treatment and potentially reduce the amount of 

chemotherapy/radiotherapy required. The results found provide a promising potential 

treatment option for TNBC patients with recurring cancer. In addition, it was 

determined that the chick embryo model could be used as an  in vivo model to 

investigate novel therapies to treat cancer.  

 

 
  



 

 5 

COVID Impact Statement 

The laboratory work that was carried out as part of this thesis began in October 2019 

to March 2023, and as a result was impacted due to lockdown limitations during the 

COIVD-19 pandemic.  

Between the months of March 2020 to May 2021 there was severely reduced 

laboratory access with around 2.5-3 days per week because of the University social 

distancing measure there was a limited number of persons allowed in the laboratory 

space at the same time. 

Unfortunately, there was several experiments that were not completed. It was hoped 

that some murine in vivo experiments would be carried out to investigated potential 

treatments that were investigated during the project. I was however able to obtain my 

personal animal handling licence from the home office in December of 2019.  

Additionally, it was planned for a more extensive analysis of the chick embryo model 

would be completed using triple negative breast cancer cell lines to investigate 

potential therapies. Finally, it was hoped that a more detailed analysis of in-house 

developed resistant cells would be carried out. However, due to time constraints these 

investigations have been passed onto post doctorate members of the Boyd lab to 

analyse metabolomics of these developed cells. 

Additionally, there was many delays the delivery of in certain essential plastics and 

reagents in some cases 6 months post covid which was a very limiting factor when 

carrying out experimental work.  

 

  



 

 6 

Acknowledgements 
 

I would firstly like to thank my supervisor Dr Marie Boyd, for her help, guidance, and 

support over the last 4 years. Furthermore, I would like to thank Dr Annette Sorensen 

who has helped and supported me greatly over the course of my studies. If I had not 

met Marie and Annette, I would never had considered it a possibility that I could have 

taken on a PhD, I am incredibly grateful for the help, kindness, and belief that they 

have both given me over the past 5 years.  

 

I would like to thank every member of the Boyd lab, Samantha, Calum, Yasir, Olena, 

Rosh, Sara, Manal, and Reem, your help and friendship has been made my time as 

a PhD student truly special and I am grateful to be able to work with such an incredible 

team of people.  

 

I would also like to thank my friends and family for their continuous support and 

encouragement (Creamers, Lindies, Houstons, Jacksons, Friels and Gardiners). I am 

incredibly fortunate to have an amazing family that has always encouraged me, but I 

would like to give special thanks to my Aunt Margaret, Vicki, Aunt Lorna, and Erin.  

 

Finally, I would like to thank my Mum, Dad and brother Harry, your tireless and 

unwavering love is what has driven me to be the person I am today. They have raised 

me to believe that you can do anything you set your mind to and everything I have 

achieved is because of them. I would like to thank my boyfriend and best friend Elliott 

for everything, you have always believed in me and been there for me, I am incredibly 

lucky to have you.  

 

I was incredibly blessed to have two amazing grandmothers Ruby and Ellen who 

passed away before the completion of this effort and who I would like to dedicate this 

work to. The loved us all fiercely and the strength and wisdom they passed on will 

continue to influence the person I will become. I will always be grateful for having you 

all, words cannot express how much you all mean to me. 

  



 

 7 

Table of Contents 

Declaration .......................................................................................................... 2 

COVID Impact Statement ..................................................................................... 5 

Acknowledgements ............................................................................................. 6 

Table of Contents ................................................................................................. 7 

List of Figures .................................................................................................... 13 

List of Tables ...................................................................................................... 21 

List of abbreviations .......................................................................................... 23 

1.1 Cancer Incidence ..................................................................................... 26 

1.2 Tumour Heterogeneity ....................................................................................... 27 

1.3 Breast Cancer ..................................................................................................... 29 

1.4 BRCA .................................................................................................................. 31 

1.5 Emerging therapies for TNBC .............................................................................. 32 

1.6 Current therapies ............................................................................................... 34 
1.6.1 The effect of Radiotherapy on cells. .................................................................................. 34 
1.6.2 Mechanism of action of Doxorubicin ................................................................................. 38 
1.6.3 Therapy resistance in TNBC ............................................................................................... 39 

1.7 New approaches to the treatment of TNBC ......................................................... 41 
1.7.1 Glutathione ........................................................................................................................ 41 
1.7.2 Fumaric Acids ..................................................................................................................... 42 
1.7.3 Monomethyl Fumarate ...................................................................................................... 45 
1.7.4 Diroximel Fumarate (EMF) ................................................................................................. 46 

1.8 Drug Repurposing ............................................................................................... 46 

1.9 Spheroid tumour model ...................................................................................... 47 

1.10 Chick Embryo Model ......................................................................................... 49 

1.11 Aim .................................................................................................................. 49 
1.11.1 Project Impact.................................................................................................................. 51 

Chapter 2 ........................................................................................................... 52 

2.1.1 Introduction .............................................................................................. 53 

2.1.2 Radiotherapy ................................................................................................... 54 

2.1.3 Glutathione ..................................................................................................... 54 

2.2.1 Aims ................................................................................................................ 56 

2. 3 Materials and Methods ............................................................................... 57 

2.3.1 Cell Lines ......................................................................................................... 57 

2.3.2 Maintaining cells. ............................................................................................ 57 

2.3.3 Freezing of Cells ............................................................................................... 57 

2.3.4 Thawing Frozen Cells ....................................................................................... 58 



 

 8 

2.3.5 Cell Doubling Time ........................................................................................... 58 

2.3.6 Drug preparations ............................................................................................ 58 

2.3.7 Clonogenic Assay ............................................................................................. 59 

2.3.8 Glutathione Assay ............................................................................................ 60 

2.3.9 Cell Cycle analysis ............................................................................................ 60 

2.3.10 Apoptosis Detection ....................................................................................... 61 

2.3.11 Autophagy Detection ..................................................................................... 63 

2.3.12 Single cell gel electrophoresis (Comet assay) .................................................. 64 

2.3.13 Statistical Analysis ......................................................................................... 64 

2. 4 Treatment of MDA-MB-231 TNBC cells using Doxorubicin, Radiotherapy, Dimethyl 
Fumarate and Monomethyl Fumarate as single therapies. ........................................ 66 

2.4.1 Cytotoxicity of Doxorubicin on MDA-MB-231 cells ............................................ 67 

2.4.2 Cytotoxicity of Radiotherapy on MDA-MB-231 cells .......................................... 68 

2.4.3 Cytotoxicity of Dimethyl Fumarate on MDA-MB-231 cell................................... 69 

2.4.4 Cytotoxicity of Monomethyl Fumarate on MDA-MB-231 cells ........................... 70 

2.4.5 Cytotoxicity of Diroxomel Fumarate (EMF) on MDA-MB-231 cells ..................... 71 

2.4.6 Cytotoxic Effects of combination therapy using Doxorubicin and Dimethyl 
Fumarate or Monomethyl Fumarate on MDA-MB-231 cells. ...................................... 72 

2.4.7 Scheduling of Treatment administration ........................................................................... 73 

2.4.8 Combination Index analysis of Combination therapy using Doxorubicin and 
Monomethyl Fumarate on MDA-MB-231 cells........................................................... 80 

2.4.9 Cell cycle analysis of MDA-MB-231 cells after combination treatment with 
Doxorubicin and Monomethyl Fumarate .................................................................. 83 

2.4.10 Apoptosis/Necrosis quantification of MDA-MB-231 cells after combination 
treatment with Doxorubicin and Monomethyl Fumarate .......................................... 90 

2.4.11 Analysis of Glutathione levels in MDA-MB-231 cells after combination treatment 
with Doxorubicin and Monomethyl Fumarate ........................................................... 95 

2.4.12 Detection of Autophagic MDA-MB-231 cells after combination treatment with 
Doxorubicin and Monomethyl Fumarate .................................................................. 97 

2.4.13 Quantification of DNA damage and repair using single cell gel electrophoresis 
(Comet Assay), of MDA-MB-231 cells after combination treatment with Doxorubicin 
and Monomethyl Fumarate ...................................................................................... 99 

2.4.14 Comparison of DNA fragmentation at 0hr, 24hr and 48hr- Analysis of DNA repair
 ............................................................................................................................... 101 

2.4.15. Combination Index analysis of Combination therapy using Radiotherapy and 
Monomethyl Fumarate on MDA-MB-231 cells.......................................................... 104 

2.4.16 Cell cycle analysis of MDA-MB-231 cells after combination treatment with 
Radiotherapy and Monomethyl Fumarate ............................................................... 105 



 

 9 

2.4.17 Apoptosis/Necrosis quantification of MDA-MB-231 cells after combination 
treatment with Radiotherapy and Monomethyl Fumarate ....................................... 112 

2.4.18 Analysis of Glutathione levels in MDA-MB-231 cells after combination treatment 
with Radiotherapy and Monomethyl Fumarate ........................................................ 115 

2.4.19 Detection of Autophagic MDA-MB-231 cells after combination treatment with 
Radiotherapy and Monomethyl Fumarate ............................................................... 117 

2.4.20 Quantification of DMA damage and repair using Comet Assay, of MDA-MB-231 
cells after combination treatment with Radiotherapy and Monomethyl Fumarate.... 118 

2.4.21 Comparison of DNA fragmentation at 0hr, 24hr and 48hr- Analysis of DNA repair
 ............................................................................................................................... 118 

2.5 Discussion ......................................................................................................... 121 
Doxorubicin............................................................................................................................... 121 
Radiation ................................................................................................................................... 121 
Dimethyl Fumarate (DMF) ........................................................................................................ 122 
Monomethyl Fumarate (MMF) ................................................................................................. 122 
Diroximel Fumarate (EMF) ........................................................................................................ 123 
Combination of Fumaric Acids and doxorubicin treatment on MDA-MB-231 cells ................. 123 
Combination Index ................................................................................................................... 125 
Cell Cycle analysis ..................................................................................................................... 125 
Annexin V .................................................................................................................................. 126 

Glutathione............................................................................................................. 126 
Autophagy ................................................................................................................................ 127 
Comet Assay ............................................................................................................................. 127 

Radiation + MMF combinations ............................................................................... 128 
Combination Index Analysis ...................................................................................................... 128 
Cell Cycle Analysis ..................................................................................................................... 128 
Annexin V .................................................................................................................................. 129 
Glutathione ............................................................................................................................... 130 
Autophagy ................................................................................................................................ 130 
Comet Assay ............................................................................................................................. 130 
Summary ................................................................................................................................... 131 

Chapter 3 .......................................................................................................... 132 

3.1 Introduction ................................................................................................ 133 

3.2 Aims ........................................................................................................... 134 

3.3.1 Spheroids ....................................................................................................... 135 

Results:............................................................................................................. 136 

3.4. Single treatment of TNBC MTS using Doxorubicin, Radiotherapy, Dimethyl 
Fumarate or Monomethyl Fumarate ................................................................. 136 

3.4.1. Effect of Doxorubicin on growth of MDA-MB-231 spheroids ........................... 136 

3.4.2 Effect of Radiotherapy on growth of MDA-MB-231 spheroids .......................... 137 

3.4.3 Effect of Dimethyl Fumarate on growth of MDA-MB-231 spheroids.................. 139 

3.4.4 Effect of Monomethyl Fumarate on growth MDA-MB-231 spheroids. ............... 140 



 

 10 

3.4.5 Effect of Doxorubicin given in combination with Dimethyl Fumarate on growth of 
MDA-MB-231 spheroids. ......................................................................................... 142 

- Scheduling of Treatment administration ........................................................................ 142 

3.4.6 Effect of Doxorubicin given in combination with Monomethyl Fumarate on MDA-
MB-231 spheroids. .................................................................................................. 149 

3.4.7 Effects of Radiotherapy given in combination with Dimethyl Fumarate on MDA-
MB-231 spheroids ................................................................................................... 156 

3.4.8 Effects of Radiotherapy given in combination with Monomethyl Fumarate on 
MDA-MB-231 spheroids .......................................................................................... 162 

3.5 Discussion ................................................................................................... 167 

Doxorubicin ............................................................................................................ 167 

Radiation ................................................................................................................ 167 

Dimethyl Fumarate ................................................................................................. 168 

Monomethyl Fumarate ........................................................................................... 169 

Cytotoxic effects of combination therapy using Doxorubicin with Fumaric Acids on 
MDA-MB-231 spheroids. ......................................................................................... 169 

Cytotoxic effects of combination therapy using Radiation with Fumaric Acids on MDA-
MB-231 spheroids. .................................................................................................. 171 

Chapter 4 .......................................................................................................... 174 

4.1 Introduction ................................................................................................ 175 

4.2 Aims ........................................................................................................... 176 

4.3 Materials and methods ............................................................................... 177 

4.3.1 Development of resistant cells ........................................................................ 177 

4.4 Results. ....................................................................................................... 178 

4.4.1 Cytotoxicity of Combination therapy using Doxorubicin and Dimethyl Fumarate 
on Doxorubicin Resistant cells ................................................................................. 178 

- 2D cell culture ......................................................................................................................... 178 

4.4.2 Assessment of combination of Doxorubicin and MMF In 3D spheroid models of 
therapy resistant cells ............................................................................................. 182 

4.4.3 Combination Index analysis of Combination therapy Doxorubicin and 
Monomethyl Fumarate on Doxorubicin Resistant cells ............................................. 185 

4.4.4 Cell cycle analysis of D3 cells after combination treatment with Doxorubicin and 
Monomethyl Fumarate ........................................................................................... 187 

4.4.5 Apoptosis/Necrosis quantification of Doxorubicin Resistant MDA-MB-231 cells 
after combination treatment with Doxorubicin and Monomethyl Fumarate ............. 194 

4.4.6 Analysis of Glutathione levels in Doxorubicin resistant MDA-MB-231 cells after 
combination treatment with Doxorubicin and Monomethyl Fumarate ..................... 197 

4.4.7 Detection of Autophagic Doxorubicin resistant cells after combination treatment 
with Doxorubicin and Monomethyl Fumarate .......................................................... 200 



 

 11 

4.4.8 Quantification of DNA damage and repair using Comet Assay, of Doxorubicin 
resistant cells after combination treatment with Doxorubicin and Monomethyl 
Fumarate ................................................................................................................ 201 

- Comparison of DMA fragmentation at 0hr, 24hr and 48hr – Analysis of DNA repair 201 

4.4.9 Cytotoxicity of Combination therapy Radiotherapy and Dimethyl Fumarate on 
Radiotherapy resistant cells .................................................................................... 204 

- 2D Cell Culture ........................................................................................................................ 204 
4.4.10 Assessment of combination of Radiation and MMF In 3D spheroid models of therapy 
resistant cells ............................................................................................................................ 209 

4.4.11 Combination Index analysis of Combination therapy Radiotherapy and Dimethyl 
Fumarate on Radiotherapy Resistant cells ............................................................... 212 

4.4.12 Cell cycle analysis of R3 cells after combination treatment with Radiation and 
Monomethyl Fumarate ........................................................................................... 213 

4.4.13 Apoptosis/Necrosis quantification of Radiotherapy Resistant MDA-MB-231 cells 
after combination treatment with Radiotherapy and Monomethyl Fumarate ........... 219 

4.4.14 Analysis of Glutathione levels Radiotherapy resistant MDA-MB-231 cells after 
combination treatment with Radiotherapy and Monomethyl Fumarate ................... 222 

4.4.15 Detection of Autophagic Radiation resistant cells after combination treatment 
with Radiation and Monomethyl Fumarate .............................................................. 225 

4.4.16 Quantification of DNA damage and repair using Comet Assay, of MDA-MB-231 
cells after combination treatment with Radiation and Monomethyl Fumarate ......... 226 

- Comparison of DNA fragmentation at 0hr, 24hr and 48hr – Analysis of DNA repair . 226 

4.4.17 Cytotoxicity of Combination therapy Doxorubicin, Radiation and Monomethyl 
Fumarate on Doxorubicin + Radiotherapy Resistant cells ......................................... 228 

-  2D Cell Culture ....................................................................................................................... 228 

4.4.18 Assessment of combination of Radiation or Doxorubicin and MMF In 3D 
spheroid models of therapy resistant cells. .............................................................. 232 

4.4.19 Combination Index analysis of Combination therapy Doxorubicin, Radiation and 
Monomethyl Fumarate on Doxorubicin + Radiotherapy Resistant cells ..................... 236 

4.4.20 Cell cycle analysis of R3D3 cells after combination treatment with Doxorubicin, 
Radiation and Monomethyl Fumarate ..................................................................... 237 

4.4.21 Apoptosis/Necrosis quantification of Doxorubicin + Radiotherapy Resistant 
MDA-MB-231 cells after combination treatment with Doxorubicin, Radiation and 
Monomethyl Fumarate ........................................................................................... 246 

4.4.22 Analysis of Glutathione levels Doxorubicin + Radiotherapy resistant MDA-MB-
231 cells after combination treatment with Doxorubicin, Radiation, and monomethyl 
Fumarate ................................................................................................................ 250 

4.4.23 Detection of Autophagic Radiation + Doxorubicin resistant cells after 
combination treatment with Doxorubicin, Radiation and Monomethyl Fumarate ..... 254 

4.4.24 Quantification of DNA damage and repair using Comet Assay, of MDA-MB-231 
cells after combination treatment with Doxorubicin, Radiation and Monomethyl 
Fumarate ................................................................................................................ 256 



 

 12 

- Comparison of DNA fragmentation of D-SCH3 combination at 0hr, 24hr and 48hr – 
Analysis of DNA repair ............................................................................................. 256 

4.4.25 Comparison of DNA fragmentation of D-SCH3 combination at 0hr, 24hr and 48hr 
– Analysis of DNA repair .......................................................................................... 258 

4.5 Discussion ................................................................................................... 261 

4.5.1 Doxorubicin resistant cells .............................................................................. 261 

4.5.2 Radiation resistant cells .................................................................................. 264 

4.5.3 Radiation and Doxorubicin resistant cells ........................................................ 265 

Chapter 5 .......................................................................................................... 269 

5.1 Introduction ................................................................................................ 270 

5.1.2 Chick Embryo Model (CEM) ............................................................................. 271 

5.2 Aims ........................................................................................................... 272 

5.3 Materials and methods ............................................................................... 273 

5.3.1 White Leghorn eggs ........................................................................................ 273 

5.3.2 Chick Embryo Model ....................................................................................... 273 

5.3.3 Extraction of tumour from CEM ....................................................................... 274 

5.3.4 Treatments ..................................................................................................... 274 

5.4 Results ........................................................................................................ 275 

5.4.1 Set up of the CEF facility .................................................................................. 275 

5.4.1 Initial development of the embryo model ....................................................... 275 

5.4.2 Development of Chick embryo tumour model ................................................. 277 

5.4.3 Development of Embryo Protocol ................................................................... 281 

5.4.4 Optimised Embryo Tumour Protocol ............................................................... 283 

5.5 Discussion ................................................................................................... 285 

Chapter 6 .......................................................................................................... 286 

Appendix .......................................................................................................... 292 

References ........................................................................................................ 307 

 
 

 

  



 

 13 

List of Figures  
 

Chapter 1 
 
Figure 1. 1 The incidents of breast cancer and their subtypes. ...............................29 

Figure 1. 2 DNA damage induced by ionizing radiation. .........................................37 

Figure 1. 3 Mechanisms underlying TNBC therapeutic resistance. ........................40 

Figure 1. 4 Proposed mechanism of DMF-induced cell death in malignant and non-

tumorigenic cells. ....................................................................................................42 

Figure 1. 5 Proposed mechanism of DMF-induced cancer cell death. ....................43 

Figure 1. 6 Structures of fumaric acid esters and possible ways of hydrolysis in vivo.

 ...............................................................................................................................45 

Figure 1. 7 Image of a spheroid tumor model. Detailing cells in different states, 

proliferating, quiescent and hypoxic as concentration gradient of oxygen decreases 

moving into the centre of the spheroid. Take from (Introduction to 3D Cell Culture, 

2021). .....................................................................................................................48 

 
Chapter 2 
 
Figure 2. 1 The two states in which glutathione exists. ...........................................55 

Figure 2. 2 The direct and indirect effects of targeting Glutathione. ........................56 

Figure 2. 3  The impact of increasing doses of Doxorubicin ( M) on the clonogenic 

capacity of MDA-MB-23 cells. .................................................................................67 

Figure 2. 4 The impact of increasing doses of radiation (Gy) on the clonogenic 

capacity of MDA-MB-231 cells. ...............................................................................68 

Figure 2. 5 The impact of increasing doses of dimethyl fumarate on the clonogenic 

capacity of MDA-MB-23 cells. .................................................................................69 

Figure 2. 6 The impact of increasing doses of monomethyl fumarate on the 

clonogenic capacity of MDA-MB-231 cells. .............................................................70 



 

 14 

Figure 2. 7 The impact of increasing doses of Diroxomel Fumarate (EMF) on the 

clonogenic capacity of MDA-MB-231 cells. .............................................................71 

Figure 2. 8 This is a comparison between the survival fraction of DOX, DMF and the 

combination of three schedules of administration on MDA-MB-231 cells. ...............74 

Figure 2. 9 This is a comparison between the survival fraction of DOX, MMF and the 

combination of three schedules of administration on MDA-MB-231 cells. ...............76 

Figure 2. 10 This is a comparison between the survival fraction of RAD, DMF and the 

combination of three schedules of administration on MDA-MB-231 cells. ...............78 

Figure 2. 11 This is a comparison between the survival fraction of RAD, MMF and the 

combination of three schedules of administration on MDA-MB-231 cells. ...............79 

Figure 2. 12 CA (A) Combination Index (CI) after MDA-MB-2312 cells are incubated 

with DOX and MMF in the 3 treatments Schedules. ................................................82 

Figure 2. 13 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells 0hrs post treatment removal. ........................................85 

Figure 2. 14 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents. 24 hrs post treatment 

removal. ..................................................................................................................87 

Figure 2. 15 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents, 48 hrs post treatment 

removal. ..................................................................................................................89 

Figure 2. 16 The effect of DOX 0.02 M, MMF 2 M and SCH3 M1st 2 M +D 0.02 

M on the different phases of apoptosis in MDA-MB-231 cells are shown. ............92 

Figure 2. 17 The effect of single therapies of DOX (0.02 M) and MMF (2 M), and 

combination therapy SCH3 MMF (2 M) 1st + DOX (0.02 M) 24 hours later, on 

MDA-MB-231 cells. .................................................................................................96 



 

 15 

Figure 2. 18 The effect of; DOX alone 0.02 M, MMF alone 2 M or Schedule 3 

combination MMF1st 2 M+ Dox 0.02 M 24 hours later, on Green Detection 

Reagent. .................................................................................................................98 

Figure 2. 19 Indicative images of single cells subject to the comet assay............. 100 

Figure 2. 20 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median tail moment. .............................................. 102 

Figure 2. 21 (A)Combination Index (CI) after MDA-MB-2312 cells are incubated with 

RAD and MMF in the 3 treatments Schedules. ..................................................... 104 

Figure 2. 22 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents in the figure legend, 0hr 

post treatment removal. ........................................................................................ 106 

Figure 2. 23 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents in the figure legend, 24 hr 

post treatment removal. ........................................................................................ 108 

Figure 2. 24 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents in the figure legend, 48 hr 

post treatment removal. ........................................................................................ 110 

Figure 2. 25 The effect of RAD 2Gy, MMF 2 M and SCH3 M1st 2 M +R 2 Gy on 

the different phases of apoptosis in MDA-MB-231 cells are shown. ...................... 113 

Figure 2. 26 The affect single therapies RAD 2Gy and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + RAD 2 Gy 24 hours later. .................................... 115 

Figure 2. 27 The effect of; RAD alone 2 Gy, MMF alone 2 M or Schedule 3 

combination MMF1st 2 M+ Rad 2 Gy 24 hours later, on Green Detection Reagent.

 ............................................................................................................................. 117 

Figure 2. 28 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. ................................................................. 119 

 



 

 16 

Chapter 3 
 
Figure 3.  1 The effect of administration of DOX at varying concentrations on the 

growth of MDA-MB-231 spheroids. ....................................................................... 136 

Figure 3.  2 The effect of administration of radiation at varying Gy on the growth of 

MDA-MB-231 spheroids. ....................................................................................... 138 

Figure 3.  3 The effect of DMF at varying concentrations on the growth of MDA-MB-

231 spheroids. ...................................................................................................... 139 

Figure 3.  4 The effect of MMF at varying concentrations on the growth of MDA-MB-

231 spheroids. ...................................................................................................... 141 

Figure 3.  5 The effect of DOX and DMF simultaneous schedule 1 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 143 

Figure 3.  6 The effect of DOX 1st and DMF schedule 2 combinations on the growth 

of MDA-MB-231 spheroids. ................................................................................... 145 

Figure 3.  7 The effect of DOX and DMF 1st, schedule 3 combinations on the growth 

of MDA-MB-231 spheroids. ................................................................................... 147 

Figure 3.  8 The effect of DOX and MMF simultaneous schedule 1combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 150 

Figure 3.  9 The effect of DOX and MMF simultaneous schedule 2 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 152 

Figure 3.  10 The effect of DOX and MMF simultaneous schedule 3 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 154 

Figure 3.  11 The effect of RAD and DMF simultaneous schedule 1 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 157 

Figure 3.  12 The effect of RAD and DMF simultaneous schedule 2 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 159 

Figure 3.  13 The effect of RAD and DMF simultaneous schedule 3 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 161 



 

 17 

Figure 3.  14 The effect of RAD and MMF simultaneous schedule 1 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 163 

Figure 3.  15 The effect of RAD and MMF simultaneous schedule 2 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 165 

Figure 3.  16 The effect of RAD and MMF simultaneous schedule 3 combinations on 

the growth of MDA-MB-231 spheroids. ................................................................. 166 

Chapter 4 
 
Figure 4. 1 Resistance test for doxorubicin exposed cells. ................................... 178 

Figure 4. 2 D3 cells investigated using varying concentrations of doxorubicin. ..... 179 

Figure 4. 3 Clonogenic survival of D3 cells treated with MMF (2M) scheduled 

combinations with doxorubicin 0.2 M on D3 cells. ............................................... 181 

Figure 4. 4 The effect of DOX and MMF simultaneous schedule 1,2 and 3 

combinations on the growth of D3 spheroids. ....................................................... 183 

Figure 4. 5  (A) Combination Index (CI) after D3 cells are incubated with DOX and 

MMF in the 3 treatments Schedules...................................................................... 186 

Figure 4. 6 Shows the cell cycle distribution of untreated D3 cells and treated D3 cells 

0hrs post treatment removal, with M+D SCH3, 0hr post treatment removal. ......... 188 

Figure 4. 7 Shows the cell cycle distribution of untreated D3 cells and treated D3 cells 

with M+D SCH3, 24 hrs post treatment removal. .................................................. 190 

Figure 4. 8 Shows the cell cycle distribution of untreated D3 cells and treated D3 

cells, M+D SCH3, 48 hrs post treatment removal. ................................................ 192 

Figure 4. 9 The effect of DOX 0.2 M, MMF 2 M and SCH3 M1st 2 M + D 0.2 M 

on the different phases of apoptosis in D3 cells are shown. .................................. 195 

Figure 4. 10 The effect single therapies DOX 0.2 M and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + DOX 0.2 M 24 hours later. ................................ 198 



 

 18 

Figure 4. 11 The effect of; DOX alone 0.02M, MMF alone 2M or Schedule 3 

combination MMF1st 2M+ Dox 0.2M 24 hours later, on Green Detection Reagent.

 ............................................................................................................................. 200 

Figure 4. 12 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. ................................................................. 202 

Figure 4. 13  Results of clonogenic assay on resistance test for radiation exposed 

cells. ..................................................................................................................... 204 

Figure 4. 14 A comparison between the survival fraction of RAD 2 Gy, DMF 100 M 

and the combination of three schedules of administration on R3 cells. ................. 206 

Figure 4. 15 This is a comparison between the survival fraction of RAD 2 Gy, MMF 2 

M and the combination of three schedules of administration on R3 cells. ........... 208 

Figure 4. 16 The effect of RAD and MMF in schedule 1,2 and 3 combinations on the 

growth of D3 spheroids. ........................................................................................ 210 

Figure 4. 17  (A) Combination Index (CI) after R3 cells are incubated with RAD and 

MMF in the 3 treatments Schedules...................................................................... 212 

Figure 4. 18 The cell cycle distribution of untreated R3 cells and treated R3 cells, 

M+R SCH3,  0 hrs post treatment removal. .......................................................... 214 

Figure 4. 19 The cell cycle distribution of untreated R3 cells and treated R3 cells, 

M+R SCH3,  24 hrs post treatment removal. ........................................................ 216 

Figure 4. 20 The cell cycle distribution of untreated R3 cells and treated R3 cells, 

M+R SCH3, 48 hrs post treatment removal. ......................................................... 218 

Figure 4. 21 The effect of RAD 2 Gy, MMF 2 M and SCH3 M1st 2 M +R 2 Gy on 

the different phases of apoptosis in R3 cells are shown. ....................................... 220 

Figure 4. 22 The effect single therapies RAD 2 Gy and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + RAD 2 Gy 24 hours later. .................................... 223 



 

 19 

Figure 4. 23 The effect of; RAD alone 2Gy, MMF alone 2M or Schedule 3 

combination MMF1st 2M+ Rad 2Gy 24 hours later, on Green Detection Reagent.

 ............................................................................................................................. 225 

Figure 4. 24 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. ................................................................. 227 

Figure 4. 25 Analysis of clonogenic survival in R3D3 resistant cell lines following 

exposure to radiotherapy + doxorubicin. MDA-MB-231 cells that had undergone 3 

rounds of radiation + doxorubicin exposure, cells were tested for toxicity using 

clonogenic assays. Radiation 1Gy, 1Gy and 3Gy and doxorubicin concentrations 0.5 

M, 1 M and 1.5 M. Results are displayed as an average of 3 independent 

experiments carried out in triplicate, and graphed using GraphPad Prism Version 

9.2.1 ..................................................................................................................... 229 

Figure 4. 26 A comparison between the survival fraction of R3D3 cells treated with 

RAD 2 Gy, DOX 0.2 M, MMF 2 M and the combination of three schedules of: Rad 

2 Gy +MMF 2 M and Dox 0.2 M + MMF 2 M administration on R3D3 cells. .... 231 

Figure 4. 27 The effect of RAD + MMF and DOX + MMF in schedule 1,2 and 3 

combinations on the growth of D3 spheroids. ....................................................... 234 

Figure 4. 28 (A) Combination Index (CI) after R3D3 cells are incubated with DOX + 

MMF or RAD + MMF in the 3 treatments Schedules. ............................................ 236 

Figure 4. 29 The cell cycle distribution of untreated R3D3 cells and treated R3D3 

cells, M+D and M+R SCH3, 0hr post treatment removal. ...................................... 238 

Figure 4. 30 Shows the cell cycle distribution of untreated R3D3 cells and treated 

R3D3 cells, M+D and M+R SCH3, 24hr post treatment removal. .......................... 241 

Figure 4. 31 The cell cycle distribution of untreated R3D3 cells and treated R3D3 

cells, M+D and M+R SCH3, 48hr post treatment removal. .................................... 244 



 

 20 

Figure 4. 32 The effect of DOX 0.2 M, RAD 2 Gy, MMF 2 M, DOX SCH3 and RAD 

SCH3 on the different phases of apoptosis in R3D3 cells are shown. ................... 247 

Figure 4. 33 The affect single therapies DOX 0.2 M and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + DOX 0.2 M 24 hours later. ................................ 251 

Figure 4. 34 The affect single therapies RAD 2 Gy and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + RAD 2 Gy 24 hours later. .................................... 253 

Figure 4. 35 The effect of; RAD alone 2 Gy, MMF alone 2 M or Schedule 3 

combinations of reagents on the induction of autophagy. ...................................... 254 

Figure 4. 36 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. ................................................................. 257 

Figure 4. 37 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. ................................................................. 259 

Chapter 5 
 
Figure 5. 1 Issues faced when setting up CEF facility. ......................................... 275 

Figure 5. 2 A visual timeline of the CEM from embryonic day one to day 14. ....... 277 

Figure 5. 3 Survival of CEMs post radiations treatment. ....................................... 278 

Figure 5. 4 Survival of CEMs post MMF treatment. .............................................. 279 

Figure 5. 5 Survival of CEMs post Gemcitabine treatment. .................................. 280 

Figure 5. 6 Survival of CEMs post Doxorubicin treatment. ................................... 281 

Figure 5. 7 The process of 2D culture cells trypsinised and spun into pellets before 

injecting onto the CAM membrane of the chick embryo model. Created using 

Biorender. ............................................................................................................. 283 

Figure 5. 8 The process of cell uptake to the chorioallantoic membrane, allowing the 

development of hypoxic core, drug delivery system and provides the tumor with a 

direct blood supply. Created using Biorender. ....................................................... 284 

Figure 5. 9 Images of eggs on Day 14 of CEM with MDA-MB-231 cells. .............. 284 



 

 21 

List of Tables 
 
Chapter 1 
 

Table 1. 1 Molecular classification of breast cancers. ................................. 30 

 
No table of figures entries found. 
Chapter 6 

Table 6. 1 Comparison of key findings in the project between MDA-231, D3, 

R3 and R3D3 cells. .................................................................................... 287 

Appendix 

Appendix  1. Statistical analysis of Figure 2.6 D. ...................................... 292 

Appendix  2. Statistical analysis results of Figure 2.20 ............................. 293 

Appendix  3. Statistical Analysis of Figure 2.25. ....................................... 294 

Appendix  4. Statistical analysis of Figure 2.27. ....................................... 295 

Appendix  5. Statistical analysis of Figure 4.9. ......................................... 296 

Appendix  6. Statistical analysis of Figure 4,13. ....................................... 297 

Appendix  7. Statistical analysis of Figure 4.22. ....................................... 298 

Appendix  8. Statistical analysis of Figure 4.26. ....................................... 299 

Appendix  9. Statistical analysis of Figure 4.34. ....................................... 301 

Appendix  10.  Statistical analysis of Figure 4.36. .................................... 302 

Appendix  11. Statistical analysis of Figure 4.37. ..................................... 303 

Appendix  12. MDA-MB-231 cell clonogenic assay investigating the survival 

fraction of cells treated with 0.5 Gy, 1 Gy,2 Gy radiation, 2 mM MMF and SCH1 

combination using each Gy radiation and 2 mM MMF. .............................. 304 

Appendix  13. MDA-MB-231 cell clonogenic assay investigating the survival 

fraction of cells treated with 0.5 Gy, 1 Gy,2 Gy radiation, 2 M MMF and SCH2 

combination using each Gy radiation and 2 M MMF. ............................... 305 



 

 22 

Appendix  14. MDA-MB-231 cell clonogenic assay investigating the survival 

fraction of cells treated with 0.5 Gy, 1 Gy,2 Gy radiation, 2 mM MMF and SCH3 

combination using each Gy radiation and 2 mM MMF. .............................. 306 

  



 

 23 

List of abbreviations  
 

 
AR – Androgen receptor 

BC – Breast cancer 

BRCA - BReast CAncer gene 

CAM - Chorioallantoic Membrane  

CEF – Chick embryo facility 

CEM – Cheick embryo model 

DMF - Dimethyl Fumarate 

DMSO - Dimethyl sulfoxide 

DNA – Deoxyribose nucleic acid 

DSB – Double strand breaks 

DOX - Doxorubicin 

DJ-1 - Protein deglycase 

EGFR – Endothelial growth factor receptor 

EMF - Diroximel Fumarate 

ER – Estrogen receptor. 

FACS - Fluorescence-activated cell sorting  

FDA – Food and drugs administration 

Gy – Gray (radiation unit) 

HER2 - human epidermal growth factor receptor 2 

HIF – Hypoxia inducing factor. 

HR – Homologous recombination 

IHC - Immunohistochemistry 

KRAS - Kirsten rat sarcoma viral oncogene homolog 

MMF - Monomethyl Fumarate 

MS – Multiple Sclerosis 

MTS – Multicellular tumour spheroids 

Nrf2 - Nuclear factor erythroid 2–related factor 2 

OS – Oxidative stress 

PARP - Poly-ADP ribose polymerase 

PBS – Phosphate buffered saline. 

PR – Progesterone receptor 

ROS – Reactive oxygen species 

SD – Standard Deviation 



 

 24 

SSB – Single strand breaks 

TNBC – Triple negative breast cancer 

UK – United Kingdom 

WHO – World health organisation 

μM - Micromolar  

 

  



 

 25 

 

 

 

Chapter 1  

 

Introduction  

 

  



 

 26 

1.1 Cancer Incidence 

 

Cancer is the collective term for an extensive group of diseases, characterised by the 

uncontrollable growth and division of abnormal cells. These cells are not restricted by 

conventional growth control mechanisms present in non-cancerous cells and these 

cancerous cells can invade into surrounding tissues and spread to other organs, in 

the process known as metastasis (Fidler et al., 2011). Cancer occurs due to the 

accumulation of a variety of molecular mutations, each cancer is unique. Therefore, 

each case of cancer ideally requires a specific treatment regime tailored to the 

molecular make-up of the cells which make up the tumour (Yan and Liu., 2013).  

 

Cancer is a prolific disease as is demonstrated by the fact that cancer deaths totalled 

almost 10 million worldwide in 2021 (World Health Organisation, Cancer, 2021). 

Unfortunately, even when a patient survives their initial cancer diagnosis, the 

treatment can leave the patient with significant disabilities and suffering from multiple 

morbidities such as secondary cancers, nerve damage, dental problems, lung disease 

and infertility (Mayo Clinic, Cancer Symptoms, 2021). Early diagnosis, screening and 

personalised treatment are urgently required to improve survival for complex cancers 

and reduce treatment related toxicities that can hamper survivors’ quality of life. 

Treatment is dependent on each individual and may include surgery, chemotherapy 

or molecule therapies and/ or radiotherapy. The patient’s individual treatment varies 

depending on the specific type of cancer and molecular make-up, stage of the disease 

and recourses available to the patient (Lambin et al., 2012). Important treatment 

decisions can be based on cancer pathology, imaging, blood biomarkers and 

genomics and proteomics and the general state of health of the patient. All these 

factors greatly influence the outcome of a patient’s cancer diagnosis. The more 

detailed information gathered, the more likely it is that the make-up of a patient’s 

tumour is understood, and specific aspects of their tumour targeted.   

 

In recent years personalised medicine has been at the forefront of research and 

development. There are however several challenges emerging such as the cost of 

personalised therapies and extensiveness of tests required (Hughes et al., 2018). 

There has also been an increase in patients experiencing acquired resistance to 

personalised therapies such as those targeting specific molecular pathologies such 

as the KRAS G12C mutation (Blaquier et al., 2021). This mutation activates an 
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alternative RAS dependant pathway and ultimately the patient develops resistance to 

this therapy (Indini et al., 2021). An ideal treatment would be one which covers 

multiple molecular pathologies as this opens a larger cancer market.  

 

1.2 Tumour Heterogeneity 

 

Cancer remains one of the highest causes of death worldwide and one reason that 

cancer is so difficult to treat is inter and intra-tumour heterogeneity (different cellular 

mutations within the same tumour) (Ramón et al., 2020). Tumour heterogeneity 

results in the need to target multiple regions with different molecular and cellular 

characteristics within the tumour. Different cells within a tumour and between tumours 

contain varying mutations, there is therefore a need to gain a greater understanding 

of the entire tumour molecular makeup when deciding treatment options (Fisher et al., 

2013) and this is particularly true in relation to the application of personalised cancer 

therapy. The identification of multiple biomarkers which identify molecular targets and 

enable design of personalised combination anti-cancer therapies could revolutionise 

cancer treatment.  

 

Additionally, the confirmation that biopsies are cancerous is also dependent on the 

clinician’s visual interpretation of the sample which can be inconsistent due to 

subjectivity and opinion (Hopkinsmedicine.org, 2019). The diagnostic capabilities of 

tumour biopsies and immunohistochemistry (IHC) have been scrutinised in recent 

years since a single biopsy does not consider the heterogeneity of a tumour (Sala et 

al., 2017). Tumours are heterogenous and as cancer grows the heterogeneity of the 

tumour becomes greater as the tumour cells acquire subsequent mutations and 

evolve. This exacerbates drug resistance leading to treatment failure and multiple 

sampling of a tumour has not been widely adopted due to the risks of multiple invasive 

procedures (Lee et al., 2017; Dagogo-Jack and Shaw., 2017). 

 

It has been demonstrated that the genetic heterogeneity of a tumour is reflected by 

the level of histopathologic diversity i.e., the degree of proliferation and inflammation 

(Hanahan and Weinburg., 2012). There is therefore a growing need to identify 

malignant sub clonal cells and their drivers, as therapies have traditionally focused on 

the dominant clonal mutations (Truke et al., 2010). This transformational 

understanding of tumour genetic classification has revolutionised cancer treatment to 
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have a more personalised medical approach, by understanding each individual 

patient’s tumour heterogeneity (Curtis et al., 2012).  

 

There are treatments that are efficacious regardless of tumour heterogeneity such as 

radiotherapy (Moding et al., 2013). Combination therapy has also been a strategy 

used to overcome tumour heterogeneity, such as surgery before or after 

chemotherapy or radiotherapy before chemotherapy etc. (Malhotra et al., 2003). 

Additionally, chemotherapy in combination with immunotherapy treatments have 

shown promising clinical results (Schmid et al., 2018). One example is the use of 

Atezolizumab and Nab-Paclitaxel to treat triple negative breast cancer (TNBC) in a 

phase III trial, involving patients with metastatic TNBC an improvement in progression 

free survival was observed (Schmid et al., 2018). 

 

Clinical application of combination therapies is an area of research that has been 

greatly developed in the last 60 years since its initial proposal in 1965 for the treatment 

of leukaemia (Frei et al., 1965). Combination therapies have been investigated in 

research for many reasons, including the added benefit of have the potential to create 

synergistic effects. Meaning therapies given in a designed combination exhibit more 

effective outcomes than if each individual therapy was given alone. They have the 

capacity to treat different heterogeneous populations within a tumour, as different 

therapies within a combination schedule may be specific to different cellular or 

molecular targets (Bukowska et al., 2015). There have however been challenges 

when developing combination therapies, the pharmacokinetics and synergistic 

capacity of therapies administered together is not always predictable and often doses 

of therapies must be altered to avoid toxicity in patients (Chou et al., 2010). There is 

also the potential for patients to develop multi-drug resistance following combination 

therapy which can result in a patient with very limited treatment options should they 

experience tumour reoccurrence (Liu et al., 2022).  
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1.3 Breast Cancer  

 

Breast cancer (BC) is a leading cause of mortality with 50,000 women and 350 men 

diagnosed annually in the UK (Cancer Research UK, 2020). Prognosis for women 

expressing the human epidermal growth factor receptor 2 (HER2), and/or oestrogen 

receptor (ER) has improved, as biological therapies such as Herceptin and aromatase 

inhibitors target these receptors. However, in 10-20% of BCs, known as triple negative 

breast cancer (TNBC), these receptors are absent limiting therapeutic options 

(Bianchini et al., 2016) (Figure 1.1). 

 

Figure 1. 1 The incidents of breast cancer and their subtypes. 

These statistics were taken from the National Cancer Institute (Female breast cancer 

subtypes - cancer stat facts (11/4/23) SEER 22 2015–2019.) The statistics represent 

the breast cancer subtypes diagnosed between 2015 and 2019. Luminal A accounts 

for 69%, Luminal B 10%, TNBC 10%, HER2 Enriched 4% and unknown 7%.  

 
TNBC occurs at an earlier age and has a high mortality and recurrence rate; only 77% 

of patients survive five years in comparison to 93% in other BC subtypes (Zhang and 

Zhang, 2018; Deo et al., 2017; and Andreopoulou et al., 2015). Since the hormonal 

receptor and HER-2 antagonists typically used for other BCs are ineffective in TNBC, 

69%

10%

10%

4%

7%

Luminal A - HR+/HER2- TNBC - HR-/HER2-
Luminal B - HR+/HER2+ HER2 Enriched - HR-/HER2+
Unknown
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the main treatments are surgery and combination chemotherapy with or without 

radiotherapy (Canny et al., 2011). These treatments have limited efficacy and induce 

significant toxicities.  

 

Genetically TNBC is a highly heterogeneous group of malignancies with variation 

between patients and within the same tumor resulting in therapy resistant cell sub-

populations. TNBCs can be subdivided into 6 different subtypes by gene expression 

studies (Table 1.1) (Yin et al., 2020).  These include the basal subtype, BL1 and BL2 

(p53 and BRAC1 mutated tumours), a subtype with an AR/apocrine signature, 

immunomodulatory, mesenchymal-like and mesenchymal stem cell-like (McKenna et 

al., 2003; Potiron et al., 2013).  

 

 

Table 1. 1 Molecular classification of breast cancers. 

Taken and adapted from Yin et al., 2020 using Open Access Creative Commons 

Attribution License 3.0 (CC BY 3.0). 

 

Currently options for TNBC patients are surgery and conventional chemotherapy if 

the disease has begun to metastasis. Patients receive common chemotherapeutics 

such as platinates, anthracyclines and taxol’s which are the only systemic therapy 

options for TNBC patients (Nedeljković & Damjanović, 2019). These therapies are 

however relatively ineffective as many TNBC are resistant to chemotherapy and 

Molecular classification 

A better prognosis   Poor Prognosis   Worst Prognosis 

Luminal A

  

Luminal B  Her -2   Basal Claudin  

Her – 2 – ve Her -2 +ve Her -2 +ve Her -2 -Ve a/w addition 

molecules 

ER + 

PR + 

Associated with BRAC2 

mutation 

ER-ve ER -   

PR-ve PR -   

  TNBC – a/w 

BRCA 1 gene 

mut, 
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chemotherapy is also associated with several toxicities. There have however been 2 

new immunotherapy drugs approved in 2023 for the treatment of TNBC in 

combination with chemotherapy drugs; Olaparib (PARP inhibitor) and 

Pembrozolumab (PDL-1 inhibitor) (Breast Cancer Now, Pembrolizumab (Keytruda) | 

Breast Cancer now, 2023). Additional clinical trials are still underway investigating the 

use of immunotherapy drugs and chemotherapy, such as the Phase 2 trial (Begonia 

NCT03742102), investigating the potential of durvalumab in combination with the 

chemotherapeutic paclitaxel (Clinical trials.gov, 2023).  

 

1.4 BRCA  

 

The BReast CAncer genes (BRCAs) - are tumour suppressor genes that are involved 

in DNA damage and repair, there are two types of BRCA genes: BRCA1 and BRCA2. 

Mutations of genes BRCA1 and BRCA2 increase the risk of developing breast cancer 

and or ovarian cancer (Peng et al., 2016). People who have a genetic mutation in one 

of these genes have an increased risk of developing breast cancer. It is estimated 

that 55-65% of women with BRCA1 will be diagnosed with BC before the age of 70 

and 45% of woman carrying the BRCA2 gene will be diagnosed with BC (BRCA: The 

breast cancer gene - BRCA mutations & risks, 2023). Those with the BRCA1 gene 

mutation are more likely to have triple-negative breast cancer (TNBC), which is a fast-

growing and aggressive form of breast cancer. Current data suggests that breast 

cancer patients with BRCA1mut are more likely to have a higher nuclear grade and 

larger tumour mass, the higher the nuclear grade the more abnormal and aggressive 

the tumour (Musolino et al., 2007; Byrski et al., 2008; Kirk, 2010). BRCA1 mutations 

are highly likely to results in breast tumours with ER (oestrogen receptor)-negative/PR 

(progesterone receptor)-negative characteristics while BRCA2 mutations usually 

produce breast tumours with characteristics that are like breast cancer tumours of 

patients with unmutated BRCA genes (Noguchi et al., 1999). It was discovered by 

Comen et al., (2011), that TNBC patients possess not only BRCA1 mutations but a 

significant number of TNBC patients also have BRCA2 mutations. This relationship 

between BRCA gene mutations and TNBC requires further investigation to clarify any 

mechanisms of interaction as this has not yet been elucidated. 

 

Chen et al., (2018), carried out a meta-analysis of TNBC patients to determine the 

relationship between TNBC and BRCA mutations. It was reported that TNBC was 
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more common among the breast cancer patients with BRCA1Mut than those of patients 

with BRCA2Mut or non-carriers.  Surprisingly it was also found that TNBC patients with 

a BRCA mutation had a significantly lower chance of cancer relapse (Gonzalez-

Angulo et al., 2011). As previously mentioned, the mechanisms that link BRCA and 

ER negative tumours has been of great interest in many investigations. For example, 

it was reported that the lack of ER expression found in BRCA1mut tumours is a result 

of the absence of BRCA1 mediated transcriptional activation of the oestrogen 

receptor (Hosey et al., 2007). However, the specific mechanisms of action underlying 

the transcription of BRCA is still unknown, therefore additional investigation are 

required to determine the relationship between BRCA1 and ER as well as potential 

effects on the PR and the human epidermal growth factor receptor (HER2), a protein 

that is known to promote the growth of cancerous cells (Mayo Clinic, 2022).  

 

1.5 Emerging therapies for TNBC 

Due to TNBC heterogeneity it is unlikely that single therapies will eradicate all tumour 

cells, resulting in tumour recurrence. However, several novel targets are currently 

undergoing clinical assessment. For example, therapies that target PI3K-mTOR, are 

in early clinical interrogation (NCT02208375, NCT02423603, NCT01964924). The 

most recently approved treatment for TNBC approved in Scotland is PARP inhibitors 

which inhibit the enzyme poly ADP ribose polymerase (PARP) (McCann and Hurvitz, 

2018).  The role of PARP is to identify single strand DNA breaks and engage DNA 

repair complexes, ultimately preventing the damaged cell from dying. The logic behind 

developing an inhibitor of these pathways, is that single strand breaks would be 

prevented from repairing and accumulate, resulting in double strand breaks and 

ultimately lead to cancer cell death. In cells positive for BRCA1 and 2 such as TNBC 

cells, homologous recombination is deficient (HRD) these cells are the ideal 

candidates for PARP inhibitors (PARPi) and as such have been investigated markedly 

in recent years (Rose, et al. 2020). This method of targeting a genetic mutation that 

is present in cancer cells only, is known as synthetic lethality and is a well-known 

target of drug development to target cancer cells (Synthetic lethality: Accelerating 

precision cancer treatments, 2023). Cancers with a deficiency in homologous 

recombination repair such as BRCA1 and 2 positive tumours are unable to repair DNA 

double strand breaks through this pathway (Stewart et al., 2022).  
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As a substantial proportion of TNBC patients have BRCA mutations, it is currently of 

great interest to investigate the effectiveness of poly adenosine diphosphate-

ribose polymerase inhibitors (PARPi’s) in combination with both chemotherapy and 

radiotherapy for TNBC BRCA mutated cell lines. At present there is a Phase 2 trial 

running in Massachusetts USA which is in the recruiting phase. This clinical trial is 

investigating the combination of PARPi’s and Radiotherapy (NCT04837209). This 

combination has been chosen as radiation induced SSB and these can be converted 

into DSB in HR deficient cells, therefore by combining this radiotherapy with a PARPi, 

the DNA repair complexes will fail to be initiated and the cell will die.  This trial/will/be 

particularly important as there is currently no approved combination therapy involving 

PARPis and radiotherapy in Scotland.  

 

As described, PARPi’s have a therapeutic role in BRCA1/2 mutant tumours deficient 

in homologous recombination (HR) (Kimbung et al., 2012) and TNBC patients often 

have BRCA mutations. However, even individuals not carrying mutations, behave 

similarly to BRCA1-deficient tumours, with similar gene expression profiles (Murai et 

al., 2014). Many hypothesise that the PARPi Olaparib could synergise with PARPi’s 

in TNBC patients with no BRCA1/2 function loss, as it was demonstrated that an AKT 

inhibitor utilised in BRCA+ TNBC cell lines, caused HR functional changes. This HR 

abrogation sensitised cells to PARPi’s by downregulating BRCA1 favouring the action 

of Olaparib (PARPi) with subsequent reduction in cell survival (Murai et al., 2014). 

Studies also demonstrated efficacy with the combination of PARPis and PI3K 

inhibitors in BRCA1-deficient cells, provide a rationale for further research in TNBC 

(Bhamidipati et al., 2023). 

 

The androgen receptor (AR) is expressed on a subtype of TNBCs and has thus been 

investigate as a potential target to treat TNBC patients (McGhan et al., 2014). The AR 

is a steroid nuclear receptor that is essential for normal breast development, the 

receptor binds to testosterone and dihydrotestosterone (DHT) in the cytoplasm, and 

it translocate to the nucleus to regulate gene expression (Tozbikian et al., 2019). 

Around 25-35% of TNBCs express the AR receptor and the AR receptor has been 

recently investigated for its use as a targetable receptor in TNBC (McNamara et al., 

2013). However, there is still much to be understood about AR signalling, for example 

it was found in a study by Thakkar et al (2016), that in TNBC the anti-proliferative 

effect exhibited by AR antagonists may be the result of off-target effects, therefore 
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meriting the need for deeper genetic investigations. There has been progress in AR 

antagonists as the AR antagonists bicalutamide and enzalutamide have been 

investigated and a recent Phase II trial carried out by Traina et al., (2018) 

(NCT01889238) demonstrated their clinical activity in TNBC patents. Although this 

study reports encouraging results, there is a need for a more extensive investigation 

in the AR and its use as a targetable receptor to treat TNBC clinically. 

Due to the challenging intracellular mechanisms involved in breast cancer as 

mentioned above, the importance of selecting the most suitable cell line is of the 

utmost importance when carrying out in vitro investigations. Each method of 

assessment of cell death in breast cancer cell lines has advantages and 

disadvantages, each method must assess various cellular functions to quantify the 

cytotoxicity of each of these agents. An ideal investigation into any breast cancer 

therapy must consider not only the correct cell line but the optimum methods of 

investigation. 

1.6 Current therapies  

 
TNBC is among the leading cause of death among working age women and surgical 

removal is one of the most common treatment options for patient (Baranova et al., 

2022). Surgery aims to remove the localized tumour area and any areas of metastasis 

where possible. For TNBC patients a mastectomy is performed in approximately 67% 

of patients and organ-preserving surgery in approximately 33% of patents, 

respectively (Fayaz et al., 2019). In most cases surgery is followed by adjuvant 

therapy, in a study conducted by Zumsteg et al., (2013), it was found that 81% of 

patents went on to receive chemotherapy with a 5- year locoregional recurrence of 

(4.7%).  

 

1.6.1 The effect of Radiotherapy on cells.  
 
Radiobiology is the study of the action of ionizing radiation on living things (Hall and 

Giaccia, 2012, p. 3). There are 2 types of ionizing radiation that occur due to the 

biological material absorbing radiation energy. These are excitation and ionization. 

Excitation is the movement of an electron to a higher energy level within an atom or 

a molecule. Ionization is the ejection of one or more electrons from the energy levels 

of a molecule or atom, this type of radiation is referred to as Ionizing Radiation (Hall 

and Giaccia, 2012, p 3). 
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Energy, for example, in the form of X-rays, can be absorbed by living material. Once 

absorbed this energy is not always distributed evenly. Large individual packets of 

energy are used to quantify the energy given in a beam of X-rays. This means that 

packets of energy are energetic enough to cause damage at a cellular level, breaking 

chemical bonds and causing chains of events that can eventually lead to change at a 

biological level. The difference between ionizing and non-ionizing radiation is the size 

of these packets of energy given out and not the total energy involved (Hall and 

Giaccia, 2012, p. 7-8).   

 

There are many types of radiation that occur naturally, and some are used in scientific 

experiments and clinical practice. These different types of radiation have different 

uses and provide huge potential in healthcare for diagnostics and radiotherapy.  

Electrons are small, negatively charged particles that can be accelerated using a 

linear accelerator or other such electrical devices and are used for cancer therapy. 

However, they are not commonly used to treat large internally located solid tumors 

due their ability to only penetrate a few centimeters through skin, therefore they are 

primarily used to treat superficial tumors (External beam radiation therapy for cancer, 

2023). Proton beam therapy is becoming more popular in the world of cancer research 

due to the method in which they distribute energy. α-particles are nuclei of helium 

atoms and consist of two protons and two neutrons in close reassociation. Much like 

that of protons α-particles are positively charged, targeted alpha-particle therapy is of 

great interest in current literature as alpha particles can induce damage to tumours 

while causing minimal toxicity to the surrounding tissue, much like those used to 

accelerate protons (Tafreshi et al., 2019; L'Annunziata., 2008). Neutrons are neutral 

particles and do not carry a positive or negative charge, they are a similar size to that 

of protons, these particles are not electrically charged and as such they cannot be 

accelerated (Meyers, 2004). Heavy charged particles consist of nuclei of positively 

charged elements (e.g., carbon, argon, neon, and iron) because of planetary 

electrons that have been removed from their orbit.  These types of particles can be 

used for radiation therapy; however, they must be accelerated to extremely high 

energies and as a result there are only a small number of specialised facilities globally 

(Hall and Giaccia, 2012, p. 11). 

 

Most radiotherapy is delivered using X-ray photons; these are delivered via a LINAC 

and can be localised using IMRT, thus, minimising dose to normal organs. However, 
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when patients receive radiotherapy, normal tissue is irradiated in the surrounding site 

of the tumour. This can lead to a to unwanted morbidity for example, when patients 

receive radiation therapy for breast cancer of the left breast, they have a 30% greater 

risk of developing cardiovascular disease and a 38% greater risk of cardiovascular 

related death than non-irradiated women (Wenski et al., 2020).  Therefore, there is 

still a clinical need to find ways to limit the off-target effects for patients, for example 

by combination therapies that allow the use of even lower radiation doses. 

 

The main aim of radiation therapy is to induce damage to the DNA. When radiation 

interacts with biological tissue the damage can be direct or indirectly ionizing. If the 

particles have enough energy, they can disrupt the atomic structure of the absorber 

they pass through directly and can cause chemical or biological changes (Desouky, 

and Zhou., 2015). High linear energy transfer (LET- energy that is transferred form an 

ionizing particle to living material), involves the direct interaction with important targets 

of the cell, the atoms of this target may be ionized or excited causing damage 

themselves, more often double strand breaks in DNA which are the therapeutic goal 

of radiotherapy. As for cancer cells, DSBs are more difficult to repair and thus lead to 

cancer cell death. Indirect action may also occur, this involves the radiation interacting 

with molecules other than the target (particularly water) to produce free radicals that 

are then able to damage the target. Low LET is more likely to cause single strand 

breaks that are more easily repaired by cancer cells and as such the goal of 

radiotherapy is to drive the damage to double strand breaks as described in Figure 

1.2.  
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Figure 1. 2 DNA damage induced by ionizing radiation. 

The major types of DNA damage induced by IR include base and sugar damage, 

single-strand breaks, double-strand breaks, clustered DNA damage, and covalent 

intrastrand or interstrand crosslinking. Taken and adapted with permission from from 

Husng et al.,2020 using Open Access Creative Commons Attribution License 3.0 (CC 

BY 3.0). 

 

SSB (single strand breaks) are of little consequence to the cell as they are mostly 

readily repaired by the cell. If the repair is incorrect (mis-repair) however, then a 

mutation can occur. If the 2 strands of DNA are broken at different points, then these 

are also easily repaired. However, if both strands of DNA are broken at the same point 

within the DNA, then this can lead to conversion of SSBs to DSBs (double strand 

break), which leads to the cleavage of chromatin into two pieces. These are crucial 

lesions caused in chromosomes by radiation and can lead to cell death, mutation, or 

carcinogenesis. DSB can be caused by both direct ionization and free radicals 

(Mladenov et al., 2013). Part of the goal of combination therapy is to utilize various 

aspects of individual therapies and combine them to give optimal cancer cell death. 

In recent years radiotherapy has been investigated as part of a combination regime 

with immunotherapy. In a recent study carried out by Zhang et al., (2022) it was 

reported that radiotherapy can be used to trigger an antitumor response and that 

through combination with immunotherapy agents, it can be used as a systemic cancer 

treatment for a variety of cancers. As mentioned, radiotherapy can induce single 

strand and double strand breaks in the target cancer cells DNA. However, cancer 

cells can develop adaptive repair mechanisms to repair such damage and often 

http://creativecommons.org/licenses/by/3.0/
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aberrantly which leads to the continued survival of daughter cancers cells with even 

more heavily mutated DNA which often have more resistant phenotypes (Borrego-

Soto et al., 2015). 

