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There can be life after breast cancer. The prerequisite is early detection. 

Ann Jillian (1950-) 
American actress. 
(http://www.brainyquote.com/quotes/authors/a/an
n_jillian.ht ml, accessed October 20, 2013) 

 

Breast cancer changes you, and the change can be beautiful. 
Alyssa-Jane Cook 
Breast cancer Survivor 
(AZQuotes.com. Wind and Fly LTD, 2020. 03 July 
2020. https://www.azquotes.com/quote/597770) 

 

A carcinoma does not give rise to the same danger [as a carbuncle] unless it 

is irritated by imprudent treatment. This disease occurs mostly in the upper 

parts of the body, in the region of the face, nose, ears, lips, and in the breasts 

of women, but it may also arise in an ulceration, or in the spleen . . .. At times 

the part becomes harder or softer than natural . . .. After excision, even when 

a scar has formed, none the less the disease has returned, and caused death. 
Aulus Aurelius Cornelius Celsus 

(25 BC – AD 50) [1] 

 

The difference between cancerous swelling and induration. The latter is a 

slumbering silent mass, which ... is painless, and stationary ... A cancerous 

swelling progressively increases in size, is destructive, and spreads roots 

which insinuate themselves amongst the tissue-elements. 
Avicenna 

(981–1037) [1] 
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ABSTRACT 

Globally, breast cancer is the most common cancer affecting women and it is predicted 

that in 2030 about 12 million deaths will occur with approximately 21.7 million new 

cases [2].  Genetic risk factors as well as race and ethnicity, account for about 5-10% 

of all breast cancer occurrences.  Triple negative breast cancer (TNBC), tumors that 

tested negative for oestrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth factor receptor 2 (HER2), contribute to 10-20% of all breast 

carcinomas [3,4] and is known to be a more aggressive type of cancer with varying 

degree of response to chemotherapeutic and radiation therapy [5,6]  

The epidermal growth factor receptor (EGFR) is abnormally activated in many cancers 

and its signal transduction pathways play an important role in regulating cell 

proliferation and survival. It is often overexpressed in TNBC [7]. P-glycoprotein (P-gp) 

is a transmembrane glycoprotein responsible for active transport of substances across 

the cell membrane out of a cell. It functions as an efflux pump and is overexpressed 

in many cancer cells. The altered expression of both EGFR and P-gp parallels an 

aggressive clinical course and the development of resistance to anticancer and 

adjuvant endocrine therapies.  

Anti-EGFR compounds that specifically target the intracellular and extracellular 

domains of the EGFR include tyrosine kinase inhibitors (TKIs), e.g., gefitinib and 

erlotinib and monoclonal antibodies, e.g., cetuximab and trastuzamab, that are 

amongst the most effective agents that are currently used together with 

chemotherapeutic agents in clinical practice. However, the emergence of multidrug 

resistance (MDR), a mechanism that is not well understood, has, over time, eclipsed 
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the progress that has been made in drug therapeutics.In this study we examined the 

effects of doxorubicin (DOX), cisplatin (CDDP) and one investigational TKI (EGFR 

inhibitor I, hereinafter referred to as EGFRi), individually and in combination, on 

human MCF-7 breast carcinoma cells and a triple negative breast cancer (TNBC) cell 

line (MDA-MB-231), with specific focus on P-gp and EGFR inhibition. 

Analyses of MCF-7 and MDA-MB-231 TNB carcinoma cells exposure to DOX, CDDP 

and EGFRi included growth and dose-response curves (cytotoxicity assays), caspase-

3/7 assays for apoptosis detection, P-glycoprotein function (intracellular Calcein-AM 

accumulation) and EGFR and P-glycoprotein (ABCB1 gene) mRNA expression, using 

quantitative Real-Time PCR. 

When used as an individual treatment, EGFRi demonstrated a higher growth inhibition 

in both MCF-7 and MDA-MB 231 cell lines, compared to DOX and CDDP. 

Combination treatment of DOX with CDDP at equimolar log dose concentrations, 

synergistically inhibited cell growth that was significantly different to the compounds 

used individually. The pairwise combinations of EGFRi with both DOX and CDDP also 

demonstrated synergistic and antagonistic drug interactions consistent with the Bliss 

independence and Loewe additivity synergy models.  