 

Thus, many strategies in combination therapy involve targeting of the cell’s DNA 

damage response pathways such as the use of PARP inhibitors as previously 

mentioned (Cho et al., 2022). Inhibiting the cancer cells from DNA repair, inducing 

catastrophic cell cycle arrest, and inducing apoptosis. Other strategies have involved 

the targeting of other various mechanisms cancer cells use to survive therapeutic 

challenge, such as the upregulation of antioxidants to neutralize reactive oxygen 

species (ROS) generated by radiotherapy or chemotherapy (Gupta et al., 2020). For 

example, the chemotherapeutic agent imexon, has been shown to alter the activity of 

the antioxidant glutathione, resulting in cell death, this drug is used to treat several 

advanced cancers including breast, lung, and prostate (Moulder et al., 2010 and 

Sheveleva et al., 2012).  

 

1.6.2 Mechanism of action of Doxorubicin 

As mentioned above, chemotherapy is the main form of treatment available for TNBC. 

Doxorubicin (DOX) is one of the most common drugs given as part of this regimen to 

patients with TNBC. DOX is one of the most widely used chemotherapeutic agents 

and has been in use since the1960s. It is part of the anthracycline family of 

chemotherapeutic agents and is derived from Streptomyces peucetius bacterium. 

DOX intercalates in the DNA and alters topoimerase II mediated DNA repair, which 

can ultimately lead to cell apoptosis (Taymaz-Nikerel et al., 2018). DOX can also 

generate ROS which are free radicals that can induce single strand (SS) and double 

strand (DS) breaks. When accumulated these breaks lead to the activation of caspase 

3 and through the apoptotic pathway result in cell death (Gewirtz et al., 1999). DOX 

is given to patients intravenously and has been coined “the red death” or “the red 

devil” due to its red pigmentation. Unfortunately, the are many adverse side effects 

associated with DOX such as nausea, fatigue, alopecia, and vomiting (Cancer 

Research UK, 2021). Patients on long term treatment also may suffer from 

cardiotoxicity which occurs in 11% of patients (Saadettin et al., 2005), which can limit 

treatment options for patients who have recurring cancer (Oikonomou et al., 2019). 

Similarly to patients who undergo radiotherapy (as discussed above Section 1.7.1) 

cardiotoxicity can also be experienced by patients who undergo DOX chemotherapy. 



 

 39 

The method in which DOX induces cardiotoxicity involves an increase in oxidative 

stress, induction of cardiac specific genes and the induction of cardiac myocytes (Luu 

et al., 2018). Congestive heart failure can also occur in patients depending on age, 

treatment time and underlying heath conditions. If patients develop congestive heart 

failure, the 1-year survival rate is only 50% (Johnson-Arbor, Dubey 2020).  

Therefore, by reducing the doses of DOX and radiotherapy this may lead to lesser 

complications, and a combination therapy composed of appropriate agents may 

enable this.  

1.6.3 Therapy resistance in TNBC 
 
The success of the standard treatment of care described above is limited as it is well 

documented that TNBC patients initially respond very well to chemotherapy however 

eventually develop therapy resistance and tumour metastasis (Isakoff, 2010).  One of 

the main issues in TNBC is the acquired resistance to treatment, thus any 

development of novel therapies needs to fill that clinical space of overcoming therapy 

resistance. To date there have been a small number of targeted drugs approved for 

the treatment of TNBC, including PARP1 inhibitors (Talazoparib and Olaparib), 

programmed cell death-1 ligand (pembrolizumab, atezolizumab) and antibody 

conjugate drug (sacituzumab-govitecan) (Lee et al., 2021). However, these therapies 

do not fully meet the clinical need (Xupeng et al., 2021). Therapy resistance remains 

the main issues faced with TNBC patients as detailed in Figure 1.3.  
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Figure 1. 3 Mechanisms underlying TNBC therapeutic resistance. 

(A) Stronger antioxidant ability is mainly mediated by the over-activation of Nrf2 that 

promotes the protein expression of antioxidant genes, including NQO1, HO-1, and γ-

GCL, and increases the intracellular level of GSH to reduce radiation- or drug-induced 

intracellular ROS accumulation. (B) The higher expressions of P-gp, MRP1, and 

BCRP mediate drug efflux and reduce intracellular drug accumulation, while phase I 

xenobiotic-metabolizing enzymes, such as CYP3A4, mediate intracellular 

detoxification of cytotoxic drugs. acid-binding Ig-like lectin 10. Taken and adapted with 

permission from Cancer letters Copyright Clearance Centre’s Rights Link® service 

(Bai et al., 2021). 

 

It has been demonstrated by previous studies such as one undertaken by Sarmiento-

Salinas et al., (2019), that TNBC cells contain higher intracellular GSH level than other 

types of breast cancer. As a result, the NRF2 pathway is often activated to prevent 

damage caused by ROS as seen in Figure 1.3A and in therapy resistant cells this 

antioxidant mechanism is enriched, supporting the targeting of this GSH pathway as 

a strategy that may solve this clinical need. Another well documented mechanism of 

therapy resistance is drug efflux and metabolism mediated chemoresistance as seen 

in Figure 1.3B. Although some clinical success has been seen when using drug efflux 

inhibitor in ovarian cancer, these drugs have not been clinically evaluated in TNBC 

patients (Johnatty et al., 2013) 
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Therefore, to undertake meaningful experiments, we must therefore test any novel 

schemes in a range of cell lines with varying levels of resistance to existing therapies. 

To model this phenomenon within this project we developed therapy resistance cell 

lines. We have initiated the production of MB-MDA-231 cells serially incubated with 

DOX and or radiation therapy with surviving colonies serially exposed and collected. 

This process was repeated for several months to generate a large bank of doxorubicin 

and radiation resistant cells similarly to the process carried out by McDermott et al., 

(2014).  

 

1.7 New approaches to the treatment of TNBC 

1.7.1 Glutathione  
 

Due to the lack of targetable receptors in TNBC, advances in treatments have been 

relatively stagnant for many years, suggesting the need for a different therapeutic 

approach such as targeting cellular metabolites. In a study carried out by Beatty et 

al., (2017), it was discovered that TNBC cells are reliant on glutathione biosynthesis.  

Glutathione (GSH) is a thiol and the most abundant non-protein molecule found in 

cells, it acts as a free radical scavenger and protects cells from reactive oxygen 

species (ROS) damage (Kennedy et al., 2019). Glutathione binds to potential toxins 

via its reactive sulfhydryl moiety (Balendiran et al., 2004; Sies, 1999). In healthy cells, 

GSH is essential for detoxification, however, in cancer cells it is associated with poor 

prognosis and development of therapy resistance (Kennedy et al., 2020). These 

findings that TNBC is sensitive to glutathione levels were also consistent with other 

publications which reported that agents that limit the availability of glutathione 

precursors enhance both glutathione depletion and TNBC cell killing by γ–glutamyl 

cysteine ligase inhibitors in vitro (Gross et al., 2014; Lien et al., 2016 and Timmerman 

et al., 2013).  In a study carried out by Miran et al., (2018), it was found that by altering 

the intracellular levels of glutathione in TNBC the activation of apoptotic pathways 

was promoted. Ultimately, the literature surrounding this area of research suggests 

that in TNBC, high levels of glutathione are associated with poor patient prognosis as 

it supresses the reactive oxygen species induced by both radiation and chemotherapy 

drugs, inhibiting apoptotic pathways and promotes cancer cell survival (Beatty et al., 

2018).  
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ROS are a group of molecules known as free radicals, they contain oxygen, and an 

accumulation of these particles can lead to intracellular DNA damage which often 

results in cell death (Nakamura et al.,2021).  A known target of ROS are mitochondria, 

owing to their potential to initiate apoptosis via caspase induced mechanism of action. 

In cancer cells ROS play a key role in therapy resistance. The Nuclear factor E2-

related factor 2 (NRF2) protein protects cells again damage via ROS and is known to 

be upregulated in cancer cells and is associated with poor prognosis (Jeddi et 

al.,2017).  Therefore, the potential of targeting the glutathione biosynthetic pathway 

as a therapeutic strategy in TNBC should be further investigated.  

 

Given the mechanism of action of these therapies discussed, it was hypothesised that 

doxorubicin administered in combination with a glutathione inhibiting agent may 

produce a synergistic combination therapy. By inhibiting the synthesis of the 

antioxidant glutathione, this would allow ROS generated by DOX or radiation therapy 

to induce SSB and DSB, which when accumulated would activate the caspase 3 

pathway resulting in cell death via apoptosis. 

 

1.7.2 Fumaric Acids 
  

Dimethyl fumarate (DMF) is currently used as a treatment for multiple sclerosis (Mills 

et al., 2018). However, in recent years DMF has been investigated as a treatment for 

cancer as a NRF2 axis inhibitor and a Phase I investigation into its use in glioblastoma 

in combination with temozolomide and radiation begun in 2020 (Shafer et al., 2020). 

Promisingly, it has been reported that DMF has no significant toxic effects on non-

tumorigenic cells (Fig 1.4) (Saidu et al., 2018).  

Figure 1. 4 Proposed mechanism of DMF-induced cell death in malignant and non-

tumorigenic cells.  
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Taken and adapted with permission from Saidu et al 2018 using Open 

Access Creative Commons Attribution License 3.0 (CC BY 3.0). 

 

This study carried out by Saidu et al., (2018), showed that the NRF2 pathway 

enhances cancer cell proliferation and promotes chemoresistance in several cancers 

and as previously described, acts as an antioxidant to the ROS that is upregulated 

following treatments such as radiotherapy and DOX treatment. This enriched 

activation of NRF2 has also been documented in TNBC cells (Syu et al., 2016) and is 

shown to result in therapy resistant TNBC cells. In non-cancerous cells, DMF has also 

been reported to enhance NRF2 activity. In studies carried out by Saidu et al., (2018), 

the authors reported that the concentration of DMF was critical in inducing cancer cell 

death, at concentrations of <25M DMF induced a protective NRF2 antioxidant 

pathway. However, at concentration >25mol, DMF was found to induce oxidative 

stress and cause the death of cancer cells in several different cell lines such as 

OVCAR3 (human ovarian cancer cell lines) (Figure 1.5).   

 

Figure 1. 5 Proposed mechanism of DMF-induced cancer cell death. 

http://creativecommons.org/licenses/by/3.0/
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Taken and adapted with permission from Saidu et al 2018 using Open 

Access Creative Commons Attribution License 3.0 (CC BY 3.0).  

 

Low concentrations of DMF can induce the NRF2 antioxidant pathway, allowing NRF2 

nuclear translocation and binding to the antioxidant response elements leading to the 

transcription of antioxidant and detoxifying enzymes, thereby promoting cell survival. 

High concentrations of DMF, however, induce disruption of the NRF2 stabilizer DJ-1, 

which in turn impairs NRF2 induction and transcriptional activities in response to DMF, 

ultimately inducing ROS generation, GSH depletion, hence facilitates cancer cell 

death.                                                                                                                                                                                                              

 

This induced cell death was found to be in direct relation to downregulation of the 

NRF2 gene. The authors investigated this relationship using human ovarian cancer 

OVCAR3 cells and determined that DMF alters the expression of an NRF2 protein 

stabilizer called DJ-1 (which is found to mediate the activation of NRF2) antioxidant 

defences and cell death in the ovarian cancer cell line (Figure 1.5). It is known that in 

cancer cells a higher base level of NRF2 is present (Saidu et al., 2018). By 

administering a high concentration of DMF, this inhibits NRF2 translocation to the 

nucleus via the NRF2/DJ-1 pathway (Figure 1.5) and in turn inhibits the production of 

antioxidants, such as GSH. In cancer cells DMF is also able to able to inhibit -GCS 

which is the first enzyme in the biosynthesis of GSH. This results in a reduction in 

GSH production intracellularly. This is carried out via a Michaels Reaction which 

induced oxidative stress through the depletion of intracellular GSH (Okazaki et al., 

2020). 

 

This reflects the findings of previous studies that suggest that tumour resistance to 

chemotherapies are possibly dependant on the upregulation of glutathione and the 

overexpression of NRF2 (Jaramillo et al., 2013).  Taken together these results imply 

that the mechanisms of action of DMF are dose dependant for the induction of cancer 

cell death. These studies highlight the need to evaluate DMF at various 

concentrations as the balance between protective and cell death induction is critical 

for the success of this therapy to bind to glutathione and prevent the free radical 

scavenger from neutralising ROS, in turn sensitising the cells to ROS damage.  

 

http://creativecommons.org/licenses/by/3.0/
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There has however been concerns expressed about the utility of DMF as a cancer 

therapy. The mechanism of action of DMF as described by Brennan et al., (2015), 

suggested that although DMF was shown to produce an acute concentration-

dependent depletion of GSH initially, 24 hours after treatment the GSH level rose 

exponentially to above the initial base line recorded prior to any treatment. These 

findings support the idea that there is a much deeper investigation into the role of 

DMF in cancer treatment that is needed to better understand its potential. As 

previously described, GSH is a key target to mediate cellular response to ROS. By 

inhibiting the intracellular GSH via DMF administration. I hypothesises that by 

inhibiting GSH synthesis and preventing the neutralisation of ROS, generated via 

chemotherapy or radiotherapy, this will result in an increase in cell death as the 

protective mechanism that is preventing damage via ROS will be inhibited in cell 

exposed to DMF.  

 

1.7.3 Monomethyl Fumarate 
 

Monomethyl fumarate (MMF) is the direct metabolite of DMF and in the body, DMF is 

rapidly hydrolysed by esterase’s and is subsequently converted to its only active 

metabolite, as is shown in Figure 1.6 (Lategan, T.W. et al. 2021). 

 

 

Figure 1. 6 Structures of fumaric acid esters and possible ways of hydrolysis in vivo. 

Taken with permission from Archives of Dermatological research Copyright Clearance 

Centre’s Rights Link® service. (Rostami-Yazdi, Clement and Mrowietz, 2010). 
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The mechanisms of action of MMF intracellularly are not fully understood, although 

recent investigations suggest that MMF has a different mechanism of action than DMF 

(Brennan et al., 2015). At present, the understanding is that both DMF and MMF act 

in the same manner, inhibiting intracellular synthesis of glutathione and as a result, 

the cell fails to neutralise ROS which have been generate and the cell is left unable 

to protect itself from DNA damage induced by these ROS (Okazaki et al.,2020).  

 

1.7.4 Diroximel Fumarate (EMF) 
 

Diroximel Fumarate (EMF) was approved in 2019 (in the US) for the treatment of 

Multiple Sclerosis (MS) and is less likely to cause gastrointestinal problems than DMF 

(Palte et al., 2019). Again, the mechanism of action of this drug is yet to be fully 

understood although it is thought to have the same mechanism of action as DMF. 

MMF is the active metabolite of EMF, and upon administration binds to the antioxidant 

GSH, ultimately leading to an accumulation of ROS and the damage induced by them 

such as, DBS (as previously discussed) (Okazaki et al.,2020).  Due to the lack of a 

methanol leaving group in the chemical structure of EMF, and the substitution 2-

hydroxyethyl succinimide, this results in reduced gastrointestinal problems with this 

drug (Diroximel fumarate - Drug Bank, 2020). This drug will also be investigated 

alongside MMF and DMF to determine of it has any potential to enhance cancer cell 

kill when administered in combination with chemotherapy or radiation.  

 

1.8 Drug Repurposing 

 
There are many positive attributes to repurposing already licensed drugs to treat a 

variety of diseases, one such aspect is the financial attractiveness of developing pre-

approved drugs. Once a clinically utilised drug patent has expired, the market value 

of the compound decreases dramatically, making it more financially accessible for 

research and development opportunities (Vondeling et al., 2018). Additionally, there 

is an accelerated process when putting a therapy forward for clinical evaluation if this 

therapy has already gone through all phases of a clinical trial for licencing. For 

example, there is no need to perform a Phase 1 trial as the results are already known 

(Drug repurposing: Advantages and key approaches 2023). Additionally, the off-target 

effects and metabolic processes of the drug are already known and have been 

accepted previously. There is also the added aspect of accelerated time that it takes 

to progress these repurposed drugs through clinical approval. On average it takes 
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three to four years to reach clinical trial stage of development with the reduced cost 

from 12 million USD to 1.6 million USD (Ashburn et al., 2004; Ismail et al.,2018).  

One known example of repurposing a drug across different therapeutic areas of 

research is Clarithromycin, an antibiotic used to treat bacterial infections 

(Clarithromycin: Uses, dosage &amp; side effects 2023). This drug is currently being 

investigated for the treatment of cancers including multiple myeloid leukaemia, 

chronic myeloid leukaemia and lung cancer and colorectal cancer (Van Nuffel et al., 

2015 and Petroni et al., 2020).  

Much like clarithromycin, DMF would be a useful drug to repurpose for the treatment 

of TNBC.  This drug has been long since approved (2014) making the drug cheap to 

purchase for research and development, as well as the non-toxic effects that DMF 

exhibits on non-cancerous cells being well documented through previous clinical trials 

(Tecfidera, inn-dimethyl fumarate - European medicines agency 2023). From a 

pharmaceutical investment point of view, repurposing a drug such as DMF to treat a 

cancer that is in desperate need more effective treatments such as TNBC, is cheaper 

and faster mode of action to get a therapy to clinical trial.  

1.9 Spheroid tumour model  

The initial stages of in vitro work when investigating a novel cancer treatment is 2D 

cell culture assays, however there are several issues when relating 2D cell cultures 

to patient tumours. Cell morphology, behaviour and heterogeneity are among the 

main differences observed between 2D and 3D cancer models (Theodossiou et al., 

2019). It has also been shown by Hirschhaeuser et al., (2010), that in 3D cell models, 

there are significant differences in which genes are expressed and what signaling 

pathways are activated compared to 2D cell culture models. Therefore, 3D models 

such as multicellular tumor spheroids (MTS), are widely accepted as the next step 

following on from 2D viability assays such as clonogenic assay as they provide a 

much more accurate representation of how cancer cells within a tumor would behave 

when exposed to novel treatments (Haycock, 2011; Mehta et al., 2012) (Figure 1.7). 
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Figure 1. 7 Image of a spheroid tumour model. Detailing cells in different states, 

proliferating, quiescent and hypoxic as concentration gradient of oxygen decreases 

moving into the centre of the spheroid. Take from (Introduction to 3D Cell Culture, 

2021). 

The size of the spheroids matters a great deal when investigating novel treatments 

using this model. As the spheroids begin to grow, they consist of proliferating cells 

which then develop a concentration gradient for essential nutrients that the 3D 

structure needs to continue to grow (oxygen and disposal of waste). This causes an 

inner necrotic core in the spheroid as the cells at the center of this 3D model are 

farthest away from nutrients and oxygen (Figure 1.7). This usually begins to occur 

when the spheroid grows to around 350 μm. The MTS continue to grow, now 

consisting of an outer proliferating layer of cells a middle quiescent layer (non-dividing 

cells) and an inner necrotic core that is more representative of a patient tumour which 

consists of an active proliferating outer layer and a hypoxic centre deprived of oxygen 

and nutrients (Mehta et al., 2012). Critically a quiescent middle layer where cells are 

viable but not dividing is also like an in vivo tumor. It is critical to consider this cell 

population when considering any new therapies as non-dividing, but viable cells are 

less likely to be affected by cycle specific therapies such as chemotherapy and 

radiotherapy. Monolayers are all proliferating cells and contain no quiescent and 

hypoxic cells, this is critical when investigating cancer as many treatments fail due to 

not being able to kill hypoxic cells or which are cycle specific (Graham and Unger, 

2018). 
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1.10 Chick Embryo Model  

The Chorioallantoic Membrane (CAM), also known as the chorioallantois, is a highly 

vascularized membrane found in the eggs of certain amniotes like birds and reptiles 

(Garcia et al., 2021). It is formed by the fusion of the mesodermal layers of two extra-

embryonic membranes – the chorion and the allantois and it is the avian homologue 

of the mammalian placenta. It is the outermost extra-embryonic membrane which 

lines the non-vascular eggshell membrane. Given the characteristics of this 

membrane, researchers have been investigating the use of the CAM for development 

of a variety of in vivo models which have the potential to reduce and replace 

procedures in rodents (Swadi et al., 2019). The CAM model involves undertaking 

procedures in chick embryos where the CAM develops as this is a lower sentience 

model than rodent models which reduces suffering and is a much cheaper alternative 

to rodent models with a potentially higher throughput. 

Due to the award of an NC3Rs grant we received funding to translate this model for 

use as an alternative cancer model to mouse xenographs and to set up a chick 

embryo model (CEM) facility with replicable methodology at the University of 

Strathclyde. The aim of our project is to train and equip researchers primarily at the 

University of Strathclyde to be competent with the model and its methodologies 

including the correct storage and handling of the chick embryos. We have transferred 

methods developed in the University of Liverpool, with the aim to develop CAM tumour 

models and use them to analyse cancer cells, the efficacy of combination therapies 

and drug gene delivery systems. Part of this project was therefore to develop a 

methodology to grow TNBC cells in the CAM model to allow for investigations that 

involve the use of novel single or combination therapies and to validate the model by 

comparison to our existing mouse xenograft data.  

1.11 Aim 

The aims of this project were to; 

- Investigate the use of novel combination therapies using repurposed drugs 

(DMF, MMF and EMF) for the treatment of TNBC in combination with DOX or 

radiotherapy. This was carried out using 2D and 3D cell culture models, as 

well as a variety of mechanistic investigations to determine if any critical 

intracellular pathways were altered by combination therapies. 
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- To determine if a combination of DOX or radiation with repurposed drugs have 

the potential for greater toxicity than the current gold standard for TNBC 

patients, the aims focused on the synergistic effects of these two therapies in 

combination with non-toxic fumaric acids. This was determined using 

clonogenic survival assay and spheroid models to identify any synergism 

found when administering scheduled combination therapies.  

- To determine whether administering the combination therapies in a scheduled 

manner has any impact on the survival of TNBC cells using methods 

previously mentioned. 

- To develop TNBC resistant cell lines and determine if the developed 

combination therapy can reduce the survival of these cells, potentially 

highlighting a therapy that could be used to treat patients with recurring TNBC. 

Again, this investigation will be carried out using 2D and 3D methods as 

previously described.  

- To develop the CEM for its use as an in vivo model that can be used for cancer 

research investigations to test novel therapies with the focus on reducing in 

vivo murine models that are currently used for preclinical investigations.  

It was hypothesised that the combination of DOX + DMF/MMF or the combination 

radiation + DMF/MMF will lead to a more enhanced cell kill of TNBC cells, than the 

single therapies DOX or RAD alone. Given their mechanism of action of DMF/MMF, 

inhibiting the synthesis of antioxidants such as GSH, it was hypothesised that this will 

allow for DOX or radiotherapy to generate ROS that will induce SSB and DSB, which 

when accumulated activate the caspase 3 pathways and ultimately result in cell death 

via apoptosis.  

Additionally, it was hypothesised that following the generation of DOX or radiation 

resistant cells, the designed combinations will have the desired effect of re-sensitising 

the resistant cells to death via DOX or radiotherapy by inhibiting the above-described 

synthesis of cellular protective antioxidants. Further hypothesises were that these 

novel combinations will achieve a more effective, less toxic induction of cancer cell 

death in TNBC cell lines regardless of the cell’s mutational status.  
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1.11.1 Project Impact. 
 

Most importantly, the project has the potential to impact the survival and quality of life 

of patients with triple negative breast cancer and their families. The project is 

anticipated to lead to a novel therapy in an area of real clinical need which is more 

efficacious and less toxic than the current gold standard. As the proposed combination 

utilises drugs which are already in the clinic and we are repurposing already approved 

treatments, this offers a more rapid and less expensive route to clinical adaptation 

thus hastening future impact. 

 

This study will also add scientific knowledge and benefit researchers in the field and 

will lead to research publication and esteem for the Group, Department and 

University. The project also has the potential to engage company partners in the latter 

stages and the combination may be novel and commercially attractive thus offering 

income generating opportunities and novel intellectual property.  
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Chapter 2 

 

 

 

 

Treatment of TNBC cells   in 2D culture using Doxorubicin and 

Radiation in combination with Fumaric Acids 

 

  



 

 53 

 

2.1.1 Introduction 
 

The standard of care for triple negative breast cancer (TNBC) patients remains 

surgery and cytotoxic systemic chemotherapy, with DOX being one of the most used 

chemotherapeutic drugs (Arora et al., 2021). DOX is an anthracycline and as well as 

blocking the enzyme topoisomerase II, which is responsible for the repair of DNA 

strand breaks, it is also able to initiate a cascade of events that induce ROS and 

mediate changes of intracellular calcium (Nitiss and Nitiss 2014).  DOX is an inhibitor 

of Topoisomerase ii, meaning that ultimately cell proliferation is inhibited, and DNA 

damage is induced which results in cell cycle arrest and potentially cell death. There 

are however side effects associated with DOX, including nausea, vomiting, alopecia, 

and cardiotoxicity (Nedeljković and Damjanović, 2019). The reason for the previously 

described lack of targetable receptors on the surface of TNBC cell are preventing the 

development of less toxic therapies for TNBC patients. Unlike ER+ breast cancer cells 

or HER+ breast cancer cells, there are not yet identified receptors to 

pharmacologically target TNBC (Bianchini et al., 2016). With the focus on improving 

this treatment, development has been on targeting the molecular pathology of the 

TNBC cell as described in chapter 1 and identify potential bio markers that would act 

as prognostic indicators such as HIF-1, RNUX or NRF2 (Jögi et al 2019, Fu et al., 

2022 and Almeida et al., 2020). 

 

Another important factor to consider when treating TNBC is the age of the patients, 

generally the average age of a person with TNBC was found to be 46.26 ± 12.22 

years, while the average age of patients with other types of breast cancer being 52.90 

± 9.78 years (Sajid et al., 2014). TNBC patients can first develop the disease at a 

much younger age than other breast cancer patients, meaning that their lifestyles and 

quality of life differs from other older cancer patients. Furthermore, the current 

treatments have many off target effects and can leave the patient with severe 

morbidities and unable to care for dependants, leading to increased living costs 

(Huang et al., 2022). It is therefore of great urgency to find treatments for TNBC 

patients that are more effective, but also less toxic, as this will increase the quality of 

life of TNBC patients. 
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2.1.2 Radiotherapy 

Although there are still clinical issues in treating TNBC, it is understood that the use 

of radiotherapy post-surgery is beneficial to the survival of patients (He et al., 2018). 

However, much like the pharmacological targeting of TNBC, there are still challenges 

to overcome when using radiotherapy to treat TNBC (Azoury et al., 2022). A meta-

analysis carried out by Kyndi et al., (2008) indicated that the recurrence of TNBC after 

radiotherapy was higher than that of other types of breast cancer (BC), and it was 

found that the TNBC cell lines were more likely to develop radio-resistance than other 

Luminal BC cells (Hou et al., 2016). As previously mentioned, there are off target 

effects associated with breast radiotherapy, particularly cardiotoxicity when the left 

breast undergoes radiotherapy (Vadivelu et al., 2013). There is therefore a clinical 

need to reassess radiotherapy as a treatment for TNBC, to reduce toxicity to normal 

tissue and to overcome resistance patients ultimately develop or to mediate the dose 

of radiation patients receive to reduce off target effects.  

 

2.1.3 Glutathione 

GSH is an intracellular antioxidant, tripeptide formed of three amino acids; Glutamic 

acid, Cysteine and Glycine, and is synthesised in the cytosol and actively pumped 

into the mitochondria of cells. GSH is an antioxidant which neutralises reactive oxygen 

species by donating a H+ and is also involved in the detoxification of chemicals and 

pollutants (Lu, 2013). GSH plays a key role in the detoxification of endogenous 

compounds and xenobiotic compounds as it facilitates the excretion of mercury from 

cells and neutralizes oxidative chemicals (Pizzorno et al., 2014). GSH exists in 2 

forms intracellularly (Figure 2.1) reduced (GSH) and oxidized (GSSG). The balance 

of these two compounds is essential to maintaining healthy homeostasis 
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intracellularly, giving GSH both protective and pathogenic roles. When the ratio of 

these two compounds drops to 1 in 10, the cells become sensitive to oxidative stress. 

Figure 2. 1 The two states in which glutathione exists. 

Taken and adapted with permission from Saidu et al 2018 using Open 

Access Creative Commons Attribution License 3.0 (CC BY 3.0). 

 

There are several diseases associated with depletion of GSH including Alzheimer’s, 

Parkinson’s, COPD, HIV, Hypertension, Liver disease and Cystic Fibrosis (Ballatori 

et al., 2009). GSH levels can be maintained through diet, and although diet can alter 

glutathione in the body, pharmacological agents such as Fumaric Acids can be used 

to inhibit the up-regulation of GSH levels in cells (Pizzorno., 2013).  

 

In recent years, the investigation of GSH and its role in cancer has been generating 

interest in the research community (Figure 2.2).  For example, it has been shown that 

cisplatin resistance was associated with GSH detoxification (Godwin et al., 1992 and 

Pathania et al., 2018). Decreasing the level of intracellular GSH, as demonstrated 

by Xu et al., (2019) showed that not only was the efficacy of cisplatin increased but 

the cisplatin resistance was reversed.  

 
Given this mode of action of glutathione, we hypothesised that by reducing the 

intracellular levels of Glutathione, TNBC cells will be sensitised to damage via agents 

which induce the production of ROS such as Doxorubicin and Radiotherapy. By 

reducing the intracellular levels of glutathione through the pharmacological properties 

of fumaric acids, we hypothesise that the TNBC cells will have a reduced ability to 

neutralise any reactive oxygen species that would have resulted in DNA damage and 

that this will ultimately lead to cell death.  

  

http://creativecommons.org/licenses/by/3.0/
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Figure 2. 2 The direct and indirect effects of targeting Glutathione.  

How utilising the levels of intracellular glutathione can lead to cell death in cancer 

cells. taken from Taken and adapted with permission from Kennedy et al., (2020).  

using Open Access Creative Commons Attribution License 3.0 (CC BY 3.0). 

 

 

2.2.1 Aims 

 

The aims of this chapter are: 

-  To determine the cytotoxicity of fumaric acids alone on MDA-MB-231 human TNBC 

cells via clonogenic assay 

- To determine the cytotoxicity of fumaric acids in combination in MDA-MB-231 cells 

with Doxorubicin and Radiation via clonogenic assay 

- To investigate mechanistic underpinning of any observed effects in these cells after 

treatment with combination therapies.  
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2. 3 Materials and Methods 

2.3.1 Cell Lines 

The MB-MDA-231 Triple Negative Breast Cancer cell line derived from the breast 

tissue of a 51-year-old female (MDA-MB-231 | ATCC, 2021). Cells were maintained 

in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 

penicillin/streptomycin (100U/ml), fungizone (2 M/ml), L-glutamine (200 mM) and 

10% (v/v) foetal calf serum (all supplied by Fisher Scientific UK).  Media was checked 

for sterility before use by placing in an incubator set at 37 oC with 5% CO2, for 5 days. 

2.3.2 Maintaining cells. 

Once MDA-MB-231 cells reached 70% confluence, complete media was removed 

from the T75 cm2 flasks (Fisher Scientific UK) and washed with 4 mL PBS. 3 mL of 

0.05% trypsin (Fisher Scientific UK) was then added to the flasks and then cells were 

incubated until the cells detached (approximately 10 minutes). 10 mL of fresh 

complete media was then added to the flask to neutralise the trypsin. A single cell 

suspension was achieved by gentle passage of the cells through a sterile 25 mm 

needle (BD Microlance). Three new T75 cm2 flasks containing 20 mL of complete 

DMEM media were then seeded with various volumes of the cell suspension (1 mL, 

3 mL, and 5 mL) to maintain stock levels of viable cells of varying confluence. Cells 

were routinely tested for the presence of mycoplasma via a PCR test (Minerva Biolabs 

GmbH, 56-1010 and 11-1050).  

2.3.3 Freezing of Cells  

In line with the recommended maintenance of the MD-MBA-231 cell line, cells were 

cryopreserved in order to preserve healthy cells at low passage number to use in 

future experiments. After detaching the cells using 0.05% trypsin, the cell suspension 

was spun down at 1000 RPM for 5 minutes and the media removed. The pellet was 

resuspended in 5mL complete DMEM media and the cells counted by using a 

haemocytometer (Jencons, UK) and then 1x106 cells were aliquoted into 1 mL cryovial 

tubes (StarLab UK) containing cell freezing medium (10% FBS (Fisher Scientific UK), 

10% DMSO (Sigma Aldrich, UK), 80% cell suspension in complete media) before 

freezing at -80 oC for 2 weeks and subsequently removal to liquid nitrogen for long 

term storage.  
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2.3.4 Thawing Frozen Cells  

The cryovials containing 1 mL of frozen cells were removed from the -80 oC freezer 

and defrosted at room temperature. The tubes were spun at 1000 RPM for 5 minutes 

and the freezing buffer was removed before resuspending the pellet in 1 mL complete 

media. The cells were transferred into a T25 cm2 flask (Fisher Scientific UK) with 5 

mL complete DMEM media. This flask was then incubated for 3 to 5 days to allow 

cells to grow to around 70% confluence before transfer of the cells into a T75 cm2 

flask (Fisher Scientific UK) containing 15 mL complete media. 

2.3.5 Cell Doubling Time 

A population doubling time (PDT) assay was used determine the time needed for the 

MD-MBA-231 cells to double in number. This assay was undertaken to establish the 

time that the cell lines would be incubated with drugs (48 hr doubling time). This 

protocol was carried out in triplicate, cells were plated out in 7 different T25 cm2 flasks 

with 5 mL of complete media added to each flask. At 24-hr intervals, one T25 cm2 

flask was taken, and media was poured off, and the cells were washed with PBS and 

2 mL of 0.05% trypsin solution was added. The flask was then incubated until the cells 

had detached (approximately 10 minutes). A haemocytometer was then used to count 

the number of viable cells. This process was repeated for 7 days. The cell doubling 

time was determined using the following equation: 

Doubling time = (t2 – t1) × [log 2/ log (q2) – log (q1)] (Equation 1) 

Where: q1 and q2 are the number of cells measured at initial time t1 and final time t2, 

respectively. 

This assay was carried out in triplicate and the results were analysed in GraphPad 

prism (version 9.2.1).  

2.3.6 Drug preparations  

DMF, MMF and EMF stock solutions (Sigma Aldrich UK) were prepared by diluting; 

0.25 g of EMF (255.22 g/mol), 140 mg of DMF (MW 144.127 g/mol) and 6.5 mg of 

MMF (MW= 130.10 g/mol) in 10 mL DMSO. All solutions where then filtered using a 

0.2 mm sterile filter (Sigma Aldrich UK). A 500 µM working solution was prepared by 
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diluting 50 µL DMF in 9.95 mL PBS, 500 µL EMF in 9.5 mL and 1000 µL MMF in 9 

mL PBS, all stored at 4 °C in the fridge.   

Single therapies were treated at doses of; DOX 0.02 M, MMF 2 M, DMF 100 M 

and X-irradiation 2 Gy. Combinations were also investigated and carried out using 3 

combination schedules as detailed below. Again, using the drug concentrations stated 

(DOX 0.02 M, MMF 2 M, DMF 100 M and X-irradiation 2 Gy). 

SCHEDULING DRUG 

COMBINATION 

ORDER OF ADMINISTRATION 

SCHEDULE 1 DOX/ RAD+ Fumaric 

Acid 

Simultaneous 

SCHEDULE 2 DOX/ RAD + Fumaric 

Acid 

Dox /Rad1st, Fumaric acid 24hr after  

SCHEDULE 3 DOX/ RAD + Fumaric 

Acid 

Fumaric Acid 1st, Dox/ Rad 24 hr after 

Table 2.1 This table shows the drug combinations and order of administration 

(scheduling) 

 

2.3.7 Clonogenic Assay  

Clonogenic assays were carried out on MDA-MB-231 cells to calculate the clonogenic 

capacity of these cells, representing cell survival after exposure to treatments of both 

drugs and radiation therapies. Cells were then treated with the relevant single agents; 

Doxorubicin 0.02 M, X-radiation 2 Gy, 100 M DMF and MMF 2 M. The three 

combination treatment schedules were assessed to investigate their clonogenic 

potential post treatment between, MMF (2 M) + DOX (0.02 M) or X-radiation (2 Gy). 

As previously described schedule (SCH) 1 (DOX/Rad + MMF/DMF) was administered 

simultaneously. Schedule (SCH) 2 DOX/Rad was administered 24 hrs before 

MMF/DMF. Schedule (SCH) 3 MMF/DMF was administered 24 hrs before DOX/Rad.  

MDA-MB-231 cells were counted and 2x105 cells were added to a T25 cm2 flask with 

5 mL complete media and then incubated at 37 oC in a 5% CO2 environment for 48 

hrs as this is the cells doubling time. Cells were then treated with the desired drug or 

exposure to irradiation and incubated for a further doubling time of 48 hrs. The 

complete media containing the drug was then removed and cells were washed with 

PBS and detached using 2 mL of 0.05% trypsin. The cell suspension was then 
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neutralized using 3 mL of complete DMEM media and disaggregated to a single cell 

suspension by passage through a 21-gauge needle. Cells were then counted using a 

hemocytometer. 700 MDA-MB-231 cells were then seeded into 60 mm petri dishes 

(Fisher Scientific UK) with 5 mL of DMEM media, in triplicate. Dishes were then 

incubated for 14 to 21 days until colonies of more than 50 cells were visible. After the 

desired time, the DMEM media was removed, and colonies were washed with PBS 

and fixed using 100% methanol (Fisher Scientific, UK) for 10 minutes. Fixed colonies 

were then stained with 10% Giemsa solution (VWR, Germany) for 1 hr and then 

washed with water. Visible cell colonies were then counted by eye. Survival fraction 

was calculated as below, and data reported was an average of three independent 

experiments each performed in triplicate.  

Survival Fraction =  (Number of colonies / number of colonies seeded)   
    (Number of control colonies ⁄ number of colonies seeded) 

2.3.8 Glutathione Assay 

 

MDA-MB-231 cells were plated in T25 cm2 flasks at 150,000 cells per flask and 

incubated at 37 oC with 5% CO2 for 48 hrs in complete media. Cells were then treated 

with the relevant single agents; Doxorubicin 0.02 M, X-radiation 2 Gy and MMF 2 

M. The three combination treatment schedules were assessed to investigate their 

potential to alter the intracellular level of glutathione post treatment between MMF (2 

M) + DOX (0.02 M) or X-radiation (2 Gy). As previously described SCH1 (DOX/Rad 

+ MMF) was administered simultaneously. SCH2 (DOX/Rad) was administered 24 

hrs before MMF. SCH3 MMF was administered 24 hrs before DOX/Rad.  

 

Cells were trypsinised and the cell suspension was centrifuged at 1000 RPM for 5 

minutes, pellets were washed with PBS and treated as described in Glutathione Assay 

Kit CS0260-1KT, Sigma-Aldrich.  

 

2.3.9 Cell Cycle analysis 

 

Cell cycle analysis of MDA-MB-231 cells post treatment was carried out to determine 

the distribution of cells throughout the phases of the cells cycle, (Darzynkiewicz et al., 

2017). 
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MDA-MB-231 cells were seeded in T25 cm2 flasks at 150,000 cells per flask and 

incubated at 37 oC with 5% CO2 for 48 hrs in complete media. Cells were then treated 

with the relevant single agents; Doxorubicin (0.02 M, X-radiation 2 Gy and MMF 2 

M). The three combination treatment schedules use analyses of the cytotoxic 

interaction between MMF (2 M) + DOX (0.02 M) or X-radiation (2 Gy) and were 

assessed for their potential to alter the percentage of cells in each phase of the cell 

cycle. As previously described SCH 1 DOX/Rad + MMF was administered 

simultaneously. SCH 2 DOX/Rad was administered 24 hrs before MMF. SCH 3 MMF 

was administered 24 hrs before DOX/Rad.  

 

Following exposure to or incubation with the respective treatments, complete media 

was removed, and cells were incubated with drug free complete DMEM until relevant 

analysis time was reached; 0 hrs post treatment removal, 24 hrs post treatment 

removal and 48 hrs post treatment removal. Cells were then washed with PBS and 

0.05% trypsin was used to detach the cells from the flask. The cell suspension was 

then pelleted by centrifugation at 1000 RPM for 5 minutes and the supernatant was 

removed. The resulting cell pellet was fixed using 70% ice cold ethanol. These pellets 

were stored at -20 oC until time of use. Following this the pellets were washed with 

PBS and centrifuged at 1000 RPM for 5 minutes before removal of the supernatant.  

 

Fixed pellets were incubated with 50 g/mL ribonuclease A (Sigma-Aldrich, UK) to 

degrade and prevent unwanted RNA staining. Propidium Iodide 10 g/mL (Sigma-

Aldrich, UK) was added to the cell pellet to stain DNA content. After staining, the 

samples were refrigerated at 4 oC for 1 hr, in the dark. 

 

For determination of cell cycle distribution, samples were analysed using an AttuneTM 

NxT Flow Cytometer (Thermo Fisher Scientific, USA). The number of events per 

sample was measured at 10,000, and analysis of flow cytometry data was carried out 

using Attune NxT.  All data was reported as an average of three independent 

experiments.   

 

2.3.10 Apoptosis Detection 

 

The quantification of apoptosis in MDA-MB-231 cells following relevant treatment was 

carried out using an anti-annexin V FITC conjugate antibody stain staining buffer (0.1 
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M Hepes/NaOH pH 7.4), 1.4 M NaCl, 25 mM CaCL2, BD Bioscience) and propidium 

iodide (BD Bioscience). Each combination of these stains is reflective of a different 

stage the of apoptotic death pathways (viable, early apoptotic, late apoptotic and 

necrotic) The percentage of apoptosed cells were measured at 0 hours, 24 hrs and 

48 hrs post treatment to allow investigation of cell death dynamics over time.  

 

MDA-MB-231 cells were plated in T25 cm2 flasks at 150,000 cells per flask and 

incubated at 37 oC with 5% CO2 for 48 hrs in complete media. Cells were then treated 

with the relevant single agents; Doxorubicin (0.02 M, X-radiation 2 Gy and MMF 2 

M). The three combination treatment schedules utilised analyses of the cytotoxic 

interaction between MMF (2 M) + DOX (0.02 M) or X-radiation (2 Gy) and were 

assessed for their potential to induce apoptosis. As previously described SCH 1 

DOX/Rad + MMF was administered simultaneously. SCH 2 DOX/Rad was 

administered 24hrs before MMF. SCH 3 MMF was administered 24 hrs before 

DOX/Rad.  

 

Following exposure to or incubation with the respective treatments, complete media 

was removed, and cells were incubated with drug free complete DMEM until relevant 

analysis time was reached; 0 hrs post treatment removal, 24 hrs post treatment 

removal and 48 hrs post treatment removal. Cells were then washed with PBS and 

0.05% trypsin was used to detach the cells from the flask. The cell suspension was 

then pelleted by centrifuged at 1000 RPM for 5 minutes. The supernatant was 

removed, and the pellet washed with 1mL of PBS. Cells were then re-pelleted at the 

same centrifuge settings and resuspended at a concentration of 1x106 cells/mL in 

Annexin V staining buffer (0.1M Hepes/NaOH pH 7.4, 1.4 M NaCl, 25 mM CaCL2). 

100 µL of each sample was then placed in an eppendorf tube for 15 minutes at room 

temperature, after which 5 µL of propidium iodide was added (BD Bioscience, UK).  

 

The flow cytometry analysis was carried out using AttuneTM NxT Flow Cytometer 

(Thermo Fisher Scientific, USA) to measure 10,000 events per sample, where the 

percentage of apoptotic cells was representing the total sum of the cells in the early 

apoptotic phase and cells in the late apoptosis. All data were performed independently 

in triplicate for each data point and presented as (mean ± SD) of apoptotic cells. 
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2.3.11 Autophagy Detection 

 

In order to investigate the mode of cell death following treatment, MDA-MB-231 cells 

were plated in a 96 well flat bottom plate at a density of 500 cells per well seeded at 

a volume of 100 µL cells per well and incubated at 37 oC with 5% CO2 for 24 hrs. Cells 

were then treated with the relevant single agents; Doxorubicin (0.02 M, X-radiation 

2 Gy and MMF 2 M). The three combination treatment schedules utilised analyses 

of the interaction between MMF (2 M) + DOX (0.02 M) or X-radiation (2 Gy) and 

were assessed for their potential to induce DNA fragmentation and inhibit DNA 

damage repair. As previously described SCH1 DOX/Rad + MMF was administered 

simultaneously. SCH2 DOX/Rad was administered 24hrs before MMF. SCH 3 MMF 

was administered 24 hrs before DOX/Rad.  

 

Following exposure to or incubation with the respective treatments, complete media 

was removed, and cells were incubated with drug free complete DMEM until relevant 

analysis time was reached; 0 hours post treatment removal, 24 hours post treatment 

removal and 48 hours post treatment removal. Cells were then washed with PBS and 

trypsin 0.05% was used to detach the cells from the flask.  

 

Following incubation of the cells with the relevant drug or radiation, the treatments 

were removed and 100 µL of complete media was added until the desired time post 

treatment was reached. After, the complete media was removed and 100 µL of assay 

buffer (Abcam UK ab139484) was used. Following this, 100 µL of the dual colour 

detection solution was added (Abcam UK, ab139484). Cells were then incubated at 

37 ºC with 5% CO2 for 30 minutes in the dark. At this point the fluorescence of the 

samples was measured using a microplate reader at set to FITC filter (Excitation ~480 

nm, Emission ~530), and the Hoechst 33342 Nuclear Stain was read with a DAPI filter 

set (Excitation ~405, Emission ~480). 

 

Data analysis was carried out as detailed in; Autophagy Assay Kit (ab139484), 

Abcam, UK. An increase or decrease in green detection reagent was relative to the 

FITC reading, an increase in green detection reagent is reflective of the accumulation 

of autophagic vessels in the cell.  
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2.3.12 Single cell gel electrophoresis (Comet assay) 

 
Following treatment as described in section 2.3.12, cells were either assayed by 

single cell electrophoresis immediately, or incubated in fresh complete medium for a 

further 24 hrs or 48 hrs to allow for possible repair of DNA damage before carrying 

out the assay. 

 

Following the relative incubation time, Comet SCGE assay kit, ADI-900-166, ENZO, 

UK was used to carry out SCGE. Complete medium was removed from the cells 

before addition of 2 mL trypsin 0.05% and after passage through a 23-gauge 25 mm 

needle (BD Microlance UK) to create a single cell suspension, the cells were counted 

using a haemocytometer (Jenson UK). Cells were suspended at a density of 5x105 

cells/mL and combined with low melting point agarose (1%) (included in ENZO ADI-

900-166 kit) at a ratio of 1 in 10 (10 L cell suspension; 90 L gel). 75 L of the 

cell/agarose mixture was then pipetted onto an ENZO comet slide until set (included 

in ENZO ADI-900-166 UK). The slides were then covered in lysis solution (included 

in ENZO ADI-900-166 UK) (25 M NaOH, 100 mM EDTA pH10, 10 mM tris base, 1% 

sodium lauryl sarcosinate, 1% Triton X-100) then stored at 4 ºC for 2 hours. The slides 

were then immersed in an alkaline solution (included in ENZO ADI-900-166 UK) (300 

mM NaOH, 1 mM EDTA) for 1 hour. Cells were then washed with TBE buffer and 

placed in a gel tank (filled with TBE buffer, Sigma Aldrich UK) and ran at 45V for 10 

minutes. Cells were then stained with 1X SYBR green dilution (included in ENZO ADI-

900-166 UK) and left at room temperature in the dark until dry. Following this, slides 

were imaged using fluorescence microscopy (435-500nm) using an EVOS FL auto 

system (Life Technologies, UK). Comets were imaged and analysed as described by 

Geller et al., 1999.  

Images of the resulting comets derived from the MDA-MB-231 cells were analysed 

using ImageJ with plug in OpenComet v1.3. The mean number of comets analysed 

in each treatment group was 100. 

 

2.3.13 Statistical Analysis 

Statistical analysis was carried out using GraphPad Prism Version 9.2.1. Unless 

otherwise stated, the results were obtained from three independent experiments and 

expressed as the mean value ± standard deviation (SD). To determine which test was 

suitable for the specific dataset, a Shapiro-Wilk normality test was carried out. Where 
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this test revealed normality, a one-way ANOVA followed by Bonferroni’s multiple 

comparison test was carried out. If Shapiro-Wilk normality test revealed data set was 

not normal, Kruskal-Wallis with Dunn’s post hoc multiple comparison testing was 

carried out to assess the degree of significance.   A one-way ANOVA and Kruskal-

Wallis are used to determine the significance within the dataset for wither parametric 

or non-parametric date respectively. Bonferroni and Dunn’s post hoc testing carry our 

pairwise comparisons to determine the significance between each of the samples, 

treated and untreated for example.  Kruskal-Wallis utilised the median of data sets to 

determine significance, one-way ANOVA compares the mean number of data sets to 

determine significance.   
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2. 4 Treatment of MDA-MB-231 TNBC cells using Doxorubicin, 

Radiotherapy, Dimethyl Fumarate and Monomethyl Fumarate as single 

therapies. 

 
We first looked at the effects on clonogenic survival of MDA-MB-231 cells incubated 

with DOX, DMF, MMF and EMF or exposure to X-irradiation as single agents. A 

clonogenic assay was used as this examines the long-term effect of treatments on 

cells and measures the ultimate survival of cells or clonogenic capacity. This is 

important because many cancer treatments do not induce cell death immediately or 

within 1 cell division but damage the cell so that it is no longer viable and will only 

replicate once or twice before cell death. This is especially important when looking at 

the effects of radiation on cell death as the prolonged assays allows time for mitotic 

catastrophe to occur in which cells are damaged by radiation but are not killed 

instantly, they are able to carry out several cell cycles before eventually dying.  

 

As there are no current reports on the effect of fumaric acids on MDA-MB-231 cells, 

the toxicity of these drugs on TNBC cells required investigation. In this initial 

experiment, each of the fumaric acids DMF, MMF and EMF and their effects on MD-

MBA-231 cells were investigated. DMF was selected due to its mechanism of action 

as it inhibits the synthesis of GSH preventing the neutralisation of ROS via antioxidant 

production. Inhibiting GSH had already been shown to be beneficial in TNBC as it 

binds to GSH and allows for higher levels of damage to be induced by ROS leading 

to a cell death cascade (Kwon et al., 2019). MMF was selected for investigation as it 

is the metabolite of DMF, however literature now suggests that it has a different 

mechanism of action that is still unclear therefore, analysis of its activity with MDA-

MB-231 cells could provide more clarity (Brennan et al., 2015).  The activity of EMF 

on MDA-MB-231 cells was also investigated as this drug acts using the mechanistic 

pathway as DMF, however patients receiving EMF for multiple sclerosis (MS) 

treatments reported that EMF was preferable due to reduced gastrointestinal issues 

(Diroximel fumarate - DrugBank, 2020). 

 

All drugs were diluted to the above working stocks Section 2.3.6 and then MDA-MB-

231 cells incubated with the respective drug for clonogenic analysis as described in 

the methods above.  
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2.4.1 Cytotoxicity of Doxorubicin on MDA-MB-231 cells  

 

Figure 2.3 shows the response of MDA-MB-231 following exposure to increasing 

concentrations of DOX as assessed by clonogenic assay, 

 

 

Figure 2. 3  The impact of increasing doses of Doxorubicin (M) on the clonogenic 

capacity of MDA-MB-23 cells. 

Data shown is an average of at least three independent experiments carried out in 

triplicate, +/- standard deviation. A 1-way ANOVA with Bonferroni post testing was 

performed using GraphPad Prism 9.2.1 software, with p-values of <0.0001 = 

*reported as significant difference of the treated group compared to the untreated 

control (Applicable to figures 2.3-2.7).  

 
From Figure 2.3, it can be observed that DOX reduced the survival fraction of MDA-

MB-231 cells in a dose dependant manner, as the concentration of DOX increased 

the survival of the cells decreased. There was a statistically significant decrease in 

the survival fraction of cells when treated with 0.06 M, 0.08 M and 0.1 M of DOX, 

when compared with the untreated control (all, p <0.0001). The R2 value of the graph 

was 0.831 which indicates a good correlation between the data and line fit model 

used. Using GraphPad prism 10, the line of best fit of data in Figure 2.3 demonstrated 

an IC50 of 0.05950 m.  
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2.4.2 Cytotoxicity of Radiotherapy on MDA-MB-231 cells 

 
To assess the radiosensitivity of MDA-MB-231 cells, a clonogenic assay was 

undertaken and this is demonstrated in Figure 2.4 

 

 

 

Figure 2. 4 The impact of increasing doses of radiation (Gy) on the clonogenic 

capacity of MDA-MB-231 cells. 

 

From Figure 2.4 it can be observed that radiation reduced the survival fraction of 

MDA-MB-231 cells in a dose dependant manner. All doses of administered radiation 

produced a statistically significant reduction in the survival fraction of MDA-MB-231 

cells, when compared with the untreated control cells (all P<0.0001). The R2 value of 

the graph was 0.9476 which indicates a good correlation between the data and line 

fit model used.  

 

 

  

0 2 4 6 8 10

0.0

0.5

1.0

1.5

RADIATION (GY)

S
u

rv
iv

a
l 
F

ra
c
ti

o
n

   *           *      *          *           *



 

 69 

2.4.3 Cytotoxicity of Dimethyl Fumarate on MDA-MB-231 cell 

 

To determine the cytotoxic capacity of DMF on MDA-MB-231 cells, a clonogenic 

assay was carried out as seen in Figure 2.5.  

 
 
 
Figure 2. 5 The impact of increasing doses of dimethyl fumarate on the clonogenic 

capacity of MDA-MB-23 cells. 

 

From Figure 2.5 it can be observed that at all administered concentrations of DMF, 

the survival fraction of cells was not statistically significantly lower than the control. 

The survival fraction gradually decreased in a dose dependent manner, with the 

lowest survival fraction of 0.7609 SD+/- 0.32 (P>0.9999), observed after incubation of 

cells with 100 µM of DMF. Using GraphPad prism 9.2.1, the line of best fit of data in 

Figure 2.5 gave an IC50 of 603.1 µM.   
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2.4.4 Cytotoxicity of Monomethyl Fumarate on MDA-MB-231 cells 

 

To assess the cytotoxicity of MMF on MDA-MB-231 cells, a clonogenic assay was 

carried out as detailed in Figure 2.6. 

 
 

 

Figure 2. 6 The impact of increasing doses of monomethyl fumarate on the 

clonogenic capacity of MDA-MB-231 cells.  

 
Figure 2.6 demonstrated that MMF reduced the clonogenic survival of MDA-MB-231 

cells in a dose dependant manner. The highest concentration of 10 M MMF reported 

a survival fraction of 0.14 (+/- 0.076). This was the only concentration of MMF 

investigated that produced a statistically significant decrease in the survival fraction 

of the cells when comparing the data with the untreated control (P<0.0076). Using 

GraphPad prism 9.2.1 the line of best fit of data in Figure 2.6 gave an IC50 of 6.631 

µM and an R2 value of 0.7956 which indicates a good correlation between the data 

and line of fit model used.  
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2.4.5 Cytotoxicity of Diroxomel Fumarate (EMF) on MDA-MB-231 cells 

 

The cytotoxicity of EMF on MDA-MB-231 cells was investigated using a clonogenic 

assay as detailed in figure 2.7.  

 
 
Figure 2. 7 The impact of increasing doses of Diroxomel Fumarate (EMF) on the 

clonogenic capacity of MDA-MB-231 cells.  

 

Results from Figure 2.7 reported that there was no statistically significant reduction in 

the survival of MDA-MB-231 cells after treatment with any concentration of EMF.  The 

data reported that at 40 M of EMF the survival fraction of MDA-MB-231 cells 

decreases to 0.74 SD+/- 0.1 (P>0.38), the lowest survival fraction observed, however 

this was not a significant reduction compared to the control. The IC50 was 7.308e+019 

M and indeed no administered concentration of EMF reduced clonogenic survival to 

50%.  
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2.4.6 Cytotoxic Effects of combination therapy using Doxorubicin and Dimethyl 

Fumarate or Monomethyl Fumarate on MDA-MB-231 cells. 

 

The next stage of the project was to use the results obtained from Figures 2.3-2.7 to 

design combination therapies. This involved the combination of these fumaric acids 

with the cytotoxic agent DOX and Radiation. The fumaric acids were given in 

combination with DOX the standard chemotherapy agent used to treat TNBC, as well 

as radiation at the standard clinical dose of 2 Gy. It was hypothesised that neutralising 

the antioxidant glutathione and treating the cells with cytotoxic agents following this, 

would kill a significantly higher percentage of cells relative to controls or either 

treatment alone. Results from the clonogenic assays detailed above in Figures 2.3-

2.7 allows for the calculation of IC20. When investigating combination therapies, it is 

essential to use treatment concentrations that are minimally cytotoxic to enable the 

additional benefit of any combinations to be measurable, hence the use of doses and 

concentrations of agents that induce on 20% survival. For example, if using IC50s to 

investigate combination therapies using two treatments, one treatment will 

theoretically kill 50% of cells and the other kill 50% of cells, therefore leaving no 

remaining cell colonies to measure any synergistic interactions that result in greater 

than additive cell kills. Therefore, IC20 values were used to investigate these 

combinations, combination index analysis was carried out and this led to the 

determination on whether the combinations were synergistic, antagonistic, or additive.  

 

Although the results at this stage are preliminary, the most effective fumarate drug at 

inhibiting MDA-MB-231 cell survival was MMF (Figure 2.6). MMF also gave the lowest 

IC50 value of 6.631 µM. DMF appears to show some cell survival inhibition at higher 

concentrations, however the IC50 was very high at 603.1 µM and no statistically 

significant reduction in clonogenic survival was observed for any administered 

concentration (Figure 2.5). The least effective fumarate was EMF, as the clonogenic 

survival inhibition was not significantly different to the untreated cells even at the 

highest concentrations tested. The IC50 value was the highest of all fumaric acids 

tested (Figure 2.7). Given the ineffectiveness of EMF at inducing clonogenic cell death 

in a long term clonogenic assay it was decided that it would not be investigated further. 
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2.4.7 Scheduling of Treatment administration 
 

Scheduling is incredibly important when designing combination therapies. The order 

in which drugs are administered is crucial to the outcome of a treatment, particularly 

in this project which utilises the fumaric acids in combination with doxorubicin and 

radiation. This is due to the mechanism of action of the fumaric acids being used, 

DMF and MMF, bind to intracellular glutathione and prevent it from neutralising ROS, 

as a result, the ROS generated because of radiation or doxorubicin is not neutralised 

and can induce SSB and DSB resulting in the activation of Caspase 3 pathway and 

ultimately cell death. Given this mechanistic information, the following combinations 

were designed in schedules as detailed in section 2.3.6. 

 
It was hypothesised that SCH 3 would induce the greatest reduction in clonogenic 

capacity due to the mechanism of action of the drugs. Given that Fumaric acids are 

shown in the literature to inhibit intracellular antioxidant production which then allows 

for the damage induced by ROS to be uncontrolled it was hypothesised that by 

inhibiting glutathione synthesis before inducing the ROS and ultimately the DNA 

damage caused by DOX or radiation, it would be more likely to be catastrophic for the 

cell. Additionally, it was assumed that SCH 2 administration would induce a reduction 

in clonogenic capacity however not as effectively as SCH3 as SCH1. SCH1 

administration was simultaneous and as such ROS will damage intracellular 

mechanisms simultaneously as DMF and MMF are inhibiting the generation of new 

antioxidants. Therefore, the cell will be able to use already existing antioxidants to 

prevent ROS damage.  

 

It was hypothesised that SCH2 would be the least effective combination therapy at 

reducing cell survival as this schedule involves administering DMF or MMF after 

administration of DOX or radiation. This would be insufficient as antioxidants and cell 

protective mechanisms would already have mitigated damage by ROS and prevented 

the induction DSB and SSB by chemotherapeutic and radiation administration. 

However, as it is known ROS are generated in bursts (Zorov et al., 2014) this SCH2 

combination would theoretically prevent any cellular protective mechanisms that 

would be generated in response to these bursts, 24 hrs following DOX or radiation 

administration. This scheduling would therefore allow us to investigate if inhibiting the 

initial generation of antioxidants is sufficient to induce cell death or if burst of ROS are 

equally as critical at inducing cell death.  
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Figure 2.8 details the response of MDA-MB-231 cells to incubation with DOX, DMF 

and three scheduled combinations of these therapies. SCH1 one being simulations 

administration of both drugs, SCH 2 DOX administered 24 hours prior to DMF 

administrations and SCH 3 DMF administered 24 hours before DOX administration. 

Doxorubicin was administered at 0.02 M, MMF 2 M and DMF at 100 M, as these 

concentrations were the calculated IC20s. 

 

 

Figure 2. 8 This is a comparison between the survival fraction of DOX, DMF 

and the combination of three schedules of administration on MDA-MB-231 

cells.  

Data shown is the average of three independent experiments carried out in triplicate, 

+/- SD. (B) 1-way ANOVA with Bonferroni post-test was performed using GraphPad 

Prism 9.2.1 software (applicable to graphs 2.8-2.11). 

 
It can be observed from in Figure 2.8, that MDA-MB-231 cells treated with DMF and 

DOX alone resulted in minimal cytotoxic effect as Incubation of cells with DOX at 0.02 

M, resulted in the clonogenic survival of 0.83 SD+/- 0.27 which was not significantly 

less than those cells which were untreated or any other treatment group (P<0.999). 

DMF administered at a concentration of 100 M relative to the untreated control, 

induced a cell kill of 0.87 SD+/- 0.20 that produced a non-significant reduction in 

survival fraction when compared to the untreated control group or any other treatment 
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group (P<0.999).  Treatment of cells with SCH 1 (Simultaneous administration), SCH 

2 (DOX administered before DMF) and SCH 3 (DOX administered after DMF) using 

the same concentrations of drug also failed to induce a statistically significant 

reduction in survival fraction of MDA-MB-231 cells when compared to the control or 

any other treatment group. This data suggests that no scheduled combination of DOX 

+ DMF is more effective at reducing the survival fraction of MDA-MB-231 cells than 

the single therapies alone.  

 

Due to the mechanism of action of DMF, inhibiting the synthesis of antioxidants, it was 

hypothesised that cells would be unable to prevent damage induced by ROS via DOX 

treatment. However, this hypothesis has not been supported by the results in Figure 

2.8. It may be that the active metabolite of DMF, MMF, will be a more suitable 

candidate to investigate the potential of fumaric acids as a potential candidate for 

combination therapies on 2D MDA-MB-231 cells. 

 

Figure 2.9 details the treatment of MDA-MB-231 cells with the same concentration of 

DOX 0.02 M as in Figure 2.8, and 2 M MMF. These were administered alone and 

in three schedules previously detailed. 
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(B) 

Bonferroni's multiple comparisons test Summary Adjusted P 
Value 

CONTROL vs. SCH3 *** 0.0003 

DOX vs. SCH3 ** 0.0062 

MMF vs. SCH3 ** 0.0088 

Figure 2. 9 This is a comparison between the survival fraction of DOX, MMF and the 

combination of three schedules of administration on MDA-MB-231 cells. 

 

As we can see from Figure 2.9, when MDA-MB-231 cells were incubated with DOX 

alone and MMF alone, these drugs as single agents did not induce a statistically 

significant reduction in survival fraction of cells compared with the control or any other 

treatment group (P>0.9999, Figure 2.9B). SCH1 (Simultaneous administration) or 

SCH2 (DOX administered before MMF) did not induce any statistically significant 

reduction in survival fraction compared with any other treatment group. SCH3 (DOX 

administered after MMF) however induced a statistically significant reduction in 

survival fraction when compared to the untreated control (P=0.0003, Figure 2.9B), 

DOX alone (p=0.0062, Figure 2.9B) and MMF alone (p=0.0088, Figure 2.9B). This 

was the only statistically significant reduction in survival fraction observed when 

comparing SCH3 to any other group. These results suggests that scheduled 

combinations of DOX + MMF can statistically significantly reduce the survival of MDA-

MB-231 cells when compared to untreated control cells and individual therapies alone 

when administered in SCH3 regime. This therefore suggests that combination of 

SCH3 DOX + MMF could be a more effective treatment than the gold standard DOX 

alone for TNBC patients.  
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Figure 2.9 supports the hypothesis that SCH3 is the most effective method of 

administration of DOX and MMF. This may be due to the mechanism of action in which 

MMF inhibits the synthesis of intracellular GSH, as a result, ROS generated by DOX 

treatment can induce SSB and DSB ultimately causing the activation of Caspase 3 

resulting in cell death (Kennedy et al., 2020). This combination will also be 

investigated in Chapter 3, using 3D spheroid model and Chapter 4, using 2D and 3D 

models to investigate DOX resistance of MDA-MB-231 cells.  

 

 

To determine if lowering the radiation dose influenced combination efficacy the 

combination experiment was carried out using 0.5 and 1 Gy and 2 Gy of radiation 

(data not shown, see appendix 1). There was no additional benefit of reducing the 

dose of radiation in combination with MMF at any scheduled combination. Therefore, 

the effects of radiation were investigated at a dose of 2 Gy going forward, as the 

clinical dose used is approximately 2.7 Gy (Lilley and Murray, 2023).   

 

Figure 2.10 investigated the scheduled combination on MDA-MB-231 cells, of DMF 

at 100 M and irradiation at 2 Gy as the clinical dose used is approximately 2.7 Gy 

(Lilley and Murray, 2023).  SCH 1 was a simultaneous administration of DMF 100 M 

and 2 Gy of radiation. SCH 2 involved the treatment of cells with 2 Gy dose of radiation 

24 hours prior to the administration of 100 M DMF. SCH 3 involved the administration 

of DMF100 M 24 hours prior to the cell’s exposure to 2Gy radiation. 

 

Figure 2.10 demonstrated that there was a statistically significant reduction in the cell 

survival fraction of cells when cells were treated with SCH1 (P=0.0039, Figure 2.10B), 

SCH2 (P=0.0326, Figure 2.10B) and SCH3 (P=0.0066, Figure 2.10B) when compared 

with the untreated control.  There was also a statistically significant decrease in 

survival fraction of cells exposed to SCH3 (P=0.042, Figure 2.10B) compared to DMF 

alone. There were however no statistically significant decreases in survival fraction of 

cell exposed to SCH 1 or 2 compared to DMF alone (Figure 2.10B).  Additionally, 

there were no statistically significant reductions in survival fraction of cells treated with 

SCH1,2 or 3 compared with RAD alone.  

 



 

 78 

 

(B) 

Bonferroni's multiple 
comparisons test 

Summary Adjusted P Value 

Control vs. RAD ** 0.0040 

Control vs. SCH1 ** 0.0037 

Control vs. SCH2 * 0.0326 

Control vs. SCH3 *** 0.0003 

DMF vs. SCH3 ** 0.0042 

Figure 2. 10 This is a comparison between the survival fraction of RAD, DMF and the 

combination of three schedules of administration on MDA-MB-231 cells.  

 

The results from Figure 2.10 support the hypothesis that SCH3 is a more suitable 

combination administration than SCH2. The results from Figure 2.10 suggest that no 

combination schedule was more effective at reducing the survival fraction of MDA-

MB-231 cells than radiation alone. However, a combination therapy of RAD + DMF 

will be investigated in Chapter 3 using 3D models and Chapter 4 to determine if this 

combination therapy is more effective at reducing the survival of radiation resistant 

MDA-MB-231 cells than radiation alone. This hypothesis is supported by the findings 

of Bai et al., (2021) who reported that resistance in TNBC patients is often linked to 

an upregulation of antioxidants such as GSH, and that by inhibiting the production of 

GSH via DMF, this may re-sensitise the cell to death via ROS induced by irradiation.  

 
Figure 2.11 reflects the effects of MDA-MB-231 cells when exposed to RAD 2 Gy and 

MMF 2 M in scheduled combination. SCH1 was a simultaneous administration of 

MMF 2 M and 2 Gy of radiation. SCH2 involved the treatment of cells with 2 Gy dose 
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of radiation 24 hours prior to the administration of 2 M MMF. SCH3 involved the 

administration of MMF 2 M 24 hours prior to the cell’s exposure to 2 Gy radiation.  

 

  

(B) 

Bonferroni's multiple comparisons test Summary Adjusted P 
Value 

Control vs. RAD **** <0.0001 

Control vs. SCH1 **** <0.0001 

Control vs. SCH2 **** <0.0001 

Control vs. SCH3 **** <0.0001 

RAD vs. MMF **** <0.0001 

RAD vs. SCH3 * 0.0102 

MMF vs. SCH1 **** <0.0001 

MMF vs. SCH2 **** <0.0001 

MMF vs. SCH3 **** <0.0001 

Figure 2. 11 This is a comparison between the survival fraction of RAD, MMF and the 

combination of three schedules of administration on MDA-MB-231 cells.  

 
Figure 2.11 reports a statistically significant decrease in the survival fraction of cells 

treated with RAD alone, SCH1, SCH 2, and SCH 3 when compared with the control 

(all, P<0.0001, Figure 2,11B). There was also a statistically significant decrease in the 

survival fraction of cells treated with RAD alone, SCH1, SCH2 and SCH3 when 

compared to MMF alone (all, P<0.0001, Figure 2.11B). There was a statistically 

significant decrease in the survival fraction of cells when treated with SCH3 compared 

to RAD alone (P=0.0102, Figure 2.11B). This was the only statistically significant 
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decrease in survival fraction found when comparing any treatment to RAD alone. 

There were no statistically significant changes in survival fraction when comparing 

any other the combination therapies to each other (Figure 2.11B).  

 

The data from Figure 2.11 supports the hypothesis that SCH3 is the more appropriate 

combination schedule of RAD + MMF as it was the only combination therapy that 

induced a statistically significant decrease in survival fraction compared with both 

single therapies and the untreated control. This combination will also be investigated 

in Chapter 3, using 3D spheroid model and Chapter 4, using 2D and 3D models to 

investigate radiation resistance of MDA-MB-231 cells.  

 

2.4.8 Combination Index analysis of Combination therapy using Doxorubicin 

and Monomethyl Fumarate on MDA-MB-231 cells. 

 

Combination index analysis is a statistical analysis that investigates the relationship 

between two or more agents in a system to be defined in terms of their toxicity. There 

are three types of relationships that can be categorised from this analysis: 

antagonistic, additive, and synergistic (better than the sum effect of each agent).  

 

The use of combination index analysis is dependent on how well the model fits the 

data, (also known as the R2 value). Calcucyn was used to generate these combination 

index results; this software was developed by Chou et al (2005). In this software each 

agent tested is combined using a dose ratio of Drug X to Drug Y based on the 

effectiveness of each agent as a single therapy and the effect each combination has 

on the survival of the sample is proportional to each individual agent tested. 

 

The dose effect of the agents investigated are detailed in Fig 2.12. The analysis of 

these results is based on the 3 below equations. 

 

Equation 1; fa/fu=(D/Dm) m 

Equation 2; D= Dm[fa/fu]1/m 

Equation 3; CI= (D)1/(Dx)1+(D)2/(Dx)2+(D)1(D)2/(Dx)1(Dx)2 

 

For equations 1 and 2; D = dose, Dm = IC50 dose, fa = fraction of cells affected, fu= 

unaffected fraction of cells and m= coefficient of the sigmoidicity of the dose effect 
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curve. The logarithmic equation 2 transforms the equation in the form of the equation 

of a line (y=mx+c), where m= the slope of the line and x= logIC50. For each agent 

and combination, log(D) against log(fa/fu), z-intercept and slope m were calculated. 

These were the conditions used to calculate the dose of the combination agents and 

the doses required to determine the different levels of toxicity according to equation 

2. For each concentration of agent and its corresponding toxicity, the combination 

index was calculated as detailed b equation 3 in which; (D)1 and (D)2 = doses of 

agents which give rise to x% of cell survival in clonogenics, when used in combination 

and (DX)1 and (DX)2 = doses of each drug which give rise to x% of cell survival in 

clonogenics when used as a single agent.  

 

If the combination index results in  = 0 then this reflects that the combination of each 

agent tested is the equivalent to the sum of the first two terms. If the analysis produces 

a result of  =1 then each agent has an independent mechanism of action, and the 

combination index is equivalent to the sum of all three terms.  

CI >0.9 - Synergistic 

CI = 0.9-1.1 – Additive 

CI > 1 – Antagonistic 

 

Figure 2.12 is a representation of the data in Fig 2.10 that has been analysed using 

the Calcucyin software. As MMF was the only fumaric administered in combination 

with DOX that produced a statistically significant reduction in survival fraction of MDA-

MB-231 cells, this was the fumaric acid chosen to be analysed in more detail.  

(A) 
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(B) 

 

Drug Concentrations  Schedules 

SCHEDULE 1 SCHEDULE 2 SCHEDULE 3 

MMF 2 μM + DOX 0.02 

μM 
 

0.87 0.96 0.47 

MMF 10 μM + 0.02 μM 0.15 0.28 0.08 

 

Figure 2. 12 CA (A) Combination Index (CI) after MDA-MB-2312 cells are incubated 

with DOX and MMF in the 3 treatments Schedules. 

Antagonistic <1.1, Additive = 0.9-1.1 and Synergistic > 0.9. Each point represents 

three independent experiments carried out in triplicate, (B) Values of CI plotted in (A). 

Data was taken from clonogenic survival assay and analysed suing Calcucyin 

software as described above. 
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It can be seen from Figure 2.12, that SCH1 and SCH3 in both concentrations tested 

produced CI values less than 0.9, therefore these combinations were reported as 

synergistic (better than the sum of each agent) (Figure 2.12B). SCH2 reported an 

additive CI value when using 2 M MMF + 0.02 M DOX, however a synergistic CI 

value was reported when using a higher dose of MMF (Figure 2.12B, 4 M MMF + 

0.02 M DOX). These results support the use of SCH3 as a combination therapy to 

treat MDA-MB-231 cells. This combination produced synergistic CI values at all 

concentrations of drug tested.  

 

2.4.9 Cell cycle analysis of MDA-MB-231 cells after combination treatment with 

Doxorubicin and Monomethyl Fumarate 

 

To better understand the mechanism of action of promising MMF combinations, a 

range of different assays were carried out, including cell cycle analysis, annexin V, 

glutathione assay, autophagy assay and comet assay.  

 

The cell cycle can be divided into 2 stages, interphase, and mitosis. Interphase 

constitutes most of the cell cycle as this is the time frame in which cells prepare to 

undergo division. Interphase is made up of 3 phases: G1(cells prepare to divide), S 

(DNA replication) and G2 (cell organises genetic material prior to cell division). 

Following this the cells enter mitosis (M) in which they undergo complete division to 

two daughter cells. SubG1 (sG1) is used by many apoptotic detection kits to quantify 

to amount of fractionated DNA (Ortiz-Ferron, 2020). When cells undergo apoptosis, 

the DNA within them is broken up into small fragments, these fragments can be 

identified using a stain such as propidium iodide (PI). Cells which have fragmented 

DNA may produce a weak PI intensity and produce a peak below the G1 peak, this is 

known as subG1. Although it is a useful tool to investigate DNA damage using a cell 

cycle analysis kit, this method is not entirely conclusive. Cells may produce weak PI 

intensity and appear below the G1 peak; however, this does not always correspond 

with huge DNA damage as other factors may be influencing this subG1 peak (Plesca 

et al., 2008). Some therapies may cause cell cycle arrest, which means cells become 

stuck in one phase of the cell cycle unable to continue to process for complete cell 

division (Li et al., 2019). 
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Therefore, a more specific assay to investigate apoptosis should be used alongside 

this, such as an Annexin V assay. This kit extracts the fragmented DNA that appears 

in the subG1 peak as not all these cells are apoptotic, there are several other 

intracellular factors that may cause a cell to produce peak below G1 after PI stain 

(chromosome aggregates from mitotic cells for example). As apoptosis can occur at 

any stage in the cell cycle, some cells may become apoptotic during G2/M phase of 

the cell cycle and as such would produce a peak above G1, therefore it should not be 

assumed that all cells in other phases of the cell cycle are healthy (Logue et al.,  2009). 

For these reasons both cell cycle analysis and Annexin V were carried out to 

investigate the effects of potential therapies on MDA-MB-231 cells.  

 

The distribution of MDA-MB-231 cells in each phase of the cell cycle (G1, S, G2/M, 

sG1) was investigated using Fluorescence-Activated Cell Sorting (FACS) assay. Cells 

following treatment with either single therapies (DOX, RAD, MMF) or combination 

therapies (DOX SCH3 and RAD SCH3) were investigated using this assay to 

determine any disparities found between treatments. Cells were collected after 

treatment with single agents or combination therapies as described in section 2.3.20. 

SCH3 MMF was selected as this combination schedule was the only one that 

produced a statistically significant reduction in MDA-MB-231 cell survival (in 

clonogenic assay) when compared to the untreated control cells, DOX alone, RAD 

alone and MMF alone. All concentrations used were the same as those in Figures 

2.7-11.  

 

After 48 hrs (cell doubling time) of incubation with respective treatments, the media 

containing this treatment was removed and cells washed using PBS. Fresh media 

was added to cells which were then incubated for the following time intervals; 0 hrs 

(cells harvested immediately after treatment removed), 24 hrs (cells harvested 24 hrs 

after treatment removed) and 48 hrs (cells harvested 48 hrs after treatment removed). 

These time frames were selected to allow for accurate determination of cell arrest and 

repair during the cell cycle (Thu et al., 2018 and Ochs and Kaina, 2000).  

 
MDA-MB-231 cells treated with MMF, DOX and SCH3 (DOX administered after MMF) 

were analysed immediately after treatment was removed and cell cycle analysis 

results are detailed in Figure 2.13.  
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(E) 

 

Figure 2. 13 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells 0hrs post treatment removal.  

With the corresponding agents in the figure legend (MMF 2M, DOX 0.02M SCH3 – 

MMF2M1st+ DOX 0.02M 24hours later). The figure above represents the 

percentage of cells in each phase of the cell cycle, results displayed as an average of 

3 independent experiments carried out in triplicate (A) – G1, (B)- S, (C)- G2/M and 

(D)- sG1. (E) A one-way ANOVA with Bonferroni post-test was utilized to compare 

the means of the cell cycle phases after treatment cells versus untreated control cells 

and demonstrated in the above Tables where, *P<0.05, **P<0.01, ***P<0.001 and 

****P<0.0001 (Applicable for Figures 2.13-2.15). 

 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P 
Value 

G2/M – 
P Value 

sG1 – P 
Value 

CONTROL vs. MMF <0.0001 <0.0001 <0.0001 0.0024 

CONTROL vs. DOX <0.0001 <0.0001 <0.0001 <0.0001 

CONTROL vs. SCH3 <0.0001 <0.0001 >0.9999 0.0091 

MMF vs. DOX <0.0001 0.0004 <0.0001 <0.0001 

MMF vs. SCH3 <0.0001 0.0135 <0.0001 >0.9999 

DOX vs. SCH3 <0.0001 0.0684 <0.0001 <0.0001 
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The results from Figure 2.13A suggest that there was a statistically significant 

increase in the percentage of cells in G1 phase of the cell cycle after treatment with 

DOX alone, MMF alone and SCH3 combination, compared with the untreated control 

cells and other treatment groups (all P<0.0001, Figure 2.13E).  Figure 2.13B showed 

that there was a statistically significant decrease in the percentage of cells in S phase 

of the cell cycle when treated with DOX alone, MMF alone and SCH3 compared with 

the untreated control (all, P<0.0001). There was also a statistically significant 

decrease in the percentage of cells in S phase of the cell cycle when cells were treated 

with DOX alone (P=0.0004, Figure 2.32E) and SCH3 (P=0.0135, Figure 2.212E) 

compared to MMF alone treated cells. Figure 2.13C suggests that there was a 

statistically significant increase in the percentage of cells in G2/M phase of the cell 

cycle when cells were treated with MMF alone, compared to the untreated control 

(P<0.0001, Figure 2.13E). There was a statistically significant decrease in the 

percentage of cells in G2/M phase of the cell cycle when cells were treated with DOX 

alone compared with the untreated control cells (P<0.0001, Figure 2.13E).  There was 

also a statistically significant decrease in the percentage of cells in G2/M phase of the 

cell cycle when treated with DOX alone and SCH3 compared with MMF alone treated 

cells (both P<0.0001, Figure 2.13E). Figure 2.12D suggests a statically significant 

increase in the percentage of cells in sG1 phase of the cell cycle when treated with 

DOX alone, compared with the untreated control cells, MMF alone and SCH3 (all, 

P<0.0001, Figure 2.13E). There was a statistically significant decrease in the 

percentage of cells in sG1 phase of the cell cycle when treated with MMF alone 

(P=0.024, Figure 2.13E) and SCH3 alone (0.0091, Figure 2.13E) compared with the 

untreated control.  

 

These results suggest that there is a difference in the dispersion of treated cells within 

the various phases of the cell cycle, treated cells reported a significant increase in 

cells in G1 phase of the cell cycle and decrease in S phase of the cell cycle when 

compared with the control. 

 

MDA-MB-231 cells treated with MMF, DOX and SCH3 (DOX administered after MMF) 

were then analysed 24 hrs after treatment removed and cell cycle analysis results are 

detailed in Figure 2.14.  
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(E) 

Figure 2. 14 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents. 24 hrs post treatment 

removal. 

 
Figure 2.14A demonstrates that there was a statistically significant decrease in the 

percentage of cells in G1 phase of the cell cycle following treatment with DOX alone 

and SCH3 compared with the untreated control cells (both P<0.0001, Figure 2.14E). 

There was also a statistically significant decrease in the percentage of cells in G1 

phase of the cell cycle following treatment with DOX alone and SCH3 compared with 

MMF alone (both P<0.0001, Figure 2.14E). There was a statistically significant 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P Value G2/M – 
P Value 

sG1 – P 
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CONTROL vs. MMF >0.9999 <0.0001 <0.0001 <0.0001 

CONTROL vs. DOX <0.0001 <0.0001 <0.0001 >0.9999 

CONTROL vs. SCH3 <0.0001 <0.0001 0.0600 >0.9999 

MMF vs. DOX <0.0001 >0.9999 >0.9999 <0.0001 

MMF vs. SCH3 <0.0001 >0.9999 <0.0001 <0.0001 

DOX vs. SCH3 <0.0001 >0.9999 <0.0001 >0.9999 
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decrease in the percentage of cells in G1 phase of the cell cycle when treated with 

SCH3 compared with DOX alone treated cells (P<0.0001, Figure 2.14E). Figure 2.13B 

reported that there was a statistically significant increase in the percentage of cells in 

S phase of the cell cycle following treatment with MMF alone, DOX alone and SCH3 

compared with the intreated control (all P<0.0001, Figure 2.14E). Figure 2.13C 

reported that there was a statistically significant increase in the percentage of cells in 

G2/M phase of the cell cycle when treated with DOX and MMF alone compared with 

the untreated control (P<0.0001, Figure 2.14E) and SCH3 (P<0.0001, Figure 2.14E). 

Figure 2.13D reported there was a statistically significant increase in the percentage 

of cells in sG1 phase of the cell cycle when treated with MMF alone compared with 

the untreated control, DOX alone and SCH3 (all P<0.0001, Figure 2.14D).  

 

Taken together These results suggest that 24hrs after treatment is removed, SCH3 

treated cells have a significantly smaller percentage of cells in G1 phase of the cell 

cycle when compared to the control and other treatment groups. This may be due to 

a reduced percent of SCH3 treated cells are able to enter the cell cycle process 24hrs 

after treatment is removed. 

 
 
MDA-MB-231 cells treated with MMF, DOX and SCH3 (DOX administered after MMF) 

were analysed 48 hrs after treatment was removed and cell cycle analysis results are 

detailed in Figure 2.15.  
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(E) 

Figure 2. 15 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents, 48 hrs post treatment 

removal. 

 
Figure 2.15A suggests that there was a statistically significant increase in the 

percentage of cells in G1 phase of the cell cycle when treated with MMF alone, 

compared to the untreated control cells (P=0.0357, Figure 2.14E), DOX alone, and 

SCH3 (both P<0.0001, Figure 2.15E). There was a statistically significant decrease 

in the percentage of cells in G1 phase of the cell cycle when treated with DOX alone 

and SCH3 compared with the untreated control (both P<0.0001, Figure 2.15E). Figure 

2.14B reported that there was a statistically significant decrease in the percentage of 

cells in the S phase of the cell cycle when treated with DOX alone (P=0.0028, Figure 

Bonferroni's multiple 
comparisons test 
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sG1 – P 
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CONTROL vs. MMF 0.0357 0.3414 <0.0001 0.6774 

CONTROL vs. DOX <0.0001 0.0028 0.0002 0.3143 

CONTROL vs. SCH3 <0.0001 0.0083 <0.0001 0.2461 

MMF vs. DOX <0.0001 0.0003 <0.0001 0.0219 

MMF vs. SCH3 <0.0001 0.0007 <0.0001 0.0177 

DOX vs. SCH3 0.1594 >0.9999 0.0025 >0.9999 
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2,14E) and SCH3 (P=0.0083, Figure 2.15E), compared with the untreated control. 

Additionally, there was a statistically significant decrease in the percentage of cells in 

S phase of the cell cycle when treated with DOX alone (P=0.0003, Figure 2.15E) and 

SCH3 (P=0.0007, Figure 2.15E) compared to MMF alone treated cells. Figure 2.4C 

reported that there was a statistically significant increase in the percentage of cells in 

G2/M phase of the cell cycle when treated with MMF alone, compared to the untreated 

control, DOX alone and SCH3 (all P<0.0001, Figure 2.15E). There was also a 

statistically significant decrease in the percentage of cells in the G2/M phase of the 

cell cycle when cells were treated with DOX alone (P=0.0002, Figure 2.15E) and 

SCH3 (P<0.0001, Figure 2.15E), compared with the untreated control cells. There 

was a statistically significant decrease in the percentage of cells in S phase of the cell 

cycle when treated with SCH3 compared with DOX alone treated cells (P=0.0025, 

Figure 2.15E). Figure 2.15E reported that there was a statistically significant decrease 

in the percentage of cells in sG1 when treated with MMF alone, compared with DOX 

alone (P=0.0219, Figure 2.15E) and SCH3 (P=0.0177, Figure 2.15E). This was the 

only statistically significant change in the percentage of cells in sG1 when comparing 

any treated or untreated group to each other (Figure 2.15E) 

 

These results suggest that after treatment with MMF MDA-MD-231 cells show a 

similar distribution of cells to that of the control 48 hrs post treatment, suggesting any 

disruption caused by MMF treatment has been resolved by the cells. SCH3 and DOX 

treated cells, show a significantly reduced percentage of cells in the G1 and G2/M 

phase of the cell cycle when compared to the control and MMF treated cells, 48hrs 

after treatment is removed. This may be due to SCH3, and DOX treated cells being 

unable to enter the cell cycle and cells within the cell interphase stage of the cell cycle 

are being inhibited by cell cycle checkpoints and are unable to enter G2/M phase to 

divide into two complete daughter cells. This may be due to an accumulation of DNA 

strand breaks; however, this will need to be further assessed using Annexin V 

apoptotic detection kit.  

 

2.4.10 Apoptosis/Necrosis quantification of MDA-MB-231 cells after 

combination treatment with Doxorubicin and Monomethyl Fumarate 

 

To investigate the percentage of cells that undergo apoptosis following treatment with 

MMF, Doxorubicin or combination schedule 3 MMF +DOX, an Annexin V apoptotic 



 

 91 

detection assay was caried out (section 2.3.21). These experiments were done in 

triplicate at 3 different time points to coincide with the time points used to investigate 

cell cycle analysis in section 2.42.14: 0 hrs post treatment removal, 24 hrs post 

treatment removal and 48 hours post treatment removal.  

 

An annexin V assay was used as it allows for the quantification of the percentage of 

cells in a sample that have undergone apoptosis. The stain FITC was used alongside 

propidium iodide (PI) to allow for differentiation between early, late phase apoptotic 

cells or necrotic cells. Cells that showed a positive FITC stain and negative PI stain 

were classified as early apoptotic cells. Cells that tested positive for FITC and PI were 

classified as late stage apoptotic. Necrotic cells were classified as negative for FITC 

stain and positive PI. Non-apoptotic (NA) cells were classified as negative for both 

FITC and PI (Schutte et al., 1998).  

 

MDA-MB-231 cells were incubated for 48 hours (cells doubling time) with either DOX 

0.02 M alone, MMF 2 M alone or the SCH 3 combination of MMF 2 M 1st + DOX 

0.02 M 24 hours later. After the 48-hr treatment, cells were harvested at different 

time points. For 0 hr time points cells were immediately following treatment removal, 

for 24 hour and 48 hr time points, cells were covered in fresh treatment free complete 

media until time of harvest. These time points allowed for the investigation of 

apoptosis and MDA-MB-231 cells ability to repair following treatment (Ochs and 

Kaina, 2000). The kit used to investigate this was from BD Bioscience, Oxford, UK, 

and methods used to harvest and analyse these cells are detailed in section 2.3.21. 

Figure 2.16 details the results of an Annexin V assay carried out on MDA-MB-231 

cells, 0 hr, 24 hr and 48 hr post treatment removal.  
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Figure 2. 16 The effect of DOX 0.02 M, MMF 2 M and SCH3 M1st 2 M +D 0.02 

M on the different phases of apoptosis in MDA-MB-231 cells are shown.  

Three different time points were used post treatment removal; (A) 0 hr, (B) 24 hr and 

(C) 48 hr. Data is expressed as mean+/- SD of 3 individual experiments at each time 

point carried out in triplicate. Statistical Analysis carried out using two-way ANOVA 

followed by Bonferroni’s post-testing, comparing each apoptotic phase separately 

between all treatments (see appendix 1). 

 

What was of most interest in these Annexin V investigations was the percentage of 

cells in late phase apoptosis and if the cells were able to repair induced damage or it 

it was sustained up to 48 hours post treatment.  

Figure 2.16A suggests that 0 hrs after treatment was removed there was a statistically 

significant decrease in the percentage of non-apoptotic (NA) cells following treatment 

with SCH3, DOX alone and MMF alone compared with the untreated control (control 
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P=0.0071, DOX P=0.0003, MMF P<0.0001). Furthermore, there was a statistically 

significant increase in the percentage of cells in early apoptosis following treatment 

with SCH3 compared with the untreated control (P=0.0241) and following treatment 

with DOX compared with MMF alone (P=0.0067). There was a statistically significant 

increase in the percentage of cells in late apoptosis when treated with MMF alone 

compared to the untreated control P<0.0001). There were no statistically significant 

changes in the percentage of necrotic cells when comparing any treated or untreated 

cell groups (Figure 2.16C). Thus, suggesting that D-SCH3 statistically significantly 

decreases the percentage of non-apoptotic cells 0 hrs post treatment removal 

compared with the untreated control and all other treated cells.  

 

24 hrs after treatments were removed there was again a statistically significant 

decrease in the percentage of NA cells following treatment with SCH3 and DOX 

compared with the untreated control, (DOX P=0.0078 and SCH3 P<0.0001). There 

was also a statistically significant decrease in the percentage of NA cells after 

treatment with SCH3 compared with the DOX and MMF (DOX P=0.0027 and MMF 

P>0.0001, Figure 2.16).  Furthermore, as hypothesised, there was a statistically 

significant increase in the percentage of cells in early apoptosis following treatment 

with SCH3 compared with the untreated control, DOX alone and MMF alone (control 

P=0.0467, DOX P=0.0463 and MMF P=0.0311). There was also a statistically 

significant increase in the percentage of cells in late apoptosis when treated with DOX 

and SCH3 compared to the untreated control (DOX P=0.0013 and SCH3 P=0.0034) 

and a statistically significant increase in the percentage of cells in late apoptosis when 

treated with SCH3 compared with DOX alone and MMF alone (DOX. P=0.0039 and 

MMF P=0.0073). The only statistically significant increase in the percentage of 

necrotic cells was when cells were treated with DOX compared to the untreated 

control and MMF alone (control P<0.0001 and MMF P=0.0073). Thus, suggesting that 

D-SCH3 statistically significantly decreases the percentage of non-apoptotic cells and 

increases the percentage of early and late apoptotic cells 24 hrs following treatment 

removal when comparing D-SCH3 to untreated control cells and all other treated cells.  

 

48 hrs post treatment removal there was a statistically significant decrease in the 

percentage of NA cells after treatment with SCH3 compared with the untreated 

control, DOX alone and MMF alone (control P<0.0001, DOX P<0.0001 and MMF 

P=0.0002). There was again a statistically significant increase in the percentage of 
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cells in early apoptosis following treatment with SCH3 compared with the untreated 

control, DOX alone and MMF alone  (control P=0.0201, DOX P=0.0203 and MMF 

P=0.0185) and  a statistically significant increase in the percentage of cells in late 

apoptosis when cells were treated with SCH3 compared with the untreated control, 

DOX alone  and MMF alone  (control P=0.0291, DOX P=0.0230 and MMF P=0.0258). 

There were no statistically significant changes in the percentage of necrotic cells when 

comparing any treated or untreated group. Thus, suggesting that D-SCH3 statistically 

significantly decreases the percentage of non-apoptotic cells and increases the 

percentage of early and late apoptotic cells 48 hrs following treatment removal when 

comparing D-SCH3 to untreated control cells and all other treated cells. 

 

Overall, the data from Figure 2.16 suggests that MDA-MB-231 cells treated with SCH3 

are producing significantly more apoptotic markers than other treated or untreated 

cells and report an increased percentage of cells in early and late apoptosis, up to 48 

hrs post treatment removal. This suggests that cells treated with SCH3 are more likely 

to enter the apoptotic pathway resulting in cell death, supporting our hypothesis that 

MMF administered before DOX can enhance cell death by inhibiting cellular protective 

mechanisms that would neutralise ROS induced by DOX. This is reflective of the 

findings in our clonogenic analysis of SCH3 doxorubicin combination Section 2.4.7 

(Figure 2.9), that reported a statistically significant decrease in the survival fraction of 

MDA-B-231 cells treated with SCH3 DOX combination, when compared to the 

untreated control, DOX alone and MMF alone.  
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2.4.11 Analysis of Glutathione levels in MDA-MB-231 cells after combination 

treatment with Doxorubicin and Monomethyl Fumarate 

 
 
As MMF is thought to bind to intracellular GSH this allows for a higher level of ROS 

to damage cellular DNA beyond repair (Garama et al., 2015, Sullivan et al., 2013). To 

investigate the effects MMF had on the GSH levels in MDA-MB-231 cells, a GSH 

assay was carried out, as described in Section 2.3.22. The kit used measures the 

intracellular glutathione levels and also measures the reduction of; 5,5’-Dithiobis (2-

nitrobenzoic acid) (DNTB) to 5-thio- 2-nitrobenzoic acid (TNB) spectrochemically, 

therefore a relative glutathione level was quantified.  

 

In Figure 2.16, cells were harvested to allow for the GSH levels to be measured; 1 hr 

after therapy was administered (for combination 1 hr after second therapy 

administered), 0 hr after the 48-hr treatment were complete, 24 hr after the treatments 

were removed and 48 hr after the treatment were removed. The results are shown in 

Figure 2.17.  

  



 

 96 

 

 

 
(B) 

Bonferroni's multiple 
comparisons test 

P Value 1 
HR post  

P Value 
0HR 

P Value 
24HR 

P Value 
48HR 

CONTROL vs. DOX 0.1266 0.0211 >0.9999 <0.0001 

CONTROL vs. MMF 0.0256 0.0419 0.9340 0.0537 

CONTROL vs. SCH3 0.0783 0.0162 >0.9999 >0.9999 

DOX vs. MMF >0.9999 >0.9999 0.5741 <0.0001 

DOX vs. SCH3 >0.9999 >0.9999 0.9648 <0.0001 

MMF vs. SCH3 >0.9999 0.8919 >0.9999 0.0292 

 

Figure 2. 17 The effect of single therapies of DOX (0.02 M) and MMF (2 M), and 

combination therapy SCH3 MMF (2 M) 1st + DOX (0.02 M) 24 hours later, on 

MDA-MB-231 cells. 

(A)Data reported is an average ± standard deviation of three independent 

experiments carried out in triplicate. (B) A one-way ANOVA with Bonferroni post 

testing was performed using GraphPad prism 9.2.1 comparing each treated and 

untreated group to each other, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.  

 

Results from Figure 2.17 indicated that as predicted, there was a statistically 

significant decrease in the relative GSH levels, 1 hr after treatment was administered, 

when cells were treated with MMF alone compared to the untreated control (control 

vs. MMF P=0.0256, Figure 2.17B). Following the 48 hrs incubation, immediately after 

treatment was removed, the 0 hr analysis of cells suggests that there was a 

statistically significant decrease in the relative GSH levels when cells were treated 

with DOX alone, MMF alone and SCH3 (DOX P=0.0211, MMF P=0.0419 and SCH3 
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P=0.0162, Figure 2.17B). 24 hrs post treatment removal there was no statistically 

significant changes in the relative GSH levels when comparing any treated or 

untreated cells. 48 hrs post treatment there was a statistically significant increase in 

the relative GSH levels of cells treated with DOX alone when compared with the 

untreated control, MMF alone and SCH3 (control vs DOX P<0.0001, MMF vs. DOX 

P<0.0001, SCH3 vs. DOX P<0.0001, Figure 2.17B) as expected. Interestingly there 

was also a statistically significant decrease in the relative GSH levels when cells were 

treated with SCH3 compared to MMF alone (P=0.0292, Figure 2.17B).   

 

Overall, the results from Figure 2.17 suggest that following treatment with SCH3 and 

MMF alone, MDA-MB-231 cells show reduced cellular glutathione levels as early as 

1 hr post treatment. However, following the administration of DOX in this SCH3 

combination the relative GSH levels are reduced and fail to increase at the same rate 

we observed in the DOX alone and MMF alone treated MDA-MB-231 treated cells. 

This may be due to MMF inhibiting the synthesis of new GSH and as such the GSH 

already in the intracellular matrix is used by the cells to mediate damage following 

initial DOX administration, however as the cell is unable to synthesis more GSH, the 

level of GSH does not increase following its depletion. 

 

2.4.12 Detection of Autophagic MDA-MB-231 cells after combination treatment 

with Doxorubicin and Monomethyl Fumarate 

 

We wished to further investigate the mechanism by which MMF in combination 

induced a significant reduction in clonogenic survival compared to the untreated 

control and doxorubicin. Thus, as well as investigating the induction of apoptosis we 

also wished to investigate if MMF induced other modes of cell’s death as a paper by 

Lee et al., (2021) had suggested that DMF is able to induce autophagy in microglial 

cells. Therefore, to determine of this induction of autophagy was also evident in 

cancer cells, we undertook an investigation to see if the percentage of cells that 

undergo autophagy because of treatment using an autophagy assay as described in 

Section 2.3.23. MDA-MB-231 cells were treated with DOX alone (0.02 M), MMF 

alone (2 M) and the SCH3 combination of MMF1st+DOX. The kit measures 

autophagic vacuoles and monitors autophagic change in live cells via quantification 

on   a microplate reader. A Green Detection Reagent was used as it detects the dye 

that fluoresces when incorporated into pre autophagosomes and autophagosomes. 
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This absorbance was measures at 412 nm. This assay was carried out in triplicate at 

3 different time points to co-inside with the Cell Cycle analysis data (Section 2.42.14).  

 

Figure 2.18 details the effect of DOX alone (0.02 M), MMF alone (2 M) and the 

schedule 3 combination of MMF1st (2 M) + DOX (0.02 M) on MDA-MB-231 cells to 

investigate the autophagic properties of MDA-MB-231 cells after treatment.  

 

 

Figure 2. 18 The effect of; DOX alone 0.02M, MMF alone 2M or Schedule 3 

combination MMF1st 2 M+ Dox 0.02 M 24 hours later, on Green Detection 

Reagent.  

Data is expressed relative to the control. Cells were measure on a fluorescent 

microplate reader at 412 nm. (A) 0 hours after treatment removed. (B) 24 hours after 

treatment removed. (C) 48 hours after treatment removed. All graphs are displayed 

as mean and standard deviation of 3 individual experiments carried out in triplicate. 

One -way ANVOA was carried out with Bonferroni’s post-test using GraphPad prism 

9.2.1. 

 
 
As a green detection reagent was used to measure to autophagy in a cell, an 

increased signal indicates an accumulation of the probe within cells and therefore the 

presence of autophagic vesicles. Results were all displayed as a ratio of the control. 

From Fig 2.18(A, B and C) there were no statistically significant changes in the 

absorbance of cells when comparing treated or untreated cells at any time point post 

treatment removal. Overall, there was no significant increase in autophagy detected 

with any of the treatments suggesting that autophagy was not significantly induced or 

inhibited by any treatment tested over a 48-hr window.  
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2.4.13 Quantification of DNA damage and repair using single cell gel 

electrophoresis (Comet Assay), of MDA-MB-231 cells after combination 

treatment with Doxorubicin and Monomethyl Fumarate 

 

To investigate the effects MMF, DOX and the SCH 3 combination of MMF + DOX 

have on MDA-MB-231 cells DNA damage and repair dynamics, single cell gel 

electrophoresis assay was carried out. This is also known as a comet assay and 

comprises of single cells embedded in low melting point agarose on a glass 

microscope slide. The cells are lysed in an alkaline solution to partially unwind from 

DNA break strand points. The slides are then subject to electrophoresis The more 

DNA damage observed reflects the more migration found on the slides, giving the 

distinctive comet tail Figure 2.19, Section 2.3.23. A one-way ANOVA was used to 

statistically analyse the median tail moment data, this statistical test was used as it 

was found by Wiklund and Agurell, (2003) that “non-parametric statistical strategies 

turned out to be generally less efficient than ANOVA models”.  
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Figure 2. 19 Indicative images of single cells subject to the comet assay.  

Images show cells that have been subjected to a Comet Assay. DNA damage visible 

as it is pulled from the cell towards the anode giving a distinctive tail, panels represent 

images of untreated and treated cells, relative treatment detail above individual 

images. 
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2.4.14 Comparison of DNA fragmentation at 0hr, 24hr and 48hr- Analysis of DNA 

repair 

 
 
MDA-MB-231 cells were treated as described in section 2.42.19. As MDA-MB-231 

cells were analysed following treatment at 3 different time points the ability of the 

cellular repair was able to be analysed. Figure 2.20 describes the median tail moment 

(AU) as a percentage of the control at 0 hrs post treatment, 24 hrs post treatment and 

48 hrs post treatment.  

 

As described above, an increase in tail moment indicated an increase in DNA damage 

caused due to the addition of the treatment regime. Statistical analysis was carried 

out to determine if there were any statistically significant differences in the median tail 

moments of each treatment at each time point. The statistical comparisons are 

detailed in Appendix 2. 
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Figure 2. 20 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median tail moment.  

DOX alone, MMF alone and combination SCH3M+D were the treatments used as 

described in Figure 18. Results displayed as an average of 3 independent 

experiments using 70 comets per sample, +/- SD. 3 time points of 0hr post treatment, 

24hrs post treatment and 48hrs post treatment are compared for each treatment. 

Statistical analysis was carried out using a one-way ANOVA with Bonferroni’s 

correction and are detailed in table 3 (see appendix 2).  
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The results from Figure 2.20 suggest that at 0 hrs post treatment removal there was 

a statistically significant increase in the median tail moment of all treated cells when 

compared to the untreated control (DOX and MMF P<0.0001, SCH3 P=0.0079). 

Surprisingly, there was also a statistically significant decrease in median tail moment 

when comparing DOX alone treatment group and SCH3 treatment group 0 hrs post 

treatment removal (P<0.0001). This could however be due to the scheduling of 

treatment administration. The cells in DOX alone have been exposed to DOX for 48 

hrs, whereas the cells in SCH3 have only been exposed to DOX for 24 hrs, therefore 

there may be a delay in the accumulation of DNA damage. SCH3 was the only treated 

group of cells to produce statistically significant increased median tail moments 24 

hrs and 48 hrs post treatment removal when compared to the untreated control 

(P<0.0001). For both MMF and DOX alone treated cells, there was a statistically 

significant decrease in the median tail moment when comparing 24 hr and 48 hrs post 

treatment to 0 hrs post treatment, suggesting that MMF alone and DOX alone treated 

cells can repair any DNA damage following initial treatment. SCH3 median tail 

moments at 24 and 48 hrs, however, suggest the opposite, there is a significant 

increase in median tail moment 24 and 48 hrs when comparing SCH3 to the control 

and single therapies.  

 

 
Overall. the results from Figure 2.20 suggest that between 0 hrs and 48 hrs median 

tail moments decrease in MMF alone and DOX alone treated cells possibly indicating 

cell repair. However, the median tail moment increases for SCH3 treated cells, 

suggesting that more DNA damage induced is unable to be repaired and in in fact 

increasing within the 0 and 48 hr post treatment removal window. Thus, suggesting 

that the combination therapy D-SCH3 can induce DNA damage to MDA-MB-231 cells 

which is more difficult for the cells to repair than DNA damage induced by single 

therapies.  
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2.4.15. Combination Index analysis of Combination therapy using Radiotherapy 

and Monomethyl Fumarate on MDA-MB-231 cells. 

 
To determine if the proposed scheduled combinations were acting synergistically, a 

combination index (CI) was carried out (Figure 2.21). Figure 21 details the CI of MDA-

MB-231 cells incubated with either 2 M MMF or 10 M MMF and exposed to 2 Gy 

radiation in the three different schedules. 

 

(A) 

 
(B) 

Drug doses Schedules 

SCHEDULE 1 SCHEDULE 2 SCHEDULE 3 

MMF 2 μM + RAD 
2Gy 

 

1.03 1.09 0.9 

MMF 10 μM + 
RAD 2Gy 

0.9 1.16 0.32 

Figure 2. 21 (A)Combination Index (CI) after MDA-MB-2312 cells are incubated with 
RAD and MMF in the 3 treatments Schedules. 

Antagonistic <1.1, Additive = .9-1.1 and Synergistic > 0.9. Each point represents 

three independent experiments. (B) Values of CI plotted in (A). Data was taken from 

clonogenic survival assays and analysed using Calcucyin software as described in 

section 2.4.8. 

 

Results from Figure 2.21 suggest that SCH1 produced an additive CI value when 

treated with MMF 2 μM + RAD 2Gy and synergistic CI value when treated with MMF 

4 μM + RAD 2Gy (Figure 2.21B). SCH2 induced an additive CI value when treated 
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with MMF 2 μM + RAD 2Gy and an antagonistic CI when treated with MMF 4 μM + 

RAD 2Gy (Figure 2.21B). SCH3 was the only combination to produce synergistic CI 

values for both concentrations of MMF tested (Figure 2.21B). These results suggest 

that SCH3 is the most appropriate combination to use as it was the only combination 

to produce a synergistic (better than the sum of each agent) CI value at when using 

MMF 2 μM + RAD 2Gy.  

 

 

 

2.4.16 Cell cycle analysis of MDA-MB-231 cells after combination 

treatment with Radiotherapy and Monomethyl Fumarate 

 
As described in Section 2.42.14, a cell cycle analysis assay was carried out to 

investigate the effect each treatment had on the percentage of cells in each phase of 

the cell cycle. MDA-B-231 Cells in were treated with RAD alone, MMF alone and the 

SCH3 RAD combination (MMF1st 2 M + RAD 2 Gy 24 hours after MMF therapy 

administration) cells were harvested for cell cycle analysis immediately after 

treatment. 

  



 

 106 

 
 
(E) 

 
Figure 2. 22 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents in the figure legend, 0hr 

post treatment removal. 

(MMF 2M, RAD 2Gy, SCH3 – MMF2M1st+ RAD 2Gy 24hr later). The figure above 

represents the percentage of cells in each phase of the cell cycle, results displayed 

as an average of 3 independent experiments carried out in triplicate (A) – G1, (B)- S, 

(C)- G2/M and (D)- sG1. (E) A two-way ANOVA test was utilized to compare the 

means of the cell cycle phases after treatment cells versus untreated control cells and 

demonstrated in the above Tables where, *P<0.05, **P<0.01, ***P<0.001 and 

****P<0.000.1 (applicable to Figures 2.22-2.24). 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P 
Value 

G2/M – 
P Value 

sG1 – P 
Value 

CONTROL vs. MMF <0.0001 0.0040 <0.0001 >0.9999 

CONTROL vs. RAD <0.0001 <0.0001 <0.0001 >0.9999 

CONTROL vs. SCH3 <0.0001 0.0002 <0.0001 >0.9999 

MMF vs. RAD <0.0001 <0.0001 0.0069 >0.9999 

MMF vs. SCH3 <0.0001 <0.0001 0.0008 >0.9999 

RAD vs. SCH3 <0.0001 0.7538 <0.0001 >0.9999 
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Figure 2.22A suggests that there was a statistically significant increase in the 

percentage of cells in G1 phase of the cell cycle when cells were treated with MMF 

only compared to the untreated control, RAD alone and SCH3, as expected (all 

P<0.0001, Figure 2.22E). There was also a statistically significant decrease in the 

percentage of cells in G1 phase of the cell cycle when treated with RAD only and 

SCH3 when compared with the untreated control MMF alone treated cells, as 

expected (both P<0.0001, Figure 2.22E). There was a statistically significant increase 

in the percentage of cell in the S phase of the cell cycle when treated with MMF alone 

and RAD alone compared with the untreated control and SCH3 (MMF vs. control 

P=0.0040, RAD vs. control P=<0.0001, MMF vs. SCH3 P=<0.0001, RAD vs. SCH3 

P<0.0001, Figure 2.22E). There was a statistically significant increase in the 

percentage of cells in G2/M compared to the untreated control (P<0.0001, all, Figure 

2.22E).  

 

This data suggests the RAD alone, MMF alone and SCH3 change the distribution of 

cells in the cell cycle compared to the control. MMF, as expected, is causing an 

accumulation of cells in G1. All treatments appear to cause an accumulation of cells 

in G2/M, suggesting that cells are being blocked at the G2/M checkpoint. This block 

in RAD treated cells and SCH3 treated cells in G2/M is supported by the decrease in 

treated cells distributed in G1, a block in G2/M will prevent cells from fully dividing and 

as a result the number of cells entering G1 will decrease, as seen 0hrs post treatment 

removal. 

 

 

Figure 2.23 details the percentage of cells in each phase of the cell cycle following 

treatment with MMF alone, RAD alone and SCH3 combination, 24 hours after 

treatment was removed.  
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(E) 

Figure 2. 23 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents in the figure legend, 24 hr 

post treatment removal. 

 
In contrast to immediately after treatment removal, after 24 hours there was a 

treatment dependent redistribution of cells in the various phases of the cell cycle 

except for sG1 where there were no differences detected (Figure 2.23 D).  In terms of 

G1 phase, there was a statistically significant decrease in the percentage of cells in 

this phase of the cell cycle following treatment with RAD alone and SCH3 when 

compared to the untreated control (RAD vs. control P<0.0001, SCH3 vs. control 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P Value G2/M – 
P Value 

sG1 – P 
Value 

CONTROL vs. MMF >0.9999 <0.0001 <0.0001 0.1934 

CONTROL vs. RAD <0.0001 <0.0001 <0.0001 >0.9999 

CONTROL vs. SCH3 0.0012 <0.0001 <0.0001 0.1897 

MMF vs. RAD <0.0001 <0.0001 <0.0001 0.6491 

MMF vs. SCH3 0.0032 <0.0001 <0.0001 >0.9999 

RAD vs. SCH3 <0.0001 0.0005 <0.0001 0.6369 
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P=0.0012, Figure 2.23E). There was also a statistically significant decrease in the 

percentage of cells in G1 phase of the cell cycle following treatment with RAD and 

SCH3 compared to MMF alone (RAD vs. MMF P=<0.0001 and SCH3 vs. MMF 

P=0.0032, Figure 2.23E). There was a statistically significant increase in the 

percentage of cells in S phase of the cell cycle following all treatments compared with 

the control (all P<0.0001, Figure 2.23E).There was also a statistically significant 

decrease in the percentage of cells in S phase of the cell cycle when cells were treated 

with the RAD alone, MMF alone and the untreated control, compared with SCH3 alone 

(control vs SCH3 P<0.0001, MMF vs SCH3 P<0.0001 and RAD vs. SCH3 P=0.0005, 

Figure 2.23E). There was a statistically significant increase in the percentage of cell 

in G2/M phase of the cell cycle when cells were treated with MMF alone, RAD alone 

and SCH3 compared with the untreated control (All P<0.0001, Figure 2.23E). There 

was also a statistically significant increase in the percentage of cells in G2/M phase 

of the cell cycle when cell was treated with RAD alone compared to MMF alone, SCH3 

alone and the untreated control (all, P=0.0001< Figure 2.23E). There were so 

statistically significant changes in sG1 phase of the cell cycle. 

 

Overall, the data from Figure 2.23 suggest that the SCH3 combination 24 hrs after 

treatment removal, induces   a larger redistribution of cells in the various phases of 

the cell cycle with an increase in the percent of cells in G2/M and S phase of the cell 

cycle and a decrease in the percentage of cells In G1 phase of the cell cycle. This 

may be that the cells previously arrested in G1 have now moved onto S phase, but 

that there is a reduction in new cells entering the G1 phase as they are arrested in 

the G2/M phase of the cell cycle because of the radiation as therapy in this 

combination therapy as seen in Figure 2.22. The cells previously in G1 and S as seen 

in Figure 2.22 have now accumulated in G2/M phase of the cell cycle as seen above 

in Figure 2.23. These results are supported by the findings of Hargrave et al., (2022), 

in which the authors reported an increase in G2/M and decrease in G1, 24 hrs 

following radiation in MDA-MB-231.  

 

Figure 2.24 details the results following MDA-MB-231 cells treated with MMF, RAD 

and SCH3 (MMF+RAD combo). Cells were harvested 48 hours after treatment 

removed.   
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Figure 2. 24 Shows the cell cycle distribution of untreated MDA-MB-231 cells and 

treated MDA-MB-231 cells with the corresponding agents in the figure legend, 48 hr 

post treatment removal. 

 
Figure 2.24A suggests that the percentage of cells in each phase of the cell cycle has 

been redistributed from the 24 hr time point (Figure 2.23) to the 48 hr time point in 

Figure 2.24 above. There was a statistically significant decrease in the percentage of 

cells in G1 phase was maintained at 48 hrs, there was a still a statistically significant 

decrease in the percentage of cells in G1 when treated with RAD alone and SCH3 

treated cells compared to the untreated control and MMF alone (control vs. RAD 

P=0.0245, control vs. SCH3 P<0.0001, MMF vs. RAD 0.0006 and MMF vs. SCH3 

P<0.0001, Figure 2.24E). There was a maintained statistically significant increase in 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P Value G2/M – 
P Value 

sG1 – P 
Value 

CONTROL vs. MMF 0.0917 0.4318 <0.0001 0.4179 

CONTROL vs. RAD 0.0245 0.0055 0.0008 0.3253 

CONTROL vs. SCH3 <0.0001 0.0072 <0.0001 0.2193 

MMF vs. RAD 0.0006 0.0006 <0.0001 0.0147 

MMF vs. SCH3 <0.0001 0.0007 >0.9999 0.0105 

RAD vs. SCH3 <0.0001 >0.9999 0.0001 >0.9999 
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the percentage of cells in S phase following treatment with SCH3 and RAD alone 

compared with the control and MMF alone (control vs. RAD = 0.0055, control vs. 

SCH3 P=0.0072, MMF vs. RAD P= 0.0.0006 and MMF vs. SCH3 P=0.0007, Figure 

2.24E). There was also a maintained statistically significant increase in the 

percentage of cells in G2/M phase of the cell cycle when comparing all treated cells 

to the untreated control (control vs MMF P<0.0001, control vs. RAD P=0.008, control 

vs. SCH3 P<0.0001, Figure 2.24E). Interestingly there was a statistically significant 

decrease in the percentage of cells in G2/M following treatment with RAD when 

compared to SCH3 alone (P<0.0001, Figure 2.24E). This was the opposite of the 

results in Figure 2.23C, in which SCH3 treated cells had a statistically significantly 

reduced percentage of cells in G2/M when compared to RAD alone treated cells at 

the 24 hr time point.  

 

 

Overall, these results suggest that following treatment with RAD alone and SCH3, the 

decrease in cells in G1 phase of the cell cycle is maintained for all treated cells 48 hrs 

after treatment removal, this may be due to the significant increase in the percentage 

of cells in G2/M reported 24 hrs after treatment removal (Figure 2.23), these cells 

have now begun apoptotic processes and are prevented from re-entering the cell 

division process. The statistically significant decrease in the percentage of cells in S 

may be due to cells in G1 being inhibited by the G1 checkpoint, unable to progress 

into S phase 48 hrs after treatment removal. The percentage of cells in each phase 

of the cell cycle after treatment with SCH3 followed a similar pattern to that of RAD, 

however there was a significant decrease in G1 and increase in G2/M for SCH3 

treated cells when compared to RAD alone. MMF treated cells show a similar 

distribution of cells in each phase of the cell cycle 48 hrs post treatment removal to 

that of the untreated control, suggesting that these cells have recovered from any 

disruption caused by MMF treatment. As cells treated with RAD and SCH3 still show 

significant differences in cell cycle distribution 48 hrs post treatment removal, this 

would suggest that these cells are still accumulating at checkpoints within the cell 

cycle and the damage caused by irradiation and the combination has not been fully 

repaired. These finding are supported by clonogenic data in Figure 2.11 which 

reported a statistically significant decrease in the survival fraction of cells treated with 

RAD alone and SCH3 compared to the untreated control. This may be due to an 



 

 112 

accumulation of DNA strand breaks; however, this will need to be further assessed 

using Annexin V apoptotic detection kit. 

 

2.4.17 Apoptosis/Necrosis quantification of MDA-MB-231 cells after 

combination treatment with Radiotherapy and Monomethyl Fumarate 

 
As previously described in section 2.3.10, an investigation into apoptosis induction in 

MDA-MB-231 cells was investigated. This section investigated the percentage of cells 

that undergo apoptosis following treatment both MMF 2 M and radiation alone (2 Gy) 

but also as a combination SCH3 MMF 2 M + RAD 2 Gy. The same Annexin V 

apoptotic detection assay was caried out as described in section 2.3.10 and section 

2.4.10. As detailed in Figure 2.25, these experiments were carried out in triplicate at 

3 different time points to coincide with the time points used to investigate cell cycle 

analysis in section 2.42.24. 0 hrs post treatment removal, 24 hours post treatment 

removal and 48 hours post treatment removal.  
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Figure 2. 25 The effect of RAD 2Gy, MMF 2 M and SCH3 M1st 2 M +R 2 Gy on 

the different phases of apoptosis in MDA-MB-231 cells are shown.  

Three different time points were used post treatment removal; (A) 0 hr, (B) 24 hr and 

(C) 48 hr. Data is expressed as mean+/- SD of 3 individual experiments carried out in 

triplicate, at each time point. Statistical Analysis carried out using two-way ANOVA 

followed by Bonferroni’s post hoc testing, comparing each apoptotic phase separately 

between all treatments (see Appendix 3). 

 
Results from Figure 2.25A suggest that at 0 hrs post treatment removal, there was a 

statistically significant decrease in the percentage of non-apoptotic cells following 

treatment with SCH3 compared with the untreated control and MMF alone (control 

P=0.0019 and MMF P<0.0001). There was a statistically significant increase in early 

apoptotic cells following treatment with SCH 3 compared with the untreated control 

and MMF alone (control P=0.0037 and MMF P=0.0194). There was a statistically 

significant increase in the percentage of late apoptotic cells when comparing all 

treated cells with the untreated control (RAD P=0.04222, MMF P<0.0001 and SCH3 
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P=0.0287). There was a statistically significant increase in the percentage of late 

apoptotic cells when treated with SCH3 compared to RAD alone and MMF alone 

(RAD P=0.0454 and MMF P=0.0379). There was no statistically significant change in 

the percentage of necrotic cells 0 hrs post treatment removal.  

 

Figure 2.24B suggest that the statistically significant decrease in the percentage of 

non-apoptotic cells following treatment with SCH3 compared to the untreated control, 

was maintained 24 hrs post treatment removal (P=0.0002). There was a statistically 

significant decrease in the percentage of non-apoptotic cells when treated with SCH3 

compared to the single therapies RAD alone and MMF alone (RAD vs. SCH3 

P=0.0002 and MMF vs. SCH3 P=0.0011). There was also a statistically significant 

increase in the percentage of late apoptotic cells following treatment with SCH3 

compared to the untreated control and MMF alone (control P=0.0491, MMF 

P=0.0493).  

 

Figure 2.24C suggests that 48 hrs post treatment removal SCH3 produced a 

statistically significant reduction in non-apoptotic cells compared to the untreated 

control and single therapies RAD alone and MMF alone (control P=0.0006, MMF 

P=0.0004 and RAD P=0.0032). SCH3 was also the only treated group of cells that 

produced a statistically significant increase in the percentage of cells in early 

apoptosis when compared to the untreated control or the single therapies RAD alone 

and MMF alone RAD (control P=0.0260, MMF P=0.0245, RAD P=.0262).  

 

Therefore, the results from Figure 2.25 suggest that following treatment with SCH3, 

MDA-MB-231 cells show an increased percentage of cells in early and late apoptosis 

when compared to the untreated control or single therapies alone up to 48 hrs post 

treatment removal.  This suggests the SCH3 is a more suitable therapy option at 

inducing apoptosis in TNBC cells than the single therapies alone. Overall, these 

results are reflective of the finding from clonogenic assessment of SCH3 in Figure 

2.11, in with SCH3 reported a statistically significant reduction in the survival fraction 

of cells when compared to the untreated control, RAD alone and MMF alone.  
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2.4.18 Analysis of Glutathione levels in MDA-MB-231 cells after combination 

treatment with Radiotherapy and Monomethyl Fumarate 

 
The results shown in Fig 2.26 were gathered as described in Section 2.3.22. Cells 

were harvested so GSH levels could be measured; 1 hour after therapy was 

administered (for combination 1 hr after second therapy administered), 0 hrs after the 

48-hr treatment were complete, 24 hrs after the treatments were removed and 48 hrs 

after the treatment were removed, as previously detailed in Section 2.42.17.  

 

 

Figure 2. 26 The affect single therapies RAD 2Gy and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + RAD 2 Gy 24 hours later. 

(A) Data reported is an average of three independent experiments carried out in 

triplicate. (B)A one-way ANOVA with Bonferroni post testing was performed using 

GraphPad prism 9.2.1 comparing each treated and untreated group to each other, 

*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 

 

The results from Figure 2.26 suggests that glutathione levels changed compared to 

the controls over time with each drug alone and the combination therapy.  1 hr into 

Bonferroni's multiple 
comparisons test 

P Value 1 
HR post  

P Value 
0HR 

P Value 
24HR 

P Value 
48HR 

CONTROL vs. RAD 0.0032 >0.9999 >0.9999 0.0443 

CONTROL vs. MMF 0.3018 0.4183 >0.9999 0.4822 

CONTROL vs. SCH3 0.0417  0.4658 0.9785 0.1740 

RAD vs. MMF <0.0001 0.7734 >0.9999 0.0008 

RAD vs. SCH3 <0.0001 0.9007 >0.9999 0.9981 

MMF vs. SCH3 0.4026 >0.9999 >0.9999 0.0025 
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treatment administration there was a statistically significant increase in the relative 

GSH levels when cells were treated with RAD alone compared to the untreated 

control, MMF alone and SCH3 (control P=0.0032, MMF P<0.0001 and SCH3 

P<0.0001, Figure 2.26B).  At 0 and 24 hrs post treatment removal there were no 

statistically significant changes in the relative GSH levels when comparing any treated 

or untreated cell groups. However, at 48 hrs post treatment removal there were 

statistically significant decreases in the relative GSH levels when cells were treated 

with RAD alone compared to the untreated control (RAD vs. control P=0.0448, Figure 

2.26B). There was also a statistically significant decrease in the relative GSH levels 

when cells were treated with SCH3 and RAD alone, compared to MMF alone (RAD 

vs. MMF P=0.0008 and SCH3 vs. MMF P=0.0025, Figure 2.26B).  

 

Overall, when MDA-MB-231 cells were treated with SCH3 there appears to be an 

initial decrease in GSH as seen in MMF alone treated cells. This initial level of GSH 

was maintained to below that of the control GSH level at all time points measured, 

after the treatment incubation was complete as would be expected with MMFs mode 

of action as this inhibits the synthesis of GSH. The results of relative GSH levels in 

SCH3 treated cell are like that of MMF alone treated cells, except for 48 hrs post 

treatment removal, in which we observe a rebound of MMF relative GSH levels as 

expected (Lushchak, 2012). The final relative GSH present in SCH3 treated cells was 

like that of RAD alone, suggesting that there was initially less GSH in SCH3 treated 

cells and this reduction in GSH was maintained up to 48 hrs post treatment removal. 

These results are supportive of the findings in Figure 2.25 Annexin V analysis, as it is 

known that a depletion in glutathione levels is associated with an increase in apoptotic 

cells due to an increase in ROS (Lu, 2013).  
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2.4.19 Detection of Autophagic MDA-MB-231 cells after combination treatment 

with Radiotherapy and Monomethyl Fumarate 

 
As previously described in section 2.42.18 an autophagy assay was used to 

investigate the percentage of cells that had undergone autophagy because of 

treatment. However, this section investigated the MDA-MB-231 cells that were treated 

with MMF 2 M alone radiation at 2 Gy as well as the schedule 3 combination of MMF 

2 M + Rad 2 Gy, as detailed in Figure 2.27. This assay was carried out in triplicate 

at 3 different time points to co-inside with the Cell Cycle analysis data (Section 

2.42.24).  

 
 

 
 

Figure 2. 27 The effect of; RAD alone 2 Gy, MMF alone 2 M or Schedule 3 

combination MMF1st 2 M+ Rad 2 Gy 24 hours later, on Green Detection Reagent.  

Data is expressed relative to the control. Cells were measure on a fluorescent 

microplate reader at 412 nm. (A) 0 hours after treatment removed. (B) 24 hours after 

treatment removed. (C) 48 hours after treatment removed. All graphs are displayed 

as mean and standard deviation of 3 individual experiments carried out in triplicate. 

One -way ANVOA was carried out with Bonferroni’s correction. 

 

From Figure 27 (A), there was no statistically significant difference in the absorbance 

of treated or untreated cells. Overall, this data suggests that MDA-MB-231 cells are 

not undergoing autophagy when treated with radiation alone, MMF alone or RAD + 

MMF SCH3 combination.  
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2.4.20 Quantification of DMA damage and repair using Comet Assay, of MDA-

MB-231 cells after combination treatment with Radiotherapy and Monomethyl 

Fumarate 

 
A comet assay was used to quantify the DNA damage induced by radiation alone at 

2 Gy, MMF alone at 2 M and the SCH 3 combination of M+R. This assay was 

previously described in Section 2.42.19. Unlike section 2.42.20 comet analysis was 

carried out immediately after treatment (rather than after cells were exposed to drug 

for 48 hrs) as when using radiation, a spike in ROS occurs immediately after 

irradiation exposure and then begins to repair gradually (Zhang et al., 2018). 

Therefore, to quantify this spike in DNA damage a comet assay was carried out 

immediately following irradiation, 24 hrs after initial treatment and 48 hrs after initial 

treatment. This same time points were used for MMF alone and SCH3 treated cells, 

for SCH3 treatment the 0-hr time point was taken 24 hrs after MMF administration 

and immediately after these pre-exposed MMF cells were irradiated. This allowed for 

an analysis of cells exposed to radiation without MMF prior exposer and those with 

prior MMF exposure.  MMF alone treated cells were exposed to MMF for 10 minutes 

(this is to allow for the time taken to irradiate cells using X-irradiator and carry cell 

back to a cell culture hood for harvesting). 

 

2.4.21 Comparison of DNA fragmentation at 0hr, 24hr and 48hr- Analysis of DNA 

repair 

 
Figure 2.28 represents the median tail moment (AU) as a percentage of the control at 

0 hrs post treatment, 24 hrs post treatment and 48 hrs post treatment. Treatments 

administered were RAD 2 Gy, MMF 2 M or SCH3 combination of MMF 2 M + RAD 

2 Gy. Statistical analysis was carried out on these results using a one-way ANOVA 

with Bonferroni’s correction, the results are detailed in Appendix Table 2.4.   
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Figure 2. 28 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median.  

RAD alone, MMF alone and combination SCH3M+R were the treatments used as 

described in section 2.4.7.1. 3 time points of 0hr post treatment, 24hrs post treatment 

and 48hrs post treatment are compared for each treatment, results are an average of 

3 independent experiments carried out in triplicate, 70 comets per treatments group. 

Statistical analysis was carried out using a one-way ANOVA with Bonferroni’s 

correction and are detailed in table 3. p>0.0001 ****, p>0.001 *** and p>0.01** (see 

Appendix 4). 

 

Figure 2.28 reported that 0 hrs post treatment there was a statistically significant 

increase in the median tail moment of all treated cells when compared to the untreated 

control (all P<0.0001). There was a statistically significant increase in the median tail 



 

 120 

moment 0 hrs post treatment when cells were treated with RAD alone and SCH3 

compared to MMF alone (both P<0.000). 24 hrs post treatment there was a 

statistically significant increase in median tail moments when cells were treated with 

SCH3 compared to the untreated control and both single therapies RAD alone and 

MMF alone (all P<0.0001). This was the only statistical significance found when 

comparing any treated group to each other at the 24 hrs post treatment time point. 48 

hrs post treatment there was a statistically significant increase in median tail moments 

of cells treated with SCH3 compared with the untreated control and the single 

therapies, RAD alone and MMF alone (all P<0.0001), again this was the only 

statistically significant change in median tail moments found 48 hrs post treatment 

when comparing any treated or untreated group to each other. There were no 

statistically significant changes in the median tail moment of cells treated with SCH3 

when comping results from 0 hrs post treatment, 24 hrs post treatment and 48 hrs 

post treatment (all NS).  

 

 

Overall. the results from Figure 2.28 suggest that between 0 hrs and 24 hrs tail 

moments decrease in cells treated with RAD alone and MMF alone, indicating cell 

repair of DNA strand breaks. This repair is maintained up to 48 hrs post treatment for 

RAD alone and MMF alone treated cells, these results are supportive of the findings 

from clonogenic analysis (Figure 2.11) and Annexin V, as it was found there were no 

statistically significant changes in the percentage of non-apoptotic cells 48 hrs post 

treatment, when cells were treated with RAD alone and MMF alone compared to the 

untreated control. Figure 2.28 suggests that the damage induced by SCH3 0 hrs post 

treatment, although not initially as great as the damage induced by RAD alone cells, 

was the only treatment group of cells that maintain the sustained median tail moments 

up to 48 hrs post treatment. These finding as supported by those in clonogenic assay 

(Figure 2.11) in which SCH3 treatment produced a statistically significantly lower 

survival fraction in cells when compared to the two single therapies RAD alone and 

MMF alone. The findings from the Annexin V assay in Figure 2.25 also support these 

results as SCH3 treated cells were the only treated cells to produce a statistically 

significant increase in apoptotic cells when compared to the untreated control and 

single therapies RAD alone and MMF alone.   
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2.5 Discussion  

Doxorubicin 
 

Clonogenic assays were carried out using DOX as this is the standard treatment of 

care for TNBC (Triple negative breast cancer | Cancer Research UK, 2020). When 

investigating novel treatments for cancer it is especially important to compare the 

results to the standard treatment of care as guidance by the National Institute for 

Health and Care Excellence (NICE) states that “all new treatments must be better 

than the current standard treatment of care as it would be unethical to give a patient 

a treatment that was not as effective as current therapies regardless of side effects” 

(Nice.org.uk. 2020). 

 

In our experiments as expected, DOX successfully inhibited TNBC cell survival in 

(Figure 2.3) and results were dose dependant, as was seen in literature (Lovitt, 

Shelper and Avery, 2018). However, as we have discussed, the success of this 

standard treatment of care is limited as it is well documented that TNBC patients 

initially respond very well to chemotherapy, however, they eventually develop 

resistance and metastasis (Isakoff, 2010). The real issue is that TNBC has acquired 

resistance to the therapy, thus any development of novel therapies needs to fill that 

clinical space. To undertake meaningful experiments, we must therefore test any 

novel schemes in a range of cell lines with varying levels of resistance to existing 

therapies. To model this phenomenon within this project, resistant cells lines were 

developed and discussed in Chapter 4 by a process that was carried out by 

(McDermott et al., 2014). This also highlights the need for administering DOX at a 

lower dose in combination with a non-toxic agent to reduce unwanted side effects and 

this was the basis of investigating fumaric acids as a possible combination agent.  

 

Radiation 
 

Radiotherapy is currently used as part of the gold standard treatment of TNBC, 

patients normally receive radiotherapy post-surgical removal of tumour mass or 

mastectomy (Triple negative breast cancer (2023) Cancer Research UK). At present 

2 Gy of radiation is the clinical dose and was the basis of using this dose to investigate 

potent combinations. As expected, radiation reduced MDA-MB-231 cell survival in a 

dose dependant manner from 0-10 Gy.  
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Dimethyl Fumarate (DMF) 
 

Clonogenic assays were carried out to determine the toxicity of DMF which we 

hypothesised to be relatively low, as DMF is not a cytotoxic drug. However, it has 

been shown that high levels of DMF can induce apoptosis, due to DMF binding to all 

intracellular GSH inducing a stress response during which cells induce apoptosis 

because of glutathione depletion (De Nicola and Ghibeli 2014).  DMF was selected 

for investigation due to its ability to sensitise and enhance cell death by inhibiting the 

synthesis of GSH, thus preventing the neutralisation of ROS (Mills et al 2018). In initial 

assays (Figure 2.5) DMF had no significant impact on MDA-MB-231 cells clonogenic 

survival. Evidence found by (Bennett and Saidu et al., 2018), reported that lower 

concentration of DMF did not inhibit cell growth but enhanced it at concentrations of 

<25 M. However, unlike Bennett et al., (2018) in our experiments the inhibition in cell 

growth was still not seen at concentrations above 25 M. However, experiments 

carried out by (Bennett and Saidu et al., 2018) did not use MB-MDA-231 cells and 

therefore this is not a fair comparison. To our knowledge there have been no reports 

of the assessment of DMF on cell survival undertaken in MDA-MB-231 cells. This 

would suggest that DMF is a poor candidate for single therapy to treat TNBC. 

 

 

Monomethyl Fumarate (MMF) 
 

MMF was selected for investigation due to its ability to neutralise the antioxidant GSP 

and to inhibit the translocation of NRF2 and in-turn the production of antioxidants, this 

would sensitise cells to death through ROS activation, as previously detailed 

(Rostami-Yazdi, Clement and Mrowietz, 2010). However, much about this mechanism 

of action of MMF remains unknown and further investigations were carried out to 

clarify this mechanism of action.  Unlike with DMF, there was a notable inhibition of 

cell survival following incubation of the cells with MMF treatment (Figure 2.6). At drug 

concentrations of 10 M there was a statistically significant inhibition in cell survival 

(P<0.0076). These results suggest that unlike DMF, MMF had a significant effect on 

the survival fractions of MDA-MB-231 and is a suitable candidate to investigate in 

combination treatments. 
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Diroximel Fumarate (EMF) 
 

EMF has been reported to have the same mechanism of action as DMF (Palte et al., 

2019). It was developed to reduce gastrointestinal complications that MS patients 

experienced while taking DMF. As expected, similar results were seen in EMF (Figure 

2.7) as in DMF (Figure 2.5) due to these two compounds having the same mechanism 

of action. No results were statistically significant when compared with the control. 

Given the scope of the project it was decided that as EMF was the least effective 

candidate at inhibiting cell growth and was not carried into combination therapy 

investigations. 

 

As expected DMF and EMF had no significant inhibitory effects at any dose on MDA-

MB-231 cell survival fraction after treatment. These results contradict those from 

(Bennett Saidu et al., 2018) as at administered concentrations above 25 M DMF 

inhibited the growth of cancer cells including lung, uterine and ovarian. However, 

Bennet did not carry out investigations into its effect on breast cancer cells, and from 

the results in Figure 2.5 and 2.7, data would suggest that neither DMF nor EMF are 

effective therapies to treat TNBC alone. This supports the hypothesis that MMF is a 

more effective fumaric acid at investigating combination therapies than DMF, it may 

neutralise glutathione and down regulate translocation of NRF2 in MB-MDA-231 cells. 

However, as MMF is the active metabolite of DMF, it may be that in 2D culture MMF 

is more effective at inhibiting the translocation of NRF2 as DMF has to be hydrolysed 

by esterase to MMF to have any intracellular effects (Litjens et al., 2004). Due to data 

from others in the lab investigating glioma tumours and the effect these fumaric acids 

had on glioma cell survival, it was hypothesised that MMF is more effective at 

inhibiting cell growth in vitro than DMF. This supports the need for further investigation 

into the mechanisms of action of MMF which was carried out throughout this chapter.   

 

 

Combination of Fumaric Acids and doxorubicin treatment on MDA-MB-231 cells 
 

Due to the mechanism of action of DMF (inhibition of NRF2 nuclear translocation that 

prevents the synthesis of antioxidants such as GSH). It was hypothesised that 

combining fumaric acids with cytotoxic agents will be more effective than 

chemotherapy or radiotherapy alone. In theory the inhibition of the NRF2 pathway 

sensitises the cancer cell to damage by preventing the neutralisation of ROS 
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generated because of radio or chemotherapy, which in-turn can induce higher levels 

of DNA damage. Therefore, a lower dose of chemotherapy and the standard dose of 

2 Gy radiation will be as effective at killing TNBC cells as if higher doses where used. 

This would in turn reduce the side-effects of TNBC treatments and would most 

importantly increase the patient’s quality of life.  

 

Thus, to test this hypothesis, cell survival of MDA-MB-231 cells was measured after 

combination treatment with either DMF or MMF and doxorubicin or radiation in 3 

scheduled combinations. From Figure 2.9 it was evident that only one treatment 

combination gave rise to a statistically significant decrease in the survival fraction of 

MDA-MB-21 cells, the Schedule 3 DMF1st (100 M) + DOX (0.02 M) compared to 

the untreated control. However, when using MMF in scheduled combinations with 

doxorubicin it was seen in Figure 2.10 that SCH3 induced a statistically significant 

decrease in cell survival when compared with the control, and the single therapies 

alone MMF and DOX.  

 

The scheduled combinations were continued when looking at Radiation (2 Gy) + DMF 

(100 M) or MMF (2 M). From Figure 2.11 it was found that the SCH3 

(DMF1st+RAD) and SCH1 (DMF+RAD simultaneous administration), induced a 

statistically significant decrease in cell survival when compared to both the control 

and DMF alone. Figure 2.12 reported that using MMF and radiation in combination 

schedules, SCH3 most effectively reduced the cell survival of MDA-MB-231 cells 

compared to the control and single therapies, RAD alone and MMF alone. SCH3 was 

the only combination to induce a significant decrease in cell survival when compared 

to either radiation or MMF alone.  

 

As hypothesised, SCH3 was the most effective combination at reducing cell survival, 

this may be due to MMF already being administered to the cell prior to 

chemotherapeutic damage or irradiation. As such, MMF has had time to carry out 

intracellular processes, inhibiting the translocation of NRF2, preventing the production 

of antioxidants. As a result, when the cell is damaged by ROS induced by DOX or 

irradiation, the cell is left defenceless as it is not able to produce antioxidants such as 

glutathione to protect the cell from DBS and SSB resulting in ultimately cell death.  
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Combination Index 
 

Therefore, based on the results above MMF in combination with DOX at all three 

schedules was investigated to determine the combination index value to identify the 

most effective schedule. From Figure 2.12 it was shown that that at the lower 

administered doses of MMF (2 M) and DOX (0.02) M, the SCH3 combination was 

synergistic. Therefore, schedule 3 was used alongside single therapies to investigate 

mechanistic properties of MDA-MB-231 cells after treatment.  

 

Cell Cycle analysis 
 

All  three treatments tested on MDA-MB-231 cells MMF, DOX and SCH3 M+D 

combination  induced a change in cell cycle distribution of cells verses the control 

(Figure 2.12), immediately after treatment was removed and surprisingly  MMF 

produced the greatest number of cells in G1, this was expected as it has been shown 

in literature that MMF causes accumulation of cells in G1 phase of the cell cycle 

(Takebe et al., 2006). There is some evidence in the literature that cells undergoing 

mitotic catastrophe are blocked at the G1 phase of the cell cycle, and this may be an 

explanation for the block seen in these treated cells (Fragkos and Beard, 2011). The 

results suggested that after treatment with MMF, MDA-MB-231 cells show a similar 

distribution of cells to that of the control 48 hrs post treatment, suggesting any 

disruption caused by MMF treatment has been resolved by the cells. SCH3 and DOX 

treated cells, show a significantly reduced percentage of cells in the G1 and G2/M 

phase of the cell cycle when compared to the control and MMF treated cells, 48hrs 

after treatment is removed. This may be due to SCH3, and DOX treated cells being 

unable to enter the cell cycle and cells within the cell interphase stage of the cell cycle 

are being inhibited by cell cycle checkpoints and are unable to enter G2/M phase to 

divide into two complete daughter cells. This may be due to an accumulation of DNA 

strand breaks. These results were expected as it has been shown that doxorubicin 

causes cell cycle arrest in G2/M in MDA-MB-231 cells (Sabzichi et al., 2019). This 

has been reported to be due to DOX inducing the synthesis of cyclin B and preventing 

its degradation, which would allow the cell to enter mitosis and divide into two identical 

daughter cells (Ohno et al., 2011). Additionally, SCH3 M+D combo treated MDA-MB-

231 cells continually decrease their percentage of cells in G2/M over 48 hours, 

suggesting the percentage of cells completing mitosis was being inhibited by this 

combination treatment.  
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Annexin V 
 

In a similar thought process to that of cell cycle analysis investigations, Annexin V 

analysis was carried out over 48 hours post treatment to investigate the cell death 

and repair process of MDA-MB-231 cells post treatment. MMF alone (2 M), DOX 

alone (0.02 M) and M+D SCH3 combinations were used to treat cells. As shown in 

Figure 2.15, all treatments reduced the percentage of non-apoptotic cells compared 

with the control, but only M+D SCH3 treatment induced a statistically significant 

decrease in the percentage of non-apoptotic cells compared with the control. This was 

the only treatment that failed to increase the percentage of viable cells 48 hours after 

treatment, therefore, it would suggest that this M+D SCH3 treatment was the most 

successful treatment at inducing apoptosis and inhibiting normal cell function. This 

hypothesis is supported by the evidence in cell cycle analysis (section 2.42.14) as it 

is known that apoptosis can occur in any phase of the cell cycle (Pucci et al., 2000) 

and as cells undergoing DNA replication and cell division are reduced after treatment 

with M+D SCH3, this may be due to SCH3 treated cells are entering apoptosis and 

thus being lost from the assay. These findings are also supported by the statistically 

significant reduction in survival fraction of MDA-MB-231 cells treated with SCH3 

compared with the untreated control, MMF and DOX alone in section 2.4.7. 

 

Glutathione 

 

The results from Figure 2.17 supported the hypothesis that MMF can alter the 

intracellular levels of GSH as a single therapy and in combination. The data suggests 

that there was a significant reduction in GSH levels of MDA-MB-231 cells treated with 

D-SCH3. This may explain my D-SCH3 was shown to induce the highest percentage 

of apoptotic cells 48 hours post treatment as MMF bound to intracellular GSH and 

prevented its antioxidant activates on ROS that were generated from DOX treatment, 

it may also be possible that MMF treatment prevented the synthesis of new 

glutathione following the administration with DOX by inhibiting the nuclear 

translocation of NRF2 via the DJ-1 inhibition. This would allow the ROS generated 

from DOX treatment to cause SSB and DSB which when accumulated would result in 

the activation of caspase 3 and the cell death. Again, this data is supported by that 

significant increase in the percentage of apoptotic cells in Figure 2.16 and decrease 
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in survival fraction of cells following clonogenic analysis of SCH3 in Figure 2.8. 

However, further investigations are required to determine the change in activities of 

DJ-1, NRF2.  

 

Autophagy 
 

It appears from Figure 2.19 that autophagy was not the mechanism used by DOX 

alone, MMF alone or M+D SCH3 to cause a reduction in cell survival fraction as 

reported in section 2.42.1.2. There were no statistically significant results in Figure 

2.19 and levels of absorbance 412 nm were relatively unchanged by any treatment 

tested. This investigation ultimately concluded that no further analysis of autophagy 

was necessary when investigating these treatments in MDA-MB-231 cells.   

 

Comet Assay  
 

As reported in Figure 2.21, treatment with DOX alone (0.02 M), MMF alone (2 M) 

and M+D SCH3 combination caused statistically significant increases in the median 

tail moments of cells compared with the control across all time frames. Much like all 

previous assays detailed above these comet assays were carried out over a 48-hour 

period to monitor both cell damage and cell repair following treatment. MMF, DOX 

and D-SCH3 all followed similar patterns of cells damage and repair. Many median 

tail moments were seen initially after treatment was removed; however, this median 

tail moment was reduced in all treated cells after 24 and 48 hours. SCH3 resulted in 

the highest median tail moments 48 hours post treatment than any other treated cell, 

this increase in median tail moment was statistically significant compared with the 

control MMF alone and DOX alone (all, P>0.0001). Additionally, the results from the 

comet assay may reflect ROS bursts (Zorov et al., 2014). This process involves a 

burst of ROS after initial insult is given to cells (via DOX treatment in this case) which 

is captured 0 hrs post treatment. The cells treated with DOX alone then begin to 

repair, however the cells treated with SCH3 are unable to protect themselves from 

ROS generate by doxorubicin in the combination. This may be due to MMF binding to 

GSH; therefore, the median tail moments increase as the cell are unable to repair 

damage induced and the SSB and DSB accumulate resulting in apoptosis. It was 

hypothesised that the SCH3 combination would produce greater median tail moments 

(fragmented DNA) than DOX alone as MMF would have bound to GSH and potentially 

inhibited the nuclear translocation of NRF2 which prevents the cell from producing 
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antioxidants to protect from SSB and DSB caused by DOX administration, as was 

reflected in clonogenic data and Annexin V analysis.  

 

Radiation + MMF combinations 

Combination Index Analysis 
 
Following the results from Figure 2.11, the data was analysed using combination 

index analysis to determine if any schedule of MMF and RAD induced synergistic cell 

kill. From Figure 2.21 at the lower concentration range tested (2 M MMF + 2 Gy 

Rad), a synergistic CI value was reported for SCH3 MMF1st +RAD. SCH3 induced 

the lowest synergist value when treated with a higher concentration of MMF also. 

Therefore, given the synergistic effects determined from combination index analysis 

this scheduled combination was investigated by application of several mechanistic 

assays. 

 

Cell Cycle Analysis  

 
The results from Section 2.42.27, suggested that following treatment with MMF, RAD 

and SCH3 there was a change in the distribution of cell in each phase of the cell cycle. 

Results suggest that following treatment with RAD alone and SCH3, the decrease in 

cells in G1 phase of the cell cycle is maintained for all treated cells 48 hrs after 

treatment removal, this may be due to the significant increase in the percentage of 

cells in G2/M reported 24 hrs after treatment removal (Figure 2.23), these cells have 

now begun apoptotic processes and are prevented from re-entering the cell division 

process. The statistically significant decrease in the percentage of cells in S may be 

due to cells in G1 being inhibited by the G1 checkpoint, unable to progress into S 

phase 48 hrs after treatment removal., again this block may be an indicator of cells in 

militia catastrophe as is used previously.  The percentage of cells in each phase of 

the cell cycle after treatment with SCH3 followed a similar pattern to that of RAD, 

however there was a significant decrease in G1 and increase in G2/M for SCH3 

treated cells when compared to RAD alone. This may be due to MMF binding to 

glutathione and preventing the antioxidant from neutralising ROS, therefore ROS 

induced by radioactivation in the combination therapy, is able to induce SSB and DSB 

which will result in a G2/M checkpoint inhibition. This would prevent the cells from 

dividing into two daughter cells (Nikolakopoulou et al., 2021). MMF treated cells show 

a similar distribution of cells in each phase of the cell cycle 48 hrs post treatment 
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removal to that of the untreated control, suggesting that these cells have recovered 

from any disruption caused by MMF treatment. The initial increase in the percentage 

of cells in G1 was expected as this was reported in the literature as described above 

in section 2.42.27.  As cells treated with RAD and SCH3 still show significant 

differences in cell cycle distribution 48 hrs post treatment removal, this would suggest 

that these cells are still accumulating at checkpoints within the cell cycle and the 

damage caused by irradiation and the combination has not been fully repaired. These 

finding are supported by clonogenic data in Figure 2.11 which reported a statistically 

significant decrease in the survival fraction of cells treated with RAD alone and SCH3 

compared to the untreated control. This may be due to an accumulation of DNA strand 

breaks, this resulting in the activation of apoptotic pathways.  

 
 

Annexin V 
 
After investigating the percentage of MDA-MB-231 cells undergoing apoptosis 

because of treatment with MMF (2 M), RAD (2 Gy) and SCH3 M+R, the results for 

each treatment were vastly different (Figure 2.25). M+R SCH3 was the only treatment 

to induce a   significant reduction in non-apoptotic cells compared with the control and 

both single treatments at all time points investigated. Immediately after treatments 

were removed, M+R SCH3 induced a significant decrease in the percentage of viable 

cells, as well as an increase in early and later apoptotic cells when compared to the 

untreated control and each single therapy. This significant reduction in the percentage 

of viable cells and increase in early apoptotic cells was continued 48 hrs post 

treatment when comparing SCH3 treated cells to the untreated control and each 

single therapy. This data supports the hypothesis that a SCH3 combination enhances 

the percentage of cell death in MDA-MB-231. This promising result may be a result of 

a MMF administration prior to radiation, binding to GSH and possibly inhibiting the 

nuclear translocation of NRF2 and preventing the synthesis of antioxidants. As a 

result, the ROS generated because of radiation induce SSB and DSBs which when 

accumulated activates the caspase 3 pathway leading to apoptosis, evident 48 hrs 

post treatment removal for SCH3 treated cells only (Figure 2.25C). These findings are 

supported by this in clonogenic assay and cell cycle analysis, in which SCH3 induced 

a significant decrease in the clonogenic survival of MDA-MB-231 cells and appears 

to induce cell cycle arrest in G2/M. 
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Glutathione  
 

Results from Figure 2.26 supported the hypothesis that MMF treatment depletes 

GSH. Following treatment with SCH3 and radiation alone, the relative GSH levels 

decrease up until 48 hrs post treatment removal. 1 hr post treatment administration 

there is a significant decrease in the relative GSH when comparing SCH3 to radiation 

alone. This may be that normally 1 hr post radiation MDA-MB-231 cells are able to 

synthesis GSH to neutralise ROS generated by irradiation, visible in Figure 2.26. 

However, this significant decrease in relative GSH when comparing SCH3 to 

radiation, may be a result of prior MMF administration 24 before cells were irradiated 

and these SCH3 treated MDA-MB-231 cells are unable to utilise cellular GSH as MMF 

has bound to it, additionally these cells may be unable to synthesis due to the 

disruption of the NRF2 translocation caused by MMF treatment.  

 

Autophagy 
 

No results from Figure 2.27 were statistically significant compared with the control or 

any other treatment. These assays were carried out over a 48-hour time scale and 

there was very little variation in untreated MDA-MB-231 cells or cells treated with MMF 

2 M alone, Rad 2Gy or M+R SCH3. These results suggest that autophagy is not 

activated following treatment with any of these therapies.  

 

Comet Assay 
  

The median tail moments for MDA-MB-231 cells treated with MMF (2 M), RAD (2 

Gy) or M+R SCH3 were measured over a 48-hour time window (Figure 2.28). The 

results of RAD alone and MMF alone treated cells followed a similar pattern, an 

increase in median tail moments 0 hrs post treatment, which then decreases 24 and 

48 hrs later, indicating cell repair. This was not the pattern of median tail moments in 

SCH3 treated cells, there was a significant increase in median tail moment of SCH3 

treated cells 0 hrs post treatment when compared to the untreated control and MMF 

alone, which was maintained 48 hrs post treatment. This resulted in a significant 

increase in median tail moment of SCH3 treated cells when compared to all other 

treatment groups, suggesting that the repair capacity of the SCH3 treated cells was 

not well maintained up to 48 hrs after treatment. This maintained significant median 

tail moment is indicative that SCH3 treated cells are unable to repair the damage 
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induced by the combination. This supports the hypothesis that MMF administered 

prior to radiation can sensitise cells to radiation damage, this is due to the mechanism 

of action of MMF, binding to intracellular glutathione and preventing the neutralisation 

of ROS generated because of radiation treatment.  

 

Summary  
 

As M+R and M+D SCH3 induced the lowest survival fraction of cells when analysed 

using clonogenic assay, produced the highest percentage of cells in apoptosis, 

appears to have caused cell cycle arrest (from cell cycle analysis) and produced 

significant median tail moments up to 48 hrs post treatment when compared to any 

single treatment alone or control. From all these findings, it can be deduced that M+R 

and M+D SCH3 treatment are the most successful treatments tested to kill MDA-MB-

231 cells. The original hypothesis that this schedule causes significantly more cell 

death single therapies alone was supported by the findings in this chapter.  

 

As this combination treatment induces cell cycle arrest and apoptosis, it was 

continued into 3D investigations in Chapter 3.  This will involve an investigation into 

change in spheroid sizes following treatment. These models are more representative 

of in vivo as they possess a hypoxic core and outer layer of proliferating cells that 

better mimics the conditions of a tumour. Having already determined that MB-MDA-

231 cells successful form spheroids using the 96-well plate method, these spheroid 

models with be investigated using the single treatments of DMF, MMF, doxorubicin 

and radiation. Then the combinations of these drugs as used above (SCH3). This will 

allow for an analysis into how successful DMF and MMF in combination with cytotoxic 

therapies are at reducing spheroid size (mimicking tumour mass) and give us a more 

realistic view of their use in patients.  
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Chapter 3 

 

 

 

 

Assessment of the efficacy of combination therapies using 

Doxorubicin and Radiation with DMF or MMF on multicellular 

tumour spheroids 
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3.1 Introduction 
 
Despite recent advances in some cancer therapies, breast cancer remains a major 

problem worldwide, with 40% of patients developing metastasis following gold 

standard treatment (Anastasiadi et al. 2019). Many of the issues faced with 

developing new therapies is that the models used to investigate potential therapies 

are not reflective of a patient’s tumour. As such, multicellular tumour spheroid models 

(MTS) have shown promise for the development of cancer treatments (Nath and 

Davi., 2016). MTS more closely mimic cell-cell interactions, heterogeneity, gene 

expression patterns and signalling pathways present in tumours in vivo.  

 

Following on from clonogenic experiments on 2-dimensional (2D) monolayers, MDA-

MB-231 cells were cultured as 3D MTS. Assessment of the efficacy of a proposed 

combination therapy on MTS enables longitudinal monitoring of any investigational 

interventions. Once grown to the desired size (around 350 µm), spheroids reflect the 

heterogeneity of in vivo tumours as they are composed of an outer proliferating layer 

of cells, a quiescent inner layer, and an inner hypoxic core (Thakuri et al 2019). This 

model therefore better mimics the environment of a tumour in vivo (Huang et al 2020).  
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3.2 Aims 
 
The aims of this chapter were: 
 
- To investigate the effects of single therapy treatments; Doxorubicin, Radiation, DMF 

and MMF on spheroid growth via measurement of the change in spheroid volume 

over time.  

 

- To investigate the effects of scheduled combination therapies utilising combinations 

of DOX+DMF/ MMF and RAD+DMF/MMF, on spheroid growth via measurement of 

the change in spheroid volume over time.
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3.3 Materials and methods 

3.3.1 Spheroids  

Spheroids were grown using 96 well ultra-low attachment plates (Corning, Fisher 

Scientific UK). Cell suspensions were prepared as detailed in chapter 2. The cells 

were counted using a haemocytometer (Jenson UK) and the volume of cell 

suspension required for 700 cells was then calculated and resuspended in complete 

DMEM for a total volume of 200 µL. This 200 µL cell suspension was then added to 

each well of the 96-round bottomed well plate. The outer surrounding wells were filled 

with 200 µL of PBS to keep cells in the inner wells hydrated. The plate was then 

incubated at 37 oC in a 5% CO2 environment and media was refreshed 2 times per 

week by drawing out 50 µL of media and replacing this with 50 µL of fresh complete 

media. Spheroids were then imaged every 3 days. Spheroids were incubated with the 

desired treatments after around 7 days or once optimum size was reached (350 m) 

dependant on desired characteristics (hypoxic core/ outer proliferating layer). 

Spheroids were sized utilizing IMAGEJ software, and the average sizes calculated for 

each column. For each spheroid two orthogonal diameters, dmax and dmin (m) were 

measured using IMAGEJ. Spheroid volume (V) was calculated as described by 

Jensen (Jensen et al., 2008 and Boyd et al., 2002) using Equation 1. Spheroids were 

measured for a total of 21 days as control MDA-MB-231 cells grew exponentially and 

due to their large size, this prohibited further measurement of spheroids.  

 

 

Equation 1: Equation used to calculate the MTS volume where dmax is the maximum 

diameter and dmin is the minimum diameter. 

Change in spheroid volume (V/V0) was calculated by dividing the spheroid volume (V) 

at each time point by the initial spheroid volume (V0). Data was reported as V/V0, as 

an average of three independent experiments and each therapy was carried out in 

triplicate. 

The area under the curve was calculated for Log V/V0 against time using the 

trapezoidal approximation using GraphPad prism 9.2.1 to evaluate the overall change 

in spheroid volume following each treatment.  
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Results: 

3.4. Single treatment of TNBC MTS using Doxorubicin, Radiotherapy, Dimethyl 
Fumarate or Monomethyl Fumarate 
 

3.4.1. Effect of Doxorubicin on growth of MDA-MB-231 spheroids 

 
The effect of administration of DOX alone on MDA-MB-231 spheroid growth was 

measured following incubation of the spheroids with a concentration range of 0.02 M 

– 0.1 M DOX. Results are shown in Figure 3.1 below. 
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Figure 3.  1 The effect of administration of DOX at varying concentrations on the 

growth of MDA-MB-231 spheroids.  

Bonferroni's multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted 
P Value 

CONTROL vs. 0.02 μM * 0.0120 **** <0.0001 

CONTROL vs. 0.04 μM ** 0.0081 **** <0.0001 

CONTROL vs. 0.06 μM ** 0.0022 **** <0.0001 

CONTROL vs. 0.08 μM *** 0.0004 **** <0.0001 

CONTROL vs. 0.1 μM *** 0.0002 **** <0.0001 
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(A) MDA-MB-231 spheroids were incubated with DOX at a concentration range from 

0.02 µM-0.1 µM continually for 21 days and images captured every 2-4 days, results 

are an average of 3 independent experiments carried out in triplicate with 36 

spheroids per treatment group. Spheroid volumes were calculated and the average 

fold increase from initial V/V0 +/- S.D, is presented on a linear scale, (B)The area 

under the curve (AUC) +/- S.D. was also calculated using one-way ANOVA analysis 

with Bonferroni’s testing for multiple comparisons, results displayed in (C). Statistical 

analysis was carried out on the data using GraphPad prism 9.2.1, determined by the. 

P<0.05=*, P<0.01=**, P<0.001=***, P<0.0001=**** when compared with the control 

(applicable to Figure 3.1-3.16).   

 

In MDA-MB-231 MTS treated with concentrations of 0.02 M to 0.1 M DOX, there 

was a statistically significant reduction in spheroid growth (V/V0) after incubation of 

the spheroids with all concentrations of DOX versus the untreated control (Figure 

3.1C). When reviewing the area under the curve analysis (Figure 3.1B) of this 

spheroid volume data, it was clear that all concentrations of DOX induced a 

statistically significant reduction in the area under the curve values when compared 

with the control area under the curve value, Figure 3.1(B) (P<0.0001 for all 

concentrations tested). This data therefore supports the use of 0.02 M DOX in 

combination with DMF or MMF in scheduled combination therapies of MTS as this 

was the concentration of DOX used in 2D culture (Chapter 2), the use of this 

concentration in 3D studies would allow for an accurate comparison of combination 

results. 

 

 

3.4.2 Effect of Radiotherapy on growth of MDA-MB-231 spheroids  

 
In Figure 3.2, MDA-MB-231 spheroids were exposed to various radiation doses (0-

10Gy Gy) to determine the change in volume over time of each treatment group.  This 

is shown in figure 3.2. 
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Figure 3.  2 The effect of administration of radiation at varying Gy on the growth of 

MDA-MB-231 spheroids.  

 

Results from Figure 3.2 suggest that MDA-MB-231 spheroids treated with all doses 

of radiation had a statistically significantly reduction the growth (V/V0) compared with 

the untreated control as expected (see Figure 3.2C).  In Fig 3.2B, all treated spheroids 

had a statistically significant reduced area under the curve values when compared 

with the control (all, P<0.0001). Given the similar reduction in the AUC for all radiation 

doses we have chosen 2Gy to be used in scheduled combination therapies involving 

irradiation and DMF or MMF. This dose of radiation will be comparable to the dose 

Bonferroni's multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted 
P Value 

CONTROL vs. 2 GY ** 0.0019 **** <0.0001 

CONTROL vs. 4 GY ** 0.0061 **** <0.0001 

CONTROL vs. 6 GY ** 0.0015 **** <0.0001 

CONTROL vs. 8 GY ** 0.0010 **** <0.0001 

CONTROL vs. 10 GY *** 0.0002 **** <0.0001 
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used in 2D culture (Chapter 2) and was selected as this is the clinical dose of radiation 

administered to patients.  

 

 

3.4.3 Effect of Dimethyl Fumarate on growth of MDA-MB-231 spheroids 

 
The effect of administration of DMF alone on MDA-MB-231 spheroid growth was 

measured following incubation of the spheroids with a concentration range of 20 M 

– 100 M DMF. Results are shown in Figure 3.3 below. 
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Figure 3.  3 The effect of DMF at varying concentrations on the growth of MDA-MB-

231 spheroids.   

Bonferroni's multiple 
comparisons test 

V/V0 
Summary 

Adjusted P Value AUC 
Summary 

Adjusted 
P Value 

CONTROL vs. 20 μM ns >0.9999 **** <0.0001 

CONTROL vs. 40 μM ns >0.9999 **** <0.0001 

CONTROL vs. 60 μM ns >0.9999 **** <0.0001 

CONTROL vs. 80 μM ns >0.9999 **** <0.0001 

CONTROL vs. 100 μM ns 0.7807 **** <0.0001 
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From Figure 3.3 we can see that there was no statistically significant reduction in 

growth of spheroids treated with any dose of DMF. However, in Figure 3.3B Spheroids 

treated with 40 µM, 60 µM, 80 µM, 100 µM of DMF induced a statistically significantly 

reduction in AUC values when compared to the untreated control (all, P<0.0001).   

 

This data therefore suggests that DMF alone is not a suitable treatment to reduce the 

growth of MDA-MB-231 spheroids. This data also supports the use of 100 µM DMF 

in scheduled combinations using MTS as it is the concentration that reduced the 

growth of spheroids and produced the lowest AUC value recorded. As this 

concentration was used in 2D investigations (Chapter 2) 100 µM will be the 

concentration of DMF used in combination therapies in this chapter.  

 
 
 

3.4.4 Effect of Monomethyl Fumarate on growth MDA-MB-231 spheroids. 

 
In Figure 3.4, MDA-MB-231 spheroids were exposed to varying concentrations of 

MMF (0-10 M) only to determine the change in volume of time of each treatment 

group. This is shown in Figure 3.4 below.  
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Bonferroni's multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. 2 μM ns >0.9999 **** <0.0001 

CONTROL vs. 4 μM ns 0.0592 **** <0.0001 

CONTROL vs. 6 μM ns 0.1039 **** <0.0001 

CONTROL vs. 8 μM ns 0.0664 **** <0.0001 

CONTROL vs. 10 μM *** 0.0001 **** <0.0001 

Figure 3.  4 The effect of MMF at varying concentrations on the growth of MDA-MB-

231 spheroids.  

 

Results from Figure 3.4A suggest that the only dose of MMF that statistically 

significantly reduced the growth of MDA-MB-231 spheroids when compared to the 

untreated control was 10 M MMF (P=0.0001). The area under the curve value of 

spheroids treated with all concentrations of MMF, 2 M 4 M, 6 M, 8 M and 10 M 

produced statistically significantly reduced AUC values compared with the control 

AUC value (all, P<0.0001). This data supports the use of 2 M MMF to be used in 

scheduled combination therapies to treat MTS. This concentration of MMF was used 
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in 2D investigations and combination investigation from this chapter will be more 

accurately comparable to Chapter 2 findings.  

 

3.4.5 Effect of Doxorubicin given in combination with Dimethyl Fumarate on 

growth of MDA-MB-231 spheroids.  

 

- Scheduling of Treatment administration 
 

Following on from single treatment investigations, the change in spheroid volume over 

time was investigated after treatment of the spheroids with combination therapies. 

These combinations therapies were scheduled the same as those used 2D 

investigations (Chapter 2) and are detailed in section 2.3.6.  

 

By following the same treatments schedules, and concentrations of drugs, it allowed 

for an accurate comparison between 2D and 3D effects that combination therapies 

had on MBA-MB-231 cells. 

 
Firstly, the effects of a schedule 1 (SCH1) combination involving DOX + DMF on the 

growth of MDA-MB-231 spheroids over time was assessed, as seen below in Figure 

3.5. DMF at 100 M was chosen as this was the concentration of DMF used to 

investigate 2D models and will allow for a more accurate comparison of the effects of 

DMF in 2D vs 3D culture. These doses of treatment were also used to investigate 2D 

cells in Chapter 2 Section 2.4. DOX at 0.02 M was chosen as this is the lowest 

concentration of DOX that was able to reduce the AUC value of spheroids statistically 

significantly, this is also the dose of DOX used in Chapter 2, 2D investigations.  
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Figure 3.  5 The effect of DOX and DMF simultaneous schedule 1 combinations on 

the growth of MDA-MB-231 spheroids.  

 

Results from Figure 3.5A with respect to V/V0 analysis, suggest that treatment of 

spheroids in a SCH1 combination of DOX 0.02 M + DMF 100 M statistically 

significantly reduce the growth of MDA-MB-231 spheroids when compared to the 

untreated control (P=0.0081, Figure 3.5A), this was the only statistically significant 

changes in V/V0 found. When reviewing AUC data however (Fig 3.5B), all treated 

spheroids gave rise to an AUC that was statistically significantly smaller that the AUC 

of the control spheroids (P>0.0001) as was seen with the experiments using individual 

Bonferroni’s multiple 
comparisons test  

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P Value 

CONTROL vs. DOX ns 0.0960  **** <0.0001 

CONTROL vs. DMF ns 0.0711 **** <0.0001 

CONTROL vs. SCH1 ** 0.0081 **** <0.0001 

DOX vs. DMF ns >0.9999 ns >0.9999 

DOX vs. SCH1 ns >0.9999 * 0.0154 

DMF vs. SCH1 ns >0.9999 ** 0.0015 
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drugs. The SCH1 combination produced a statistically significant reduction in AUC 

value when compared to DOX alone and DMF alone AUC value (DOX P=0.0154, 

DMF P=0.0015). This data therefore suggests that SCH1 treatment is more effective 

at reducing the growth of MDA-MB-231 spheroids than DOX and DMF alone. These 

results are reflective of the findings in Chapter 2 Section 2.42.1.2. This data does not 

however support our hypothesis that DMF sensitises MDA-MB-231 cells to death via 

doxorubicin treatment.  

 

Following on from SCH1 investigations, Schedule 2 (SCH2) combinations were 

investigated using MDA-MB-231 spheroids as seen in Figure 3.6. This was 

investigated to assess this combination’s ability to reduce the growth of spheroids 

than the single therapies alone and to determine if this schedule was a more 

appropriate method of treatment administration than SCH1 more effectively.   
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Figure 3.  6 The effect of DOX 1st and DMF schedule 2 combinations on the growth 

of MDA-MB-231 spheroids. 

 

Results from Figure 3.6 with respect to V/V0 analysis suggests no combination 

treatment produced spheroids that where statistically significantly smaller than 

untreated control spheroids or any other treated group when assessing the V/V0 

Figure 3.6A.  When looking at AUC Figure 3.6B, it was seen that spheroids treated 

with DMF alone and DOX alone produced statistically significantly smaller AUC 

values, compared with the control (both, P<0.0001). SCH2 failed to produce a 

statistically significantly smaller AUC value when compared to the untreated control, 

Bonferroni’s multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. DOX ns 0.1162 **** <0.0001 

CONTROL vs. DMF ns 0.0871 **** <0.0001 

CONTROL vs. SCH2 ns >0.9999 ns 0.0339 

DOX vs. DMF ns >0.9999 ns >0.9999 

DOX vs. SCH2 ns 0.1060 **** <0.0001 

DMF vs. SCH2 ns 0.0792 **** <0.0001 
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DOX alone or DMF alone.  This therefore suggests that doxorubicin and DMF 

administered in a SCH2 combination is not a more appropriate administration of 

combination therapies than SCH1 combination therapy (Figure 3.5) as this treatment 

method is not more effective at reducing the growth of MDA-MB-231 spheroids than 

the single therapies alone. This data is reflective of that in Chapter 2 Section 2.42.1.2. 

This data supports our hypothesis that DMF administered after cellular damage has 

been induced by DOX, is unable to mediate intracellular mechanisms and prevent the 

activation of protective cellular responses.  

 

Next a SCH3 (DMF1st + DOX) combination therapy was investigated as seen in 

Figure 3.7. This figure details the findings of spheroid investigations involving a SCH3 

combination of DOX + DMF, Dox alone and DMF alone on MDA-MB-231 spheroids.  
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Figure 3.  7 The effect of DOX and DMF 1st, schedule 3 combinations on the growth 

of MDA-MB-231 spheroids.  

 

Figure 3.7A shows that with respect to V/V0 assessment there was a statistically 

significant decrease in spheroid growth curve when spheroids were treated with 

SCH3 compared to the untreated control (P=0.0193, Figure 3.7C). When assessing 

AUC Figure 3.7B, once again all treated groups produced AUCs that were statistically 

significantly smaller than the AUC produced by untreated control spheroids (all, 

P<0.0001). SCH3 combination treated also statistically significantly reduced the AUC 

values when compared to DOX alone and DMF alone (P<0.0001 for both). These 

Bonferroni’s multiple 
comparisons test  

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. DOX ns 0.1153 **** <0.0001 

CONTROL vs. DMF ns 0.0863 **** <0.0001 

CONTROL vs. SCH3 * 0.0193 **** <0.0001 

DOX vs. DMF ns >0.9999 ns >0.9999 

DOX vs. SCH3 ns >0.9999 **** <0.0001 

DMF vs. SCH3 ns >0.9999 **** <0.0001 
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results suggest that SCH3 administration of DOX + DMF SCH3 was the most 

appropriate combination schedule as it was shown that only this combination 

produced statistically significantly reduced AUC values when compared to the 

individual therapies alone. This again supports findings in Chapter 2 Section 2.42.1.1 

that suggested SCH3 scheduling was the most appropriate method of administration 

to reduce the growth of MDA-MB-231 cells in 2D culture. These findings support our 

hypothesis that the administration of DMF prior to the induction of ROS damage, 

induced by DOX, induces a higher degree of cell kill.  

 

Following on from DMF investigations, MMF was investigated in the same 3 

scheduled administrations in combination with DOX as detailed in section 3.42.2.  
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3.4.6 Effect of Doxorubicin given in combination with Monomethyl Fumarate on 

MDA-MB-231 spheroids.   

 
Figure 3.8 details the findings from 3D spheroid investigations into the change in 

volume over time of SCH1 treated MDA-MB-231 spheroids with a combination of 0.02 

M and MMF 2 M. DOX at a concentration of 0.02 M was chosen as this was the 

lowest concentration that induced a statistically significant reduction in the AUC value 

of the spheroids, additionally was the dose of DOX used in Chapter 2, 2D 

investigations. 2 M MMF was chosen as this was the lowest concertation of MMF 

that was able to reduce the AUC values of MDA-MB-231 spheroids statistically 

significantly. This is also the dose of MMF used to investigate 2D combination 

therapies in Chapter 2. 
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Figure 3.  8 The effect of DOX and MMF simultaneous schedule 1combinations on 

the growth of MDA-MB-231 spheroids.  

 

Results from Figure 3.8A with respect to V/V0 analysis show that only SCH1 treated 

spheroids produced a statistically significant decrease in the spheroids growth curve 

when compared to the untreated control (P=0.01122, Figure 3.8C). When looking at 

AUC (Figure 3.8B), all treated spheroids produced AUC that was statistically 

significantly smaller than that of the control (P<0.0001). SCH1 treated spheroids 

statistically significantly reduced the AUC value compared to the AUC value of DOX 

alone (P=0.0264) and MMF alone (P <0.0001). These results suggest that MMF given 

Bonferroni’s multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. DOX ns 0.0960 **** <0.0001 

CONTROL vs. MMF ns 0.9609 **** <0.0001 

CONTROL vs. SCH1 * 0.0112 **** <0.0001 

DOX vs. MMF ns >0.9999 *** 0.0008 

DOX vs. SCH1 ns >0.9999 * 0.0264 

MMF vs. SCH1 ns 0.9079 **** <0.0001 
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in a SCH1 is a more effective combination at reducing the growth of MDA-MB-231 

cells, than the individual therapies alone. These results support our hypothesis that 

MMF can inhibit intracellular protective mechanisms that would be upregulated 

following damage induced by DOX, and as a result increase cell death compared to 

DOX alone therapy. This data is reflective of that in Chapter 2 Section 2.41.1.2.  

 

A SCH2 combination using doxorubicin and MMF was investigated to determine the 

ability to inhibit the growth of MDA-MB-231 spheroids, as seen in Figure 3.9.  
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Figure 3.  9 The effect of DOX and MMF simultaneous schedule 2 combinations on 

the growth of MDA-MB-231 spheroids.  

 

Results from Figure 3.9A with respect to V/V0 analysis show only SCH2 treated 

spheroid produced a statistically significant decrease in the spheroid growth curve 

when compared to the control (P=0.0272, Figure 3.9C). When reviewing AUC data 

Fig 3.9B, all treated spheroids statistically significantly reduced the AUC values 

compared with the untreated control AUC value (all P>0.0001). SCH2 treatment also 

statistically significantly reduced the AUC values of spheroids compared with MMF 

alone (P<0.0001). DOX only treated spheroids produced a statistically significantly 

Bonferroni’s multiple 
comparisons test  

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. DOX ns 0.1162 **** <0.0001 

CONTROL vs. MMF ns >0.9999 **** <0.0001 

CONTROL vs. SCH2 * 0.0272 **** <0.0001 

DOX vs. MMF ns >0.9999 *** <0.0001 

DOX vs. SCH2 ns >0.9999 ns 0.2403 

MMF vs. SCH2 ns >0.9999 **** <0.0001 
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reduction in AUC value when compared with MMF treated spheroids (P<0.0001). This 

data suggests that a SCH2 combination treatment of DOX + MMF can reduce the 

growth of MDA-MB-231 spheroids more effectively than MMF alone treatment but not 

more effectively than Doxorubicin alone. This data supports our hypothesis that MMF 

administered after DOX is unable to mediate the intracellular protective mechanisms 

and enhance cell death compared to the single doxorubicin therapy alone. The 

protective mechanisms have already been activated in response to DOX damage and 

administration of MMF to inhibit these pathways is too late to as the damage has 

already been mediated. This data is reflective of that in Chapter 2 Section 2.42.1.2.  

 

A SCH3 combination of Dox 0.02 M + MMF 2 M was carried out as seen in Figure 

3.10 to investigate the ability to reduce the growth of MDA-MB-231 spheroids.  
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Figure 3.  10 The effect of DOX and MMF simultaneous schedule 3 combinations on 

the growth of MDA-MB-231 spheroids.  

 

Results from Figure 3.10A suggests that with respect to V/V0 analysis, there was a 

statistically significant reduction in the change in spheroid volume when spheroids 

were treated with SCH3 compared to the untreated control (P=0.0304, Figure 3.10C). 

When reviewing AUC (Fig 3.10B) there was a statistically significantly reduction in the 

AUC values for all treated spheroids, when compared with the untreated control AUC 

value (all P>0.0001). SCH3 treated spheroids also reported a statistically significantly 

reduced AUC value when compared to MMF alone and Dox alone (both P<0.0001).  

Bonferroni’s multiple 
comparisons test  

V/V0 
Summary 

Adjusted P Value AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. DOX ns 0.1153 **** <0.0001 

CONTROL vs. MMF ns >0.9999 **** <0.0001 

CONTROL VS. SCH3 * 0.0304 **** <0.0001 

DOX vs. MMF ns >0.9999 **** <0.0001 

DOX vs. SCH3 ns >0.9999 **** <0.0001 

MMF vs. SCH3 ns >0.9999 **** <0.0001 
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This data suggests that a SCH3 administration was the most effective combination 

when reducing the growth of 3D MDA-MB-231 cells. This SCH3 combination is the 

only DOX combination that statistically significantly reduced the AUC values of treated 

spheroids compared with the single therapy treated spheroids AUC values. These 

findings support those in Chapter 2 that suggested a SCH3 administration was the 

most appropriate treatment combination at reducing the growth of 2D MDA-MB-231 

cells. This supports our hypothesis that administration of MMF before ROS damage 

can inhibit intracellular processes that protect the cell from damage and result in a 

higher degree of cell kill.  
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3.4.7 Effects of Radiotherapy given in combination with Dimethyl Fumarate on 

MDA-MB-231 spheroids 

 

Following on from radiation combination investigations carried out in 2D cell culture, 

spheroids were used to investigate these scheduled combinations as described in 

Section 2.42.1.2. Exposure to 2 Gy irradiation was chosen as the clinical dose used 

is approximately 2.7 Gy (Lilley and Murray 2023). 100 M DMF was chosen as 

concentration was used to investigate 2D cells and is shown to have some use at 

inhibiting the growth of spheroids, as detailed in Figure 3.3. These doses of therapy 

were also used to investigate 2D cells in Chapter 2 Section 2.42. 

 

Figure 3.11 details the results from investigations involving MDA-MB-231 spheroids 

treated with a SCH1 combination involving RAD (2 Gy) and DMF (100M).  
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Figure 3.  11 The effect of RAD and DMF simultaneous schedule 1 combinations on 

the growth of MDA-MB-231 spheroids.  

 

When investigating Figure 3.11A, with respect to V/V0 analysis, there was a 

statistically significant reduction in the growth of spheroids when treated with SCH1, 

RAD and DMF compared with the untreated control (Figure 3.11C).  However, there 

was no statistically significant decrease in the change in the volume of spheroids 

treated with RAD, DMF or SCH1 compared with each other (Figure 3.11C). When 

reviewing AUC (Figure 3.11B) values, all treatments induced a statistically 

significantly smaller AUC values than that of the untreated control (all, P<0.0001). 

Bonferroni’s multiple 
comparisons test  

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. RAD * 0.0190 **** <0.0001 

CONTROL vs. DMF ** 0.0062 **** <0.0001 

CONTROL vs. SCH1 **** <0.0001 **** <0.0001 

RAD vs. DMF ns >0.9999 ns >0.9999 

RAD vs. SCH1 ns 0.5996 **** <0.0001 

DMF vs. SCH1 ns 0.9002 **** <0.0001 
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SCH1 treated spheroids also had statistically significantly smaller AUC value when 

compared to RAD alone (P<0.0001) and DMF alone (P<0.0001). 

 

These results suggest that SCH1 is a suitable schedule to reduce the growth of MDA-

MB-231 spheroids. SCH1 reduced the growth of spheroids more effectively than the 

single therapies alone. This supports our hypothesis that DMF administration can 

inhibit intracellular mechanisms and sensitise the cell to death via ROS damage 

induced by radiation. These results are reflective of those in Chapter 2 Section 

2.42.1.2.  

 

Fig 3.12 reports the effect single therapies DMF, RAD and SCH2 combination therapy 

on MDA-MB-231 spheroids.  
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Figure 3.  12 The effect of RAD and DMF simultaneous schedule 2 combinations on 

the growth of MDA-MB-231 spheroids.  

 

Results from Figure 3.12A suggests that with respect to V/V0 analysis, there was a 

statistically significant decrease in the change in spheroids volume when spheroids 

were treated with RAD alone, DMF alone and SCH2 (Figure 3.12C) compared to the 

untreated control. There was however no statistically significant decrease in the 

change in spheroid volume results when comparing the growth of any treated 

spheroids to each other (Figure 3.12C). When reviewing AUC data, all treated 

spheroids had AUC values that were statistically significantly smaller than that of the 

control AUC value, (all P<0.0001).  As expected for the SCH2 combination, where 

Bonferroni's multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. RAD * 0.0141 **** <0.0001 

CONTROL vs. DMF ** 0.0082 **** <0.0001 

CONTROL vs. SCH2 * 0.0465 **** <0.0001 

RAD vs. DMF ns >0.9999 ns >0.9999 

RAD vs. SCH2 ns >0.9999 *** 0.0007 

DMF vs. SCH2 ns >0.9999 **** <0.0001 
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radiation was administered first, followed by DMF (RAD1st+DMF) there was not 

statistically significantly reduction in AUC values when compared with the single 

therapies alone, however there was a statistically significantly greater AUC value 

when compared to DMF alone (P=0.0048) and RAD (P=0.0007).  

 

These results suggest that SCH2 administration of RAD + DMF is not a suitable 

combination schedule to reduce the growth of MDA-MB-231 spheroids. This schedule 

enhanced the growth of the spheroids when compared to the single therapy treated 

spheroids alone. These results reflect that of 2D findings in Chapter 2 Section 2.4.  

 

 

Fig 3.13 investigates the effects of DMF alone, Rad alone and SCH3 on change in 

spheroid volume over time. 
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Figure 3.  13 The effect of RAD and DMF simultaneous schedule 3 combinations on 

the growth of MDA-MB-231 spheroids.  

 

Figure 3.13A suggests that with respect to V/V0 analysis there was a statistically 

significant decrease in the change in spheroid volume when spheroids were treated 

with RAD alone, DMF alone and SCH3 combination when compared to the untreated 

control (Figure 3.13C).  Furthermore, there was no statistically significant decrease in 

the change in spheroid volume when comparing any treated spheroid group to each 

other (Figure 3.13C).  When reviewing the AUC values, all treated spheroids showed 

statistically significantly smaller AUC values than untreated control spheroids (all, 

Bonferroni’s multiple 
comparisons test  

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. RAD * 0.0107 **** <0.0001 

CONTROL vs. DMF ** 0.0061 **** <0.0001 

CONTROL vs. SCH3 **** <0.0001 **** <0.0001 

RAD vs. DMF ns >0.9999 ns >0.9999 

RAD vs. SCH3 ns 0.5603 **** <0.0001 

DMF vs. SCH3 ns 0.8447 **** <0.0001 
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P>0.0001). The SCH3 combination also produced statistically significantly reduced 

AUC values when compared with RAD alone (P<0.0001) and DMF alone (P<0.0001).  

 

This data suggests that SCH3 is a suitable treatment schedule to reduce the growth 

of MDA-MB-231 spheroids and is more suitable than the single therapies alone. This 

supports our hypothesis that the administration of DMF prior to damage induced by 

ROS can prevent cellular protective mechanisms and result in enhanced cell death. 

These results support the findings of that in Chapter 2 Section 2.4. 

  

3.4.8 Effects of Radiotherapy given in combination with Monomethyl Fumarate 

on MDA-MB-231 spheroids 

 

This investigation using 3D spheroids was continued, MMF (2 M) was used in 

combination with radiation (2 Gy). The radiation dose of 2 Gy was chosen as the 

clinical dose used is approximately 2.7 Gy (Lilley and Murray., 2023). 2 M MMF was 

chosen as this was the lowest concertation of MMF that was able to reduce the AUC 

values of MDA-MB-231 spheroids statistically significantly. This was also the dose of 

MMF, and radiation used to investigate 2D combination therapies in Chapter 2. The 

3 scheduled combinations as described in section 3.4.5.  

 
Fig 3.14 reports the effects of RAD alone, MMF alone and SCH1 combination therapy.  

  



 

 163 

0 3 6 9 12 15 18 21

0

1

2

3

4

TIME (DAYS)
V

/V
0

CONTROL

RAD

RAD + MMF SCH1

MMF

(A)

(B)

C
O
N
TR

O
L

R
A
D
 

M
M

F

R
A
D
 +

 M
M

F S
C
H
1

0

10

20

30

40

50

A
U

C
 V

/V
0

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

 
(C)   

Figure 3.  14 The effect of RAD and MMF simultaneous schedule 1 combinations on 

the growth of MDA-MB-231 spheroids.  

  
Results from Figure 3.14A report that with respect to V/V0 analysis there was a 

statistically significant decrease in the change in spheroid volume of spheroids treated 

with RAD alone, MMF alone and SCH1 combination when compared to the untreated 

control (Figure 3.14C).  However, there was no statistically significant decrease in the 

change in spheroid volume of any treated spheroid compared with each other (Figure 

3.14C). When reviewing the AUC data, all treated spheroids had AUC values that 

were statistically significantly smaller than untreated control spheroids (all, P<0.0001). 

SCH1 also statistically significantly reduced the AUC values when compared with 

Bonferroni’s multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. RAD * 0.0109 **** <0.0001 

CONTROL vs. MMF * 0.0308 **** <0.0001 

CONTROL vs. SCH1 **** <0.0001 **** <0.0001 

RAD vs. MMF ns >0.9999 ns >0.9999 

RAD vs. SCH1 ns 0.3325 **** <0.0001 

MMF vs. SCH1 ns 0.1363 **** <0.0001 
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RAD alone (P<0.0001) and MMF alone treated spheroids (P<0.0001). These results 

suggest that SCH1 administration of MMF + RAD is a suitable combination therapy 

at reducing the growth of MDA-MB-231 spheroids and is more effective as reducing 

cell growth than the individual therapies alone. These results support the hypothesis 

that MMF can inhibit intracellular processes that protect cells from ROS damage 

induced by radiation and result in cell death. These findings are reflective that in 

Chapter 2 Section 2.4.  

 
 
Figure 3.16 reports the results of spheroids treated with RAD alone, MMF alone and 

MMF + RAD SCH2 combination therapy.  
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Bonferroni’s multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. RAD * 0.0141 **** <0.0001 

CONTROL vs. MMF * 0.0384 **** <0.0001 

CONTROL vs. SCH2 **** <0.0001 **** <0.0001 

RAD vs. MMF ns >0.9999 ns >0.9999 

RAD vs. SCH2 ns 0.4343 **** <0.0001 

MMF vs. SCH2 ns 0.1861 **** <0.0001 

Figure 3.  15 The effect of RAD and MMF simultaneous schedule 2 combinations on 

the growth of MDA-MB-231 spheroids.  

 

Results from Figure 3.15A suggest that with respect to V/V0 analysis there was a 

statistically significant decrease in the change in spheroid volume when spheroids 

were treated with RAD alone, MMF alone and SCH2 combination, compared with the 

untreated control (Figure 3.15C). However once again There was no statistically 

significant decrease in the change in spheroid volume when comparing any treated 

group to each other (Figure 3.15C). When investigating the AUC values (Figure 

3.15B) all treated spheroids had statistically significantly reduced AUC values when 

compared with the control (all P<0.0001). SCH2 treated spheroids had a statistically 
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significantly smaller AUC values when compared with RAD alone (P>0.0001) and 

MMF alone (P>0.0001). These results do not support the hypothesis that MMF 

administered after RAD is unable to inhibit intracellular protective mechanisms and 

as such the cells are able to prevent damage caused by ROS and prevent cell death. 

These results are supportive of the findings of that in Chapter 2, Section 2.4.  

 
Figure 3.16 reports the effects of MMF, RAD and SCH3 combination on MDA-MB-

231 spheroids. 
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Figure 3.  16 The effect of RAD and MMF simultaneous schedule 3 combinations 

on the growth of MDA-MB-231 spheroids.  

Bonferroni’s multiple 
comparisons test 

Summary Adjusted P 
Value 

AUC 
Summary 

Adjusted P 
Value 

CONTROL vs. RAD * 0.0107 **** <0.0001 

CONTROL vs. MMF * 0.0302 **** <0.0001 

CONTROL vs. SCH3 **** <0.0001 **** <0.0001 

RAD vs. MMF ns >0.9999 ns >0.9999 

RAD vs. SCH3 ns 0.1599 **** <0.0001 

MMF vs. sch3 ns 0.0620 **** <0.0001 
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Results from Figure 3.16A suggest that with respect to V/V0, there was statistically 

significant decrease in the change in spheroid volume of spheroids treated with RAD 

alone, MMF alone and SCH3, compared to the untreated control (Figure 3.16C). 

There was also a statistically significant reduction in spheroids growth when 

comparing any treated spheroids to each other.  When analysing AUC there was a 

statistically significant decrease in AUC values in all treated spheroids when 

compared with the control (P>0.0001). There was also a statistically significant 

reduction in AUC values in SCH3 treated spheroids when compared with RAD alone 

(P<0.0001) and MMF alone (P<0.0001).  These results support the hypothesis that 

MMF administered prior to RAD can inhibit intracellular processes that protect the cell 

from damage caused by ROS. These findings are reflective of that in Chapter 2 

Section 2.4. 

 

3.5 Discussion 
 

Doxorubicin 

 

 Administration to MDA-MB-231 MTSs of the concentration range of 0.02 M-1 M of 

Dox reduced the size of treated spheroids in a dose dependent manner (Figure 3.1); 

it was found that all concentrations of DOX statistically significantly reduced the 

growth of spheroids over time. All concentrations used also induced a statistically 

significant reduction in the AUC value when compared to the untreated MDA-MB-231 

control spheroids (Figure 3.1B).  As 0.02 M was the concentration used in 2D 

investigations, it would allow for a more accurate comparison of the effects of DOX 

on MDA-MB-231 2D and 3D models. It had been shown that this concentration 

reduced the growth of spheroids significantly when compared to the untreated control, 

this was therefore the concentration of doxorubicin that was chosen to investigate 

combination therapies.  

 

Radiation 

To measure the effect that different Gy of radiation had on MDA-MB-231 cells, a dose 

response investigation was carried out as seen in Figure 3.2. All doses of radiation 

produced significantly reduced the change in spheroid growth and the AUC values 

when compared with the control (Figure 3.3B). At present the current dose of radiation 

TNBC patients receive is approximately 2.7 Gy per treatments session (Lilley and 



 

 168 

Murray., 2023). This can be given up to 5 days a week and last for 5-7 weeks, totalling 

50 Gy per round of radiation therapy. 2 Gy of radiation was therefore the dose carried 

out for future combination therapies. Furthermore, this was the dose of radiation that 

was used in combination therapies in Chapter 2 section 2.4.7. However, recent 

evidence has been published from a study ‘FAST-Forward’ which was carried out in 

the UK and undertaken by Brunt et al., (2020). This investigated the effect that 26 Gy 

of radiation administered over 1 week was just as effective for breast cancer patients. 

The progress of this clinical trial was monitored, and it was published that patients 

treated with the 26 Gy over one week (5.1 Gy per day) had results that were 

comparable to those treated with 50 Gy over 6-7 weeks. This study is still ongoing 

and patient outcomes are still being monitored. However, it does provide an 

interesting result so far in that the dose of radiation administered to patients seems to 

have little effect alone compared to results and patient quality of life.  This study will 

be critical in designing combination therapies as higher doses may be able to be 

administered along with combination therapies, the results from this phase III trial may 

lead to changes in the standard practice in the UK ((fast-forward) (2022) Cancer 

Research UK 2022)). 

Dimethyl Fumarate 

 

The aim of these experiments was to determine the effect that DMF had on spheroid 

growth, to demonstrate the effect on MTS with a heterogeneous population of cells 

including proliferating cells, the quiescent middle layers, and inner hypoxic/necrotic 

cells. From Figure 3.3 DMF alone did not inhibit the growth of MDA-MB-231 

spheroids. However, given the published mechanism of action of DMF (inhibiting the 

production of antioxidants that protect cells from ROS damage) it was hypothesised 

that administration of DMF prior to ROS damage induced by doxorubicin or radiation, 

would result in increased cell death. This is because the normal protective antioxidant 

mechanisms would be inhibited, therefore SSB and DSB would induce cell death via 

Caspase 3 mechanism. Therefore, DMF was investigated in combination with current 

standard therapies Doxorubicin or Radiation to determine if the correct scheduled 

combination would enhance the percentage of cell death compared to single 

therapies alone (Rostami-Yazdi, Clement and Mrowietz, 2010). This hypothesis is 

supported by the findings of Saidu et al in (2018), who reported that the concentration 

of DMF was critical in inducing cancer cell death. This hypothesis was investigated in 

Section 3.4.  
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Monomethyl Fumarate 

 

Spheroids treated with concentrations of MMF (2 M-10 M) in Figure 3.4 induced a 

dose dependent reduction of spheroid growth over time. The only significant reduction 

in change in spheroid growth was found when MDA-MB-231 spheroids were treated 

with 10 M MMF (P=0.0001), however there was a significant decrease in the AUC 

values of MMF at all concentrations compared to the untreated control. As MMF is 

the active metabolite of DMF, it is expected that it would be more potent at enhancing 

cancer cell death. MMF binds to intracellular glutathione, preventing it from 

neutralizing ROS generated by DOX or radiation. It also inhibits NRF2 translocation 

to the nucleus which inhibits the transcription of antioxidants such as GSH (Saidu et 

al., 2017). Consequently, cells are unable to protect themselves from damage 

induced by reactive oxygen species (ROS) such as double strand breaks (DSB) and 

single strand breaks (SSB) which will then accumulate leading to the activation of 

Caspase 3 and resulting in cell death. Given this mechanism of action, the same 

hypothesis was given to combination therapies involving MMF as combinations 

involving DMF. To induce the greatest MDA-MB-231 cell death, MMF requires 

administration prior to ROS damage induced by chemotherapeutic agents or 

radiation. This allows time for the drug to bind to glutathione and potentially inhibit 

NRF2 nuclear translocation and inhibits the production of cellular protective 

antioxidants, thereby sensitizing the cell to damage by ROS. This hypothesis was 

investigated in 3D spheroids in Section 3.4.4.  

 

Cytotoxic effects of combination therapy using Doxorubicin with Fumaric Acids 

on MDA-MB-231 spheroids. 

 
When reviewing the results from DOX combination therapies it was found that the 

scheduled combinations SCH1 and SCH3 of DOX + DMF induced a statistically 

significant decrease in the change in the growth spheroids compared with the 

untreated control spheroids (Figure 3.5-7). These findings were more encouraging 

than that of the results from section 2.4.7 where it was reported no scheduled 

combination of DMF + DOX statistically significantly reduced the survival of MDA-MB-

231 cells in clonogenic analysis, compared to the control. As these results were not 

reflected in 3D investigations, this may be due to the differences in the cell phenotypes 
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and interactions that are found in spheroids. As they are heterogeneous models, they 

contain not only proliferating cells but quiescent non dividing cells and a hypoxic core. 

The formation of spheroids is facilitated through membrane proteins called integrins, 

and extracellular matrix proteins, and binding between neighbouring cells allows for 

tight connections between allowing for cell-cell interactions that is different from that 

in 2D models (Kitel et al., 2013). These findings are particularly interesting as DOX 

and RAD target rapidly proliferating cells thus it is not surprising that spheroid volume 

was not reduced as significantly as 2D models, chemotherapy and radiotherapy have 

been shown to be less efficient at killing hypoxic cells (Muz et al., 2015).This 

significant decrease in change in spheroid volume may be due to these 

heterogeneous cell types within the spheroid, as hypoxic cells have been shown to 

induce the production of components required for intracellular synthesis of GSH 

(Semenza, 2016), therefore it may be that DMF is binding to these ROS and in-turn 

these hypoxic cells are more sensitive to ROS damage. This therefore suggests that 

DMF in combination with DOX is not a more suitable treatment option than the current 

gold standard of doxorubicin alone when investigating 3D models (Rouzier et al 2005).  

 

The same is true for DOX given in combination with MMF (Figure 3.8-10). At no time 

schedule combination did DOX + MMF significantly reduced the spheroid growth 

when compared to the control spheroids and each single therapy treatment. These 

results support the findings from Chapter 2 section 2.4.7 showed that SCH3 

scheduled combinations of DOX + MMF statistically significantly reduced the 

clonogenic survival of MDA-MB-231 cells compared with the untreated control cells. 

However again in 3D investigation this significant decrease in change in spheroid 

volume was seen using at scheduled treatments, this may be due to the above stated 

reasons, hypoxic cells are known to upregulate intracellular synthesis of glutathione 

(Semenza, 2016), therefore inhibiting this may be sensitising these cells to death via 

doxorubicin.  

 

Furthermore section 2.4.10 reported a significant increase in apoptotic cells when 

treated with SCH3 DOX + MMF when compared with the control and both single 

treatment therapies. These findings that in 3D culture both DMF and MMF in 

combination with DOX significantly reduce spheroid growth of MDA-MB-231 

spheroids supports these findings. It is imperative that these investigations be carried 

out before progressing into more complex in vivo investigations such as the Chick 
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Embryo Model (CEM, Chapter 5) model or murine tumour models. Spheroids can help 

compliance with the 3Rs (replacement, reduction, and refinement) by reducing the 

number of procedures undertaken in animals through filtering out unpromising 

experimental parameters at an earlier stage. This is important as it reduces the cost 

of in vivo investigations by refining the number of mice required and the number of 

therapies being investigated will be reduced. The current issues faced when 

translating 2D results into 3D models were reviewed by Huang et al (2020), the 

authors demonstrated that in 3D culture these models exhibited an increase in 

resistance to antitumour compounds such as DOX. As TNBC tumour resistance to 

doxorubicin is a well-documented issue with the current gold standard of treatment, 

the authors found that these spheroid models accurately reflected this resistance that 

is often found in patients, strengthening the reliability of this model to investigate 

potential compounds to treat TNBC (Paramanantham et al 2021). 

 

Cytotoxic effects of combination therapy using Radiation with Fumaric Acids 

on MDA-MB-231 spheroids. 

 
MDA-MB-231 spheroid investigations involving a combination of radiation, DMF and 

MMF in scheduled combinations showed some promising results. SCH1, SCH2 and 

SCH3 using MMF or DMF all produced significantly reduced changes in spheroid 

volumes when compare with the control spheroid (Figure 3.11, 3.12 and 3.13). These 

combinations however did not produce spheroids that were significantly smaller than 

spheroids treated with radiation alone or DMF alone or MMF alone when looking at 

change in spheroid volume over time. When reviewing AUC data this statistical 

significance in reduced spheroid volume was mirrored in AUC values. Both SCH1, 

SCH2 and SCH3 treated spheroids had significantly smaller AUC values when 

compared with the control and notably a significant decrease in AUC when comparing 

SCH1 and SCH3 to the radiation alone and DMF alone treated spheroids AUC values. 

This was partially reflective of the findings in Chapter 2 Sections 2.4.7, as SCH 1 

(Simultaneous administration of Radiation and DMF) and SCH3 (Radiation 

administered after DMF) combination produced a statistically significant reduction in 

clonogenic survival of MDA-MB-231 cells when compared with the control cells and 

DMF alone treated cells. SCH 2 (Radiation administered before DMF) did not produce 

any significant results when compared to the untreated control or any other treatment 

group in Figure 3.12 and likewise in clonogenic assays (Section 2.4.1). These results 
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supported the hypothesis that administration of DMF prior to damage caused by 

radiation or doxorubicin would result in an increased cell kill. This is due to the 

mechanism of action of DMF, by binding to GSH, preventing it from neutralising ROS 

generated by DOX or radiation therapy, and potentially by inhibiting NRF2 which 

prevents the synthesis of antioxidants. Which in turn results in ROS, generated from 

radiation or DOX therapy, causing SSB and DSB which when accumulated result in 

cell death via caspase 3 pathway (Wang et al., 2018, Musaogullari et al., 2020). As 

SCH2 requires that DMF/MMF is administered after radiation or DOX therapy, the 

lack of cell growth or 3D spheroid growth inhibition reported supports this hypothesis 

as the inhibition of antioxidant generation is being induced after the initial spike in 

ROS therefore there is no mediation of this protective mechanism at the time of initial 

insult to the cell. Thus, SCH1 and SCH3 are both promising candidates at treating 

TNBC and these results support our hypothesis that DMF administered prior to 

damage induced by ROS can inhibit the production of antioxidants that would protect 

cells from SSB and DSB, ultimately resulting in higher cell kill. This prompts further 

investigations and supports the use of in vivo investigations into these 2 schedules, 

potential in murine models or the Chick Embryo Model (CEM). Investigations into 

these therapies on the CEM is limited however if these combination therapies were 

investigated using an in vivo model it would provide a deeper insight into their effects 

on a larger tumour mass with developed angiogenesis (Ribatti., 2022).  

 

Results from investigations involving radiation in scheduled combinations with MMF 

also produced reflective results as those found in 2D investigations (Chapter 2, 

sections 2.4.). Figures 3.14-16 show that SCH1, SCH2 and SCH3 combinations of 

radiation and MMF produced significant reductions in spheroid growth when 

compared with the control spheroids. When investigating the AUC values, again these 

scheduled treatments all produced statistically significantly reduced AUC values when 

compared with the control AUC, radiation and MMF alone. This suggested that RAD 

given in any investigated scheduled combination with MMF is a more effective 

treatment to treat TNBC spheroids than the current gold standard of radiation alone. 

This supports the findings in Section 2.4.15 as it was found in combination index that 

SCH3 MMF1st (2 M) + RAD (2 Gy) produced a synergistic CI value. This means that 

the sum of both therapies when given alone is greater than that of the individual 

therapies (Duarte and Vale., 2022). This SCH3 combination (radiation administered 

after MMF) also significantly increased the percentage of apoptotic cells compared to 
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control cells, radiation alone treated cells or MMF alone treated cells (sections 2.4. 

17). This SCH3 (radiation administered after MMF) combination also gave rise to a 

significant increase in tail moments when compared to control cells and MMF alone 

treated cells as seen in comet analysis in section 2.4.21. Suggesting that this 

decrease in spheroid volume we have seen in Figures 3.14-3.16 is reflective of the 

increase percentage of cells undergoing apoptosis because of this combination 

therapy detailed in Chapter 2, 2D investigations.  

 

The findings of Figure 3.16 are encouraging as they support the results found in 

Section 2.4, further strengthening the evidence that radiation + MMF in a schedule 3 

combination (Radiation administered after MMF) could potentially be a more effective 

therapy to treat TNBC patients than radiation alone. As such this would be the ideal 

candidate to take forward into additional 3D investigations such as CEM model and 

the most encouraging combination to investigate when overcoming therapy 

resistance in Chapter 4. Based on the results from Chapter 2 and 3 the combination 

therapy investigated in Chapter 4, when trying to overcome therapy resistance will be 

SCH 3 combination involving: DOX + MMF and RAD + MMF combinations.  
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Chapter 4 
 

 

The development of Doxorubicin resistant MDA-MB-231 cells, Radiotherapy 

resistant MDA-MB-231 cells and Radiotherapy + Doxorubicin resistant MDA-

MB-231 cells. 
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4.1 Introduction 
 

Tumour resistance is one of the main issues faced when treating TNBC. Historically 

patients respond well to initial therapies, including the chemotherapeutic agent 

doxorubicin which is the current gold standard therapy. Radiotherapy is also used 

frequently as part of a multidisciplinary approach to treat TNBC, often after surgery 

(Clarke et al. 2005). However, tumour recurrence is common, the 10-year survival 

rate for TNBC is 66%, compared with other types of breast cancer where the ten-year 

survival rate is 76% (Breast cancer statistics (2023)). Often metastasis is found in the 

brain and lung of TNBC patients, and it is thought that the reason for this recurrence 

is due to therapy resistance (Nedeljković et al., 2022). Therefore, to overcome cancer 

recurrence, it is important to use the correct model to investigate potential therapies 

for therapy resistant cells. The next phase of my project involved the development of 

MDA-MB-231 therapy resistant cells which I developed over a year. This involved the 

method used by McDermott, M. et al. (2014), cells were seeded and treated with the 

desired therapy. The colonies that survived where harvested and the treatment 

process repeated. Cells were exposed to 3 rounds of therapy and after this a 

resistance test was carried out via clonogenic assay was to determine sensitivity of 

these cells compared with the parental lines and round 1 and 2 of resistance therapy. 

For doxorubicin treatment, the cells were named after each round of treatment D1, 

D2 and D3. The same method of naming applies to radioresistant cells and 

radiotherapy + doxorubicin resistant cells.  

 

Although MDA-MB-231 cells were killed effectively by radiation as detailed in Chapter 

2 and 3, the issues arise when resistance develops (Kyndi et al., 2008). There are 

well documented issues with TNBC radio-resistance and as such this topic was a 

focus of this chapter (He et al., 2018). The use of a non-toxic agent (fumaric acids) to 

be given in combination with radiation and provide a potentially more effective 

synergistic cell kill was the basis of combination experiments. Using the same method, 

a Doxorubicin resistant cell line was also developed and, radiation resistant cell lines 

were also developed as well as a combination of both, Radiation + Doxorubicin 

resistance cells. This is discussed in Chapter 4. 
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4.2 Aims 
The aims of this chapter were to. 

- Develop MDA-MB-231 cells resistant to. 

 - Doxorubicin 

 - Radiotherapy 

 - Doxorubicin and radiotherapy 

 

- Investigate the identified combination therapy that was most successful in treating 

MDA-MB-231 resistant cells in 2D and 3D culture 

 

- Investigate the mechanisms involved in each resistant cell clonal population after 

treatment to determine any differences.  
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4.3 Materials and methods 
 

4.3.1 Development of resistant cells 

 

MDA-MB-231 cells were plated in T25 cm2 flasks (Fisher Scientific, UK) at a density 

of 200,000 cells/flask, in complete DMEM media (Fisher Scientific, UK) and placed in 

an incubator at 37 oC in a 5% CO2 environment for 48 hrs as this is the cells doubling 

time. Cells were treated with either 1500 L of 0.02 M doxorubicin (Tocris 

Bioscience) in complete DMEM media or dosed with 2 Gy radiation or MDA-MB-231 

cells were treated with 1500 L doxorubicin in complete DMEM media AND then 

irradiated with a dose of 2 Gy. Cells were then left for 48 hrs in an incubator set to 37 

oC in a 5% CO2 environment before counting using a hemocytometer (Jenson, UK). 

700 MDA-MB-231 cells were then seeded into 60 mm petri dishes (Fisher Scientific, 

UK) with 5 mL of complete DMEM media, in triplicate. Dishes were then incubated for 

14 to 21 days until colonies of more than 50 cells were visible. Visible colonies were 

then isolated using a sterile PYREX cloning cylinder smeared on the bottom edge with 

sterile Vaseline (Fisher Scientific, UK). 10 L of 0.05 % trypsin was placed in each 

cylinder and left for 10 minutes to remove cells from the surface of the petri dish. After 

this the cells in suspension were placed into a 96-well flat bottom plate containing 200 

L of complete DMEM. The plate was then placed into the incubator for 48 hrs or until 

the bottom of the 96 well was 90% confluent. At this point cells were detached with 

trypsin and seeded into a 24 well plate containing 500 L of DMEM and incubated 

until the bottom of the 24 well plate was 90% confluent. This process of seeding into 

increasingly larger TC vessels was continued until a confluent T25 flask was obtained 

from which a single cell suspension was made via the addition of trypsin, then media 

and gentle passage of the cell suspension through a sterile 25 mm needle (BD 

Microlance). Three new T75 cm2 flasks containing 20 mL of complete DMEM medium 

were then seeded with various volumes of the cell suspension (1 mL, 3 mL, and 5 

mL) to maintain stock levels of viable cells of varying confluence. Some flasks were 

frozen down to keep as stock and stored at -800C for 2 weeks before transfer to liquid 

nitrogen.  

 

This process was repeated twice more exactly as described above. After the third 

round a resistance test was carried out using a clonogenic assay (as described in 

Section 4.3.6) at 3 doses of the relevant therapy. Following this the clonal derived 
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flasks that had highest survival fraction from clonogenic analysis were chosen to 

investigate potential combination therapies and maintained in the same method as 

parent MDA-MB-231 cells (as described in Section 4.3.2). Cells were routinely tested 

for the presence of mycoplasma via a PCR test (Minerva Biolabs GmbH, 56-1010 and 

11-1050). 

4.4 Results. 
 

4.4.1 Cytotoxicity of Combination therapy using Doxorubicin and Dimethyl 

Fumarate on Doxorubicin Resistant cells  

 

- 2D cell culture 
 

Doxorubicin resistant cells were developed as described in sections 4.3.13. After 

three rounds of resistance selection cells were tested to determine resistance via a 

clonogenic assay after incubation with different concentrations of doxorubicin (1M, 

2M and 3M) as seen in figure 4.1. Results are displayed as an average of 3 

independent experiments. 

 

Figure 4. 1 Resistance test for doxorubicin exposed cells.  

 

MDA-MB-231 cells that had undergone various rounds of DOXexposure treatment 

were tested for clonogenic survival after exposure to Doxorubicin at concentrations of 

1,2 and 3 M. Data shown is an average of at least three independent experiments 
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performed in triplicate +/- standard deviation and graphed using GraphPad Prism 

Version 9.  

 

It can be seen in Figure 4.1 that all three doxorubicin resistant cells tested showed 

clonogenic survival at all 3 concentrations of drug tested except for D2. D3 was 

selected as the cell line to carry on and develop spheroids and test combination 

therapy on as this cell line showed the highest survival after incubation with 1M 

doxorubicin where and reported clonogenic survival at all concentrations of drug 

tested.  After incubation with 1M Dox a survival fraction of (1.27) and IC50 value was 

0.99 M was observed which in comparison to the IC50 value of the parent MDA-MB-

231 cells which was 0.06 M (section 2.24.1 and Figure 4 below).  

 

 

 

  

Figure 4. 2 D3 cells investigated using varying concentrations of doxorubicin. 

(A)  Parental MDA-MB-231 cells clonogenic survival when exposed to varying 

concentrations of doxorubicin 0.02M – 0.1M and (B) D3 cells which were exposed 

to varying concentrations of doxorubicin (0.2M -1M). Results are displayed as an 

average of 3 independent experiments performed in triplicate and results graphed 

using GraphPad Prism version 9.2.1. A 1-way ANOVA with Bonferroni post testing 

was performed using GraphPad Prism 9.2.1 software, with p-values of 0.05 = * and 

p=0.001 *** reported as significant difference of the treated group compared to the 

untreated control.  
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When investigating D3 cells it was decided that the concentration range of doxorubicin 

would be increased by a factor of ten as the initial resistance test results showed 

clonogenic survival at 1M (Figure 4.1). From Figure 4.2B it was found that the IC50 

of D3 cells when exposed to doxorubicin was 0.99M. This is approximately 16 times 

greater than the IC50 found in Figure 4.2A when investigating the parental MDA-MB-

231 cells. These finding show that D3 cells can survive up to 50% higher 

concentrations of doxorubicin and as such investigations into 3D culture and 

mechanistic actions of this cell line were investigated. We can therefore conclude that 

we had developed a doxorubicin resistant cell line. 

 

To determine if the fumaric acids investigated in 2D culture (Chapter 2) had any 

potential use in overcoming resistance of D3 cells, the administration of Doxorubicin 

and MMF in scheduled combinations were investigated. The aim of these experiments 

using clonogenic assays were to determine if adding MMF in the most appropriate 

time schedule would re-sensitise the resistant cells potentially leading to a higher cell 

kill than the initial treatment that these cells developed resistance to. The outcome of 

these experiments is reported in Figure 4.3.  
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(B) 
 

 

 

 

 

 

 

Figure 4. 3 Clonogenic survival of D3 cells treated with MMF (2M) scheduled 

combinations with doxorubicin 0.2 M on D3 cells.  

Survival fraction of DOX 0.2M, MMF 2M and the combination of three schedules of 

administration on D3 (DOX resistant) cells. Data shown is the average of three 

independent experiments carried out in triplicate +/- SD. (B) A 1-way ANOVA with 

Bonferroni’s post-test was performed using GraphPad Prism 9.2.1 software, P <0.005 

= *, <0.001= **, <0.0001= ***, <0.00001=**** reported as significant when compared 

with the control with all results compares to the control and each other. 

 

From the Figure 4.3 we can see that with SCH1 and SCH3 combinations, the survival 

fraction of D3 cells was statistically significantly reduced when compared with the 

untreated control (Both, P<0.0001, Figure 4.3B), as well as Dox and MMF alone (Dox: 

SCH2 P=0.0002 and SCH3 P<0.0001, Figure 4.3B; MMF SCH2 P=0.0002, SCH3 

P<0.0001, Figure 4.3B). There was also a statistically significant decrease in the 

Bonferroni's multiple comparisons test Summary Adjusted P 
Value 

Control vs. SCH1 **** <0.0001 

Control vs. SCH3 **** <0.0001 

MMF vs. SCH1 *** 0.0002 

MMF vs. SCH3 **** <0.0001 

Dox vs. SCH1 *** 0.0002 

Dox vs. SCH3 **** <0.0001 

SCH1vs. SCH2 ** 0.0011 

SCH2vs. SCH3 *** 0.0002 
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survival fraction of D3 cells when treated with SCH1 and SCH3 compared with SCH2 

treated cells (SCH1 P=0.0011 and SCH3 P=0.0002, Figure 4.3B). There was however 

no statistically significant decrease in the survival fraction of cells treated with SCH1 

compared with SCH3 treated cells (P>0.9999, Figure 4.3B).  

 

These findings from Figure 4.3 support the hypothesis that MMF administered in 

combination with DOX to Doxorubicin resistant cells (D3), can statistically significantly 

reduce the clonogenic survival of cells more effectively than Doxorubicin alone, when 

MMF is administered before Doxorubicin. Therefore, this data supports the possible 

use of MMF in combination as a potential therapy for TNBC patients with developed 

resistance to doxorubicin chemotherapy. 

 

  

4.4.2 Assessment of combination of Doxorubicin and MMF In 3D spheroid 

models of therapy resistant cells 

 

Doxorubicin resistant cells were then investigated in 3D MTS. DOX alone, MMF alone 

and each combination of MMF, DOX, SCH1, SCH2 and SCH3 was used to investigate 

the change in spheroid growth over time. The results are detailed in Figure 4.4. 

Concentrations of drugs used were MMF 2 M, DOX 0.2M, SCH1 (MMF 2 M + 

DOX 0.2 M - simultaneous administrations), SCH2 (DOX 0.2 M 1st + MMF 2 M) 

and SCH3 (MMF 2 M 1st + DOX 0.2 M).  
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(C) 

Bonferroni's multiple 
comparisons test 

V/V0 
Summary 

Adjusted P 
Value 

AUC  
Summary 

Adjusted 
P Value 

CONTROL vs. DOX ns >0.9999 **** <0.0001 

CONTROL vs. MMF ns >0.9999 **** <0.0001 

CONTROL vs. SCH1 ns >0.9999 **** <0.0001 

CONTROL vs. SCH2 ns >0.9999 *** 0.0010 

CONTROL vs. SCH3 ns 0.8753 **** <0.0001 

DOX vs. MMF ns >0.9999 **** <0.0001 

DOX vs. SCH1 ns 0.4312 **** <0.0001 

DOX vs. SCH2 ns >0.9999 * 0.0341 

DOX vs. SCH3 ns 0.3688 **** <0.0001 

MMF vs. SCH1 ns >0.9999 **** <0.0001 

MMF vs. SCH2 ns >0.9999 **** <0.0001 

MMF vs. SCH3 ns >0.9999 **** <0.0001 

SCH1 vs. SCH2 ns 0.6175 **** <0.0001 

SCH1 vs. SCH3 ns >0.9999 ns >0.9999 

SCH2 vs. SCH3 ns 0.5318 **** <0.0001 

Figure 4. 4 The effect of DOX and MMF simultaneous schedule 1,2 and 3 

combinations on the growth of D3 spheroids. 

 (A) D3 spheroids were incubated with drugs continually for 21 days and images 

captured every 2-4 days. Spheroid volumes were calculated and the average fold 

increase from initial V/V0 +/- S.D, is presented on a linear scale, (B)The area under 

the curve (AUC) +/- S.D. was also calculated using one-way ANOVA analysis with 

Bonferroni’s testing for multiple comparisons, results displayed in (C). Results are an 

average of three independent experiments with 36 spheroids per treatment, statistical 

analysis was carried out on the data using GraphPad prism 9.2.1, determined by the. 

P<0.05=*, P<0.01=**, P<0.001=***, P<0.0001=**** when compared with the control.  
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From Figure 4.4A none of the changes in spheroid volume as measured by V/V0 

analysis where statistically significantly different compared with the control group or 

any other group measured (all P>0.9999). Surprisingly the V/V0 for SCH3 treated 

spheroids appears to be not statistically significant when compared to any other 

treated or untreated spheroid group when analysing the data using a one-way ANOVA 

with Bonferroni multiple comparison. With this statistical analysis only the significance 

between each point within the linear curve is compared. Clearly in Figure 4.4 the AUC 

data for SCH3 was statistically significant when compared to the untreated control, 

DOX, MMF and SCH2 (Figure 4.4C) as AUC considers the full area under each of the 

linear curves for the V/V0. 

 

 The results from AUC analysis (Figure 4.4B) suggest that there was statistically 

significant decrease in AUC values of all spheroids when treated with DOX compared 

with the untreated control (P<0.0001). There was also a statistically significant 

decrease in the AUC value of D3 spheroids treated with MMF, SCH1, SCH2 and 

SCH3 when compared to the untreated control (MMF, SCH1 and SCH3 P<0.0001, 

SCH2 P=0.001, Figure 4.4C) and Dox (MMF, SCH1 and SCH3 all P<0.0001, SCH2 

P=0.034, Figure 4.4C).There was a statistically significant decrease in the AUC 

values of D3 spheroids treated with SCH1 and SCH3 when compared to MMF alone 

treated spheroids (both, P<0.0001, Figure 4.4C). There was a statistically significant 

decrease in the AUC values of D3 spheroids treated with SCH1 and SCH3 compared 

with SCH2 treated spheroids (both P<0.0001, Figure 4.4C). There was no statistically 

significant change in the AUC values of spheroids treated with SCH1 compared with 

SCH3 treated spheroids.  

 

This data from Figure 4.4 is reflective of the findings in Figure 4.3, supporting the 

hypothesis that MMF administered in combination with DOX to Doxorubicin resistant 

MTS can significantly reduce the growth of spheroids more effectively than 

Doxorubicin alone, when MMF is administered before Doxorubicin. Therefore, this 

data supports the possible use of MMF in combination as a potential therapy for TNBC 

patients with developed resistance to doxorubicin chemotherapy.  

 

Overall, our results support the hypothesis that MMF administered prior to doxorubicin 

administration can increase D3 (doxorubicin resistant) cell death. This may be due to 

the mechanism of action by which MMF binds to intracellular glutathione and prevents 
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the antioxidant from neutralising ROS generated from DOX treatment, it may also be 

causing the inhibition of nuclear NRF2 translation preventing the synthesis of 

antioxidants. As such, this SCH3 combination will be investigated at a mechanistic 

level.  

 

4.4.3 Combination Index analysis of Combination therapy Doxorubicin and 

Monomethyl Fumarate on Doxorubicin Resistant cells 

 

 The principle behind combination index and equations used are detailed in chapter 2 

section 2.4.8. 

 

Figure 4.5 is a representation of the data in Figure 4.3 that has been analysed using 

the Calcucyin Software.  
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(A) 

 

(B) 

Drug Concentrations Combination Index Values 

 SCH1 SCH2 SCH3 

MMF 2 μM + DOX 0.2 μM 0.55 0.71 0.57 

MMF 4 μM + DOX 0.2 μM 1.1 1.1 0.88 

MMF 6 μM + DOX 0.2 μM 1.36 1.39 1.26 

Figure 4. 5  (A) Combination Index (CI) after D3 cells are incubated with DOX and 

MMF in the 3 treatments Schedules. 

Antagonistic <1.1, Additive = .9-1.1 and Synergistic > 0.9. Each point represents three 

independent experiments. (B) Values of CI plotted in (A). 

 

From Figure 4.5 we can conclude that at administered concentration of 2 M MMF + 

0.2 M DOX at all schedules there is our synergistic CI values (0.55, 0.71 and 0.57, 

Figure 4.5B) which suggest that at these concentrations DOX + MMF has a combined 

effect that is greater to that predicted from their individual survival fractions. However, 

SCH 3 is the only combination to produce synergistic CI value when using a higher 

concentration of 4 M MMF + 0.2 M Dox (0.88, Figure 4.5B). All CI values produced 

when investigating a concentration range of 6 M MMF + 0.2 M Dox were all 

antagonistic. These results support the use of SCH3 as a combination therapy to treat 

D3 cells as this combination produced synergistic CI values at 2 concentrations of 

drug tested, and therefore the results are concentration dependant.   
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4.4.4 Cell cycle analysis of D3 cells after combination treatment with 

Doxorubicin and Monomethyl Fumarate 

 

As describes in Section 4.3.4, a Cell Cycle Analysis assay was carried out to 

investigate the effect each treatment has on the percentage of cells in each phase of 

the cell cycle. After 48 hours (cell doubling time) of incubation with respective 

treatments the media containing these therapies was removed and cells washed 

using PBS. Cells were harvested for treatment as described in Section 2.42.14.  

 

Cells in Figure 4.6 were treated with Dox alone, MMF alone and the SCH3 dox 

combination (MMF1st 2 M +Dox 0.2 M, 24 hours after 1st therapy administration) 

and harvested immediately following treatment completion. 
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(E) 

Figure 4. 6 Shows the cell cycle distribution of untreated D3 cells and treated D3 cells 

0hrs post treatment removal, with M+D SCH3, 0hr post treatment removal. 

(MMF 2 M, DOX 0.2 M SCH3 – MMF2M1st+ DOX 0.2 M 24hours later). The 

figure above represents the percentage of cells in each phase of the cell cycle, results 

are an average of three independent experiments were carried out in triplicate, (A) – 

sG1, (B)- S, (C)- G1and (D)- G2/M. (E) A One-way ANOVA test was utilized to 

compare the means of the cell cycle phases after treatment cells versus untreated 

control cells and demonstrated in the above Tables where, *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.0001 (applicable for Figures 4.6 – 4.8). 

. 

 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P Value G2/M – P 
Value 

sG1 – 
P 
Value 

CONTROL vs. MMF 0.0185 >0.9999 >0.9999 0.4417 

CONTROL vs. DOX 0.0033 0.2917 0.2657 0.0402 

CONTROL vs. SCH3 0.0120 >0.9999 0.3032 0.0045 

MMF vs. DOX >0.9999 0.7657 >0.9999 0.9295 

MMF vs. SCH3 >0.9999 >0.9999 >0.9999 0.0746 

DOX vs. SCH3 >0.9999 0.3135 >0.9999 0.8396 
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Figure 4.6 reported a statistically significant increase in the percentage of cells in G1 

phase of the cell cycle when cells were treated with MMF alone, DOX alone and SCH3 

compared with the untreated control (MMF P=0.0185, DOX P=0.0033, SCH3 P-

0.0120, Figure 4.6E). There were no statistically significant changes in the percentage 

of cells in S phase or G2/M of the cell cycle 0hrs post treatment removal when cells 

were incubated with any of the treatments compared to the untreated control or any 

other treatment group. There was a statistically significant increase in the percentage 

of cells in sG1 phase of the cell cycle when cells were treated with DOX alone and 

SCH3 compared to the untreated control (Dox P=0.0402 and SCH3 P=0.0045, Figure 

4.6E).  

 

In summary, treatment with a SCH3 combination of MMF + DOX in D3 cells may be 

inducing cell cycle arrest in G1 and an accumulation of cells in sG1. This may be due 

to ROS damaging D3 cells and causing a cell cycle blockade preventing the cells from 

entering the S phase of the cell cycle, as well as DOX and SCH3 inducing apoptosis 

which is associated with an accumulation of cells in subG1 (Plesca et al., 2008), 

however a more in-depth analysis of apoptosis is required to support this. 

 

Figure 4.7 shows the cell cycle distribution of D3 cells 24 hrs post treatment removal, 

following treatment with DOX alone, MMF alone and the SCH3 dox combination 

(MMF1st 2 M +DOX 0.2 M) 24 hours after 1st treatment administration). 
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(E) 

Figure 4. 7 Shows the cell cycle distribution of untreated D3 cells and treated D3 cells 

with M+D SCH3, 24 hrs post treatment removal.  

 

Results from Figure 4.7 reported that in contrast to 0hr where the percent of cells in 

G1 increase at 24 hrs, there was a statistically significant decrease in the percentage 

of cells in G1 phase of the cell cycle when D3 cells were treated with all treatments 

(MMF P=0.0052, Dox P=0.0003, SCH3 P=0.0004, Figure 4,7E). There were again no 

statistically significant changes in the percentage of cells in the S phase of the cell 

cycle 24hrs after treatment removal when comparing any treatment group to each 

other (Figure 4.7B and E). However, there was a statistically significant decrease in 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P Value G2/M – 
P Value 

sG1 – P 
Value 

CONTROL vs. MMF 0.0052 >0.9999 >0.9999 >0.9999 

CONTROL vs. DOX 0.0003 0.1659 0.1108 >0.9999 

CONTROL vs. SCH3 0.0004 0.6632 0.0210 >0.9999 

MMF vs. DOX 0.2011 0.9881 0.3611 >0.9999 

MMF vs. SCH3 0.2479 >0.9999 0.0628 >0.9999 

DOX vs. SCH3 >0.9999 >0.9999 >0.9999 >0.9999 
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the percentage of cells in G2/M phase of the cell cycle following treatment with SCH3 

compared to the untreated control cells (P=0.0210, Figure 4.7E). This was the only 

statistically significant change in the percentage of cells in the G2/M phase of the cell 

cycle 24hrs post treatment removal. There were no statistically significant changes in 

the percentage of cells in sG1 phase of the cell cycle when comparing any treated or 

untreated group to each other (Figure 4.7D or E).  

 

In summary, SCH3 treatment of D3 cells 24 hrs post treatment removal may be 

inducing a blockade at G1 and G2/M, we do see a redistribution of cells in different 

phases, but it cannot be supported from the findings above that this is exactly what is 

happening without further experiments into each phase of the cell cycle. The 

redistribution of cells may depend on what phase the cells were in during treatment 

(Hill et al 2023). An accumulation of cells in G1 was found at 0 hrs post treatment 

(Figure 4.6), however the percentage of cells in G1 is significantly depleted 24 hrs 

after treatment removal (Figure 4.7) and there is no significant increase in SCH3 

treated cells in any other phase of the cell cycle. Therefore, it may be that these SCH3 

treated cells have been damaged by ROS and are unable to enter the cell division 

cycle. 

 

Figure 4.8 shows the cell cycle distribution of D3 cells treated with Dox alone, MMF 

alone and the SCH3 dox combination (MMF1st 2 M +DOX 0.2 M) 24 hours after 

1st therapy administration) 48 hours post treatment removal. 
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(E) 

Figure 4. 8 Shows the cell cycle distribution of untreated D3 cells and treated D3 

cells, M+D SCH3, 48 hrs post treatment removal. 

 

Interestingly as can be seen form Figure 4.8A, at 48 hrs after treatment of D3 cells 

with schedule 3 we are not seeing a resolution of cell distribution to that of the 

untreated cells as was seen previously with parental cells (Section 2,42.14). Instead, 

we observed that there was a statistically significant decrease in the percentage of 

cells in G1 phase of the cell cycle when treated with MMF, DOX or SCH3 compared 

with the untreated control (MMF P=0.0273, DOX P=0.0135 and SCH3 P=0.0443, 

Figure 4.8E). There were no statistically significant changes in the percentage of cells 

in G1 phase of the cell cycle when comparing any other of the treated groups of cells 

to each other (Figure 4.8A and E) suggesting all treated cells have similar effects on 

Bonferroni's multiple 
comparisons test 

  G1 - P Value  S – P Value G2/M – 
P Value 

sG1 – P 
Value 

CONTROL vs. MMF 0.0273 0.1158 0.0382 >0.9999 

CONTROL vs. DOX 0.0135 0.1646 >0.9999 >0.9999 

CONTROL vs. SCH3 0.0443 0.0267 0.0002 >0.9999 

MMF vs. DOX >0.9999 >0.9999 0.0125 >0.9999 

MMF vs. SCH3 >0.9999 0.0008 <0.0001 >0.9999 

DOX vs. SCH3 >0.9999 0.0010 0.0005 >0.9999 
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the percentage of cells in G1 phase of the cell cycle 48 hrs post treatment removal. 

There was however a statistically significant increase in the percentage of cells in S 

phase of the cell cycle when cells were incubated with MMF alone, DOX alone or the 

untreated control cells when compared to SCH3 treated cells (MMF P=0.0008, DOX 

P=0.0010 and control P-0.0267, Figure 4.8E) where a large reduction in the 

percentage of cells in the S phase was observed. There were no other statistically 

significant changes in the percentage of cells in S phase of the cell cycle when 

comparing any other treated or untreated group to each other (Figure 4.8E).  Similarly 

there was a statistically significant decrease in the percentage of cells in the G2/M 

phase of the cell cycle when treated with SCH3 compared with MMF alone, DOX 

alone and the untreated control (MMF P<0.0001, Dox P=0.0005 and control 

P=0.0002, Figure 4.8E) suggesting that the combination treatment induces changes 

in the cell cycle distribution of cells that are completely different  to that seen with 

single treatments. There was a statistically significant increase in the percentage of 

cells in G2/M phase of the cell cycle when cells were treated with MMF and DOX 

alone compared to the untreated control cells (control P=0.0382 and DOX P=0.0125, 

Figure 4.8E). There were no statistically significant changes in the percentage of cells 

in sG1 phase of the cell cycle when comparing any treated or untreated group of cells 

(Figure 4.8E). 

 

In summary, 48 hrs following treatment removal, SCH3 treated D3 cells had a 

significantly reduced percentage of cells in G1, S and G2/M phases of the cell cycle 

compared to the untreated control and single therapies.  This data suggests that this 

combination alters cell cycle distribution perhaps through induction of cell cycle blocks 

to try and repair more combination damage. This may be due to ROS damaging the 

cell following DOX treatment, as MMF has bound to glutathione and ROS are able to 

induce damage on DNA strands which when accumulated prevents from completing 

the cell division process as they are too damaged to replicate into identical daughter 

cells.   
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4.4.5 Apoptosis/Necrosis quantification of Doxorubicin Resistant MDA-MB-231 

cells after combination treatment with Doxorubicin and Monomethyl Fumarate  

 

To investigate the percentage of doxorubicin resistant cells that undergo apoptosis 

following treatment with MMF, Doxorubicin or combination SCH3 MMF +DOX an 

Annexin V apoptotic detection assay was caried out (as described in section 4.3.5).  

D3 cells were treated for 48 hours (cells doubling time) with either DOX 0.2 M alone, 

MMF 2 M alone or the schedule 3 combination of MMF 2M 1st + DOX 0.2 M 24 

hours later. After the 48-hr treatment, cells were harvested at different time points. 

For 0 hr, immediately following treatment removal, for 24 hr and 48 hr time points, 

cells were covered in fresh treatment free DMEM media until time of harvest (Ochs 

and Kaina, 2000).   
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Figure 4. 9 The effect of DOX 0.2 M, MMF 2 M and SCH3 M1st 2 M + D 0.2 M 

on the different phases of apoptosis in D3 cells are shown.  

Three different time points were used post treatment removal; (A) 0hr, (B) 24hr and 

(C) 48hr. Data is expressed as mean+/- SD of 3 individual experiments performed in 

triplicate at each time point, statistical Analysis was carried out using two-way ANOVA 

followed by Bonferroni’s multiple comparison testing comparing each apoptotic phase 

separately between all each apoptotic phase separately between all treatments (see 

appendix 5). 

 

As reported in Figure 4.9 there are differences in the percentage of cells in early 

apoptosis, late apoptosis, and necrosis, between treatments. At 0 hrs there was a 

statistically significant difference in the percentage of non-apoptotic cells observed 

when comparing with control cells, MMF treated cells and DOX treated cells with 

SCH3 (control P=0.0155, MMF P=0.0093 and DOX P=0.0036) with only SCH3 having 
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a lower percentage of viable cells than any other treatment group (P=0.0155). The 

only other statistically significant changes in percentage of apoptotic cells were found 

when comparing the percentage of cells in late apoptosis. There was a statistically 

significant increase in the percentage of cells in late apoptosis after treatment with 

SCH3 compared with the control cells (P=0.0375), this suggests that the combination 

even at this early time point is having a profound effect on cell viability that is greater 

than each individual component.  

 

Figure 4.9B reports the percentage of cells in each phase of apoptosis 24 hrs post 

treatment removal. There was a statistically significant decrease in the percentage of 

non-apoptotic cells compared with the control when treated with MMF (P<0.0001), 

DOX (P<0.0001) and SCH3 (P<0.0001). There was also a statistically significant 

decrease in the percentage of non-apoptotic cells when treated with SCH3 compared 

with MMF alone (P<0.0001) and DOX alone (P=0.0003). When reviewing the 

percentage of cells in early apoptosis there was a statistically significant increase in 

the percentage of cells in early apoptosis compared with the untreated control, when 

treated with DOX only (P=0.0165) and SCH3 (P=0.0286). There were also a 

statistically significant differences in the percentage of cells in late apoptosis (Figure 

4.9B). There was also a statistically significant increase in the percentage of cells in 

late apoptosis when treated with MMF (P=<0.0001), DOX (P<0.0001) and SCH3 

(P<0.0001) when compare with the control cells. There was also as statistically 

significant increase in the percentage of late apoptotic cells when treated with SCH3 

compared with MMF alone (P<0.0001) and DOX alone (P<0.0001). Therefore, at 24 

hrs there was   a large reduction in cell viability for all treatments verses the control, 

this was not surprising concentrations of drugs were chosen to kill a small percent of 

D3 cells. However again much greater in combination better than individuals so 

schedule killing these resistant cells more effectively than the individual therapies 

alone. 

 

From Figure 4.9C the percentage of cells in each phase of apoptosis was reported 48 

hrs post treatment removal. There was a statistically significant decrease in the 

percentage of non-apoptotic cells when treated with MMF (P<0.0001) and SCH3 

(P<0.0001) when compared with the control cells. There was also a statistically 

significant decrease in the percentage of non-apoptotic cells when treated with SCH3 

when compared with DOX alone (P<0.0001). When reviewing early apoptotic cells, it 
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was found that there was a statistically significant increase in the percentage of cells 

in early apoptosis when treated with MMF (P<0.0001) and SCH3 (P<0.0001) when 

compared with the control. There was also a statistically significant increase in the 

percentage of cells in early apoptosis when treated with SCH3 compared with DOX 

only (P<0.0001). Furthermore, there was a statistically significant increase in the 

percentage of cells in late apoptosis when comparing MMF only (P<0.0001) and 

SCH3 (P<0.0001) to the control. There was also a statistically significant increase in 

the percentage of late apoptotic cells when treated with SCH3 combination and DOX 

only treated cells (P<0.0001).  

 

In summary Figure 4.9 reports a significant increase in apoptosis in D3 cells treated 

with SCH3 (DOX + MMF). This significant increase in apoptotic cells following SCH3 

treatment is maintained up to 48 hrs post treatment. These results are supportive of 

Figure 4.8, that showed a significant decrease in the percentage of SCH3 treated cells 

in G1, S and G2/M phases of the cell cycle. As apoptosis can occur at any point in 

the cell cycle, it may be that SCH3 treated cells are becoming apoptotic and unable 

to enter or are removed from the cell cycle. These results support the hypothesis that 

MMF administered prior to DOX treatment in doxorubicin resistant cells can enhance 

the percentage of cells that killed compared to the single therapies alone.   

 

 

4.4.6 Analysis of Glutathione levels in Doxorubicin resistant MDA-MB-231 cells 

after combination treatment with Doxorubicin and Monomethyl Fumarate 

 

To investigate the effects monomethyl fumarate has on the glutathione (GSH) levels 

in D3 cells, a Glutathione assay was carried out, as described in Section 4.3.6. This 

analysis was also carried out on parent MDA-MB-231 cells in section 2.42.17.  

 

GSH levels were assessed at 1 hour post treatment administration (for combination 1 

hr after second therapy administered), immediately after the treatment was complete 

(48 hr incubation) 0 hr, 24 hrs after the treatments were removed and 48 hours after 

the treatment were removed. Results are shown in Figure 4.10 
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(A) 

(B) 

Bonferroni's multiple 
comparisons test 

P Value 1 
HR post  

P Value 
0HR 

P Value 
24HR 

P Value 
48HR 

CONTROL vs. DOX <0.0001 <0.0001 0.2548 <0.0001 

CONTROL vs. MMF 0.0003 <0.0001 0.0014 <0.0001 

CONTROL vs. SCH3 <0.0001 <0.0001 0.6619 <0.0001 

DOX vs. MMF <0.0001 >0.9999 0.0001 <0.0001 

DOX vs. SCH3 0.1365 >0.9999 0.0178 <0.0001 

MMF vs. SCH3 <0.0001 >0.9999 0.0115 >0.9999 

 

Figure 4. 10 The effect single therapies DOX 0.2 M and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + DOX 0.2 M 24 hours later. 

Data reported is an average of three independent experiments performed in triplicate. 

(B) A one-way ANOVA with Bonferroni multiple comparison testing was performed 

using GraphPad prism 9.2.1 comparing each treated and untreated group to each 

other, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 

 

From Figure 4.10, there was a statistically significant reduction in relative GSH levels 

in DOX, MMF and SCH3 treated D3 cells, compared with the control 1hr post 

treatment administration (DOX P<0.0001, MMF P=0.0003 and SCH3 P<0.0001, 

Figure 4.10B). DOX alone and SCH3 treated D3 cells also had a statistically 

significant decrease in      when compared to MMF alone treated cells (both P<0.0001, 

Figure 4.10B). 0 hrs post treatment removal, DOX and SCH3 treated D3 cells had a 

statistically significant reduction in relative GSH levels, compared with the control (all 

P value <0.0001, Figure 4.10B). 24 hrs post treatment there was also a statistically 
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significant increase in the relative GSH levels of D3 cells when treated with MMF 

compared to the untreated control, DOX and SHC3 (control P=0.0014, DOX 

P=0.0003 and SCH3 P=0.0115, Figure 4.10B). There was also a statistically 

significant increase in relative GSH levels when cells were treated with SCH3 

compared to DOX alone treated D3 cells (PP=0.0178, Figure 4.10B). 48 hrs post 

treatment there was statistically significantly reduced relative GSH level when D3 cells 

were treated with DOX, MMF and SCH3 when compared to the untreated control cells 

(all P value of <0.0001, Figure 4.10B). MMF and SCH3 treated D3 cells also reported 

a statistically significantly reduced relative GSH level when compared to DOX alone 

(both P values of <0.0001, Figure 4.10B).  

 

In summary, the findings of Figure 4.10 support the hypothesis that SCH3 treatment 

of doxorubicin resistant D3 cells, caused a significant reduction in the levels of 

intracellular glutathione.  The data show that relative GSH levels in D3 cells are 

significantly lower than control and DOX alone treated D3 cells, 48 hrs after 

treatments are removed. Although an increase in relative GSH is reported 24 hrs post 

treatment removal, the synthesis of GSH is not able to be maintained by SCH3 treated 

cells. These results also support the findings of Figure 4.9 that report a significant 

increase in apoptotic cells following D3 treatment up to 48 hrs post treatment. It may 

be that as GSH levels are not able to be maintained, ROS is left unchecked and able 

to induce SSB and DSB that when accumulated 48 hrs post treatment removal has 

induce apoptosis of D3 cells significantly more than control D3 cells or DOX alone 

treated D3 cells.  
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4.4.7 Detection of Autophagic Doxorubicin resistant cells after combination 

treatment with Doxorubicin and Monomethyl Fumarate 

 

To investigate the percentage of cells that have died via autophagy because of 

treatment, an Autophagy assay was carried out as it was previously detailed that in 

the literature that when some cells become resistant, they can start to induce 

autophagy (Ho and Gorski, 2019). Doxorubicin resistant cells were treated with DOX 

alone 0.2M, MMF alone 2M and the SCH3 combination of MMF1st+DOX.This 

assay was carried out in triplicate at 3 different time points to co-inside with the Cell 

Cycle analysis data (Section 4.42.4), results are detailed in Figure 4.11.  
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Figure 4. 11 The effect of; DOX alone 0.02M, MMF alone 2M or Schedule 3 

combination MMF1st 2M+ Dox 0.2M 24 hours later, on Green Detection Reagent.  

Data is expressed relative to the control. Cells were measure on a fluorescent 

microplate reader at 412nm. (A) 0 hours after treatment removed. (B) 24 hours after 

treatment removed. (C) 48 hours after treatment removed. All graphs are displayed 

as mean and standard deviation of 3 individual experiments carried put in triplicate. 

One -way ANVOA was carried out with Bonferroni’s correction. 

 

From Figure 4.11A the only statistically significant changes in absorbance 

measurements were found when comparing MMF alone and DOX alone. There was 

a statistically significant increase in absorbance reading of MMF only treated cells 

compared with DOX only treated cells (P=0.0390).  This suggests that in D3 cells 

treated with MMF there was a slight increase in autophagic vesicles 0 hrs post 

treatment removal. There were no statistically significant changes in absorbance 

readings of cells in Figure 4.12B, measured 24 hours or 48 hrs post treatment 

removal. This would suggest that autophagy was not significantly induced or inhibited 

by any treatment tested over a 48-hr window.  
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Overall, this data suggests that D3cells are not undergoing autophagy when treated 

with DOX alone, MMF alone or DOX + MMF SCH3 combination.  

 

 

4.4.8 Quantification of DNA damage and repair using Comet Assay, of 

Doxorubicin resistant cells after combination treatment with Doxorubicin and 

Monomethyl Fumarate 

 

To investigate the effects MMF, DOX and the SCH3 combination of M+D have on D3 

cells DNA damage, single cell gel electrophoresis or Comet assay was carried out as 

described seen in Section 2.4.12.  

  

- Comparison of DMA fragmentation at 0hr, 24hr and 48hr – Analysis of DNA 

repair 

 

D3 cells were treated as described in section 4.42.81. As D3 cells were analysed 

following treatment at 3 different time points, DNA damage and repair was able to be 

analysed. Figure 4.13 describes the median tail moment (AU) as a percentage of the 

untreated control at 0hrs post treatment, 24hrs post treatment and 48hrs post 

treatment. 
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Figure 4. 12 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. 

DOX alone, MMF alone and combination SCH3M+D (DOX 0.2 M, MMF 2 M), were 

the treatments used as described in Figure 2.18. 3 time points of 0hr post treatment, 

24hrs post treatment and 48hrs post treatment are compared for each treatment, each 

experiment was caried out in triplicate and a total of 70 comets per experiment. 

Statistical analysis was carried out using a one-way ANOVA with Bonferroni’s 

correction and are detailed in table 3. P>0.0001 ****, P>0.001 ***, P>0.01** and P>0.1 

*, (see appendix 6) 

 

Results from Figure 4.13 suggest that there is a statistically significant increase in the 

median tail moment 0 hrs post treatment removal of D3 cells treated with DOX alone 

and SCh3 compared to the untreated control (all <0.0001). There were no statistically 

significant changes in any treated D3 cells median tail moments compared to the 
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untreated control cells at 24 hr or 48hr post treatment. All treated cells showed a 

statistically significant decrease in median tail moments at 24- and 48-hours post 

treatments compared to their relevant 0 hrs post treatment median tail moment value. 

suggesting that damage has been repaired or that damaged cells have expired and 

are no longer in the assay. There was no statistically significant change in the median 

tail moments of any treated cell when comparing each treatment 24 hr post treatment 

median tail moment to that treatment groups 48 hr median tail moment.  

 

This data supports the hypothesis that SCH3 treatment can induce more DNA 

damage than DOX alone treatment in doxorubicin resistant cells. It does appear that 

the DNA damage induced begins to repair 24 hrs and 48 hrs post treatment removal 

when comparing all treated groups to each other and the control cells. These results 

are surprising as results from Annexin V suggested that significant DNA damage 

would be present in SCH3 treated cells 48 hrs post treatment. The lack of tail 

moments, however, may be explained by the presence of hedgehog comets, which 

can occur when DNA is incredibly fragmented in processes such as apoptosis, it has 

been reported in the literature that comet analysis is not the most effective assay at 

determining DNA damage caused by apoptosis (Lorenzo et al., 2013).  
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4.4.9 Cytotoxicity of Combination therapy Radiotherapy and Dimethyl Fumarate 

on Radiotherapy resistant cells 

 

- 2D Cell Culture 
 

Radiation resistant cells were developed as described in Section 4.1. MDA-MB-231 

cells were exposed to 2 Gy radiation, and the surviving colonies were harvested. 

Some cells were frozen down, and the rest were re dosed with 2 Gy radiation and the 

process repeated until 3 rounds of treatment were undergone. These cells were then 

all tested using a clonogenic assay to determine the cytotoxicity of various doses of 

radiation as seen in Figure 4.14.  

 

 

 

Figure 4. 13  Results of clonogenic assay on resistance test for radiation exposed 

cells.  

MDA-MB-231 cells that had undergone 3 rounds of radiation exposure, cells were 

tested for toxicity using clonogenic assays. Radiation 2 Gy, 6 Gy and 10 Gy were 

used to test this. Results are displayed as an average of 3 independent experiments 

carried out in triplicate and graphed using GraphPad Prism Version 9.2.1. 

 

Figure 4.13 suggests that MDA-MB-231 cells only showed survival at 2 Gy dose of 

radiation, in all other doses tested 100% clonogenic cell death was observed. R3 
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showed the highest survival fraction of cells exposed to both 2 Gy radiation and 6 Gy 

radiation (0.61 SD+/-0.288 and 0.39 SD+/- 0.18 respectively). Given that survival was 

seen in R3 cells at 6 Gy radiation and parental cells showed 100% cell death at this 

administered dose this data suggested that R3 had developed a level of resistance to 

radiation so the R3 cell line was used to investigate potential combination therapies 

to overcome radiotherapy resistance found in TNBC patients.   

 

To determine the ability of fumaric acids DMF and MMF to re-sensitise radiation 

resistant cells to cells death via irradiation, clonogenic assays were carried out. 

 

Based on the results of Chapter 2 section 2.4.6, Radiation administered in a SCH1 

(simultaneous) and SCH3 (radiation after DMF) combination with DMF, demonstrated 

a statistically significant reduction in survival fraction of MDA-MB-231 cells, when 

compared to the untreated control (P=0.0039 SCH1 and P=0.0066 SCH3). Therefore, 

to assess if DMF given in combination with radiation using scheduled administration 

decreased the survival fraction of radiation resistant cells, a clonogenic assay was 

carried out using DMF 100 M in scheduled combinations, SCH1 (simultaneous) 

SCH2 (radiation before DMF), and SCH3 (radiation after DMF) with radiation at 2 Gy 

and results are detailed in Figure 4.14. 
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Figure 4. 14 A comparison between the survival fraction of RAD 2 Gy, DMF 100 M 

and the combination of three schedules of administration on R3 cells. 

Data shown is the average of three independent experiments carried out in triplicate 

+/- SD. (B) 1-way ANOVA with Bonferroni correction was performed using GraphPad 

Prism 9.2.1 software. 

 

Results from Figure 4.14 suggests that there were no statistically significant changes 

in the survival fraction of radiation resistant (R3) cells when treated with 2 Gy 

radiation, 100 M DMF or any of the combination therapies; SCH1 (simultaneous), 

SCH2 (radiation before DMF) or SCH3 (radiation after DMF) when compared to the 

untreated control or when comparing any other treated group to each other. 

 

This data therefore suggests that DMF is not a suitable drug to be administered in 

combination with radiation to re-sensitise radiation resistant cells to cell death via 

irradiation. These results do not support the findings in Chapter 2 Section 2.4.6 where 

the clonogenic data supported the use of DMF in combination with radiation would 

statistically significantly decrease the survival fraction of MDA-MB-231 cells. It is clear 

from Figure 4.14 that these results are not translated over when investigating these 

combinations using R3 cells. It was decided based upon these findings in Figure 4.14 

that DMF would not be carried forward into mechanistic or 3D spheroid investigation.  
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MMF was also investigated for its potential to re sensitise R3 cells to death via 

irradiation due to the findings of Chapter 2 Section 2.4.6. It was found that MMF 

administered in combination with irradiation at all 3 scheduled combinations produced 

a statistically significant reduction in survival fraction of MDA-MB-231 cells when 

compared to the untreated control. Therefore, it was decided that MMF administered 

in combination with radiation may have to potential to re-sensitise radiation resistant 

R3 cells to cell death. MMF at 2 M and radiation at a dose of 2 Gy were used in 

scheduled combinations SCH1 (simultaneous) SCH2 (radiation before MMF), and 

SCH3 (radiation after MMF) and results are detailed in Figure 4.15.  
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(B) 

Bonferroni's multiple comparisons test Summary Adjusted P Value 

CONTROL vs. SCH1 **** <0.0001 

CONTROL vs. SCH2 **** <0.0001 

CONTROL vs. SCH3 **** <0.0001 

RAD vs. SCH1 *** 0.0004 

RAD vs. SCH2 *** 0.0005 

RAD vs. SCH3 **** <0.0001 

MMF vs. SCH1 ** 0.0030 

MMF vs. SCH2 ** 0.0039 

MMF vs. SCH3 **** <0.0001 

Figure 4. 15 This is a comparison between the survival fraction of RAD 2 Gy, MMF 2 

M and the combination of three schedules of administration on R3 cells. 

Data shown is the average of three independent experiments carried out in triplicate 

+/- SD. (B) 1-way ANOVA with Bonferroni correction was performed using GraphPad 

Prism 9.2.1 software, with p-values of <0.005 = *, <0.001= **, <0.0001= ***, 

<0.00001=**** reported as significant when compared with the control with all results 

compares to the control and each other. 

 

It was observed in Figure 4.15 that SCH1, SCH2 and SCH3 all produced statistically 

significant decreased in R3 cell survival when compared with the untreated control 

(all P<0.0001, Figure 4.16B). SCH1, SCH2 and SCH3 scheduled combinations also 

produced a statistically significant decrease in the survival fraction of R3 cells when 
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compared with radiation alone treated cells (SCH1 P=0.0004, SCH2 P=0.0005 and 

SCH3 P<0.0001, Figure 4.15B). Furthermore, SCH1, SCH2 and SCH3 scheduled 

combinations produced a statistically significant decrease in survival fraction of R3 

cells when compared with MMF alone (SCH1 P=0.0030, SCH2 P=0.0039 and SCH3 

P<0.0001, Figure 4.15B). There was however no statistically significant change in the 

survival fraction of R3 cells when comparing any of the combination therapies to each 

other (Figure 4.15B).  

 

These results therefore support the findings in Chapter 2 Section 2.4.6 as MMF 

administered in all 3 scheduled combinations also produced a statistically significant 

reduction in radiation resistant cells as was seen in chapter 2 using MDA-MB-231 

cells. As all three scheduled combinations also decrease the survival fractions of R3 

cells significantly more that the single therapies, MMF and radiation alone, it was 

decided that all three of these scheduled combinations would be investigated using 

3D spheroid model.  

 

4.4.10 Assessment of combination of Radiation and MMF In 3D spheroid models 
of therapy resistant cells 
 

Given the data in Section 4.43.1, MMF was the fumaric acid chosen to be investigated 

in combination with radiation using all three scheduled combination therapies. Using 

this 3D spheroid model for reasons described above in Chapter 1 Section 1.13. 

Radiation at a dose of 2 Gy, MMF 2 M and combinations using these doses were 

administered in scheduled combinations; SCH1 (simultaneous), SCH2 (radiation 

before MMF) and SCH3 (radiation after MMF), results are detailed in Figure 4.16.  
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 (C) 

Bonferroni’s multiple 
comparison test 

V/V0 
Summary 

Adjusted P Value AUC 
Summary 

Adjusted P 
Value 

Control vs. RAD ns >0.9999 **** <0.0001 

Control vs. MMF ns >0.9999 **** <0.0001 

Control vs. SCH1 ns >0.9999 **** <0.0001 

Control vs. SCH2 ns >0.9999 ns 0.0512 

Control vs. SCH3 ns 0.9953 **** <0.0001 

RAD vs. MMF ns >0.9999 ns 0.0704 

RAD vs. SCH1 ns >0.9999 **** <0.0001 

RAD vs. SCH2 ns >0.9999 **** <0.0001 

RAD vs. SCH3 ns >0.9999 **** <0.0001 

MMF vs. SCH1 ns >0.9999 **** <0.0001 

MMF vs. SCH2 ns >0.9999 **** <0.0001 

MMF vs. SCH3 ns >0.9999 **** <0.0001 

SCH1 vs. SCH2 ns >0.9999 **** <0.0001 

SCH1 vs. SCH3 ns >0.9999 **** <0.0001 

SCH2 vs. SCH3 ns 0.6079 **** <0.0001 

Figure 4. 16 The effect of RAD and MMF in schedule 1,2 and 3 combinations on the 

growth of D3 spheroids.  

(A) R3 spheroids were incubated with drugs continually for 21 days and images every 

2-4 days. Spheroid volumes were calculated and the average fold increase from initial 

V/V0 +/- S.D, is presented on a linear scale, (B)The area under the curve (AUC) +/- 

S.D. was also calculated using one-way ANOVA analysis with Bonferroni’s testing for 

multiple comparisons, results displayed in (C). Results are reported as an average of 

three independent experiments carried out using 36 spheroids per treatment, 

statistical analysis was carried out on the data using GraphPad prism 9.2.1, 

determined by the. P<0.05=*, P<0.01=**, P<0.001=***, P<0.0001=**** when 

compared with the control.  
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As suggested in Figure 4.16A with respect to V/V0, there was no statistically significant 

results when comparing the change in volume of any spheroid group over time, as 

previously seen in section 4.4.2 (Figure 4.16A and C). There were however statistical 

differences when reviewing the AUC of these values as seen in Figure 4.16B. 

Radiation alone, MMF alone, SCH1 and SCH3 all produced statistically significantly 

decreased AUC values when compared to the untreated control AUC value (all 

P<0.0001, Figure 4.16B). There were however no statistically significant changes in 

AUC values when comparing SCH2 to the untreated control. SCH3 was the only 

treated group to produce a statistically significant decrease in the AUC value when 

compared to radiation alone and MMF alone (both P<0.0001, Figure 4.16B). SCH3 

also produced a statistically significant reduction in AUC values when compared to 

SCH1 and SCH3 (both P<0.0001, Figure 4.16B). SCH1 and SCH3 both produced a 

statistically significant increase in AUC values when compared to radiation alone and 

MMF alone (all, P>0.9999, Figure 4.16B).  

 

These results therefore support the hypothesis that MMF administered prior to 

irradiation can increase cell death. This may be due to MMF binding to glutathione 

which prevents the neutralisation of ROS induced by radiation therapy, it may also be 

caused by the inhibition of nuclear NRF2 translation preventing the synthesis of 

antioxidants such as glutathione. As such, the mechanisms underpinning the 

observed toxicity will be investigated as described in section 4.4.11- 4.4.16. 

 

  



 

 212 

4.4.11 Combination Index analysis of Combination therapy Radiotherapy and 

Dimethyl Fumarate on Radiotherapy Resistant cells 

 

 

As detailed in sections 4.42.13 combination index analysis was carried out on R3 cells 

to determine if any of the 3 scheduled combination therapies produced synergistic, 

additive, or antagonistic results, detailed in Figure 4.17. 

 

(A) 

 

(B) 

 

Drug Concentrations Combination Index Values 

 SCH1 SCH2 SCH3 

MMF 2 μM + RAD  2 GY 0.51 1 0.57 

MMF 4 μM + RAD 2 GY 0.91 1.01 0.51 

MMF 6 μM +RAD  2 GY 0.7 0.97 0.37 

 

Figure 4. 17  (A) Combination Index (CI) after R3 cells are incubated with RAD and 

MMF in the 3 treatments Schedules. 

Antagonistic <1.1, Additive = 0.9-1.1 and Synergistic > 0.9. Each point represents 

three independent experiments, N=9. (B) Values of CI plotted in (A). 

 

2 
µM

 +
 2

G
Y

4 
µM

 +
 2

G
Y

6 
µM

 +
 2

G
Y

0.0

0.5

1.0

1.5

2.0

C
I 
V

a
lu

e SCH1

SCH2

SCH3

Antagonistic

Synergistic

Additive



 

 213 

Results from Figure 4.18 report that SCH1 produced all synergistic CI values at all 

concentrations tested (0.51, 0.91 and 0.7, Figure 4.14B). SCH2 produced additive CI 

values at the concentration 2 M MMF + 2 Gy RAD (1), antagonistic CI value at 4 M 

MMF + 2 Gy RAD and synergistic CI value at the highest concentrations tested, 6M 

MMF + 2Gy RAD (0.97). SCH3 produced all synergistic CI values (0.57, 0.51) 

including the lowest CI recorded in Figure 4.18 (0.37) after treatment with 6 M MMF 

+ 2 Gy Rad. 

 

These results support the use of SCH3 as a combination therapy to treat R3 cells. 

This combination produced synergistic CI values at all concentrations of therapies 

tested.  

 

4.4.12 Cell cycle analysis of R3 cells after combination treatment with Radiation 

and Monomethyl Fumarate 

 

The distribution of radiation resistant R3 cells in each phase of the cell cycle (G1, S, 

G2/M, sG1) was investigated using a Flow Cytometry assay. Cells following treatment 

with either single therapies (RAD and MMF) or combination therapy (RAD SCH3) 

were investigated using this assay to determine any disparities found between 

treatments. Cells were collected after treatment with single agents or combination 

therapies as described in section 4.4.1. SCH3 MMF was selected as this combination 

schedule was the only one that produced a statistically significant reduction in R3 cell 

survival when compared to the untreated control cells, RAD alone and MMF alone. 

All concentrations used as the same as those in Figures 4.18-20.  
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(E) 

Bonferroni's multiple 

comparisons test 

G1 P Value S P Value G2/M P 

Value 

sG1 P 

Value 

CONTROL vs. MMF 0.0162 >0.9999 0.9637 0.0099 

CONTROL vs. RAD  >0.9999 >0.9999 >0.9999 0.5753 

CONTROL vs. SCH3 >0.9999 >0.9999 0.8662 0.0299 

MMF vs. RAD  0.0258 >0.9999 >0.9999 0.1482 

MMF vs. SCH3 0.0278 >0.9999 >0.9999 >0.9999 

RAD vs. SCH3 >0.9999 >0.9999 >0.9999 0.5239 

Figure 4. 18 The cell cycle distribution of untreated R3 cells and treated R3 cells, 

M+R SCH3, 0 hrs post treatment removal. 

(MMF 2M, RAD 2 Gy, SCH3 – MMF 2 M 1st+ Rad 2 Gy 24hours later). The figure 

above represents the percentage of cells in each phase of the cell cycle, results are 

displayed as an average of three independent experiments carried out in triplicate. 

(A) – G1, (B)- S, (C)- G2/M and (D)- sG1. (E) A One-way ANOVA test was utilized to 

compare the means of the cell cycle phases after treatment cells versus untreated 

control cells and demonstrated in the above Tables where, *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.000.1 (applicable for Figures 4.18 – 4.20). 
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Figure 4.18 demonstrates the percentages of cells in each phase of the cell cycle 0 

hours post treatment removal. Figure 4.18A suggests that there is a statistically 

significant increase in the percentage of cell in G1 phase of the cell cycle following 

treatment with MMF compared to the untreated control cells, Rad alone and MMF 

alone (Control P=0.0162, Rad P=0.0258 and MMF P=0.0278, Figure 4.18E). This was 

the only statistically significant change in the percentage of cells in G1 phase of the 

cell cycle 0hrs after treatment removal when comparing any other group to each other. 

Results from Figure 4.18B show that there was no statistically significant change in 

the percentage of cells in the S phase of the cell cycle when comparing any of the 

treated or untreated groups (P>0.9999, Figure 4.18E). Results from Figure 4.18C 

suggest that there were no statistically significant changes in the percentage of cells 

in the G2/M phase of the cell cycle when comparing any treated or untreated group 

to each other. Results from Figure 4.18D show that there was a statistically significant 

increase in the percentage of cells in sG1 phase of the cell cycle when cells were 

treated with MMF and Radiation compared with the untreated control (MMF P=0.0099 

and Rad P=0.029, Figure 4.18E). This was the only statistically significant change in 

the percentage of cells in sG1 phase of the cell cycle when comparing any treated or 

untreated group.  

 

This data therefore suggests that treatment of R3 cells with SCH3 is increasing the 

percentage of cells in sG1 which might suggest that cells treated with SCH3 

combination are unable to undertake cell division immediately following treatment 

removal and could be an indication of the induction of apoptosis. 

 

Following this, cells were harvested 24hrs after treatment was removed and analysed 

for cell cycle distribution. Figure 4.19 depicts the percentage of cells found in each 

phase of the cell cycle after treatment with RAD 2 Gy alone, MMF 2 M alone and the 

SCH3 RAD combination (MMF1st 2 M +RAD 2 Gy 24 hours after 1st therapy 

administration) 24hrs after treatment was removed.   



 

 216 

 

(E) 

Bonferroni's multiple 

comparisons test 

G1 P Value S P Value G2/M P 

Value 

sG1 P 

Value 

CONTROL vs. MMF 0.0035 0.7883 >0.9999 0.3264 

CONTROL vs. RAD  0.2189 0.3378 >0.9999 >0.9999 

CONTROL vs. SCH3 >0.9999 >0.9999 0.3021 >0.9999 

MMF vs. RAD  0.1047 0.0269 >0.9999 >0.9999 

MMF vs. SCH3 0.0015 0.8269 >0.9999 0.2423 

RAD vs. SCH3 0.0690 0.3215 0.4336 0.7607 

 

Figure 4. 19 The cell cycle distribution of untreated R3 cells and treated R3 cells, 

M+R SCH3, 24 hrs post treatment removal. 

 

Figure 4.19A shows that there was a statistically significant increase in the percentage 

of cells in the G1 phase of the cell cycle when cells were treated with MMF alone 

compared to the untreated control and SCH3, as expected (MMF alone P=0.0035 and 

SCH3 P=0.0015. Figure 4.19E). This was the only statistically significant change in 

the percentage of cells in G1 phase of the cell cycle 24 hours after treatment removal. 

Figure 4.19B demonstrates that there was a statistically significant increase in the 

percentage of cells in the S phase of the cell cycle when treated with radiation alone, 
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compared to MMF alone (P=0.0269, Figure 4.19E). This was the only statistically 

significant change in the percentage of cells in S phase of the cell cycle when 

comparing treated or untreated groups (Figure 4.19E). Figure 4.19C and 4.19D both 

show that there was no statistically significant change in the percentage of cells in 

G2/M or sG1 phase of the cell cycle when comparing any treated or untreated group.  

 

This data therefore suggests that there is a reduction in the percentage cells treated 

with SCH3 that can being the cell division cycle 24hrs after treatment removal.  

 

Following this, cells were harvested 48hrs after treatment was removed and analysed 

for cell cycle distribution. Figure 4.20 depicts the percentage of cells found in each 

phase of the cell cycle after treatment with RAD 2 Gy alone, MMF 2 M alone and the 

SCH3 RAD combination (MMF1st 2 M +RAD 2 Gy 24 hours after 1st therapy 

administration) 48hrs after treatment was removed.  
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(E) 

Bonferroni's multiple 

comparisons test 

G1 P Value S P Value G2/M P 

Value 

sG1 P 

Value 

CONTROL vs. MMF 0.0273 >0.9999 >0.9999 >0.9999 

CONTROL vs. RAD  0.0043 >0.9999 >0.9999 >0.9999 

CONTROL vs. SCH3 0.0279 0.5387 0.2155 >0.9999 

MMF vs. RAD  >0.9999 >0.9999 >0.9999 >0.9999 

MMF vs. SCH3 >0.9999 >0.9999 0.1393 >0.9999 

RAD vs. SCH3 >0.9999 0.9253 >0.9999 >0.9999 

Figure 4. 20 The cell cycle distribution of untreated R3 cells and treated R3 cells, 

M+R SCH3, 48 hrs post treatment removal. 

 

Figure 4.20A suggests that there was a statistically significant decrease in the 

percentage of cells in G1 phase of the cell cycle when treated with MMF alone, Rad 

alone and SCH3 compared with the untreated control (MMF P=0.027, Rad P=0.0043 

and SCH3 P=0.02789, Figure 4.20E). This was the only statistically significant change 

in the percentage of cells in G1 phase of the cell cycle when comparing any treated 

or untreated group (Figure 4.20E). Figure 4.21B, 4.21C and 4.21D all reported that 

there were no statistically significant changes in the percentage of cells in the S, G2/M 
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or sG1 phase of the cell cycle when comparing any treated or untreated group (Figure 

4.20E).  

 

This data therefore suggests that up to 48hrs after treatment removal there is a 

maintained decrease in the percentage of cells progressing to subsequent phases of 

the cell cycle when cells are treated with SCH3. This is the only treatment group that 

reports a statistically significant decrease in the percentage of cells in G1 phase of 

the cell cycle at all three time points measured.  

 

4.4.13 Apoptosis/Necrosis quantification of Radiotherapy Resistant MDA-MB-

231 cells after combination treatment with Radiotherapy and Monomethyl 

Fumarate 

 

As previously described in section 2.3.10, an investigation into Apoptosis induction in 

radiation resistant cells was investigated, however no chemotherapeutic agent was 

used in combination with MMF in this section but the effects of radiation at a dose of 

2Gy was investigated. This section investigated the percentage of cells that undergo 

apoptosis following 48-hr treatment both MMF 2 M and Radiation alone (2 Gy) but 

also as a combination SCH3 MMF 2 M +RAD 2 Gy. The same Annexin V apoptotic 

detection assay was caried out as described in section 2.42.25 and section 4.3.5.  
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(D) 

Figure 4. 21 The effect of RAD 2 Gy, MMF 2 M and SCH3 M1st 2 M +R 2 Gy on 

the different phases of apoptosis in R3 cells are shown. 

Three different time points were used post treatment removal; (A) 0hr, (B) 24hr and 

(C) 48hr. Data is expressed as mean+/- SD of 3 individual experiments at each time 

point, carried out in triplicate. (D) Statistical Analysis carried out using two-way 

ANOVA followed by Bonferroni’s post hoc testing, comparing each apoptotic phase 

separately between all treatments (see appendix 7). 

 

Figure 4.21A suggests that there was a statistically significant decrease in the 

percentage of non-apoptotic cells when R3 cells were treated with Radiation and 

SCH3 compared with the untreated control and MMF alone (control vs. RAD 
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P=0.0002, control vs. SCH3 P<0.0001, MMF vs. RAD P=0.0025 and MMF vs. SCH3 

P<0.0001). There was also a statistically significant decrease in the percentage of 

non-apoptotic cells when cells were treated with SCH3 compared with RAD alone 

(P+0.0001). There was a statistically significant increase in the percentage of early 

apoptotic cells when R3 cells were treated with RAD compared to the untreated 

control, MMF and SCH3 (control P=0.0019, MMF P=0.0004, SCH3 P=0.0097).There 

was also a statistically significant increase in late apoptotic cells when cells were 

treated with SCH3 compared with the RAD alone, MMF alone and the untreated 

control (all P<0.0001).  

 

Figure 4.21B shows the percentage of cells in each phase of apoptosis 24 hrs post 

treatment removal. When reviewing the percentage of cells that were non-apoptotic it 

was found that all treated cells produced a statistically significant reduction in the 

percentage of viable cells when compared to the control and MMF alone (all, 

P<0.0001). There was also a statistically significant decrease in the percentage of 

non-apoptotic cells treated with SCH3 when compared with cells treated with MMF 

alone and RAD alone (all, P<0.0001).  There was a statistically significant increase in 

the percentage of cells in early apoptosis when treated with MMF alone and SCH3 

compared with the control (MMF, P=0.006 and SCH3 P<0.0001). There was also a 

statistically significant increase in the percentage of cells in early apoptosis when 

treated with SCH3 compared with MMF alone and RAD alone (both P<0.0001). The 

percentage of cells in late apoptosis statistically significantly increased when cells 

were treated with MMF alone, RAD alone and SCH3 compared with the control (all, 

P<0.0001). There was also a statistically significant increase in the percentage of cells 

in late apoptosis when treated with SCH3 compared with MMF alone and RAD alone 

(both, P<0.0001).  

 

Figure 4.21C shows the percentage of cells in each phase of apoptosis 48 hrs post 

treatment removal. There was a statistically significant decrease in the percentage of 

non-apoptotic cells when treated with MMF, RAD and SCH3 when compared with the 

control cells (all, P<0.0001). There was also a statistically significant decrease in the 

percentage of non-apoptotic cells when treated with SCH3 when compared to RAD 

alone (P=0.0006). All treated cells produced a statistically significant increase in the 

percentage of cells in early apoptosis when treated with; MMF, RAD and SCH3, when 

compared to the control cells (MMF, P<0.0001, RAD, P=0.0012, and SCH3 
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P=0.0001). When comparing late-stage apoptotic cells there was a statistically 

significant increase in the percentage of cells when treated with MMF alone, RAD 

alone and SCH3 when compared with the control cells (all, P<0.0001). There was 

also a statistically significant increase in the percentage of cells in late apoptosis when 

treated with SCH3 combination, compared with RAD only treated cells (P=0.0023).  

 

These results suggest that SCH3 treatment significantly increased the percentage of 

cells that enter apoptosis when compared to the untreated control, radiation alone 

and MMF alone up to 48hrs post treatment removal. This suggests that when radiation 

resistant cells are treated with the SCH3 combination of MMF administered before 

radiation, a higher percentage of cells are killed via apoptosis. These findings support 

the hypothesis that when MMF is administered before radiation, it could bind to 

glutathione, preventing the neutralisation if ROS generated from radiotherapy and 

may also be inhibiting the NRF2 nuclear translocation, so the cell is unable to 

synthesis antioxidants. This allows for ROS generated from irradiation to cause DSB 

and SSB triggering cell death via the caspase 3 pathway in radiation resistant cells. 

 

4.4.14 Analysis of Glutathione levels Radiotherapy resistant MDA-MB-
231 cells after combination treatment with Radiotherapy and 
Monomethyl Fumarate 
 
As previously described in section 2.3.10 a Glutathione Assay was carried out to 

investigate the relative glutathione levels in samples after treatment. As SCH3 was 

the only combination that produced statistically significant reduction in cell survival 

compared with the control and radiation only treated cells both 2D and 3D, this was 

the scheduled combination investigated.  

 

Cells were harvested so GSH levels could be measured; 1 hr after therapy was 

administered (for combination 1 hr after second therapy administered), immediately 

after the treatment was removed (following 48 hr treatment) 0 hr 24 hrs after the 

treatments were removed and 48 hrs after the treatment were removed and results 

detailed in Figure 4.22, doses used were Rad 2 Gy and MMF 2 M. 
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(A) 

 

(B) 

Bonferroni's multiple 
comparisons test 

P Value 1 
HR post  

P Value 
0HR 

P Value 
24HR 

P Value 
48HR 

CONTROL vs. RAD >0.9999 >0.9999 0.2594 <0.0001 

CONTROL vs. MMF 0.2966 0.0004 0.0007 <0.0001 

CONTROL vs. SCH3 <0.0001 <0.0001 0.0317 <0.0001 

RAD vs. MMF >0.9999 0.0006 <0.0001 0.0014 

RAD vs. SCH3 <0.0001 <0.0001 0.0016 <0.0001 

MMF vs. SCH3 <0.0001 0.0325 0.0720 <0.0001 

Figure 4. 22 The effect single therapies RAD 2 Gy and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + RAD 2 Gy 24 hours later.  

Data reported is an average of three independent experiments carried out in triplicate. 

(B) A one-way ANOVA with Bonferroni post testing was performed using GraphPad 

prism 9.2.1 comparing each treated and untreated group to each other, *P<0.05, 

**P<0.01, ***P<0.001 and ****P<0.0001. 

 
As reported in Figure 4.22, in SCH3 treated R3 cells there was statistically significant 

reduction in relative GSH levels when compared with untreated control, RAD and 

MMF at 1 hr post treatment administration (all P <0.0001, Figure 4.22B). 0 hrs post 

treatment, SCH3 treated R3 cells had a statistically significantly reduced relative GSH 

levels when compared with the control cells, RAD alone and MMF alone (all 

P<0.0001, Figure 4.22B). 0 hrs post treatment there was a statistically significant 

decrease in relative GSH levels in R3 cells treated with MMF alone and SCH3 when 

compared to the untreated control (MMF P=0.0003, SCH3 P<0.0001, Figure 4.22B). 

There was also a statistically significant decrease in the relative GSH levels when R3 

cells were treated with MMF and SCH3 compared to RAD alone 0 hrs post treatment 
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removal (MMF P=0.0006 and SCH3 P<0.0001, Figure 4.22B). There was also a 

statistically significant decrease in relative GSH levels when R3 cells were treated 

with SCH3 compared to MMF alone treated cells (P=0.035, Figure 4.22B). 24 hrs post 

treatment removal there was a statistically significant increase in relative GSH level 

when cells were treated with MMF and SCH3 when compared to the control (MMF 

P=0.0007 and SCH3 P=0.0317, Figure 4.23B). There was a statistically significant 

increase in relative GSH levels 24 hrs post treatment removal when R3 cells were 

treated with MMF and SCH3 compared to RAD alone treated cells (MMF P<0.0001 

and SCH3 P=0.0016, Figure 4.22B). 48 hrs post treatment there was a statistically 

significantly reduction in relative GSH level when comparing SCH3, MMF and RAD to 

the control (all P<0.0001, Figure 4.22B). There was a statistically significant reduction 

in relative GSH when R3 cells were treated with MMF compared to RAD alone 

(P=0.0014, Figure 4.22B). There was also a statistically significantly reduced relative 

GSH level when comparing SCH3 with RAD and MMF alone (both P<0.0001, Figure 

4.22B). 

 

In summary, the findings of Figure 4.22 support the hypothesis that SCH3 treatment 

of radiation resistant MDA-MB-231 cells significantly reduced the synthesis of 

intracellular glutathione. GSH levels of R3 cells are significantly lower than control 

and RAD alone treated R3 cells, 48 hrs after treatment is removed. Although an 

increase in relative GSH is reported 24 hrs post treatment removal, the synthesis of 

GSH is not able to be maintained by SCH3 treated cells. These results also support 

the findings of Figure 4.21 that report a significant increase in apoptotic cells following 

R3 treatment up to 48 hrs post treatment. It may be that as GSH levels are not able 

to be maintained, ROS is left unchecked and able to induce SSB and DSB that when 

accumulated 48 hrs post treatment removal has induce apoptosis of R3 cells 

significantly more than control cells or RAD alone treated R3 cells.  
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4.4.15 Detection of Autophagic Radiation resistant cells after combination 

treatment with Radiation and Monomethyl Fumarate 

 

 

As previously described in section 2.4.11 an autophagy assay was used to investigate 

the percentage of cells that autophaged because of treatment. However, this section 

investigated the radiation resistant cells that were treated with MMF 2M alone 

radiation at 2Gy as well as the schedule 3 combination of MMF2M + Rad 2Gy. This 

assay was carried out at 3 different time points to coincide with the Cell Cycle analysis 

data (Section 4.44.4) and results are detailed in Figure 4.24.  
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Figure 4. 23 The effect of; RAD alone 2Gy, MMF alone 2M or Schedule 3 

combination MMF1st 2M+ Rad 2Gy 24 hours later, on Green Detection Reagent.  

Data is expressed relative to the control. Cells fluorescence was measure on a 

fluorescent microplate reader at 412nm. (A) 0 hours after treatment removed. (B) 24 

hours after treatment removed. (C) 48 hours after treatment removed. All graphs are 

displayed as mean and standard deviation of 3 individual experiments caried out in 

triplicate. One -way ANVOA was carried out with Bonferroni’s correction. 

 

 

As reported in figure 4.23A, 0 hours post treatment removal, there was a statistically 

significant increase in the absorbance values of cells treated with RAD alone and 

when compare with the control (P=0.0013), MMF alone (P=0.0010) and SCH 3 

(P=0.0052). This was the only statistically significant result reported when 

investigating the absorbance of all cells at all three-time time points measured.  
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Overall, this data suggests that R3 cells are not undergoing autophagy when treated 

with radiation alone, MMF alone or RAD + MMF SCH3 combination. This suggests 

that autophagy is not a mechanism that has been adapted by therapy resistant cells, 

this was an important investigation as it has been reported in the literature that when 

some cells become resistant, they can start to induce autophagy (Ho and Gorski, 

2019).  

 

 4.4.16 Quantification of DNA damage and repair using Comet Assay, of 
MDA-MB-231 cells after combination treatment with Radiation and 
Monomethyl Fumarate 
 

A comet assay was used to quantify the DNA damage induced by radiation alone at 

2Gy, MMF alone at 2M and the SCH 3 combination of M+R. This assay was 

previously described in Section 2.3.12. 

 

- Comparison of DNA fragmentation at 0hr, 24hr and 48hr – Analysis of DNA 

repair 

 

The median tail moment (AU) was calculated for each treatment; RAD 2 Gy, MMF 2 

M or SCH3 combination of MMF 2 M +RAD 2 Gy. This was determined for each 

time point measured, 0 hrs post treatment, 24 hrs post treatment and 48 hrs post 

treatment. Statistical analysis was carried out on these results using a one-way 

ANOVA with Bonferroni’s correction, the results are detailed in appendix 8.  Unlike 

section 4.4.8, the comet analysis was carried out immediately after treatment (rather 

than after cells were exposed to drug for 48 hrs) as when using radiation, a spike in 

ROS occurs immediately after irradiation exposure. To quantify this spike in DNA 

damage, a comet assay was carried out immediately following this, 24 hrs after initial 

treatment and 48 hrs after initial treatment. This same time points were used for MMF 

alone and SCH3 treated cells, for SCH3 treatment the 0-hr time point was taken 24 

hrs after MMF administration and immediately after these pre-exposed MMF cells 

were irradiated. This allowed for an analysis of cells exposed to radiation without MMF 

prior exposer and those with prior MMF exposure.  MMF alone treated cells were 

exposed to MMF for 10 minutes (this is to allow for the time taken to irradiate cells 

using X-irradiator and carry cell back to a cell culture hood for harvesting). 
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Figure 4. 24 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median.  

RAD alone, MMF alone and combination SCH3M+R were the treatments used as 

described in Figure 4.26 time points of 0hr post treatment, 24hrs post treatment and 

48hrs post treatment are compared for each treatment, results are displayed as an 

average of 3 independent experiments carried out using 70 comets per sample. 

Statistical analysis was carried out using a one-way ANOVA with Bonferroni’s 

correction and are detailed in appendix 4D, table 3. P>0.0001 ****, P>0.001 ***, 

P>0.01** and P>0.1 *(see appendix 8).  
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Figure 4.26 suggest that there is a statistically significant increase in median tail 

moment of R3 cells treated with SCH3 compared with MMF alone and RAD alone, 48 

hrs post treatment (all P<0.0001). The only other statistically significant increase in 

median tail moment was found when R3 cells were treated with RAD alone compared 

to the untreated control and MMF alone, 48 hrs post treatment (P<0.0001).  As 

expected, due to its mode of action, MMF did not induce any statistically significant 

increase in median tail moments compared with the untreated control or any other 

treatment group. Both RAD alone and SCH3 treated cells had a statistically significant 

increase in median tail moments when comparing 24 hrs post treatment to 48 hrs post 

treatment within the relevant treatment group (P<0.0001).  

 

In summary the findings in Figure 4.24 suggest that both RAD and SCH3 induce 

significant DNA damage to R3 cells 48 hrs post treatment, however the damage seen 

in that of SCH3 treated cells is greater. This supports the hypothesis that MMF in 

combination with radiation can induce a higher cell kill than single therapies alone. 

This may be due to MMF binding to glutathione, which is inhibited from neutralising 

ROS generated because of radiation. These finding also support that of clonogenic 

survival assay, in which SCH3 induced significant reductions in survival fractions of 

R3 cell, and Annexin V assay in which there was a statistically significant percentage 

of SCH3 treated cells in various stages of apoptosis. This induction of apoptosis may 

be causing SSB and DSB to accumulate and we can see the increase in DNA 

fragmentation above in Figure 4.21.  

 

4.4.17 Cytotoxicity of Combination therapy Doxorubicin, Radiation and 

Monomethyl Fumarate on Doxorubicin + Radiotherapy Resistant cells  

-  2D Cell Culture 
 
 
 

Radiation and Doxorubicin resistant cells were developed as described in Section 4.1. 

MDA-MB-231 cells were exposed to 2 Gy radiation + 0.02 M Dox, and the surviving 

colonies were harvested. Some cells were frozen down, and the rest were re dosed 

with 2Gy radiation + 0.02 M Dox and the process repeated until 3 rounds of treatment 

were undergone. These cells were then all tested using a clonogenic assay to 

determine the toxicity of various doses of radiation as seen in Figure 4.25.  
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Figure 4. 25 Analysis of clonogenic survival in R3D3 resistant cell lines following 

exposure to radiotherapy + doxorubicin. MDA-MB-231 cells that had undergone 3 

rounds of radiation + doxorubicin exposure, cells were tested for toxicity using 

clonogenic assays. Radiation 1Gy, 1Gy and 3Gy and doxorubicin concentrations 0.5 

M, 1 M and 1.5 M. Results are displayed as an average of 3 independent 

experiments carried out in triplicate, and graphed using GraphPad Prism Version 

9.2.1 

 

Results from Figure 4.25 suggest that R3D3 cells were the only tested resistant cell 

line to show any clonogenic survival at all concentrations of both Radiation and 

Doxorubicin tested. At the highest doxorubicin dose tested (1.5M), the survival 

fraction reported was 0.70 SD+/- 0.10 and at the highest dose of radiation tested (3 

Gy) the survival fraction was 1.02 SD+/- 0.16. Compared with the MDA-MB-231 

parent cell line, the survival fraction at 1.5 M was 0.019 SD+/- 0.01 and the survival 

fraction at radiation dose 3Gy was 0.15 SD+/- 0.04. Therefore, this demonstrated that 

R3D3 cells were more resistant to both radiation and doxorubicin than R1D1 or R2D2 

cells lines. 
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To determine the cytotoxicity of MMF in combination with either Radiation or 

Doxorubicin on R3D3 cells, 3 scheduled combinations were used to determine if order 

of drug administration impacted cell survival fractions, results are detailed in Figure 

4.26.  

 

 

(B) 

Bonferroni's multiple 
comparisons test 

Summary Adjusted P 
Value 

Control vs. R-SCH1 ** 0.0032 

Control vs. R-SCH3 **** <0.0001 

Control vs. D-SCH3 **** <0.0001 

RAD vs. R-SCH3 **** <0.0001 
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RAD vs. D-SCH3 *** 0.0005 

DOX vs. R-SCH3 **** <0.0001 

DOX vs. D-SCH3 **** <0.0001 

MMF vs. R-SCH3 **** <0.0001 

MMF vs. D-SCH3 *** 0.0007 

R-SCH1 vs. R-SCH3 **** <0.0001 

R-SCH2 vs. R-SCH3 **** <0.0001 

R-SCH2 vs. D-SCH3 *** 0.0002 

R-SCH3 vs. D-SCH1 **** <0.0001 

R-SCH3 vs. D-SCH2 **** <0.0001 

D-SCH1 vs. D-SCH3 *** 0.0001 

D-SCH2 vs. D-SCH3 **** <0.0001 

Figure 4. 26 A comparison between the survival fraction of R3D3 cells treated with 

RAD 2 Gy, DOX 0.2 M, MMF 2 M and the combination of three schedules of: Rad 

2 Gy +MMF 2 M and Dox 0.2 M + MMF 2 M administration on R3D3 cells.  

Data shown is the average of three independent experiments carried out in triplicate 

+/- SD, (B) results of a 1-way ANOVA with Bonferroni and Dunn’s post hoc testing 

was performed using GraphPad Prism 9.2.1 software, with p-values of <0.01 = *, 

<0.001**, <0.0001***, <0.0001**** reported as significant when compared with the 

control with all results compares to the control and each other. 

 

From Figure 4.26A we can conclude that there was a statistically significant decrease 

in the survival fraction of cells treated with R-SCH1, R-SCH3 and D-SCH3 when 

compared to the untreated control (R-SCH1 P=0.0032, R-SCH3 P<0.0001 and R-

SCH3 P<0.0001, Figure 4.26B). There was also a statistically significant decrease in 

the survival fraction of R3D3 cells when treated with R-SCH3 and D-SCH3 compared 

with Rad alone treated cells (R-SCH3 P<0.0001, D-SCH3P=0.0005, Figure 4.26B). 

There was a statistically significant decrease in the survival fraction of R3D3 cells 

treated with D-SCH3 and R-SCH3 when compared to DOX alone treated cells 

(P<0.0001, Figure 4.26B). There was a statistically significant decrease in the survival 

fraction of R3D3 cells treated with D-SCH3 and R-SCH3 when compared to MMF 

alone treated cells (R-SCH3 P<0.0001, D-SCH3 P=0.0007 Figure 4.26B). There was 

a statistically significant decrease in the survival fraction of R3D3 cells treated with R-

SCH3 compared with R-SCH1 and R-SCH2 (both P<0.0001, Figure 4.26B). There 

was a statistically significant decrease in the survival fraction of cells treated with D-

SCH3 compared with R-SCH2 (P<0.0001, Figure 4.26B). Finally, there was a 

statistically significant decrease in the survival fraction of cells treated with D-SCH3 

when compared to D-SCH1 and D-SCH2 treated cells (SCH1 P<0.0001 and SCH2 

P=0.0001, Figure 4.26B).  
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These result support the hypothesis that MMF administered before DOX or RAD may 

be inhibiting the NRF2 nuclear translocation preventing the synthesis of antioxidants 

such as glutathione. This in turn will allow ROS to cause DSB and SSB ultimately 

leading to cell death via the caspase 3 pathway.  

 

Following on from 2D clonogenic investigations, 3D spheroids were used to 

investigate the how the combination therapies of radiation 2 Gy + MMF 2 M and 

doxorubicin 0.2 M + MMF 2 M, in a schedule 3 administration affects the growth of 

radiation + doxorubicin resistant (R3D3) cells, as detailed in Figure 4.27. 

 

4.4.18 Assessment of combination of Radiation or Doxorubicin and MMF 

In 3D spheroid models of therapy resistant cells. 

 

As it was decided that MMF was the more promising fumaric acid to re-sensitise 

resistant MDA-MB-231 cells to radiotherapy and doxorubicin chemotherapy, this was 

the fumaric acid investigated using a 3D spheroid model. All three times schedules 

were used to investigate the potential of MMF on R3D3 spheroids and results are 

detailed in Figure 4.27. Doses used were RAD 2 Gy, DOX 0.2 M, MMF 2 M and 

the combination of three schedules of: Rad 2 Gy +MMF 2 M and DOX 0.2 M + MMF 

2 M administration on R3D3 cells. 
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(D) 

Bonferroni's multiple 
comparisons test 

V/V0 
Summary 

Adjusted P Value AUC 
Summary 

Adjusted 
P Value 

CONTROL vs. DOX ns >0.9999 **** <0.0001 

CONTROL vs. RAD ns >0.9999 **** <0.0001 

CONTROL vs. MMF ns >0.9999 **** <0.0001 

CONTROL vs. D-SCH1 ns >0.9999 **** <0.0001 

CONTROL vs. D-SCH2 ns >0.9999 **** <0.0001 

CONTROL vs. D-SCH3 ns 0.3071 **** <0.0001 

CONTROL vs. R-SCH1 ns 0.2198 **** <0.0001 

CONTROL vs. R-SCH2 ns 0.7884 **** <0.0001 

CONTROL vs. R-SCH3 *** 0.0008 **** <0.0001 

DOX vs. RAD ns >0.9999 NS NS 

DOX vs. MMF ns >0.9999 NS 0.9509 

DOX vs. D-SCH1 ns >0.9999 **** <0.0001 

DOX vs. D-SCH2 ns >0.9999 **** <0.0001 

DOX vs. D-SCH3 ns >0.9999 **** <0.0001 

RAD vs. MMF ns >0.9999 NS >0.9999 

RAD vs. R-SCH1 ns >0.9999 **** <0.0001 

RAD vs. R-SCH2 ns >0.9999 **** <0.0001 

RAD vs. R-SCH3 ns 0.1084 **** <0.0001 

MMF vs. D-SCH1 ns >0.9999 **** <0.0001 

MMF vs. D-SCH2 ns >0.9999 **** <0.0001 

MMF vs. D-SCH3 ns >0.9999 **** <0.0001 

MMF vs. R-SCH1 ns >0.9999 **** <0.0001 

MMF vs. R-SCH2 ns >0.9999 **** <0.0001 

MMF vs. R-SCH3 ns 0.1164 **** <0.0001 

D-SCH1 vs. D-SCH2 ns >0.9999 **** <0.0001 

D-SCH1 vs. D-SCH3 ns >0.9999 **** <0.0001 

D-SCH2 vs. D-SCH3 ns >0.9999 **** <0.0001 

D-SCH2 vs. R-SCH1 ns >0.9999 NS NS 

D-SCH2 vs. R-SCH2 ns >0.9999 NS NS 

D-SCH2 vs. R-SCH3 * 0.0272 NS NS 

D-SCH3 vs. R-SCH1 ns >0.9999 NS NS 

D-SCH3 vs. R-SCH2 ns >0.9999 NS NS 

D-SCH3 vs. R-SCH3 ns >0.9999 NS NS 

R-SCH1 vs. R-SCH2 ns >0.9999 **** <0.0001 

R-SCH1 vs. R-SCH3 ns >0.9999 **** <0.0001 

R-SCH2 vs. R-SCH3 ns >0.9999 **** <0.0001 

 

Figure 4. 27 The effect of RAD + MMF and DOX + MMF in schedule 1,2 and 3 

combinations on the growth of D3 spheroids.  

(A) R3D3 spheroids were incubated with drugs continually for 21 days and images 

every 2-4 days. Spheroid volumes were calculated and the average fold increase from 

initial V/V0 +/- S.D, N= 36, is presented on a linear scale, (B-C) The area under the 

curve (AUC) +/- S.D. was also calculated using one-way ANOVA analysis with 

Bonferroni’s testing for multiple comparisons, results displayed in (D). Results are 

shown as an average of 3 independent experiments carried out using 36 spheroids 

per treatment, statistical analysis was carried out on the data using GraphPad prism 

9.2.1, determined by the. P<0.05=*, P<0.01=**, P<0.001=***, P<0.0001=**** when 

compared with the control.  
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Figure 4.27A suggests that there was a statistically significant decrease in the change 

in spheroid growth with respect to V/V0 when R3D3 cells were treated with R-SCH3 

compared to the untreated control (P=0.0008, Figure 4.27D). There was also a 

statistically significant decrease in the change in spheroid volume when R3D3 

spheroids were treated with R-SCH3 compared with D-SCH2 (P=0.0272, Figure 

4.27D). This suggests that R-SCH3 is the most suitable therapy tested at reducing 

the growth of resistant spheroid, this may be due to MMF inhibiting glutathione and 

allowing ROS to induce DNA damage, resulting in a higher percentage of cell death, 

however further mechanistic analysis will be carried out to investigate this.  

 

Figure 4.27B shows that there was a statistically significant decrease in the AUC value 

of all R3D3 treated spheroids compared with the untreated control spheroids (all 

P<0.0001, Figure 4.27B and C). There was also a statistically significant decrease in 

AUC value of R3D3 spheroids treated with D-SCH1, D-SCH2 and D-SCH3 compared 

with DOX alone and MMF alone (all P<0.0001, Figure 4.27B) and R3D3 spheroids 

treated with D-SCH3 compared with D-SCH1 and D-SCH2 (all, P<0.0001, Figure 

4.27B)  

 

Figure 4.27C reported that there was a statistically significant decrease in AUC when 

R3D3 spheroids were treated with R-SCH1, R-SCH2 and R-SCH3 compared with 

radiation alone and MMF alone (all, P<0.0001, Figure 4.27C) and R3D3 spheroids 

treated with R-SCH3 when compared to R-SCH1 and R-SCH2 (all, P<0.0001, Figure 

4.27C). 

 

Overall, the findings from Figure 4.27 suggest that radiation in a SCH3 combination 

with MMF, was the most successful therapy at reducing the growth of radiation + 

doxorubicin resistant cells, as is supported by the clonogenic analysis of the survival 

fraction of R3D3 treated cells. Thus R-SCH3 was also found to significantly reduce 

the growth of R3D3 cells in both 3D models and 2D models.  
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4.4.19 Combination Index analysis of Combination therapy Doxorubicin, 

Radiation and Monomethyl Fumarate on Doxorubicin + Radiotherapy Resistant 

cells 

 

As described in Sections 4.42.13, combination index analysis was carried out to 

investigate the synergistic capabilities of R3D3 cells treated with scheduled 

combinations of MMF + Dox or MMF + Rad. Results from the analysis are detailed in 

Figure 4.28.  

(A) 

(B) 

Drug 

Concentrations 

Combination Index Values 

 SCH1 SCH2 SCH3 

MMF 2 μM +RAD  2 Gy 1.5 0.8 0.1 

MMF 4 μM + RAD 2 Gy 0.19 0.38 0.02 

MMF 6 μM + RAD 2 Gy 0.23 0.19 0.05 

MMF 2 μM + DOX 0.2 μM 1.01 0.95 0.22 

MMF 4 μM + DOX 0.2 μM 1.01 0.79 0.41 

MMF 6 μM + DOX 0.2 μM 0.82 0.67 0.43 

 

Figure 4. 28 (A) Combination Index (CI) after R3D3 cells are incubated with DOX + 

MMF or RAD + MMF in the 3 treatments Schedules. 

 Antagonistic <1.1, Additive = .9-1.1 and Synergistic > 0.9. Each point represents 

three independent experiments carried out in triplicate. (B) Values of CI plotted in (A). 
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Results from Figure 4.28 report that all Radiation scheduled treatments at all 

concentrations produced synergistic CI values, except for R-SCH1 treated with 2 M 

MMF + 2 Gy Rad. This combination produced an antagonistic CI value (1.5). D-SCH1 

combination produced additive CI values when using 2 M MMF + 0.2 M Dox and 4 

M MMF + 0.2 M DOX combinations (1.01, 1.01). at the highest concentration tested 

6 M MMF + 0.2 M DOX D-SCH1 produced a synergistic CI value (0.82). D-SCH2 

and D-SCH3 produced all synergistic CI values at all concentrations tested. 

 

These results support the use of SCH3 combination therapies for both radiation and 

doxorubicin combinations in R3D3 cells.  These results suggest that SCH3 is the most 

appropriate combination to use as it produced a synergistic (better than the sum of 

each agent) CI value at when investigating R-SCH3 and D-SCH3.  

 

4.4.20 Cell cycle analysis of R3D3 cells after combination treatment with 

Doxorubicin, Radiation and Monomethyl Fumarate 

 
As described in Section 2.3.9, Cell Cycle Analysis assay was carried out to investigate 

the effect each treatment has on the percentage of cells in each phase of the cell 

cycle. Cells were treated with DOX alone RAD alone, MMF alone, the SCH3 DOX 

combination D-SCH3 (MMF1st 2 M +DOX 0.2 M 24 hours after 1st therapy 

administration) and the SCH3 RAD combination, R-SCH3 (MMF1st 2 M +RAD 2 Gy 

24 hours after 1st therapy administration) (Figure 4.29). 
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(E) 

Bonferroni's multiple comparisons 
test 

G1 P Value S P Value G2/M P 
Value 

sG1 P 
Value 

Control vs. MMF 0.0143 <0.0001 <0.0001 >0.9999 

Control vs. DOX 0.0565 0.0012 0.0001 >0.9999 

Control vs. DOX SCH3 >0.9999 >0.9999 >0.9999 0.0046 

Control vs. RAD 0.2313 0.0050 <0.0001 >0.9999 

Control vs. RAD SCH3 0.1829 0.0101 <0.0001 >0.9999 

MMF vs. DOX >0.9999 0.0050 0.0009 >0.9999 

MMF vs. DOX SCH3 0.0076 <0.0001 <0.0001 0.0089 

MMF vs. RAD >0.9999 0.0012 0.0120 >0.9999 

MMF vs. RAD SCH3 >0.9999 0.0006 0.0017 >0.9999 

DOX vs. DOX SCH3 0.0291 0.0004 <0.0001 0.0004 

DOX vs. RAD >0.9999 >0.9999 >0.9999 0.9668 

DOX vs. RAD SCH3 >0.9999 >0.9999 >0.9999 >0.9999 

DOX SCH3 vs. RAD 0.1173 0.0014 <0.0001 0.0113 

DOX SCH3 vs. RAD SCH3 0.0928 0.0026 <0.0001 0.0017 

RAD vs. RAD SCH3 >0.9999 >0.9999 >0.9999 >0.9999 

Figure 4. 29 The cell cycle distribution of untreated R3D3 cells and treated R3D3 

cells, M+D and M+R SCH3, 0hr post treatment removal.  

(MMF 2 M, DOX 0.2 M, RAD 2 Gy, D-SCH3 (MMF1st 2 M +Dox 0.2 M 24 hrs 

after 1st therapy administration), R-SCH3 (MMF 2 M 1st+ RAD 2 Gy 24hrs later). 

The figure above represents the percentage of cells in each phase of the cell cycle, 

results are displayed as an average of 3 independent experiments carried out in 

triplicate (A) – G1, (B)- S, (C)- G2/M and (D)- sG1. (E) A two-way ANOVA test was 

utilized to compare the means of the cell cycle phases after treatment cells versus 

untreated control cells and demonstrated in the above Tables where, *P<0.05, 

**P<0.01, ***P<0.001 and ****P<0.000.1, (applicable to Figures 4.29 – 4.31). 
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From Figure 4.29A reported at there was a statistically significant decrease in the 

percentage of cells in the G1 phase of the cell cycle when R3D3 cells are treated with 

D-SCH3 compared with DOX alone and MMF alone (Dox P=0.0076 and MMF 

P=0.0291, Figure 4.29E). There was a statistically significant increase in the 

percentage of R3D3 cells in G1 phase of the cell cycle when cells were treated with 

MMF compared to the untreated control R3D3 cells (P=0.0143, Figure 4.29E).  

 

Figure 4.31B reported that there was a statistically significant increase in the 

percentage of cells in S phase of the cell cycle when treated with MMF compared to 

the untreated control, Dox alone, D-SCH3, Rad alone and R-SCH3 (control P<0.0001, 

DOX P=0.0050, D-SCH3 P<0.0001, Rad alone P=0.0120 and R-SCH3 P=0.0017, 

Figure 4.29E). There was a statistically significant increase in the percentage of cells 

in S phase in the cell cycle when cells were treated with Dox alone and Rad alone 

when compared to the untreated control (Dox P=0.0012 and Rad P=0.0050, Figure 

4.31E). There was a statistically significant decrease in the percentage of cells in the 

S phase of the cell cycle when cells were treated with D-SCH3 compared to MMF, 

Dox alone, Rad alone andR-SCH3 (MMF P<0.0001, Dox P=0.0004, Rad P=0.0014 

and R-SCH3 P=0.0026, Figure 4.29E).  

 

Figure 4.31C reported that there was a statistically significant decrease in the 

percentage of cells in the G2/M phase of the cell cycle when cells were treated with 

D-SCH3 compared to MMF alone, DOX alone, Rad alone and R-SCH3 (all P<0.0001, 

Figure 4.29E). There was a statistically significant increase in the percentage of cells 

in G2/M phase of the cells cycle when cells were treated with MMF, Dox alone, Rad 

alone and R-SCH3 (MMF P<0.0001, DOX P=0.0001, Rad P<0.0001, R-SCH3 

P<0.0001, Figure 4.29E). There was a statistically significant increase in the 

percentage of cells in the G2/M phase of the cell cycle when cells were treated with 

MMF compared to Rad alone and R-SCH3 (Rad P=0.00120 and R-SCH3 P=0.0017, 

Figure 4.29E). Figure 4.29D reported that there was a statistically significant decrease 

in the percentage of cells in the sG1 phase of the cell cycle when cells were treated 

with D-SCH3 compared with the untreated control, MMF, Dox alone, Rad alone and 

R-SCH3 (control P=0.0046, Dox P=0.0089, MMF P=0.0004 Rad P=0.0113 and R-

SCH3 P=0.0017, Figure 4.29E).  
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These results suggest that R3D3 cells treated with D-SCH3 are being stalled in sG1 

phase of the cell cycle immediately after treatment is removed as cells fail to enter the 

cell division process, this is also supported by D-SCH3 treated cells being significantly 

decreased in all other phases of the cell cycle. This supports the hypothesis that MMF 

administered prior to DOX encourages cell death more than single therapies alone.  

 

Following this, cells were harvested 24hrs after treatment was removed and analysed 

for cell cycle. Figure 4.30 depicts the percentage of cells found in each phase of the 

cell cycle after treatment with RAD 2 Gy alone, Dox alone 0.02 M, MMF 2 M alone, 

the SCH3 RAD combination (MMF1st 2 M +RAD 2 Gy 24 hours after 1st therapy 

administration) and SCH3 dox combination (MMF 1st 2 M + Dox 0.02 M 24hrs after 

1st therapy administration) 48hrs after treatment was removed.  
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(E) 

Bonferroni's multiple comparisons 
test 

G1 P Value S P Value G2/M P 
Value 

sG1 P 
Value 

Control vs. MMF 0.0283 >0.9999 0.4103 0.0003 

Control vs. DOX >0.9999 >0.9999 >0.9999 >0.9999 

Control vs. DOX SCH3 <0.0001 0.5521 0.0050 <0.0001 

Control vs. RAD 0.0020 >0.9999 >0.9999 >0.9999 

Control vs. RAD SCH3 <0.0001 >0.9999 0.0589 <0.0001 

MMF vs. DOX 0.1883 >0.9999 0.0566 <0.0001 

MMF vs. DOX SCH3 <0.0001 >0.9999 0.4680 <0.0001 

MMF vs. RAD >0.9999 0.9084 0.0254 0.0003 

MMF vs. RAD SCH3 0.0005 >0.9999 >0.9999 <0.0001 

DOX vs. DOX SCH3 <0.0001 0.8311 0.0009 <0.0001 

DOX vs. RAD 0.0114 >0.9999 >0.9999 >0.9999 

DOX vs. RAD SCH3 <0.0001 >0.9999 0.0087 <0.0001 

DOX SCH3 vs. RAD <0.0001 0.0683 0.0005 <0.0001 

DOX SCH3 vs. RAD SCH3 0.0866 >0.9999 >0.9999 >0.9999 

RAD vs. RAD SCH3 0.0056 0.2170 0.0041 <0.0001 

Figure 4. 30 Shows the cell cycle distribution of untreated R3D3 cells and treated 

R3D3 cells, M+D and M+R SCH3, 24hr post treatment removal. 

 

From Figure 4.30A reported a statistically significant decrease in the percentage of 

cells in the G1 phase of the cell cycle when cells were treated with MMF, D-SCH3, 

Rad only and R-SCH3 compared to the untreated control (MMF P=0.0283, D-SCH3 

P<0.0001, Rad P=0.0020 and R-SCH3 P<0.0001, Figure 4.30E). There was a 

statistically significant decrease in the percentage of cells in the G1 phase of the cell 

cycle when cells were treated with R-SCH3 and D-SCH3 compared with MMF, Dox 

alone and Rad alone (MMF vs. D-SCH3 P<0.0001, MMF vs. R-SCH3 P=0.0005, Dox 
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both P<0.0001, Rad vs. D-SCH3 P<0.0001, Rad vs. R-SCH3 P=0.0056, Figure 

4.30E). There were no statistically significant changes in the percentage of cells in 

the S phase of the cell cycle when comparing any treated or untreated group of R3D3 

cells (Figure 4.30E).  

 

There was a statistically significant increase in the percentage of cells in the G2/M 

phase of the cell cycle when cells were treated with Rad alone compared to MMF, D-

SCH3 and R-SCH3 (MMF P=0.0254, D-SCH3 P=0.0005 and R-SCH3 P=0.0041, 

Figure 4.30E). There was a statistically significant decrease in the percentage of cells 

in the G2/M phase of the cell cycle when cells were treated with D-SCH3 compared 

with the untreated control and DOX alone (control P=0.0050 and Dox P=0.0009, 

Figure 4.30E). There was a statistically significant decrease in the percentage of cells 

in G2/M phase of the cell cycle when cells were treated with R-SCH3 compared with 

DOX alone and Rad alone (DOX P=0.0087 and Rad P=0.0041, Figure 4.30E).  

 

There was a statistically significant decrease in the percentage of cells in the sG1 

phase of the cell cycle when cells were treated with D-SCH3 and R-SCH3 compared 

to the untreated control, MMF, DOX alone and Rad alone (control both P<0.0001, 

DOX both P<0.0001, MMF P<0.0001 and Rad P<0.0001, Figure 4.30E). There was 

a statistically significant increase in the percentage of cells in sG1 phase of the cell 

cycle when cells were treated with MMF compared with the untreated control, DOX 

alone, MMF and Rad alone (control P=0.0003, Dox P<0.0001, Rad P=0.0003, Figure 

4.30E).  

 

These results support the hypothesis that MMF administered prior to radiation or 

doxorubicin increased the percentage of cell death. When cells are treated with D-

SCH3 and R-SCH3 there is a significantly lower percentage of the cells in each phase 

of the cell cycle 24hrs after treatment is removed, suggesting less of the cells are 

entering the cell division process. This may be due to MMF binding to glutathione, 

preventing the neutralisation of ROS, which is induced by radiation or doxorubicin 

treatment, or potentially MMF could be inhibiting the nuclear translocation of NRF2, 

preventing the synthesis of antioxidants such as glutathione, in turn allowing radiation 

and doxorubicin to induce SSB and DSB, ultimately leasing to cell death via the 

caspase 3 pathway. These results highlight that the combination can disrupt the cell 

cycle distribution significantly more than single therapies alone.  



 

 243 

 

Following this, cells were harvested 48hrs after treatment was removed and analysed 

for cell cycle. Figure 4.31 depicts the percentage of cells found in each phase of the 

cell cycle after treatment with RAD 2 Gy alone, Dox alone 0.2 M, MMF 2 M alone, 

the SCH3 RAD combination (MMF1st 2 M +RAD 2 Gy 24 hrs after 1st therapy 

administration) and SCH3 dox combination (MMF 1st 2 M + Dox 0.2 M 24hrs after 

1st therapy administration) 48hrs after treatment was removed.  
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(E) 

Bonferroni's multiple comparisons 
test 

G1 P Value S P Value G2/M P 
Value 

sG1 P 
Value 

Control vs. MMF 0.1199 >0.9999 0.2999 0.0022 

Control vs. DOX >0.9999 >0.9999 >0.9999 0.1007 

Control vs. DOX SCH3 0.0040 0.1329 0.7928 <0.0001 

Control vs. RAD >0.9999 >0.9999 0.2653 0.0716 

Control vs. RAD SCH3 0.0048 0.6440 >0.9999 <0.0001 

MMF vs. DOX 0.0673 >0.9999 0.0188 0.7432 

MMF vs. DOX SCH3 >0.9999 0.1897 0.0062 <0.0001 

MMF vs. RAD 0.0401 >0.9999 >0.9999 >0.9999 

MMF vs. RAD SCH3 >0.9999 0.9069 >0.9999 <0.0001 

DOX vs. DOX SCH3 0.0024 0.1066 >0.9999 <0.0001 

DOX vs. RAD >0.9999 >0.9999 0.0167 >0.9999 

DOX vs. RAD SCH3 0.0028 0.5192 0.1360 <0.0001 

DOX SCH3 vs. RAD 0.0015 0.0054 0.0055 <0.0001 

DOX SCH3 vs. RAD SCH3 >0.9999 >0.9999 0.0419 >0.9999 

RAD vs. RAD SCH3 0.0018 0.0240 >0.9999 <0.0001 

Figure 4. 31 The cell cycle distribution of untreated R3D3 cells and treated R3D3 

cells, M+D and M+R SCH3, 48hr post treatment removal. 

 

Figure 4.31A reported that there was a statistically significant decrease in the 

percentage of cells in the G1 phase of the cell cycle when cells were treated with D-

SCH3 and R-SCH3 compared to the untreated control, DOX alone and Rad alone 

(control vs. D-SCH3 P=0.0040, control vs. R-SCH3 P=0.0048, DOX vs. D-SCH3 

P=0.0024, DOX vs. R-SCH3 P=0.0028, Rad vs. D-SCH3 P=0.0015 and Rad vs. R-

SCH3 P=0.0018, Figure 4.31E). There was a statistically significant decrease in the 
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percentage of cells in the G1 phase of the cell cycle when cells were treated with MMF 

compared to Rad alone (P=0.0401, Figure 4.31E).  

 

Figure 4.33B reported that there was a statistically significant decrease in the S phase 

of the cell cycle when cells were treated with D-SCH3 and R-SCH3 compared with 

Rad alone (D-SCH3 P=0.0054 and R-SCH3 P=0.0240, Figure 4.31E).  

 

Figure 4.33C reported that there was no other statistically significant change in the 

percentage of cells in the S phase of the cell cycle when comparing any other treated 

or untreated group of R3D3 cells. There was however a statistically significant 

decrease in the percentage of cells in the G2/M phase of the cell cycle when cells 

were treated with D-SCH3 compared with MMF, Rad and R-SCH3 (MMF P=0.0062, 

Rad P=0.0053 and R-SCH3 P0.0419, Figure 4.31E). There was a statistically 

significant decrease in the percentage of cells in the G2/M phase of the cell cycle 

when cells were treated with DOX compared with MMF and Rad alone (MMF 

P=0.0188 and Rad P=0.0167, Figure 4.31E).  

 

Figure 4.31D reported that there was a statistically significant decrease in the 

percentage of cells in the sG1 phase of the cell cycle when cells were treated with D-

SCH3 and R-SCH3 compared with the untreated control, MMF, DOX alone and Rad 

alone (ALL P<0.0001, Figure 4.31E). There was also a statistically significant 

decrease in the percentage of cells in the sG1 phase of the cell cycle when cells were 

treated with MMF compared with the untreated control (P=0.0022, Figure 4.31E).  

 

 

These results support the hypothesis that MMF given prior to doxorubicin or radiation 

can induce a higher percentage of cell death. This may be due to the scheduled 

combination therapies producing a significant decrease in the percentage of cells in 

G1, S and sG1 phases of the cell cycle suggesting that a larger percentage of these 

treated cells are prevented for completing the cell cycle and dividing. These result 

support the hypothesis that MMF is sensitizing R3D3 resistant cells to damage, this 

may be caused by a modulation in glutathione, however this will be investigated later 

in this chapter. The decrease in the distribution of R3D3 cells treated with SCH3 in 

each phase of the cell cycle may be an indication that this treatment may be causing 

cell cycle arrest in G1 and G2/M. These findings would support the idea that MMF 
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allows for an increase in DNA damage caused by doxorubicin and radiation and as 

such these strand breaks are inhibited by the G2/M checkpoint and cells are unable 

to fully divide into two identical daughter cells. An investigation into the apoptotic state 

of these cells will be discusses in section 2.3.10, this may highlight the proposed DNA 

damage that is suggested by cell cycle analysis of SCH3 treatments.  

 

 

4.4.21 Apoptosis/Necrosis quantification of Doxorubicin + Radiotherapy 

Resistant MDA-MB-231 cells after combination treatment with Doxorubicin, 

Radiation and Monomethyl Fumarate 

 

As previously described in section 2.3.10 an investigation into Apoptosis induction in 

radiation and doxorubicin resistant cells was investigated using; DOX 0.2 M, RAD 

2Gy in combination with MMF 2 M.  
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(D) 

 

Figure 4. 32 The effect of DOX 0.2 M, RAD 2 Gy, MMF 2 M, DOX SCH3 and RAD 

SCH3 on the different phases of apoptosis in R3D3 cells are shown. 

Three different time points were used post treatment removal; (A) 0hr, (B) 24hr and 

(C) 48hr. Data is expressed as mean+/- SD of 3 individual experiments at each time 

point, carried out in triplicate. Statistical Analysis carried out using two-way ANOVA 

followed by Bonferroni’s post hoc testing, comparing each apoptotic phase separately 

between all treatments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 (see 

appendix 9). 

 

From Figure 4.32A, 0 hrs post treatment removal, there was a statistically significant 

decrease in the percentage of viable cells when treated with MMF alone, D-SCH3, 

RAD and R-SCH3 when compared with the control (MMF, P=0.0051, D-SCH3, 

P<0.0001, RAD, P=0.005 and R-SCH3 P<0.0001). There was also a statistically 

significant decrease in the percentage of viable cells when treated with D-SCH3, and 

R-SCH3 when compare with MMF alone (D-SCH3, P=0.0001and R-SCH3 P=0.0001). 
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DOX SCH3 also reported a statistically significantly reduced percentage of viable cells 

when compared with DOX alone (P<0.0001). R-SCH3 reported a statistically 

significant reduction in the percentage of viable cells when compared to RAD alone 

(P=0.0017). The only statistically significant result found in Figure 4.32A when 

comparing early apoptotic cells was found between D-SCH3 compared with the 

control (P=0.0017). When reviewing the percentage of cells in late apoptosis, there 

was a statistically significant increase in the percentage of late apoptotic cells when 

treated with D-SCH3 and R-SCH3 to the control (both P<0.0001). There was also a 

statistically significant increase in the percentage of cells in late apoptosis when 

treated with R-SCH3 compared with MMF alone (P=0.0031). D-SCH3 also produced 

a statistically significantly increased percentage of cells in late apoptosis when 

compared with DOX alone treated cells (P=0.0002). R-SCH3 also produced a 

statistically significantly increase percentage pf cells in late apoptosis when compared 

with RAD alone (P=0.0013).  

 

Fig 4.32B reports the percentage of cells in each stage of apoptosis, 24 hrs after 

treatment removal. There was a statistically significant decrease in the percentage of 

viable cells in all treated cells when compared with the control; RAD alone, MMF 

alone, DOX alone, D-SCH3 and R-SCH3 (all P<0.0001 except for RAD alone 

P=0.0289). There was also a statistically significant decrease in the percentage of 

viable cells when treated with D-SCH3 and R-SCH3, compared with MMF alone 

treated cells (both P<0.0001). DOX SCH3 also produced a statistically significantly 

reduced percentage of viable cells when compared to DOX alone (P<0.0001). R-

SCH3 reported a statistically significantly reduced percentage of viable cells when 

compared to RAD alone (P<0.0001). There was a statistically significant increase in 

the percentage of cells in early apoptosis when treated with D-SCH3 compared with 

the control (P=0.0166). There was also a statistically significant increase in the 

percentage of cells in early apoptosis when treated with D-SCH3 and R-SCH3 

compared with MMF alone (D-SCH3 P<0.0001 and R-SCH3 P=0.0170). All treated 

cells reported a statistically significant increase in the percentage of cells in late 

apoptosis when treated with DOX, D-SCH3 and R-SCH3 compared with the control; 

(all P<0.0001). MMF and RAD treated cells also statistically significantly increased 

the percentage of cells in late apoptosis when compared to the untreated control 

(MMF P=0.0454 and RAD P=0.0142). There was a statistically significant increase in 

the percentage of late apoptotic cells when treated with D-SCH3 and R-SCH3 
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compared with MMF alone treated cells, (both P<0.0001). D-SCH3 also produced a 

statistically significant increase in late apoptotic cells compared with DOX alone 

(P<0.0001). R-SCH3 produced a statistically significant increase in late apoptotic cells 

compare to RAD alone (P<0.0001). 

 

Figure 4.32C describes the percentage of cells in each phase of apoptosis 48 hrs post 

treatment removal. All treated cells reported a statistically significant decrease in 

viable cells when compared to the control group, (all P<0.0001). D-SCH3 and R-

SCH3 treatments both produced a statistically significant decrease in viable cells 

when compare with MMF alone, (both P<0.0001). There was also a statistically 

significant decrease in the percentage of viable cells when treated with D-SCH3 and 

R-SCH3 compared with their relevant single therapies, (both P<0.0001). All treated 

cells also produced a statistically significant increase in the percentage of cells in early 

apoptosis when compared with the control (MMF, DOX and RAD P<0.0001, D-SCH3 

P=0.0009 and R-SCH3 P=0.0365). Both D-SCH3 and R-SCH3 produced a 

statistically significant increase in the percentage of early apoptotic cells when 

compared to MMF alone (both P <0.0001). RAD alone produced a statistically 

significant increase in early apoptotic cells when compared with R-SCH3 (P<0.0001). 

When comparing the percentage of late apoptotic cells in Figure 4.32C, there was a 

statistically significant increase in the percentage of cells in late apoptosis when 

treated with MMF, D-SCH3, RAD and R-SCH3 compared with the control (all P 

<0.0001). There was a statistically significant increase in the percentage of cells in 

late apoptosis when treated with D-SCH3 and R-SCH3 compared with MMF alone 

(both P <0.0001). Finally, both D-SCH3 and R-SCH3 produced a statistically 

significant increase in the percentage of late apoptotic cells when compared to DOX 

alone and RAD alone (both P <0.0001). There were no statistically significant changes 

in the percentage of necrotic cells 48 hrs post treatment removal.  

 

In summary the results from Figure 4.32 support the hypothesis that a SCH3 

combination therapy of R-SCH3 or D-SCH3 is able in significantly increase apoptosis 

when compared to the individual therapies in R3D3 resistant cells. This may be due 

to the previously mentioned mechanisms in which the SCH3 combination therapy is 

working.  
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4.4.22 Analysis of Glutathione levels Doxorubicin + Radiotherapy resistant 

MDA-MB-231 cells after combination treatment with Doxorubicin, Radiation, 

and monomethyl Fumarate 

 

The results shown in Figures 4.33 and 4.34 were gathered as described in Section 

2.3.8. Cells were harvested so GSH levels could be measured; 25 hours into a 48hour 

treatment schedule or 1 hr after the second therapy was administered in the 

combination treatment, immediately after the treatment was removed (0HR), 24 hours 

after the treatments were removed and 48 hours after the treatment were removed as 

previously detailed in Section 2.3.6. All time points are an average of three 

independent experiments. The combination index results of R3D3 untreated control 

cells, 0.2 M DOX, 2 M MMF and SCH3 combination treated cells are detailed in 

Figure 4.33. 
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(A) 

 

(B) 

Bonferroni's multiple 
comparisons test 

P Value 1 
HR post  

P Value 
0HR 

P Value 
24HR 

P Value 
48HR 

CONTROL vs. DOX >0.9999 0.3011 <0.0001 <0.0001 

CONTROL vs. MMF <0.0001 0.0004 0.0030 <0.0001 

CONTROL vs. SCH3 <0.0001 0.0018 0.0003 <0.0001 

DOX vs. MMF <0.0001 0.0047 0.0129 0.0003 

DOX vs. SCH3 <0.0001 0.0333 0.3037 0.0568 

MMF vs. SCH3 <0.0001 >0.9999 0.3835 <0.0001 

Figure 4. 33 The affect single therapies DOX 0.2 M and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + DOX 0.2 M 24 hours later. 

 Data reported is an average of three independent experiments in triplicate. (B)A one-

way ANOVA with Bonferroni post testing was performed using GraphPad prism 9.2.1 

comparing each treated and untreated group to each other, *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.0001 (applicable for Figure 4.35 - 4.36). 

 

Results from Figure 4.33 suggest that 1 hr post treatment administration, there was a 

statistically significant reduction in relative GSH levels when comparing D-SCH3 and 

MMF with the control, MMF, and DOX alone (all P<0.0001, Figure 4.33B). 0 hrs post 

treatment removal there was also a statistically significantly reduced relative GSH 

level when comparing D-SCH3 to the control and Dox (control, P=0.0018 and DOX 

P=0.033, Figure 4.33B). There was also a statistically significant reduction in relative 

GSH levels when comparing MMF to the control and Dox (control, P=0.0004 and 

DOX, P=0.0047, Figure 4.33B). 24 hrs post treatment there was a statistically 

significantly reduced relative GSH level when R3D3 cells were treated with DOX, 

MMF and D-SCH3, compared with the control (DOX P<0.0001, MMF P=0.003 and 
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SCH3 P=0.0003, Figure 4.33B). There was also a statistically significantly reduced 

relative GSH level when comparing DOX treated R3D3 cells and MMF treated R3D3 

cells (P=0.012, Figure 4.33B). 48 hrs post treatment removal there was a statistically 

significant reduction in relative GSH levels when R3D3 cells were treated with DOX, 

MMF and D-SCH3 compared to the control (all P<0.0001, Figure 4.33B). There was 

also a statistically significant reduction in relative GSH levels when R3D3 cells were 

treated with DOX and D-SCH3 compared to MMF treated cells (DOX P=0.0003, D-

SCH3 P<0.0001, Figure 4.33B). 

 

Overall, these results suggest that D-SCH3 combination can significantly reduce the 

relative GSH levels in R3D3 cells. The data in Figure 4.33 supports the findings in 

Section 4.4.21 that suggest an increase in apoptotic cells following D-SCH3 treatment 

of R3D3 cells. We hypothesised that this increase in apoptotic cells was due to MMF 

inhibiting the nuclear translocation of NRF2 in R3D3 cell, thereby preventing the 

generation of GSH as seen in Figure 4.35. This supports the hypothesis that SCH3 

treatment inhibits the production of GSH which prevents the neutralisation of ROS 

generated by doxorubicin treatment, allowing ROS generated to induce SSB and 

DSB, which induces apoptosis.  

 

 

 
Figure 4.34 details the combination index analysis of R3D3 untreated control cells, 

Rad 2 Gy, MMF 2 M and SCH3 combination treated R3D3 cells.  
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(A) 

 

(B) 

Bonferroni's multiple 
comparisons test 

P Value 1 
HR post  

P Value 
0HR 

P Value 
24HR 

P Value 
48HR 

CONTROL vs. RAD 0.0002 >0.9999 >0.9999 0.0001 

CONTROL vs. MMF 0.0024 0.2057 0.0430 <0.0001 

CONTROL vs. SCH3 0.0002 0.2763 0.5410 <0.0001 

RAD vs. MMF 0.0052 0.1785 0.0030 0.6321 

RAD vs. SCH3 >0.9999 0.2704 0.0433 0.0001 

MMF vs. SCH3 0.0123 >0.9999 0.1880 0.0003 

Figure 4. 34 The affect single therapies RAD 2 Gy and MMF 2 M, and combination 

therapy SCH3 MMF 2 M 1st + RAD 2 Gy 24 hours later.  

 

From Figure 4.34 it was reported that 1 hr post treatment removal there was a 

statistically significant reduction in relative GSH levels in R3D3 cells treated with RAD, 

MMF and R-SCH3 when compared to the control (RAD P=0.0002, MMF P=0.0024, 

R-SCH3 P=0.0002, Figure 4.34B). There was also a statistically significant reduction 

in relative GSH levels in R3D3 cells treated with RAD and R-SCH3 when compared 

with MMF alone (RAD P=0.0052, R-SCH3 P=0.0123, Figure 4.34B). 0 hrs post 

treatment there was no statistically significant changes in relative GSH levels in any 

R3D3 cells. 24 hrs post treatment there was a statistically significant reduction in 

relative GSH levels when comparing MMF treated R3D3 cells with the control and 

RAD (Control P=0.043, RAD P=0.003, Figure 4.34B). There was also a statistically 

significant reduction in the relative GSH levels of R3D3 cells when treated with R-

SCH3 compared to RAD (P=0.0433, Figure 4.34B). 48 hrs post treatment removal 

there was a statistically significant reduction in the relative GSH levels of R3D3 cells 

treated with RAD, MMF and R-SCH3 compared with the control (all P<0.0001, Figure 
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4.34B). There was also a statistically significant reduction in the relative GSH levels 

of R3D3 cells treated with R-SCH3 compared with RAD and MMF (RAD P=0.0001 

and MMF P=0.0003, Figure 4.34B). 

 

In summary the results from Figure 4.34 suggest R-SCH3 combination can 

significantly reduce the relative GSH levels in R3D3 cells. The data in Figure 4.354 

supports the findings in Section 4.4.21 that suggest an increase in apoptotic cells 

following R-SCH3 treatment of R3D3 cells for reasons detailed above. 

 

4.4.23 Detection of Autophagic Radiation + Doxorubicin resistant cells 
after combination treatment with Doxorubicin, Radiation and 
Monomethyl Fumarate 
 

As previously described in section 2.3.8 an autophagy assay was used to investigate 

the percentage of cells that had undergone autophagy because of treatment. This 

assay was carried out at 3 different time points to co-inside with the Cell Cycle 

analysis data (Section 4.4.20). This section investigated the radiation and doxorubicin 

resistant cells that were treated with MMF 2 M alone, radiation at 2 Gy, DOX 0.2 M 

as well as the schedule 3 combination of MMF 2 M + Rad 2 Gy and MMF 2 M +Dox 

0.2 M and results displayed in Figure 4.35.   
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Figure 4. 35 The effect of; RAD alone 2 Gy, MMF alone 2 M or Schedule 3 

combinations of reagents on the induction of autophagy. 

Data is expressed relative to the control. Cells were measure on a fluorescent 

microplate reader at 412nm. (A) 0 hours after treatment removed. (B) 24 hours after 
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treatment removed. (C) 48 hours after treatment removed. All graphs are displayed 

as mean and standard deviation of 3 individual experiments, in triplicate. One -way 

ANVOA was carried out with Bonferroni’s correction. 

 

As reported in Figure 4.35A the absorbance measured 0 hours post treatment 

removal showed some statistically significant results. There was a statistically 

significant decrease in absorbance of DOX alone (P=0.0221) and DOX SCH3 

(P=0.0003) when compared with the control. There was also a statistically significant 

decrease in the absorbance of cells treated with DOX SCH3 compared with MMF 

alone (P=0.0152). Finally, there was a statistically significant decrease in the 

absorbance of cell treated with DOX SCH3 when compare with RAD SCH3 

(P=0.0299).  

 

The only statistically significant change in absorbance was found when comparing 

DOX and RAD 24 hours post treatment removal, (Figure 4.37B). There was a 

statistically significant increase in absorbance when cells were treated with RAD 

alone compared with DOX alone (P=0.0098).  

 

There was a statistically significant decrease in absorbance of cells 48 hours post 

treatment (Figure 4.37C) when cells were treated with RAD alone compared with 

Control, MMF alone, DOX, D-SCH3 and R-SCH3, all produced P values of <0.0001.  

 

These results suggest that RAD alone treated R3D3 cells may be producing a 

reduced autophagic signal 48 hrs following treatment. However, this was the only 

treated R3D3 group that produced a significant change in autophagic signals when 

compared to any other group. Therefore, it appears that the combination therapies D-

SCH3 and R-SCH3 are not inducing cell death via an autophagic pathway.   
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4.4.24 Quantification of DNA damage and repair using Comet Assay, of 

MDA-MB-231 cells after combination treatment with Doxorubicin, 

Radiation and Monomethyl Fumarate 

 

A comet assay was used to quantify the DNA damage induced by radiation alone at 

2 Gy, MMF alone at 2 M and the SCH 3 combination of R-SCH3as well as DOX 0.2 

M and D-SCH3 combination. This assay was previously described in Section 2.3.12. 

DOX treated R3D3 cells were exposed to treatment for 48 hrs before harvesting at 0 

hrs post treatment removal, following this cell for collection at 24 hr and 48 hr time 

points were covered in drug free complete DMEM media until appropriate harvest time 

was reached.  

 

There were differences in the harvest time points between DOX treated R3D3 cells 

and RAD treated R3D3 cells. For RAD treated R3D3 cells, comet analysis was carried 

out immediately after treatment (rather than after cells were exposed to drug for 48 

hrs in DOX treated R3D3 cells) as when using radiation, a spike in ROS occurs 

immediately after irradiation exposure and in order to quantify this spike in DNA 

damage a comet assay was carried out immediately following this, 24 hrs after initial 

treatment and 48 hrs after initial treatment. This same time points were used for MMF 

alone and R-SCH3 treated cells, for R-SCH3 treatment the 0-hr time point was taken 

24 hrs after MMF administration and immediately after these pre-exposed MMF cells 

were irradiated. This allowed for an analysis of cells exposed to radiation without MMF 

prior exposer and those with prior MMF exposure.  MMF alone treated cells were 

exposed to MMF for 10 minutes (this is to allow for the time taken to irradiate cells 

using X-irradiator and carry cell back to a cell culture hood for harvesting). 

 

- Comparison of DNA fragmentation of D-SCH3 combination at 0hr, 24hr and 

48hr – Analysis of DNA repair 

 

The median tail moment (AU) was calculated for each treatment; MMF 2 M, DOX 

(0.2 M), D-SCH3 combination as seen in Figure 4.36. This was determined for each 

time point measured, 0hrs post treatment removal, 24hours post treatment removal 

and 48hours post treatment removal. Statistical analysis was carried out on these 

results using a one-way ANOVA with Bonferroni’s correction, the results are detailed 

in appendix 10 and 11. 
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Figure 4. 36 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. 

MMF alone, DOX alone, D-SCH3 combination were the treatments used as described 

time points of 0hr post treatment removal, 24hrs post treatment removal and 48hrs 

post treatment removal are compared for each treatment. Results are displayed as 

an average of 3 independent experiments with 70 comets per treatments group. 

Statistical analysis was carried out using a one-way ANOVA with Bonferroni’s 

correction and are detailed in Table 4.3. P>0.0001 ****, P>0.001 ***, P>0.01** and 

P>0.1 * (applicable to Figure 3.36 – 4.37) (see appendix 10 and 11).  

 

The results from Figure 4.36 suggested, a statistically significant increase in 0hr 

median tail moments of cells treated with MMF, DOX and D-SCH3 at the 0-hr median 

tail moment, when compared with 0hr medial tail moment of the untreated control (all 

P<0.0001). There was a statistically significant increase in median tail moment of cells 

treated with MMF alone at 0hours post treatment removal compared with DOX 0 hr 
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post treatment removal (P<0.0001). There were statistically significant decreases in 

median tail moment when comparing MMF 0hr, DOX 0hr and D-SCH3 0hr, to their 

respective 24 hr and median tail moments (all P<0.0001). There was a statistically 

significant decrease in median tail moment when comparing MMF 0hr and DOX 0hr 

to their respective 48 hr and median tail moments (both P<0.0001). There was a 

statistically significant increase in 0 hr median tail moment of MMF alone treated 

R3D3 cell, when compared to the 0-hr median tail moment of D-SCH3 treated R3D3 

cells (P<0.0001). There was a statistically significant increase in the 0-hr median tail 

moment of D-SCH3 treated R3D3 cells when compared to the 0-hr median tail 

moment of DOX alone treated R3D3 cells (P<0.0001).  

 

Overall, these results suggest that treatment of cells with D-SCH3 initially results in a 

greater DNA fragmentation than DOX alone treated R3D3 cells. However, with all 

treatments tested, this DNA fragmentation did not continue 48 hrs after treatment. 

This may be due to R3D3 cells being able to repair DNA fragmentation efficiently or 

that because of treatment, the DNA is incredibly fragmented, causing hedgehog 

comets, as previously described. This comet data was surprising as there is a 

significant increase in apoptotic cells found after treatment with D-SCH3, therefore it 

was expected that a larger median tail moment would be visible following treatment 

of these cells.  However, the results do support the hypothesis that D-SCH3 

combination induced more DNA damage than DOX alone in R3D3 cells.  

 

 

4.4.25 Comparison of DNA fragmentation of D-SCH3 combination at 0hr, 24hr 

and 48hr – Analysis of DNA repair 

 

The median tail moment (AU) was calculated for each treatment; MMF 2 M, RAD 2 

Gy, R-SCH3 combination.  
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Figure 4. 37 The median DNA damage quantified as Tail Moment (AU) is displayed 

as a percentage of the control median. 

 
The results from Figure 4.37 suggested that there is a statistically significant increase 

in 0 hr median tail moment of R3D3 cells treated with RAD alone and R-SCH3 when 

compared to the untreated control and MMF alone median tail moment at 0 hrs post 

treatment (both P<0.0001). There was a statistically significant increase in the median 

tail moment 0 hrs post treatment when R3D3 cells were treated with RAD alone and 

R-SCH3 compared to MMF alone treated cells (both, P<0.0001) and a statistically 

significant decrease in the median tail moments of R3D3 cells treated with RAD and 

R-SCH3 when comparing 0 hr post treatment to 24 hr and 48 hr post treatment 

median tail moments for respective therapies (all P<0.0001).  

 

Overall, the data from Figure 4.37 supports the hypothesis that R-SCH3 can induce 

DNA damage, and this was found to be significantly greater DNA fragmentation than 

RAD alone induced. The DNA fragmentation of R3D3 treated cells also appears to be 

repaired 24 and 48 hrs after treatment following Rad alone and R-SCH3 treatment. 
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These results were surprising as the results from Annexin V reported a statistically 

significant percentage of apoptotic cells following RAD and R-SCH3 treatment in 

R3D3 cells. However, it may be that the initial DNA fragmentation found 0 hrs post 

treatment is able to induce the apoptotic pathway and even though this DNA 

fragmentation appears to be repairing from the comet data, the apoptosis is already 

underway and cell death pathway in R3D3 cells are already inducing, causing 

significant cell death. As previously stated, it is known that comet assays are not the 

most effective at visualising DNA fragmentation when analysing apoptotic cells, they 

can lead to the formation of hedgehog comets and results are often not fully 

representative of the damage induced by therapies.   
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4.5 Discussion  
 

4.5.1 Doxorubicin resistant cells 

 

Our derived D3 cell line has been shown to have therapy resistance to doxorubicin 

treatment, compared with parent MDA-MB-231 cells. After establishing this 

resistance, these cells were used to investigate the potential of MMF in scheduled 

combination to re-sensitise these cells to the treatment modalities that they had 

hitherto shown resistance to. It was found that SCH3 combination of MMF 1st +DOX 

was the combination therapy that produced a statistically significant reduction in cell 

survival compared to the control, MMF alone and DOX alone. This suggests that this 

SCH3 combination is the most effective therapy tested at killing D3 cells and could 

potentially be re-sensitising the D3 cells to death via doxorubicin. However, 3D 

models and mechanistic studies were carried out to determine what was happening 

to these cells on a mechanistic level after D-SCH3 treatment and if any differences 

were seen between single therapy and D-SCH3 combination in D3 cells.  

 

Upon reviewing the data in section 4.4.1, it was found that with respect to spheroid 

growth, that AUC values of D3 resistant cells, D-SCH1 and D-SCH3 induced 

statistically significant decreased in AUC values compared with control D3 cells, and 

DOX only treated cells, D-SCH1 also demonstrated a statistically significant decrease 

in AUC value when compared with MMF alone. However, given that the 2D and 3D 

data suggests that the D-SCH3 combination is the most statistically significant 

combination that will induce cell death this was the schedule that was chosen to be 

investigated mechanistically.  

 

Results from cell cycle analysis suggest that after treatment with DOX, MMF and D-

SCH3 combination, for D3 cells at 0 hours post treatment removal there was cell cycle 

arrest in the G1 phase of the cell cycle (Figure 4.7). Cell cycle arrest in G1 phase of 

the cell cycle inhibits cells from progressing through the cell cycle and provides an 

opportunity for cells to carry our repair mechanisms or follow an apoptotic pathway 

(Murad et al., 2016). This coincides with the statistically significant decrease in 

percentage of viable cells when treated with D-SCH3, MMF and DOX alone in Figure 

4.10A. 24 hours later (Figure 4.8) cell exhibit a different percentage of cells in each 

phase of the cell cycle. There is a decrease in the percentage of cells in G1 and G2/M 
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phase of the cell cycle when treated with D-SCH3, MMF and DOX compared with the 

percentage of control cells in G1 and G2/M phase of the cell cycle. This would suggest 

that there is a decrease in the percentage of cells that are progressing through the 

cell cycle, as well as cells potentially being trapped at the G2/M checkpoint, due to an 

accumulation of DNA strand breaks that are unable to be repaired. This is reflective 

of the findings in Figure 4.10B, there is a statistically significant increase in the 

percentage of cells in the late apoptotic phase of apoptosis when treated with MMF, 

DOX and D-SCH3 when compared with the control cells.  Taken together these data 

supports the idea that cells treated with D-SCH3, MMF and DOX are being arrested 

in G1 phase of the cell cycle, where it is determined that these cells are unable to 

continue through the cell cycle process and enter the apoptotic pathway. It appears 

that some of the treated cells can overcome G1 cell cycle arrest and continue through 

the cell cycle as seen in Figure 4.9. Cells treated with DOX show a similar percentage 

of cells in G2/M and S phase compared with the control cells. This is reflective of the 

Annexin V data in Figure 4.10C as DOX treated cells show no significant difference 

in viable cells compared with the control, suggesting doxorubicin resistant cells can 

repair following treatment with doxorubicin alone. However, the opposite is seen in D-

SCH3 treated D3 cells. From Figure 4.9, the cell cycle data indicates a reduced 

percentage of D-SCH3 treated cells in the S phase and G2/M phases compared with 

all other treated cells. This would suggest that a reduced percentage of D-SCH3 

treated D3 cells are being allowed to progress through the cell cycle and divide. This 

idea is supported by the data in Figure 4.10C, where there is a statistically significant 

increase in the percentage of cells in late apoptosis when treated with D-SCH3 

compared with the D3 control cells and DOX alone treated cells. Overall, the data 

from figure 4.7-4.10 suggest that D-SCH3 treated D3 cells are unable to progress 

through the cell cycle and are entering the apoptotic pathway, ultimately resulting in 

cell death. As this is not the case with DOX only treated doxorubicin resistant cells, 

where the data suggests initial cell cycle arrest, the treated cells are able to repair and 

continue through the cell cycle and do not result in death via apoptosis. These results 

suggest that the D-SCH3 combination of MMF 1st + DOX is effective at killing 

doxorubicin resistant D3 cells via apoptosis which is not seen in doxorubicin alone 

treated D3 cells. This idea is supported by the clonogenic data seen in Figure 4.3 

where D-SCH3 treated D3 cells had a significantly reduced the survival fraction of 2D 

cells compared with control D3 cells, DOX only and MMF only treated D3 cells.  
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Following Glutathione analysis of D3 cells treated with MMF and D-SCH3 combination 

in Figure 4.10, there was no stabilising of the relative glutathione levels of D3 cells 

after treatment with these therapies 48 hrs post treatment removal, D-SCH3 treated 

D3 cells still had statistically significantly reduced relative GSH levels compared with 

the control and DOX alone treated D3 cells. This suggests that MMF can reduce the 

relative GSH levels of D3 cells up to 48 hrs post treatment removal and may explain 

why elevated apoptotic markers are present following D3 treatment with D-SCH3 

combination therapy. This potentially could be due to the glutathione production in D3 

cells being inhibited by MMF following treatment with D-SCH3 and the cells are failing 

to stabilise their relative glutathione levels post treatment, resulting in the cells being 

more susceptible to damage. In the case of treatment with D-SCH3 this is reflective 

of the findings in Figure 4.4 where the clonogenic analysis of D3 survival was 

statistically significantly reduced following treatment with SCH3 combination. 

 

The results from Figure 4.11 suggest that the mechanism of action by which D3 cells 

are dying following treatment with D-SCH3 if not via autophagy. There was no 

significant increase in treated cells vs control cells at all 3 time points measured.  

 

Upon reviewing the data in Figure 4.12 there was a significant increase in the median 

tail moment of D3 cells treated with D-SCH3 combination 0 hrs post treatment 

removal. However, at 24 hours and 48 hours post treatment there was no statistically 

significant increase in median tail moments when comparing the treated D3 cells tail 

moments to the control or any other treated cell. This suggests that although the 

damage is being induced in these D3 cells, they can repair cells 24 hours post 

treatment removal and that repair is sustained 48 hours later. These results are 

contradictory of those reported in the Annexin V and Cell Cycle analysis studies 

(Figures 4.6 and 7) and suggest that D3 cells are undergoing apoptosis following 

treatment with D-SCH3 combination. However, this has been reported in previous 

studies (Siles et al., 1998, O’Callaghan et al., 2001). These studies all demonstrated 

that although comet assays are useful in detecting DNA damage in cells, they are not 

adequate to detect modes of cell death and that in apoptotic or necrotic cells. In this 

case the DNA can be extremely fragmented and by using a comet assay in a comet 

assay the fragmented DNA is being electrophoresed out of the gel and therefore 

unable to be accurately measured. 
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4.5.2 Radiation resistant cells   

 

Treatment of radiation resistant R3 cells caused an increase in the number of cells in 

the sG1 phase of the cell cycle, when they were treated with MMF, RAD and R-SCH3 

compared with the untreated control R3 cells (Figure 4.18). This could indicate that 

cells are beginning apoptosis as cells with a decreased propidium iodide intensity are 

displayed in the sub G1 phase of the cell cycle (Rieger et al., 2011). This can be useful 

in determining apoptotic cells; however, a more accurate assay is required such as 

the Annexin V assay.  As such the results from Figure 4.20A show a statistically 

significant decrease in the percentage of viable cells when they were treated with R-

SCH3, compared with the R3 untreated control, RAD only and MMF only treated R3 

cells. There is also a statistically significant increase in the percentage of cells in late 

apoptosis when treated with R-SCH3 compared with the untreated control, MMF and 

RAD only. The percentage of cells in each phase of the cell cycle appear to be like 

that of the untreated control cells 24 hours following treatment removal (Figure 4.18). 

This is again reflected in Figure 4.19B (24 hr), investigating apoptosis as the 

percentage of viable cells when treated with MMF and RAD only increases when 

compared to Figure 4.18A (0 hr). However, R-SCH3 treated R3 cells still suggest a 

statistically significantly greater percentage of cells in late apoptosis when compared 

to all other R3 cells (Figure 4.21C). R-SCH3 is the only treated group of R3 cells that 

shows no statistically significant increase in viable cells 48 hours post treatment, 

suggesting that this treatment can induce R3 cells damage and prevent cell repair up 

to 48 hrs post treatment removal.  

 

This is reflective of the data detailed in Figure 4.15, using a clonogenic assay to 

determine cell survival post treatment. R-SCH3 treated R3 cells were the only treated 

cells that showed a statistically significant decrease in cell survival fraction when 

compared to the untreated control R3 cells and MMF and RAD alone treated R3 cells.  

Similarly, in 3D analysis (Figure 4.16), R-SCH3 was the only scheduled combination 

to produce a statistically significant decrease in AUC values when compared to the 

untreated R3 control and RAD alone treated R3 cells.  

 

Results from Figure 4.22 indicate that 48 hrs post treatment R3 cells treated with R-

SCH3 and MMF have statistically significantly reduced relative glutathione levels. As 

hypothesised, this reduction in glutathione levels post treatment with MMF may be 
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reflective of the findings detailed above. As treatment with the R-SCH3 schedule is 

reducing the intracellular glutathione levels, this may be the explanation as to why 

clonogenic analysis, Annexin V and spheroids have a decrease in cell survival and 

upregulation of apoptosis following treatment with R-SCH3.This could be due to MMF 

inhibiting intracellular glutathione production and the cells are sensitized to irradiation 

with 2 Gy 24 hours following.  

 

There are some statistically significant increases in absorbance at 412nm in 0hrs post 

treatment removal experimental groups, (Figure 4.30), compared to the untreated 

control R3 cells. This significant increase is however not found at any other time point 

and there is little difference in absorbance measure among treated R3 cells. This 

suggest that autophagy is not the mechanism by which R3 cells are being killed by R-

SCH3 combination, with little change in the absorbance measured, which is a direct 

reflection of intracellular autophagic vessels. 

 

The results from comet assays carried out to investigate DNA damage of R3 cells 

following treatment with MMF, RAD and the R-SCH3 combination, detailed in figure 

4.24. The results suggest that 48 hours post treatment removal, R3 cells treated with 

R-SCH3 combination have a significant increase in median tail moments when 

compared with the untreated control R3 cells and all other treated R3 cells, 

Suggesting the R-SCH3 combination was inducing damage, and that damage was 

unable to be repaired 48 hours post treatment removal. This data supports the results 

from Annexin V, clonogenic assays and 3D spheroid result when treating R3 cells 

treated with R-SCH3.  

 

 

4.5.3 Radiation and Doxorubicin resistant cells 

 

Following development of radiation + Doxorubicin resistant cells (R3D3), R3D3 cells 

had the highest cell survival fraction when investigating survival after treatment with 

1.5 M Dox and 3 Gy dose of radiation (Section 4.4.17). R3D3 was therefore the R+D 

resistant cell line that was chosen to investigate potential combination therapies to 

overcome cell resistance and re-sensitize cells to death. R3D3 cells were used to 

investigate scheduled Radiation combination therapies and scheduled Doxorubicin 

combination therapies (Section 4.4.17). It was found that the R-SCH3 treatment was 
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the only scheduled combination therapy to significantly reduce the survival fraction of 

R3D3 cells when compared with single therapies (control, radiation and MMF).  

Treatment of the R3D3 cells with R-SCH3 also significantly reduced the survival 

fraction of R3D3 cells when compared to the other two scheduled radiation 

combination therapies investigated (R-SCH1 and R-SCH2), suggesting this therapy 

would be the most suitable Radiation combination candidate to investigate the 

underlying mechanistic properties. D-SCH3 was the only scheduled DOX combination 

to significantly reduce the survival fraction of R3D3 cells only when compared to single 

therapies (untreated control, DOX and MMF). D-SCH3 also significantly reduced the 

survival fraction when compared with the two other DOX scheduled combination 

therapies (D-SCH1 and D-SCH2). Therefore, D-SCH3 is the most appropriate 

candidate to investigate mechanistic properties of following doxorubicin combination 

therapy.  

 

When investigating 3D spheroids, Figure 4.27 showed that treatment with R-SCH3 in 

R3D3 cells group to report a significantly decreased in spheroid volume over time, 

compared to the control. However, when investigating AUC values, R-SCH3 

significantly reduced AUC values compared with single therapies (untreated control, 

Rad and MMF) and the two other scheduled radiation combinations (R-SCH1 and R-

SCH2), suggesting that the results found in 2D clonogenic analysis (Figure 4.26) 

reflect the findings of 3D spheroid investigation. Thus, suggesting that R-SCH3 is the 

most appropriate radiation combination to investigate R3D3 mechanistic properties.  

 

Figure 4.27 suggests that with respect to spheroid growth, D-SCH2 and D-SCH3 

combination therapies significantly reduced AUC values when compared with single 

treatments (untreated control, DOX and MMF). The only difference between these 

two doxorubicin combination therapies was that D-SCH2 induced a significantly lower 

AUC value when compared to D-SCH3. These results are not entirely reflective of 2D 

clonogenic data in Figure 4.27, which reported D-SCH3 produced significantly lower 

survival fraction when compared with single therapies (untreated control, DOX and 

MMF). As well as the two other doxorubicin combination therapies (D-SCH1 and D-

SCH2), suggesting that D-SCH3 was the most effective doxorubicin combination 

therapy at reducing survival fraction of R3D3 cells. This however may be due to be 

previously described differences between 2D and 3D investigations.  
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For both radiation and doxorubicin combinations, SCH3 induced the lowest CI values 

indicating synergy at all concentrations tested. Therefore, after evaluating clonogenic 

analysis and 3D spheroid and CI data, it was decided that R-SCH3 and D-SCH3 were 

the most appropriate radiation and doxorubicin combination therapies to use to 

investigate the mechanistic properties of R3D3 cells.  

 

Cell cycle analysis (Figure 4.29 - 4.31) results indicated that R3D3 cells treated with 

D-SCH3 and R-SCH3 were the only treated cells to have a decreased percentage of 

cells in S, G1 and G2/M 24- and 48-hours following treatment removal. This suggest 

that less cells progress through the cell cycle when treated with D-SCH3 and R-SCH-

3 compared with, doxorubicin, MMF, radiation untreated control R3D3. Cell cycle 

analysis showed that R-SCH3 and D-SCH3 treated cells had cell cycle arrest in the 

G1 phase of the cell cycle, which inhibits cells from progressing through the cell cycle 

and provides an opportunity for cells to carry our repair mechanisms or follow an 

apoptotic pathway (Murad et al., 2016). SCH3 treatment may also be causing cell 

cycle arrest at the G2/M checkpoint, this would be explained by radiation and 

doxorubicin inducing DNA strand breaks, as ROS are not being neutralised by 

glutathione due to MMF administration. Therefore, the cells are unable to repair these 

DNA strand breaks and are unable to fully divide into two daughter cells. This is 

supported by the Annexin V data in Figure 4.32, in which D-SCH3 and R-SCH3 

treated R3D3 cells were the only treated cells to show a significant decrease in the 

percentage of non-apoptotic cells when compared with the control, MMF, DOX and 

RAD, 0-, 24- and 48-hrs post treatment removal. D-SCH3 and R-SCH3 were the only 

treated R3D3 cells to show a significant increase in late apoptotic cells when 

compared to untreated control, MMF, DOX and RAD, 0-, 24- and 48-hrs post 

treatment removal. This data supports the clonogenic and spheroid data that 

suggested SCH3 combinations were effective at inducing R3D3 cells death.  

 

Results from the glutathione assay (Figure 4.33 and 4.34) suggest that D-SCH3 

treated R3D3 cells and R-SCH3 treated R3D3 cells show the lowest relative GSH 

levels of any treated or untreated R3D3 cell and that this reduction in glutathione is 

sustained 48 hrs following treatment removal. This could be due to the glutathione 

production in R3D3 cells being inhibited by MMF in SCH3 combinations and the cells 

are failing to stabilise the relative glutathione levels, resulting in the cells being more 

susceptible to damage. These relative GSH levels in R-SCH3 and D-SCH3 treated 
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R3D3 cells are failing to stabilise the relative glutathione levels 48 post treatment. 

This is reflective of the findings in Figure 4.26 where the clonogenic analysis of R3D3 

survival was statistically significantly reduced following treatment with R-SCH3 and 

D-SCH3 combination therapies. These findings are supportive of those in the 

literature, as it is well established that depletion of glutathione is necessary for 

apoptosis (Franco et al., 2007, Circ., 2009).  

 

Once again, the data from Figure 4.35 suggest that autophagy is not the mechanism 

of action in which R3D3 cells are dying following treatment with R-SCH3 or D-SCH3. 

These findings were surprising, as previously mentioned it has been found that DMF 

is able to induce autophagy (Lee et al., 2021). In addition to this there is evidence that 

in some therapy resistant cells autophagy can act as a pro-survival process, controlled 

increase in levels of autophagic vessels has been shown to improve cell viability, 

however the mechanisms in which this happens are not fully understood (Xinyu et al., 

2019). 

 

There was a significant increase in median tail moment 0hrs post treatment in R3D3 

cells treated with SCH3 combination therapies compared to the untreated control or 

any single therapies (Figure 4.36 and 4.37). This suggests that by administering MMF 

prior to radiation or doxorubicin the cells are sensitised to DNA damage as 

hypothesised. This DNA damage is repaired 24 and 48 hrs post treatment removal; 

however, this could be explained as detailed above when discussing D3 and R3 

comet analysis 4.5.1. The limitations of comet assays have already been extensively 

discussed. Therefore, the median tail moments of R3D3 cells treated with SCH3 at 

the 24 and 48 hr time points may be too fragmented to produce an acceptable tail 

moment, this is supported by the significant increase in apoptosis found in Annexin V 

investigations Figure 4.32.  
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Chapter 5 
 

 

Development of the Chick Embryo Tumour Model as a potential 

platform to investigate 3D tumours in vivo. 
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5.1 Introduction 
 

At present the model used predominantly to bridge the gap from bench to clinic in 

cancer research is predominantly murine models. These models are essential to 

study tumour microenvironment, metastasis, and therapy toxicities, in 2022 there was 

approximately 800,000 experimental procedures carried out on animals in the UK, 

12% of which were used for the purposed of cancer research (UK, Home office 

Statistics, 2022). There has however been a focus within the field of breast cancer 

research to address the issues surrounding the use of murine models to develop 

breast cancer treatments. A nation-wide database has been launched by the National 

Centre for Replacement, Refinement and Reduction (NC3Rs), to provide a platform 

for researchers to share details of in vivo investigations (- 

Breast, www.searchbreast.org). The aim of the database is to reduce the number of 

animal experiments and prevent unnecessary experiments that have already been 

detailed on the database, thereby reducing the number of in vivo investigations 

required (Morrissey et al., 2016).  

 

There are many different types of in vivo investigations that can be carried out; 

however, the MDA-MB-231 cell line is frequently used in cell derived xerograph 

models (CDX) (Simmons et al., 2012) and is the current model used in our lab, and 

as such issues surrounding this model are well characterised. The tumour grown in 

this model is derived from human cancerous cell and is unable to form a 

heterogeneous tumour in vivo (Hannah and Weinberg, 2011). Additionally, the murine 

species used as the hosts for human tumour grafts are immunocompromised and are 

unable to elicit any kind of immune response to the tumour or to investigative 

therapies, thereby limiting the information attainable as to the full effect on the entire 

system. Spontaneous metastasis is also difficult to replicate in these models 

preventing the study of metastatic cancer in these systems (Paschall and Liu, 2016). 

Given this absence of heterogeneity and metastases there is a direct need for another 

model to bridge the gap between in vitro, in vivo, and clinical studies. The Boyd Lab 

was awarded an NC3Rs grant in 2020 to establish and develop a Chick Embryo 

facility to support the development of a chicken embryo tumour model with the aim to 

reduce and refine murine in vivo studies. 
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5.1.2 Chick Embryo Model (CEM) 

 

The CEM is comprised of a fertilised chicken egg and the choriallantoic membrane is 

the surface of the extraembryonic membrane of a chicken embryo, which is of great 

interest when using these models for investigations (Rabatti., 20212).  The 

chorioallantoic membrane (CAM), also known as the chorioallantois, is a highly 

vascularised membrane found in the eggs of certain amniotes like birds and reptiles 

(Maugeri et al., 2022). It is formed by the fusion of the mesodermal layers of two extra-

embryonic membranes – the chorion and the allantois and it is the avian homologue 

of the mammalian placenta (Kundeková et al., 2021). It is the outermost extra-

embryonic membrane which lines the non-vascular eggshell membrane. Given the 

characteristics of this membrane, researchers have been investigating the use of the 

CAM for a variety of in vivo models which have the potential to reduce and replace 

procedures in rodents (Krutzke et aI., 2020). The CAM model has a lower sentience 

than rodent models which reduces suffering and is a much cheaper alternative with a 

potentially higher throughput. There is also no requirement for a personal animal 

licence to work on these models as they are not covered by the Animal (Scientific 

Procedures) Act 1986 until 2/3 gestations or day 15 of embryo development.  

 

The aim of this work was to create a facility to develop the chicken embryo tumour 

model as a potential in vivo model and alternative cancer model to mouse xenographs 

at the University of Strathclyde.  This was done by transferring methods developed in 

the University of Liverpool, for growing CAM tumour models and using them to 

analyse cancer cells, tissue, the efficacy of combination therapies and drug gene 

delivery systems.  
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5.2 Aims 
 

The aims of this chapter were to. 

 

- Set up and development of Chick Embryo Model facility  

 

- Determine the maximum dose of irradiation and concentration of cytotoxic drugs, 

CEM can sustain without death- to enable future tumour kill experiments 

 

-Characterise tumours grown in CEM  
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5.3 Materials and methods 
 

5.3.1 White Leghorn eggs 

 

White leghorn chicken eggs were purchased from the Roslin Institute, University of 

Edinburgh, from the Dick School of Veterinary Sciences. Chickens used for egg laying 

were kept at Easter bush Farm in the Greenhouse building of the campus and were 

free roaming chickens. Eggs were collected via DHL delivery services and delivered 

to the University of Strathclyde within 24 hours of collection. Eggs were packaged in 

carboard egg cartons and wrapped in foam to avoid breakage.  

 

5.3.2 Chick Embryo Model  

 

Fertilised white leghorn chicken eggs were cleaned upon arrival from Roslin Institute 

(University of Edinburgh, Easter bush Farm, EH2 9HL) with disinfectant cleaner 

Safe4U. Eggs were placed in plastic trays, 4 to a row, to prevent egg rolling. The 

incubator (Easy advanced Incubator – Brinsea) was then set to 37.5 oC at 65% 

humidity and rotated at 450C every 45 minutes for the first 3 days. On day 3, the 

rotation was stopped, and the eggs were removed. To access the CAM, a small 

window was created in the eggshell. This was done by puncturing the egg (Semi-

automatic pinhole egg piercer, IRYNA, Amazon UK.) and removing 3 mL of albumin 

using a 0.2 mm needle and 5 mL syringe. This was then covered with a piece of 

electrical tape to prevent leakage. Next a 2-inch piece of scotch tape was placed 

vertically over the egg and using fine scissors a 0.5 cm x 1 cm window in the egg was 

cut, leaving one end attached to create a window effect. The window was then sealed 

with another piece of scotch tape to prevent infection and prevent the eggs within from 

drying out. The eggs were then placed back in the incubator at 37.5 0C and 65 % 

humidity without rotation. The eggs were left until day 7 when cancer cells were 

implanted onto the CAM membrane. Cells were trypsinised to single cell suspension 

and centrifuged into a pellet at 1200g for 5 minutes. The pellet was gently washed 

with PBS and centrifuged again using the same conditions. The supernatant was 

removed at 5 µL of PBS + 5 µL of Matrigel was added to each pellet (2 million cells 

per egg). Once the cell pellet was prepared, viability of the embryos was assessed 

and if they were alive, sterile tissue paper was used to dry a small patch of CAM 

membrane and create trauma to membrane to ease cell implantation on the surface 
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of the CAM. The resulting cell pellet was added to the surface of the CAM, the window 

was then sealed using scotch tape and the egg was placed back into incubator. If the 

embryos were subject to any treatments, such as radiation, this occurred on day 10, 

otherwise eggs were left until day 14 and tumours dissected, and the embryo 

terminated using decapitation. 

 

5.3.3 Extraction of tumour from CEM 

 

On day 14 of the CEM cycle, the tumours present on the surface of the CAM were 

imaged using a fluorescent microscope (Zeiss, UK). After imaging, the tumour was 

dissected using fine scissors and a spatula to cut the tumour from the membrane. The 

tumour was then placed into 4% paraformaldehyde (PFA) (Fisher Scientific, UK) for 

2 hours and then washed with PBS. The tumour sample was firstly placed into a IHC 

cassette (Fisher Scientific, UK) for dehydration and submerged in 70% ethanol 

(EtOH) 90% ETOH and 100% EtOH for 1 hour each then histoclear (Fisher Scientific, 

UK) for 1 hour. The tumour sample was then placed into molten wax (Fisher Scientific, 

UK) for 6 hours. Tumour samples were then removed and placed into wax moulds. 

Moulds were then set on the bench overnight and placed in the freezer until use for 

immunohistochemistry (IHC). Immunohistochemistry of these tumours has not yet 

been undertaken; analysis of tumour sections will be investigated in the next stage of 

the CEM project.   

 

5.3.4 Treatments 

 
Drugs used to test toxicity in CAM were common therapies previously used within the 

group; MMF (Sigma Aldrich, St. Louis, MO), stock solution 500 M, was diluted in 

MEM to achieve working concentrations of 3 M, 6 M, 12 M, 24 M and 60 M. 

Gemcitabine was dissolved to create a 500 M stock solution of complete DMEM 

media and final concentrations of 1 M, 2 M, 3 M, 4 M and 5 M were used. 

Doxorubicin was dissolved in PBS to create a 500 M stock solution, complete DMEM 

media was used to create working solutions of 0.025 M, 0.05 M, 0.075 M, 0.1 M 

and 0.125 M. Radiation was also applied to the chicken embryos to assess their 

viability post exposure. The eggs were irradiated in an XRAD225 (Precision X-ray Inc. 

N. Bradford, CT USA) irradiation cabinet at doses of 1 Gy radiation to 3 Gy irradiation 

with a dose rate of 2.3 Gy per minute.  
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5.4 Results  
5.4.1 Set up of the CEF facility. 

 

As the NC3Rs grant was awarded in 2020 during the COVID-19 pandemic, delivery 

of equipment and set up of the facility was challenging. However more critically to the 

project we were unable to travel to the University of Liverpool for a tech transfer with 

Dr Herman. One member of our team was able to travel to Liverpool and returned to 

Strathclyde to train the rest of the team one at a time due to restrictions. This was 

important for the team as we had to adapt to virtual training and problem solving due 

to the limited staff members allowed in the factify. 

 

 5.4.1 Initial development of the embryo model 

 

Following set up of the CEF there were several issues faced such as control and 

optimisation of humidity and temperature of incubators. Maintaining the humidity of 

the incubators in the facility was difficult as the pumps in the Brinsea incubators had 

known faults and were unreliable. As a result, the CAM membranes were drying out 

and crusting over (Figure 5.1).  

 

 

Figure 5. 1 Issues faced when setting up CEF facility.  

 

To combat this, large basins of purified water were sealed and connected to the 

incubators to ensure humidity was well maintained. The humidity was also increased 



 

 276 

from what some literature suggests, to 65% as even with optimised conditions the 

viability of the embryos was very low (Nowak-Sliwinska et al., 2014). In published 

papers to combat the drying out issue, authors may have required a reduced humidity 

as they were adding PBS to the CAM membrane every day to avoid membrane drying 

out. This however was not an ideal option as there were issues with embryo 

contamination, possibly due to the absence of a cell culture hood. Due to the 

pandemic, there were restrictions and availability leading to the hood being unable to 

be delivered and installed until 2021. Egg viability was also an issue as the nearest 

available facility that produced fertilised chicken eggs was in Edinburgh and required 

a courier to deliver the eggs. Some deliveries were left overnight in warehouses and 

in vans of unknown temperature which may have affected the viability of the eggs. 

The Roslin Institute also had issues with the fertility of their chicken as large numbers 

of eggs laid and which we received were infertile.  
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5.4.2 Development of Chick embryo tumour model  

 

To assess the potential of the CAM model to for future study of therapy effects on 

various tumour types (TNBC, GBM and PANC-1), various therapeutics at a range of 

concentrations/doses were applied to the chick embryos. This was an essential step 

in developing the model as if the treatments alone killed the embryo, they would not 

be able to successfully continue to grow a tumour on the surface of the CAM and thus 

any effect of treatments on tumour growth would not be able to be measured. The 

investigation involved windowing and treating the CEM as previously described and 

visualised in Figure 5.2.  

 

Figure 5. 2 A visual timeline of the CEM from embryonic day one to day 14.  

 

Various therapies (Radiation, MMF, Gemcitabine and Doxorubicin) were investigated 

to determine their toxicity to the embryo containing eggs. If the use of these therapies 

alone induced CEM death, then these therapies would not be suitable candidates to 

investigate in this in vivo cancer tumour model.  

 

CEMs were irradiated at doses of 1 Gy, 2 Gy and 3 Gy to determine if irradiation alone 

would kill the CEM. As radiation is a therapy that has been expensively investigated 

in Chapter 2,3 and 4, its potential as a therapeutic used to treat in vivo models had to 

be assessed. If radiation alone killed the CEM then this treatment would not be a 
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suitable option when investigating novel therapies using the chick embryo tumour 

model.  

 
On embryonic day 10 the CEM were removed from the incubator and treated with the 

desired therapy. Figure 5.3 reports the results from irradiation of the CEM. 

 

 

Figure 5. 3 Survival of CEMs post radiations treatment.  

(A) Survival data post treatment of CEM with 0 Gy, 1 Gy, 2 Gy and 3 Gy radiation 

from embryonic day 0 to day 14. (B) Overall CEM survival preceding irradiation 

treatment until termination of embryo, 7 days post treatment (embryonic day 14) All 

results have an N=30.  

 

The data from Figure 5.3 suggests that 100% of eggs that arrived were undamaged 

and placed in the incubator. On embryonic day 3, 100% of eggs in the incubator were 

viable, meaning that once windowed a live embryo was inside the egg. When 

investigating the survival of CEM on day 7 (treatment day) 77% of embryos were alive 

and any dead embryos were disposed. On day 10, 91% of these eggs were viable 

and on the final embryonic day 14, 72% of eggs were alive. When investigating how 

differing doses of radiation effected the embryos, the survival was broken down into 

percentage of live cells in each treatment group. As shown on the day of treatment, 

100% of eggs that were treated were alive. On the final day, 7 days post treatment 

only 60% of control CEM were alive, 2 Gy treated CEM suggests that 67% alive and 

1 Gy and 3 Gy CEM suggests 80% survival. Figure 5.8 reported no correlation 

between the dose of radiation administered and CEM survival, suggesting the survival 

or death of the embryo was determined by other factors and were not the radiation 

i.e., humidity or contamination of CEM.   

To investigate the effects that the fumaric acid MMF has on CEM viability, a 

concentration range of this drug was used to investigate toxicity in the model as 
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detailed in Figure 5.4. MMF was selected as this drug was extensively investigated in 

Chapter 2,3 and 4 and was identified as a potential novel therapy to treat TNBC when 

administered in combination with radiation and doxorubicin. Therefore, the toxicity of 

MMF alone on the CEM was investigated by treating CEMs to a concentration range 

of 3, 6 M, 12 M, 24 M, 60 M MMF and the survival of CEM assessed and shown 

in Figure 5.4 below. 

 

 

Figure 5. 4 Survival of CEMs post MMF treatment. 

 (A) Survival data post treatment of CEM with MMF at a concentration of 3, 6 M, 12 

M, 24 M, 60 M, from embryonic day 0 to day 14. (B) Overall CEM survival 

preceding irradiation treatment until termination of embryo, 7 days post treatment 

(embryonic day 14) All results have an N=30.  

 

 

From the data in Figure 5.4, 100 % of the eggs that arrived were undamaged and 

placed in the incubator. On embryonic day 3, 96% of eggs in the incubator were 

viable. When investigating the survival of CEMs on day 7 (treatment day) 72% of 

embryos were alive. Day 10 and 14 suggest 65% and 43% survival. When 

investigating how a concentration range of MMF affected the embryos, the survival 

was broken down into percentage of live cells in each treatment group. As shown in 

Figure 5.4, on the day of treatment 100% of eggs that were treated were alive. 7 days 

post treatment 36% of the untreated control CEM were alive, 3 M treated CEM 

reported 32% alive and 0% of 6 M treated CEM were alive on 7 days post treatment. 

However, 12 M treated CEMs suggest 66% survival, 24 M treated CEM reported 

32% survival and 100% survival was seen in CEM treated with 60 M MMF. Results 
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from Figure 5.4 suggest that there is no correlation between the dose of MMF used 

and the survival of CEM.  

 

Gemcitabine (GEM) was chosen to investigate its toxicity as it is a common 

therapeutic to treat pancreatic cancer, with known therapy resistance documented in 

patients (Koltai et al., 2022). As this chemotherapy is known to induce resistance in 

cancer cells, it was selected for toxicity investigations in CEM model, to provide 

evidence should it be a candidate for future grant endeavours. Results from the 

survival of GEM treated CEM are detailed in Figure 5.5.  

 

 

Figure 5. 5 Survival of CEMs post Gemcitabine treatment. 

(A) Survival data post treatment of CEM with Gemcitabine at concentrations 0.5 M, 

1 M, 2 M, 4 M, 10 M, 20 M from embryonic day 0 to day 14. (B) Overall CEM 

survival preceding irradiation treatment until termination of embryo, 7 days post 

treatment (embryonic day 14) All results have an N=30.  

 

The results from Figure 5.5 detail that 100 % of eggs that arrived were undamaged 

and placed in the incubator. On embryonic day 3, 100% of eggs in the incubator were 

viable. On day 7, 87% of CEM were alive and on the final day (Day 14) there was 

72% survival was reported. This again suggests no corelation between the dose of 

GEM used and the survival of CEM, these findings suggest that CEM death may be 

caused by other factors such as, contamination, change in humidity or temperature.  

 

Doxorubicin (DOX) was investigated as this is the current gold standard for TNBC 

treatment and as already described in Chapter 1. As this chemotherapeutic has been 

extensively investigated in Chapters 2, 3 and 4 it is a therapeutic drug that would be 
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of interest when investigating the possible treatments for TNBC. Therefore, its toxicity 

in a CEM in vivo model was investigated in Figure 5.6.  

 

 

Figure 5. 6 Survival of CEMs post Doxorubicin treatment. 

 (A) Survival data post treatment of CEM with Doxorubicin at concentrations 0.5M, 

0.1M, 0.2M, 0.4M, 1M, 2M from embryonic day 0 to day 14. (B) Overall CEM 

survival preceding irradiation treatment until termination of embryo, 7 days post 

treatment (embryonic day 14) All results have an N=30.  

 

Figure 5.6 suggests 66 % survival for untreated CEM and CEM treated with DOX at 

0.05 M, 0.2 M, 1 M and 2 M. 100% survival was found when CEF were treated 

with 0.01 M and 0.04 M DOX. Therefore, data from Figure 5.6 suggests that there 

is no correlation between the dose of DOX administered and the survival of CEM. The 

same survival rate was found when comparing the untreated control and the highest 

concentration of DOX administered (2 M).  

 

 

5.4.3 Development of Embryo Protocol  

 

Initially cell lines investigated as potential candidates for use in the chick embryo 

tumour model were MDA-MB-231, U87, PANC and HT1080. Growth of these tumours 

using relative cell lines was carried out as described in section 5.3.6. However, without 

the addition of Matrigel or trypsin. Before this the success rate of growing a tumour in 

the CEM was around 10%. This then required a literature search to investigate 

potential cell lines to increase this tumour uptake rate. It was discovered that Matrigel 

is used when developing CEM tumour models in some published literature (Deryugina 
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& Quigley., 2008 and Mangir et al., 2018). They reported that by the addition of 

Matrigel to the cell pellet that the rate of successful tumour growth increased by 40%. 

Therefore, this became an essential aspect of the chick embryo tumour protocol.  

 

Another aspect of designing the most effective chick embryo tumour model protocol 

required the investigation of the use of trypsin. From a literature review it was 

discovered that the addition of trypsin to the CAM increased pre addition of cells 

encouraged the growth of vasculature to the tumour (Swadi et al., 2018). Initially 10 

L of 0.05% trypsin was added the surface of the CAM and left for 10 minutes before 

cell pellet was added. However, this results in tumours that grew under the surface of 

the membrane and were unable to be fully visualised, and of little use when imaging 

the CAM for tumour progression. After optimisation, the current protocol required the 

application of 10 L 0.05% trypsin and then immediate addition of the cell pellet. This 

method was found to produce tumours with vascularised membranes that protruded 

above the CAM for effective imaging of the tumour.  
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5.4.4 Optimised Embryo Tumour Protocol 

 

To determine the most effective uptake of cells to the CAM to form a tumour, there 

were several factors to consider. Therefore, after extensive literature review and 

investigation the most optimal method was designed. Figure 5.7 represents the 

current cell implantation process of CEM. 

 

 

Figure 5. 7 The process of 2D culture cells trypsinised and spun into pellets before 

injecting onto the CAM membrane of the chick embryo model. Created using 

Biorender. 

 

This optimised protocol involves using 2D cultured cells, to date the most suitable cell 

lines to form a tumour in the CEM are U87 – Glioma cells, MDA-MB-231 – TNBC cells 

and Panc-1, pancreatic cancer cell and HT1080, sarcoma cell line. The optimal 

number of cells per egg was determined to be 2x106. Large T75 flasks of cells were 

trypsinised and counted to achieve 2x106 cells. These cells were pelleted at 1200g 

for 5 minutes and washed with PBS before re-spinning. Once pellets were formed, 

the supernatant was removed and 5 µL of Matrigel and 5 µL PBS were added to the 

pellet.  

 

 

After the cells were prepared as per section (5.3.3), the pellet containing 50:50 (v/v) 

PBS: Matrigel was mixed and added to the surface of the CAM post traumatisation of 

the CAM and addition of 5 µL of trypsin to the point where cells were added. Matrigel 

was used as it provides extra vascular growth factors and will encourage the growth 

of a tumour on the surface of the CAM (Pawlikowska et al., 2020). Figure 5.8 details 

the process of cell uptake to the CAM membrane.  
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Figure 5. 8 The process of cell uptake to the chorioallantoic membrane, allowing the 

development of hypoxic core, drug delivery system and provides the tumor with a 

direct blood supply. Created using Biorender. 

 

Before the addition of cell mixture, the surface of the CAM was lacerated using an 

autoclaved piece of paper tissue, the semi solid cell mixture was then pipetted onto 

the traumatised area of the CAM to encourage blood supply and metastasis of the 

cancer cells as depicted in Figure 5.8. Eggs were incubated until day 14 were images 

and samples of the CAM were taken as seen in Figure 5.9.  

 

Figure 5. 9 Images of eggs on Day 14 of CEM with MDA-MB-231 cells.  
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5.5 Discussion 
 

Having partially translated the methodology from Liverpool for establishment of the 

CAM tumour models, our next stage of the investigation will be to develop and adapt 

irradiation and chemotherapeutic methodologies in the chick embryo tumour model 

for single or combination treatment and to validate the model by comparison to our 

existing mouse xenograft data. Finally, we will screen for the efficacy of drugs or 

nanomaterials alone or in combination. 

 

The success of designing a replicable chick embryo tumour protocol has great 

potential when investigating promising therapies in TNBC prior to murine in vivo 

experiments. The use of this model will reduce costs of in vivo experiments, reduce 

the number of mice required for animal experiments and refine potential therapies for 

their use as novel TNBC treatments as well as adhering to good practice and 

application of the principles of the 3Rs (Archiving best practice., 2023). For example, 

the combination therapy of MMF + radiation (investigated in Chapter 2 and 3) would 

be an ideal candidate to investigate in the chick embryo model. It has already been 

concluded from the findings in section 5.4.2 that these single agents do not induce 

CEM death alone at doses of therapy tested in Figure 5.8 and 5.9.  This combination 

therapy reports promising data in 2D and 3D in vitro investigations and its efficacy in 

MDA-MB-231 chick embryo tumour model would allow for in vivo investigation into its 

potential as a treatment for TNBC patients, to assess the most promising schedules 

and thus reduce the number of experimental parameters that are utilised in murine 

tumour models.  

 

Future studies using the chick embryo model may also include the validation of 

various cell lines that are reported in the literature to successfully grow chick embryo 

tumours, such as, Panc, HT1080 and A549 (Pawlikowska et al., 2020, Chen et al 

2021 and hu et al., 2022). With the generation of the optimised chick embryo protocol 

these cell lines can be investigated to identify their use in in vivo chick embryo tumour 

model.  Additionally, there is the potential to utilise GFP transfected cancer cells to 

study the metastasis of cell in the chick embryo in future investigations as detailed by 

Augustine et al., (2020). The authors of this paper injected GFP transfected cells 

directly into the heart of the embryo on embryonic day 3, on embryonic day 14 

selected organs were then harvested and imaged under fluorescent microscopy for 

the prescience of GFP cells. 
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Chapter 6 
 
 
 
Final Discussion   
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Due to time restrains on the project caused by critical time lost in the laboratory 

during the COIVD-19 pandemic, a complete characterisation of developed resistant 

cells was unable to be carried out in as much detail as originally planned. However, 

Table 6.1 summarises the critical findings between parental MDA-MB-231 cells and 

the resistant cells developed in-house.  

 MDA-MB-231 D3 R3 R3D3 

Clonogenic 
survival  

DOX IC50 0.0595 

M 
 
EC50 1.45 Gy 
 
SCH3 most 
effective  

DOX IC50 0.99 

M 
 
D-SCH3 MMF 
most effective 

RAD EC50 2.03 
Gy 
 
R-SCH3 MMF 
most effective 

DOX 1C50 0.42 

M 
RAD EC50 3.36 
Gy 
 
MMF in SCH3 
administration 
most effective 

Cell Cycle 
analysis- 
(Cell cycle 
arrest) 

D-SCH3, treated 
cells begin to 
return to normal 
distribution, 48 hrs 
post.  
R-SCH3, G2/M 
cell cycle arrest, 
decrease in G1 

D-SCH3, 
decrease in 
distribution of 
cells in G1 and 
G2/M, 48 hrs 
post treatment 
removal. 
 

R-SCH3 
maintained 
decrease in G1  

D-SCH3 and R-
SCH3 decrease in 
distribution of 
cells in G1 and 
G2/M, 48 hrs post 
treatment 
removal. 
 

Annexin V  
(Apoptotic cells) 

D-SCH3 and R-
SCH3 significant 
increase in 
apoptotic cells, 48 
hrs post treatment 
removal 
 

D-SCH3 
significant 
increase in 
apoptotic cells, 
48 hrs post 
treatment 
removal 

R-SCH3 
significant 
increase in 
apoptotic cells 48 
hrs post 
treatment 
removal 

D-SCH3 and R-
SCH3 significant 
increase in 
apoptotic cells, 48 
hrs post treatment 
removal 
  

Glutathione 
(Decrease in 
glutathione 
levels) 

D-SCH3 and R-
SCH3 maintained 
decrease of 
glutathione, 48 hrs 
post treatment. 
 

D-SCH3 
maintained 
decrease of 
glutathione, 48 
hrs post 
treatment 

R-SCH3 
maintained 
decrease of 
glutathione, 48 
hrs post 
treatment 

D-SCH3 and R-
SCH3 maintained 
decrease of 
glutathione, 48 
hrs post 
treatment. 
 

Autophagy 
(Increased 
autophagic 
markers) 

D-SCH3 and R-
SCH3  
No autophagy 

D-SCH3  
 
No autophagy 

R-SCH3  
 
No autophagy 

D-SCH3 and R-
SCH3  
No autophagy 

Comet Assay D-SCH3 and R-
SCH3, significant 
increase in DNA 
damage NOT 
REPAIRED 48 hrs 
post treatment 
removal 

D-SCH3 
significant 
increase in DNA 
damage, but is 
REPAIRED 48 
hrs post 
treatment 
removal 

R-SCH3 
significant 
increase in DNA 
damage but is 
NOT REPAIRED 
48 hrs post 
treatment 
removal 

D-SCH3 and R-
SCH3, DNA 
damage induced 
but is REPAIRED 
48 hrs post 
treatment removal 

3D Spheroid 
Model 

MMF in 
combination with 
RAD reduced 
spheroid growth 
most effectively  

D-SCH3 most 
effective 
combination at 
reducing 
spheroid growth 
(not seen in 
MDA) 

R-SCH3 MMF 
most effective at 
reducing 
spheroid growth 

MMF in 
combination with 
RAD reduced 
spheroid growth 
most effectively 

Table 6. 1 Comparison of key findings in the project between MDA-231, D3, R3 and 
R3D3 cells.  
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As we can see from Table 6.1, there was an increase in the cell survival capacity 

when R3, D3 and R3D3 cells were treated with DOX and RAD alone, compared to 

the parental cell line. These initial findings supported the use of these cells as potential 

cell lines to investigate therapy resistance in MDA-MB-231 cells. Clonogenic assay 

results all supported the hypothesis that MMF administered in a SCH3 combination 

with DOX or RAD in parental and all resistant cell lines was the most effective 

treatment at reducing the survival of cells. Both parental and resistant cells all showed 

similar patterns of cell cycle distribution following treatment with MMF SCH3 

combination, a decrease in cells in G1 and G2/M, suggesting that cells are potentially 

struggling to repair damage induced by the combination therapy.  In parental and 

resistant cells all data suggested that MMF SCH3 combination treatment induces 

apoptosis. All cells also showed that GSH levels were reduced following SCH3 

treatment and that a decrease in GSH was maintained up to 48 hours post treatment 

removal. No cell line tested suggested that autophagy was a mechanism that was 

begin induced by any treatment tested. Results from parental cells comet assay 

suggested that MMF SCH3 was able to induce DNA damage that was unable to be 

repaired at the latest time point tested. However, this was not the case with D3 and 

R3D3 cells, in which a SCH3 combination induced DNA damage initially, however this 

damage was repaired. R3 resistant cells were the only resistant cells line tested where 

following treatment with SCH3, DNA damage occurred that was unable to be repaired 

by cells at the latest time point tested, similarly to that of the parental cells. When 

reviewing 3D data, it was found that MMF in a SCH3 combination induced a significant 

reduction in spheroid growth overtime, in parental cells, D3 cells, R3 cells and R3D3 

cells.  

 

Another main area of investigation that was not able to be conducted was to 

investigate the designed combination therapies on another TNBC cell type, such as 

MDA-MB-453. This would have been particularly interesting as this cell line is 

androgen receptor positive, unlike the cell line used in this thesis (MDA-MB-231) and 

would have given the project a more reflective scope of investigation. Investigating 

these potential combination therapies designed throughout this project in androgen 

receptor positive and negative cell lines would be of great interest as studies into the 

androgen receptors potential as a targeted therapy for TNBC patients has generated 

much interest in TNBC research in recent years. However, its potential role as a 

therapeutic target has yet to be fully understood (Kolyvas et al., 2022).  
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It is well established in the literature that DMF in non- cancerous cells can upregulate 

the NRF2 pathway thus elucidating a protective response in the cell, this is particularly 

useful in autoimmune diseases such as Multiple Sclerosis and Psoriasis, of which 

DMF is licenced to treat (Bomprezzi, 2015). However, in cancerous cells there is a 

phenomenon that has yet to be fully understood by researchers in that when DMF is 

administered in high concentrations (approximately > 25 M) its function as an NRF2 

activator is switched. Current literature suggests that this may be due to DMF binding 

to DJ-1 protein destabilising NRF2 and preventing its nuclear translocation and the 

synthesis of antioxidtive compounds such as GSH, sensitising the cell to damage via 

ROS (Saidu et al., 2017). As MMF is the direct metabolite of DMF it was thought that 

this drug has the same mechanism of action, however evidence from this project and 

that in the literature, suggest that there may be an alternative mechanism of action 

that MMF utilises intracellularly (Landeck et al., 2018). For example, DMF has been 

shown to induce more cytoprotective effects than MMF in neurons and astrocytes 

(Scannevin et al., 2012). There has been very little research into the differences in 

mechanisms of action of DMF and MMF intracellularly. However, in order to gain a 

better understanding of potential alterations in mechanisms between the two drugs it 

would be of interest to use western blot techniques to determine levels of NRF2 and 

DJ-1 in TNBC cells treated with single doses of DMF/MMF as we all combinations of 

these fumaric acids with radiotherapy and chemotherapy.  

 

Research into the role of NRF2 and cancer has generated much interest in recent 

years. A recent review article published by Lin et al (2023) highlights findings that the 

overexpression of NRF2 has been related to cancer progression and tumour 

metastasis. Conversely, reduced levels of NRF2 in turn leads to a decrease in 

antioxidant activity and increased sensitivity to ROS, inducing apoptosis in cancer 

cells.  

 

Given the evidence from Chapter 3 of this thesis it would be of great interest to use 

additional 3D models to investigate combination therapies, following on from the 

results of this spheroid chapter. Once such potential model of interest would be 3D 

co-cultures, utilising extracellular matrix proteins that better reflect the in vivo 

condition, as this allows for cell-cell communication which is a better reflection of the 

tumour microenvironment (Asante et al., 2022). As this model can incorporate both 
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cancer cells and fibroblast cells, it would allow for a more representative model of in 

vivo tumours, providing a more robust investigation of MMF + DOX/RAD combination 

therapy. This model has been used successfully in published literature, a study 

conducted by Liu and Mac, (2022) demonstrated that by varying the density of cell 

populations within this co-culture authors were able to design a system that supported 

an environment that was more representative of a patient tumour with cells exhibiting 

more extended morphology.  

 

In addition to these co-cultures, it would be of great interest to use the in-house 

develop resistant cells used in this thesis in such 3D models, D3, R3 and R3D3. This 

would provide a more substantial profile of these cells as at present there is a large 

are of research that requires investigation to treat resistant cancer cells. The 

mechanism of action in which cancer cells develop resistance is lacking information. 

However, as this thesis focused on mediating intracellular GSH levels, the literature 

surrounding GSH metabolism as a potential driver of cancer progression was used to 

support the hypothesis that generated resistant MDA-MB-231 cells (developed during 

this project), upregulate GSH as a resistance mechanism. It was found by Bansal and 

Simon, (2018) that excess GSH promoted tumour progression in bone, breast, colon 

and lung cancers, this is due to GSH exhibiting antioxidant mechanisms, neutralising 

ROS that would cause SSB and DSB that when accumulated result in cell death. 

Therefore, given the surrounding evidence, there is support for the investigation of 

mediation of GSH levels in resistant cells, given the findings of Chapter 4, further 3D 

models systems such as co-cultures could provide beneficial information of these 

resistant tumour microenvironments and how they interact with other cell types such 

as fibroblasts.  

 

Overall, the SCH3 combinations tested against R3, D3 and R3D3 resistant cells 

provide some evidence to support the promise of this therapy as a novel approach to 

overcome resistance in MDA-MB-231 cells. The findings of this thesis support the 

hypothesis that MMF can inhibit action and potentially the synthesis of GSH via NRF2 

pathway and when this occurs prior to DOX or irradiation administration, resistant 

cells are not able to neutralise ROS generated from toxic therapies. As a result, ROS 

can induce SSB and DSBs which when accumulated activate the caspase 3 pathway 

and result in cell death via apoptosis.  This SCH3 combination therapy is therefore an 
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ideal candidate to investigate using a chick embryo tumour model or murine model to 

determine its capability in vivo.   
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Appendix  
 

 
Bonferroni's multiple 
comparisons test 

0HR - P 
Value 

24HR – P Value 48hr – P 
Value 

Non- Apoptotic (NA) 
 

  

CONTROL vs. DOX 0.0261 0.0100 0.3617 

CONTROL vs. MMF 0.4112 >0.9999 0.4951 

CONTROL vs. SCH3 0.0071 <0.0001 <0.0001 

DOX vs. MMF 0.0005 0.0006 0.0641 

DOX vs. SCH3 0.0003 0.0027 <0.0001 

MMF vs. SCH3 <0.0001 >0.0001 0.0002 

Early Apoptotic 
 

  

CONTROL vs. DOX  0.0655 >0.9999 >0.9999 

CONTROL vs. MMF >0.9999 0.1513 0.3398 

CONTROL vs. SCH3 0.0241 0.0462 0.0201 

DOX vs. MMF 0.0067 0.1529 0.3039 

DOX vs. SCH3 0.3342 0.0463 0.0203 

MMF vs. SCH3 0.0822 0.0331 0.0188 

Late Apoptotic 
 

  

CONTROL vs. DOX 0.0773 0.0013 0.0936 

CONTROL vs. MMF <0.0001 <0.9999 0.4506 

CONTROL vs. SCH3 0.2035 0.0034 0.0291 

DOX vs. MMF 0.4290 0.0016 0.0332 

DOX vs. SCH3 0.3193 0.0039 0.0230 

MMF vs. SCH3 0.2695 0.0073 0.0258 

Necrotic 
 

  

CONTROL vs. DOX 0.9274 <0.0001 >0.9999 

CONTROL vs. MMF >0.9999 >0.9999 >0.9999 

CONTROL vs. SCH3 0.4783 0.1160 >0.9999 

DOX vs. MMF >0.9999 0.0073 >0.9999 

DOX vs. SCH3 0.4170 0.0917 0.3315 

MMF vs. SCH3 >0.9999 >0.9999 0.0842 

 

Appendix  1. Statistical analysis of Figure 2.6 D. 

Statistical Analysis carried out using two-way ANOVA followed by Bonferroni’s post-

testing, comparing each apoptotic phase separately between all treatments. *P<0.05, 

**P<0.01, ***P<0.001 and ****P<0.0001. 
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Bonferroni's multiple 
comparisons test 

Summary Adjusted P 
Value 

Control - 0 vs. Control - 24 ns >0.9999 

Control - 0 vs. Control - 48 ns >0.9999 

Control - 0 vs. DOX - 0 **** <0.0001 

Control - 0 vs. MMF - 0 **** <0.0001 

Control - 0 vs. SCH3 - 0 ** 0.0079  
Control - 24 vs. DOX -24 ns 0.1168 

Control - 24 vs. MMF - 24 ns >0.9999 

Control - 24 vs. SCH3 - 24 **** <0.0001 

Control - 48 vs. DOX - 48 ns >0.9999 

Control - 48 vs. MMF - 48 ns >0.9999 

Control - 48 vs. SCH3 -48 **** <0.0001 

DOX - 0 vs. DOX -24 **** <0.0001 

DOX - 0 vs. DOX - 48 **** <0.0001 

DOX - 0 vs. MMF - 0 ** 0.0067 

DOX - 0 vs. SCH3 - 0 **** <0.0001 

DOX -24 vs. DOX - 48 ns >0.9999 

DOX -24 vs. MMF - 24 ns 0.4217 

DOX -24 vs. SCH3 - 24 **** <0.0001 

DOX - 48 vs. MMF - 48 ns >0.9999 

DOX - 48 vs. SCH3 -48 **** <0.0001 

MMF - 0 vs. MMF - 24 ** 0.0012 

MMF - 0 vs. MMF - 48 **** <0.0001 

MMF - 0 vs. SCH3 - 0 ns 0.4107 

MMF - 24 vs. MMF - 48 **** <0.0001 

MMF - 24 vs. SCH3 - 24 **** <0.0001 

MMF - 48 vs. SCH3 -48 **** <0.0001 

SCH3 - 0 vs. SCH3 - 24 **** <0.0001 

SCH3 - 0 vs. SCH3 -48 **** <0.0001 

SCH3 - 24 vs. SCH3 -48 **** <0.0001 

 

Appendix  2. Statistical analysis results of Figure 2.20 

Significance of DNA damage in MDA-MB-231 cells, caused my DOX 0.02M, 

MMF2M and SCH3 M+D, at 3 different time points, 0hr post treatment, 24hrs post 

treatment and 48hrs post treatments. This table is a summary of statistical analysis 

carried out in Figure 19, One-way ANOVA was carried out with Bonferroni’s post-test 

and the comparisons of each median tail moment are displayed above P>0.0001 ****, 

P>0.001 ***, P>0.01** and P>0.1 *.  
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Bonferroni's multiple 
comparisons test 

0HR - P Value 24HR – P Value 48hr – P Value 

Non- Apoptotic (NA) 
 

  

CONTROL vs. RAD 0.1941 0.1157 0.3631 

CONTROL vs. MMF 0.1685 0.3048 >0.9999 

CONTROL vs. SCH3 0.0019 0.0015 0.0006 

RAD vs. MMF 0.3997 0.3278 0.4058 

RAD vs. SCH3 0.1276 0.0002 0.0032 

MMF vs. SCH3 <0.0001 0.0011 0.0004 

Early Apoptotic 
 

  

CONTROL vs. RAD 0.3369 0.5589 >0.9999 

CONTROL vs. MMF 0.4732 0.1557 0.3398 

CONTROL vs. SCH3 0.0037 0.4249 0.0260 

RAD vs. MMF 0.4858 0.1632 0.3071 

RAD vs. SCH3 0.1747 0.4317 0.0262 

MMF vs. SCH3 0.0194 0.7242 0.0245 

Late Apoptotic 
 

  

CONTROL vs. RAD 0.0422 0.0069 0.0520 

CONTROL vs. MMF <0.0001 >0.9999 0.4506 

CONTROL vs. SCH3 0.0287 0.0491 0.0606 

RAD vs. MMF 0.1184 <0.0001 0.0913 

RAD vs. SCH3 0.0454 0.0569 0.0542 

MMF vs. SCH3 0.0379 0.0493 0.0611 

Necrotic 
 

  

CONTROL vs. RAD 0.4609 0.6850 >0.9999 

CONTROL vs. MMF 0.8657 >0.9999 >0.9999 

CONTROL vs. SCH3 0.6165 0.2490 >0.9999 

RAD vs. MMF 0.9987 0.8515 >0.9999 

RAD vs. SCH3 0.4121 >0.9999 >0.9999 

MMF vs. SCH3 0.8144 0.5132 0.0779 

 

Appendix  3. Statistical Analysis of Figure 2.25. 

 Carried out using two-way ANOVA followed by Bonferroni’s post hoc testing, 

comparing each apoptotic phase separately between all treatments. *P<0.05, 

**P<0.01, ***P<0.001 and ****P<0.0001. 
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Bonferroni's multiple 
comparisons test 

Summary Adjusted P 
Value 

Control - 0 vs. Control - 24 ns >0.9999 

Control - 0 vs. Control - 48 ns >0.9999 

Control - 0 vs. RAD - 0 **** <0.0001 

Control - 0 vs. MMF - 0 **** <0.0001 

Control - 0 vs. R-SCH3 - 0 **** <0.0001 

Control - 24 vs. RAD - 24 ns >0.9999 

Control - 24 vs. MMF - 24 ns >0.9999 

Control - 24 vs. R-SCH3 - 24 **** <0.0001 

Control - 48 vs. RAD - 48 ns >0.9999 

Control - 48 vs. MMF - 48 ns >0.9999 

Control - 48 vs. R-SCH3 - 48 **** <0.0001 

RAD - 0 vs. RAD - 24 **** <0.0001 

RAD - 0 vs. RAD - 48 **** <0.0001 

RAD - 0 vs. MMF - 0 **** <0.0001 

RAD - 0 vs. R-SCH3 - 0 **** <0.0001 

RAD - 24 vs. MMF - 24 ns >0.9999 

RAD - 24 vs. R-SCH3 - 24 **** <0.0001 

RAD - 48 vs. MMF - 48 ns >0.9999 

RAD - 48 vs. R-SCH3 - 48 **** <0.0001 

MMF - 0 vs. MMF - 24 ** 0.0043 

MMF - 0 vs. MMF - 48 **** <0.0001 

MMF - 0 vs. R-SCH3 - 0 **** <0.0001 

MMF - 24 vs. R-SCH3 - 24 **** <0.0001 

MMF - 48 vs. R-SCH3 - 48 **** <0.0000 

R-SCH3 - 0 vs. R-SCH3 - 24 ns 0.7722 

R-SCH3 - 0 vs. R-SCH3 - 48 ns >0.9999 

R-SCH3 - 24 vs. R-SCH3 - 48 ns 0.0556 

 

Appendix  4. Statistical analysis of Figure 2.27. 

Significance of DNA damage in MDA-MB-231 cells, caused my RAD 2GY MMF 2 M 

and SCH3 M+R, at 3 different time points, 0 hr post treatment, 24 hrs post treatment 

and 48 hrs post treatments. 

This table is a summary of statistical analysis carried out in Figure 2.27, One-way 

ANOVA was carried out with Bonferroni’s correction and the comparisons of each 

median tail moment are displayed above. 
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Bonferroni's multiple 
comparisons test 

0HR - P Value 24HR – P Value 48hr – P Value 

Non-apoptotic (NA) 
 

  

CONTROL vs. MMF >0.9999 <0.0001 <0.0001 

CONTROL vs. DOX >0.9999 <0.0001 0.8101 

CONTROL vs. SCH3 0.0155 <0.0001 <0.0001 

MMF vs. DOX >0.9999 0.0031 <0.0001 

MMF vs. SCH3 0.0093 <0.0001 >0.9999 

DOX vs. SCH3 0.0036 0.0003 <0.0001 

Early Apoptotic 
 

  

CONTROL vs. MMF >0.9999 0.4486 <0.0001 

CONTROL vs. DOX 0.7488 0.0004 >0.9999 

CONTROL vs. SCH3 >0.9999 0.0165 <0.0001 

MMF vs. DOX >0.9999 0.0286 <0.0001 

MMF vs. SCH3 0.5294 >0.9999 0.0595 

DOX vs. SCH3 0.2510 0.2789 <0.0001 

Late Apoptotic 
 

  

CONTROL vs. MMF >0.9999 <0.0001 <0.0001 

CONTROL vs. DOX >0.9999 <0.0001 >0.9999 

CONTROL vs. SCH3 0.0375 <0.0001 <0.0001 

MMF vs. DOX >0.9999 0.0015 <0.0001 

MMF vs. SCH3 0.3770 <0.0001 0.9445 

DOX vs. SCH3 0.3993 <0.0001 <0.0001 

Necrotic 
 

  

CONTROL vs. MMF >0.9999 0.0744 >0.9999 

CONTROL vs. DOX >0.9999 >0.9999 >0.9999 

CONTROL vs. SCH3 >0.9999 >0.9999 >0.9999 

MMF vs. DOX >0.9999 0.0142 >0.9999 

MMF vs. SCH3 >0.9999 0.0105 >0.9999 

DOX vs. SCH3 >0.9999 >0.9999 >0.9999 

 

Appendix  5. Statistical analysis of Figure 4.9. 

 Statistical Analysis was carried out using two-way ANOVA followed by Bonferroni’s 

multiple comparison testing comparing each apoptotic phase separately between all 

each apoptotic phase separately between all treatments. *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.0001. 
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C-0 vs. M-0 ns >0.9999 

C-0 vs. C-24 ns >0.9999 

C-0 vs. C-48 ns >0.9999 

C-0 vs. D-0 **** <0.0001 

C-0 vs. SCH3 -0 **** <0.0001 

C-24 vs. M- 24 ns >0.9999 

C-24 vs. D-24 ns >0.9999 

C-24 vs. SCH3- 24 ns >0.9999 

C-48 vs. M-48 ns >0.9999 

C-48 vs. D-48 ns >0.9999 

C-48 vs. SCH3- 48 ns >0.9999 

M-0 vs. M- 24 ns >0.9999 

M-0 vs. M-48 ns >0.9999 

M-0 vs. D-0 **** <0.0001 

M-0 vs. SCH3 -0 **** <0.0001 

M- 24 vs. D-24 ns >0.9999 

M- 24 vs. SCH3- 24 ns >0.9999 

M-48 vs. D-48 ns >0.9999 

M-48 vs. SCH3- 48 ns >0.9999 

D-0 vs. D-24 **** <0.0001 

D-0 vs. D-48 **** <0.0001 

D-0 vs. SCH3 -0 ns >0.9999 

D-24 vs. SCH3- 24 ns >0.9999 

D-48 vs. SCH3- 48 ns >0.9999 

SCH3 -0 vs. SCH3- 24 **** <0.0001 

SCH3 -0 vs. SCH3- 48 **** <0.0001 

SCH3 – 24 vs. SCH3 - 48 Ns >0.9999 

 

Appendix  6. Statistical analysis of Figure 4,13. 

Significance of DNA damage in D3 cells, caused by DOX 0.2M, MMF2M and SCH3 

M+D, at 3 different time points, 0hr post treatment, 24hrs post treatment and 48hrs 

post treatments. This table is a summary of statistical analysis carried out in Figure 

4.14, One-way ANOVA was carried out with Bonferroni’s correction and the 

comparisons of each median tail moment are displayed above. 
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Bonferroni's multiple comparisons test 0hr P 
Value 

24hr P 
Value 

48hr P 
Value 

Viable 
 

  

Control vs. MMF >0.9999 <0.0001 <0.0001 

Control vs. RAD 0.0002 <0.0001 <0.0001 

Control vs. SCH3 <0.0001 <0.0001 <0.0001 

MMF vs. RAD 0.0025 <0.0001 0.0149 

MMF vs. SCH3 <0.0001 <0.0001 >0.9999 

RAD vs. SCH3 0.0001 <0.0001 0.0006 

Early Apoptotic 
 

  

Control vs. MMF >0.9999 0.0060 <0.0001 

Control vs. RAD 0.0019 0.1989 0.0012 

Control vs. SCH3 >0.9999 <0.0001 0.0001 

MMF vs. RAD 0.0004 0.8074 0.1829 

MMF vs. SCH3 0.8235 <0.0001 0.4112 

RAD vs. SCH3 0.0097 <0.0001 >0.9999 

Late Apoptotic 
 

  

Control vs. MMF 0.5718 <0.0001 <0.0001 

Control vs. RAD >0.9999 <0.0001 <0.0001 

Control vs. SCH3 <0.0001 <0.0001 <0.0001 

MMF vs. RAD >0.9999 <0.0001 >0.9999 

MMF vs. SCH3 <0.0001 <0.0001 0.0585 

RAD vs. SCH3 <0.0001 <0.0001 0.0023 

Necrotic 
 

  

Control vs. MMF >0.9999 >0.9999 >0.9999 

Control vs. RAD >0.9999 >0.9999 >0.9999 

Control vs. SCH3 >0.9999 0.0003 >0.9999 

MMF vs. RAD >0.9999 >0.9999 >0.9999 

MMF vs. SCH3 >0.9999 0.0003 >0.9999 

RAD vs. SCH3 >0.9999 0.0073 >0.9999 

 

Appendix  7. Statistical analysis of Figure 4.22. 

Statistical analysis carried out using two-way ANOVA followed by Bonferroni’s post 

hoc testing, comparing each apoptotic phase separately between all treatments. 

*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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C-0 vs. C-24 ns >0.9999 

C-0 vs. C-48 ns >0.9999 

C-0 vs. M-0 ns >0.9999 

C-0 vs. R-0 ns >0.9999 

C-0 vs. SCH3-0 ns >0.9999 

C-24 vs. M-24 ns >0.9999 

C-24 vs. R-24 ns >0.9999 

C-24 vs. SCH3-24 ns >0.9999 

C-48 vs. M-48 ns >0.9999 

C-48 vs. R-48 **** <0.0001 

C-48 vs. SCH3- 48 **** <0.0001 

M-0 vs. M-24 ns >0.9999 

M-0 vs. M-48 ns >0.9999 

M-0 vs. R-0 ns >0.9999 

M-0 vs. SCH3-0 ns >0.9999 

M-24 vs. M-48 ns >0.9999 

M-24 vs. R-24 ns >0.9999 

M-24 vs. SCH3-24 ns >0.9999 

M-48 vs. R-48 **** <0.0001 

M-48 vs. SCH3- 48 **** <0.0001 

R-0 vs. R-24 ns >0.9999 

R-0 vs. R-48 **** <0.0001 

R-0 vs. SCH3-0 ns >0.9999 

R-24 vs. R-48 ns >0.9999 

R-24 vs. SCH3-24 ns >0.9999 

R-48 vs. SCH3- 48 **** <0.0001 

SCH3-0 vs. SCH3-24 ns >0.9999 

SCH3-0 vs. SCH3- 48 **** <0.0001 

SCH3-24 vs. SCH3- 48 **** <0.0001 

 

Appendix  8. Statistical analysis of Figure 4.26. 

 Table 4. 1 Significance of DNA damage in R3 cells, caused my RAD 2 GY MMF 2 

M and SCH3 M+R, at 3 different time points, 0hr post treatment, 24hrs post 

treatment and 48hrs post treatments. 

This table is a summary of statistical analysis carried out in Figure 4.26, One-way 

ANOVA was carried out with Bonferroni’s correction and the comparisons of each 

median tail moment are displayed above. 
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Bonferroni's multiple 
comparisons test 

0HR P Value 24HR P Value 48HR P 
Value 

Viable 
 

  

Control vs. MMF 0.0051 <0.0001 <0.0001 

Control vs. DOX 0.1426 <0.0001 <0.0001 

Control vs. D-SCH3 <0.0001 <0.0001 <0.0001 

Control vs. RAD 0.0005 0.0289 <0.0001 

Control vs. R-SCH3 <0.0001 <0.0001 <0.0001 

MMF vs. DOX >0.9999 0.4653 <0.0001 

MMF vs. D-SCH3 0.0001 <0.0001 <0.0001 

MMF vs. RAD >0.9999 0.4401 0.4241 

MMF vs. R-SCH3 0.0001 <0.0001 <0.0001 

DOX vs. D-SCH3 <0.0001 <0.0001 <0.0001 

DOX vs. RAD 0.7220 0.0011 <0.0001 

DOX vs. R-SCH3 <0.0001 <0.0001 <0.0001 

D-SCH3 vs. RAD 0.0016 <0.0001 <0.0001 

D-SCH3 vs. R-SCH3 >0.9999 0.9797 >0.9999 

RAD vs. R-SCH3 0.0017 <0.0001 <0.0001 

Early Apoptotic 
 

  

Control vs. MMF >0.9999 0.0060 <0.0001 

Control vs. DOX 0.2680 >0.9999 <0.0001 

Control vs. D-SCH3 0.0017 0.0166 0.0009 

Control vs. RAD 0.1022 0.1253 <0.0001 

Control vs. R-SCH3 0.0574 >0.9999 0.0365 

MMF vs. DOX >0.9999 0.0003 0.0880 

MMF vs. D-SCH3 0.2929 <0.0001 <0.0001 

MMF vs. RAD >0.9999 >0.9999 >0.9999 

MMF vs. R-SCH3 >0.9999 0.0107 <0.0001 

DOX vs. D-SCH3 >0.9999 0.2830 0.2806 

DOX vs. RAD >0.9999 0.0086 0.0436 

DOX vs. R-SCH3 >0.9999 >0.9999 0.0095 

D-SCH3 vs. RAD >0.9999 <0.0001 <0.0001 

D-SCH3 vs. R-SCH3 >0.9999 0.0008 >0.9999 

RAD vs. R-SCH3 >0.9999 0.2703 <0.0001 

Late Apoptotic 
 

  

Control vs. MMF 0.5261 0.0454 <0.0001 

Control vs. DOX >0.9999 <0.0001 0.2936 

Control vs. D-SCH3 <0.0001 <0.0001 <0.0001 

Control vs. RAD 0.9797 0.0142 <0.0001 

Control vs. R-SCH3 <0.0001 <0.0001 <0.0001 

MMF vs. DOX 0.9905 0.3480 0.0005 

MMF vs. D-SCH3 0.0767 <0.0001 <0.0001 

MMF vs. RAD >0.9999 >0.9999 >0.9999 

MMF vs. R-SCH3 0.0031 <0.0001 <0.0001 

DOX vs. D-SCH3 0.0002 <0.0001 <0.0001 

DOX vs. RAD >0.9999 0.8966 0.0186 

DOX vs. R-SCH3 <0.0001 <0.0001 <0.0001 

D-SCH3 vs. RAD 0.0333 <0.0001 <0.0001 

D-SCH3 vs. R-SCH3 >0.9999 <0.0001 >0.9999 

RAD vs. R-SCH3 0.0013 <0.0001 <0.0001 

Necrotic 
 

  

Control vs. MMF >0.9999 <0.0001 >0.9999 

Control vs. DOX >0.9999 >0.9999 >0.9999 

Control vs. D-SCH3 >0.9999 >0.9999 >0.9999 

Control vs. RAD >0.9999 0.3528 >0.9999 

Control vs. R-SCH3 >0.9999 >0.9999 >0.9999 

MMF vs. DOX >0.9999 0.0002 >0.9999 

MMF vs. D-SCH3 >0.9999 <0.0001 >0.9999 

MMF vs. RAD >0.9999 0.0107 >0.9999 

MMF vs. R-SCH3 >0.9999 <0.0001 >0.9999 
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DOX vs. D-SCH3 >0.9999 >0.9999 >0.9999 

DOX vs. RAD >0.9999 >0.9999 >0.9999 

DOX vs. R-SCH3 >0.9999 >0.9999 >0.9999 

D-SCH3 vs. RAD >0.9999 0.9824 >0.9999 

D-SCH3 vs. R-SCH3 >0.9999 >0.9999 >0.9999 

RAD vs. R-SCH3 >0.9999 >0.9999 >0.9999 

  

Appendix  9. Statistical analysis of Figure 4.34. 

Statistical analysis carried out using two-way ANOVA followed by Bonferroni’s post 

hoc testing, comparing each apoptotic phase separately between all treatments. 

*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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Bonferroni's multiple 
comparisons test 

Summary Adjusted P 
Value 

Control - 0 vs. Control - 24 ns >0.9999 

Control - 0 vs. Control -48  ns >0.9999 

Control - 0 vs. MMF - 0 **** <0.0001 

Control - 0 vs. DOX - 0 **** <0.0001 

Control - 0 vs. D-SCH3 - 0 **** <0.0001 

Control - 24 vs. MMF - 24 ns >0.9999 

Control - 24 vs. DOX - 24 ns >0.9999 

Control - 24 vs. D-SCH3 - 24 ns >0.9999 

Control -48 vs. MMF - 48 ns >0.9999 

Control -48 vs. DOX - 48 ns >0.9999 

Control -48 vs. D-SCH3 - 48 ns >0.9999 

MMF - 0 vs. MMF - 24 **** <0.0001 

MMF - 0 vs. MMF - 48 **** <0.0001 

MMF - 0 vs. DOX - 0 **** <0.0001 

MMF - 0 vs. D-SCH3 - 0 **** <0.0001 

MMF - 24 vs. DOX - 24 ns >0.9999 

MMF - 24 vs. D-SCH3 - 24 ns >0.9999 

MMF - 48 vs. DOX - 48 ns >0.9999 

MMF - 48 vs. D-SCH3 - 48 ns >0.9999 

DOX - 0 vs. DOX - 24 **** <0.0001 

DOX - 0 vs. DOX - 48 **** <0.0001 

DOX - 0 vs. D-SCH3 - 0 **** <0.0001 

DOX - 24 vs. D-SCH3 - 24 ns >0.9999 

DOX - 48 vs. D-SCH3 - 48 ns >0.9999 

D-SCH3 - 0 vs. D-SCH3 - 24 **** <0.0001 

D-SCH3 - 0 vs. D-SCH3 - 48 **** <0.0001 

D-SCH3 - 24 vs. D-SCH3 - 48 ns >0.9999 

Appendix  10.  Statistical analysis of Figure 4.36. 

Significance of DNA damage in R3D3 cells, caused by MMF 2 M DOX 0.2 M and 

D-SCH3, at 3 different time points, 0hr post treatment removal, 24hrs post treatment 

removal and 48hrs post treatment removal. 

This table is a summary of statistical analysis carried out in Figure 4.39, One-way 

ANOVA was carried out with Bonferroni’s correction and the comparisons of each 

median tail moment are displayed above. P>0.0001 ****, P>0.001 ***, P>0.01** and 

P>0.1 *. 
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Appendix  11. Statistical analysis of Figure 4.37. 

 Table 4. 2 Significance of DNA damage in R3D3 cells, caused by MMF 2 M RAD 2 

Gy and R-SCH3, at 3 different time points, 0hr post treatment, 24hrs post treatment 

and 48hrs post treatment. 

This table is a summary of statistical analysis carried out in Figure 4.40, One-way 

ANOVA was carried out with Bonferroni’s correction and the comparisons of each 

median tail moment are displayed above. P>0.0001 ****, P>0.001 ***, P>0.01** and 

P>0.1 *. 

  

Bonferroni's multiple 
comparisons test 

Summary Adjusted P 
Value 

Control - 0 vs. Control - 24 ns >0.9999 

Control - 0 vs. Control -48  ns >0.9999 

Control - 0 vs. MMF - 0 **** <0.0001 

Control - 0 vs. RAD - 0 **** <0.0001 

Control - 0 vs. R-SCH3 - 0 **** <0.0001 

Control - 24 vs. MMF - 24 ns <0.9999 

Control - 24 vs. RAD - 24 ns >0.9999 

Control - 24 vs. R-SCH3 - 24 ns >0.9999 

Control -48 vs. MMF - 48 ns >0.9999 

Control -48 vs. RAD - 48 ns >0.9999 

Control -48 vs. R-SCH3 - 48 ns >0.9999 

MMF - 0 vs. MMF - 24 **** <0.0001 

MMF - 0 vs. MMF - 48 **** <0.0001 

MMF - 0 vs. RAD - 0 **** <0.0001 

MMF - 0 vs. R-SCH3 - 0 **** <0.0001 

MMF - 24 vs. MMF - 48 **** <0.0001 

MMF - 24 vs. RAD - 24 ns >0.9999 

MMF - 24 vs. R-SCH3 - 24 ns >0.9999 

MMF - 48 vs. RAD - 48 ns >0.9999 

MMF - 48 vs. R-SCH3 - 48 ns >0.9999 

RAD - 0 vs. RAD - 24 **** <0.0001 

RAD - 0 vs. RAD - 48 **** <0.0001 

RAD - 0 vs. R-SCH3 - 0 ** 0.0034 

RAD - 24 vs. RAD - 48 ns >0.9999 

RAD - 24 vs. R-SCH3 - 24 ns >0.9999 

RAD - 48 vs. R-SCH3 - 48 ns >0.9999 

R-SCH3 - 0 vs. R-SCH3 - 24 **** <0.0001 

R-SCH3 - 0 vs. R-SCH3 - 48 **** <0.0001 

R-SCH3 - 24 vs. R-SCH3 - 48 ns >0.9999 



 

 304 

 
(B) 

Bonferroni's multiple comparisons test Summary Adjusted P Value 

Control vs. MMF ns >0.9999 

Control vs. 0.5 Gy  ns >0.9999 

Control vs. 1 Gy ** 0.0042 

Control vs. 2GY **** <0.0001 

Control vs. SCH1 0.5 Gy ns 0.0553 

Control vs. SCH1 1 Gy **** <0.0001 

Control vs. SCH1 2 Gy **** <0.0001 

MMF vs. 0.5 Gy  ns >0.9999 

MMF vs. 1 Gy ns 0.9378 

MMF vs. 2GY ** 0.0034 

MMF vs. SCH1 0.5 Gy ns >0.9999 

MMF vs. SCH1 1 Gy * 0.0215 

MMF vs. SCH1 2 Gy *** 0.0003 

0.5 Gy vs. 1 Gy ns 0.1380 

0.5 Gy vs. 2GY *** 0.0002 

0.5 Gy vs. SCH1 0.5 Gy ns >0.9999 

0.5 Gy vs. SCH1 1 Gy ** 0.0021 

0.5 Gy vs. SCH1 2 Gy **** <0.0001 

1 Gy vs. 2GY ns 0.1893 

1 Gy vs. SCH1 0.5 Gy ns >0.9999 

1 Gy vs. SCH1 1 Gy ns >0.9999 

1 Gy vs. SCH1 2 Gy ** 0.0070 

2GY vs. SCH1 0.5 Gy ns 0.0525 

2GY vs. SCH1 1 Gy ns >0.9999 

2GY vs. SCH1 2 Gy ns >0.9999 

SCH1 0.5 Gy vs. SCH1 1 Gy ns 0.3406 

SCH1 0.5 Gy vs. SCH1 2 Gy ** 0.0026 

SCH1 1 Gy vs. SCH1 2 Gy ns >0.9999 

Appendix  12. MDA-MB-231 cell clonogenic assay investigating the survival fraction of cells 
treated with 0.5 Gy, 1 Gy,2 Gy radiation, 2 mM MMF and SCH1 combination using each Gy 
radiation and 2 mM MMF.  

Data shown is the average of three independent experiments carried out in triplicate +/- SD. 
(B) 1-way ANOVA with Bonferroni post-test was performed using GraphPad Prism 9.2.1 
software, P <0.005 = *, <0.001= **, <0.0001= ***, <0.00001=**** reported as significant when 
compared with the control with all results compares to the control and each other. 
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(B) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix  13. MDA-MB-231 cell clonogenic assay investigating the survival fraction of cells 

treated with 0.5 Gy, 1 Gy,2 Gy radiation, 2 M MMF and SCH2 combination using each Gy 

radiation and 2 M MMF.  

Data shown is the average of three independent experiments carried out in triplicate +/- SD. 
(B) 1-way ANOVA with Bonferroni post-test was performed using GraphPad Prism 9.2.1 
software, P <0.005 = *, <0.001= **, <0.0001= ***, <0.00001=**** reported as significant when 
compared with the control with all results compares to the control and each other. 

Bonferroni's multiple comparisons test Summary Adjusted P Value 

Control vs. MMF ns >0.9999 

Control vs. 0.5 Gy  ns >0.9999 

Control vs. 1 Gy ** 0.0017 

Control vs. 2 Gy **** <0.0001 

Control vs. SCH2 0.5 Gy ns >0.9999 

Control vs. SCH2 1 Gy **** <0.0001 

Control vs. SCH2 2 Gy **** <0.0001 

MMF vs. 0.5 Gy  ns >0.9999 

MMF vs. 1 Gy ns 0.6232 

MMF vs. 2 Gy ** 0.0014 

MMF vs. SCH2 0.5 Gy ns >0.9999 

MMF vs. SCH2 1 Gy ** 0.0017 

MMF vs. SCH2 2 Gy **** <0.0001 

0.5 Gy vs. 1 Gy ns 0.0745 

0.5 Gy vs. 2 Gy **** <0.0001 

0.5 Gy vs. SCH2 0.5 Gy ns >0.9999 

0.5 Gy vs. SCH2 1 Gy *** 0.0001 

0.5 Gy vs. SCH2 2 Gy **** <0.0001 

1 Gy vs. 2 Gy ns 0.1056 

1 Gy vs. SCH2 0.5 Gy ns 0.2041 

1 Gy vs. SCH2 1 Gy ns 0.1064 

1 Gy vs. SCH2 2 Gy *** 0.0002 

2 Gy vs. SCH2 0.5 Gy *** 0.0004 

2 Gy vs. SCH2 1 Gy ns >0.9999 

2 Gy vs. SCH2 2 Gy ns 0.1247 

SCH2 0.5 Gy vs. SCH2 1 Gy *** 0.0006 

SCH2 0.5 Gy vs. SCH2 2 Gy **** <0.0001 

SCH2 1 Gy vs. SCH2 2 Gy ns 0.6981 
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(B) 

Bonferroni's multiple comparisons test Summary Adjusted P Value 

Control vs. MMF ns >0.9999 

Control vs. 0.5 Gy  ns >0.9999 

Control vs. 1 Gy * 0.0235 

Control vs. 2GY **** <0.0001 

Control vs. SCH3 0.5 Gy **** <0.0001 

Control vs. SCH3 1 Gy **** <0.0001 

Control vs. SCH3 2 Gy **** <0.0001 

MMF vs. 0.5 Gy  ns >0.9999 

MMF vs. 1 Gy ns >0.9999 

MMF vs. 2GY * 0.0124 

MMF vs. SCH3 0.5 Gy ** 0.0026 

MMF vs. SCH3 1 Gy ** 0.0013 

MMF vs. SCH3 2 Gy **** <0.0001 

0.5 Gy vs. 1 Gy ns 0.1645 

0.5 Gy vs. 2GY **** <0.0001 

0.5 Gy vs. SCH3 0.5 Gy **** <0.0001 

0.5 Gy vs. SCH3 1 Gy **** <0.0001 

0.5 Gy vs. SCH3 2 Gy **** <0.0001 

1 Gy vs. 2GY ns 0.0851 

1 Gy vs. SCH3 0.5 Gy * 0.0136 

1 Gy vs. SCH3 1 Gy ** 0.0060 

1 Gy vs. SCH3 2 Gy **** <0.0001 

2GY vs. SCH3 0.5 Gy ns >0.9999 

2GY vs. SCH3 1 Gy ns >0.9999 

2GY vs. SCH3 2 Gy ** 0.0055 

SCH3 0.5 Gy vs. SCH3 1 Gy ns >0.9999 

SCH3 0.5 Gy vs. SCH3 2 Gy ns >0.9999 

SCH3 1 Gy vs. SCH3 2 Gy ns >0.9999 

Appendix  14. MDA-MB-231 cell clonogenic assay investigating the survival fraction of cells 
treated with 0.5 Gy, 1 Gy,2 Gy radiation, 2 mM MMF and SCH3 combination using each Gy 
radiation and 2 mM MMF.  

Data shown is the average of three independent experiments carried out in triplicate +/- SD. 
(B) 1-way ANOVA with Bonferroni post-test was performed using GraphPad Prism 9.2.1 
software, P <0.005 = *, <0.001= **, <0.0001= ***, <0.00001=**** reported as significant when 
compared with the control with all results compares to the control and each other. 
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