Apoptosis was confirmed in both MCF-7 and MDA-MB-231 TNBC cells after 24-hour 

drug treatments. Intracellular calcein accumulation that is indicative of P-glycoprotein 

inhibition, was determined using the Calcein-AM assay. Drug treatments significantly 

increased the intracellular accumulation of calcein inside the cells, but only at very 

high concentrations in MCF-7 cells. No significant levels of calcein accumulation were 

detected in MDA-MB-231 cells, following individual treatment with EGFRi, DOX and 

CDDP.   
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The pairwise combination drug treatments of EGFRi + DOX demonstrated significant 

accumulation of calcein only in MCF-7 cells. RT-qPCR was utilized to quantify the 

gene expression levels of EGFR and ABCB1 in both MCF-7 and MDA-MB-231 TNBC 

cell lines following drug treatment. The expression levels of EGFR gene were 

significantly reduced in both cells following drug treatment, which correlates with the 

cellular growth inhibition results. The expression levels of ABCB1 gene could not be 

quantitated following optimization of expression due to undesirable CT values that was 

outside the normal acceptable ranges. This is a due to the undetectably low 

expression levels of ABCB1 gene in our samples. 

Our scientific findings confirmed our hypothesis of the EGFRi’s ability to successfully 

reduce the efflux function of P-glycoprotein as well as demonstrating its combinatorial 

potential with DOX and CDDP, as compounds from different classes are more 

effective in enhancing growth inhibition efficacy in the two human breast carcinoma 

cell lines. 

Keywords: breast cancer, MCF-7 breast carcinoma cells, MDA-MB-231 TNBC cells, 

tyrosine kinase inhibitor, EGFR inhibitor, doxorubicin, cisplatin, drug combinations, 

drug interactions, Bliss independence, Loewe additivity, P-gp, EGFR, apoptosis, 

dose-response, drug efflux, EGFR and ABCB1 gene expression 
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ABBREVIATIONS AND ACRONYMS 

ABC Advanced Breast Cancer 

ABC Adenosine Triphosphate (ATP)-Binding Cassette 

ABCB1/MDR1/P-gp Multidrug Resistance-Associated Protein-1 or P-Glycoprotein 

AIs Aromatase Inhibitors 

AIDS Acquired Immunodeficiency Syndrome 

AJCC American Joint Committee on Cancer 

ANOVA One-Way Analysis of Variance 

ATP Adenosine-5′ -Triphosphate 

BC/BRCA Breast Cancer 

BCRP/ABCG2 Breast Cancer Resistance Protein 

BCS Breast-Conserving Surgery 

BCS Breast Cancer Survivors 

bCSCs/MaSCs Breast Cancer Stem Cells/Mammary Stem Cells 

BCSS Breast Cancer-Specific Survival 

Calcein-AM Calcein–Acetoxymethylester 

CDDP Cisplatin (Cis-DiammineDichloroPlatinum) 

95%CI 95% Confidence Interval 

CI Combination Index 

CNAs Copy Number Aberrations 

COSMIC Catalogue of Somatic Mutations in Cancer 

CR Cross-Resistance 

CS Collateral Sensitivity 

CT  Threshold Cycle 

Cq  Quantification Cycle 

DDIs Drug–Drug Interactions 

DFS Disease-Free Survival 

DOX Doxorubicin 

DRI Drug/Dose Reduction Index. Potency is the Concentration of Drug Required to 
Achieve a Particular Effect. Commonly Quantified by the IC50, the Drug 
Concentration Required to Achieve a Half-Maximal Effect (Emax/2). The potency 
Ratio (PR) is Also Referred to as the Dose-Reduction Index (DRI) 

EGFR-2 Epidermal Growth Factor Receptor 2 (HER2, ERBB2) 

EGFRi EGFR Inhibitor I 

E0 The Minimum Effect of a Drug 
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Emax The Maximum Effect of a Drug (Once this magnitude of effect is achieved, 
higher doses of the drug will not produce an increase in the magnitude of effect) 

Emax/2 The Half-Maximal Effect of a Drug 

EMT Epithelial to Mesenchymal Transition 

ER Estrogen Receptor 

ERS Endoplasmic Reticulum Stress 

ERBB2/ ErbB2 v-erb-b2 Avian Erythroblastic Leukemia Viral Oncogene Homolog 2, Also 
Known as HER2 and Neu) is a Gene That Encodes for the Receptor 
Tyrosine-Protein Kinase erbB-2. 

ESMO European Society for Medical Oncology 

FDA Food and Drug Administration, US 

FBS Fetal Bovine Serum 

FICs Sum of Fractional Inhibitory Concentrations 

GBD Global Burden of Disease 

GEP Genomic Expression Profile 

GLOBOCAN Global Cancer Observatory - Part of IARC 

GOF Gain of Function 

HBOC Hereditary Breast/Ovarian Cancer Syndrome 

HER1 Human Epidermal Growth Factor Receptor 1 

HER2/neu Human Epidermal Growth Factor Receptor 2 

HIF-1α Hypoxia-Inducible Factor–1α 

HIFBS Heat-Inactivated Fetal Bovine Serum 

HIV Human Immunodeficiency Virus 

HTS High Throughput Screening 

IACR International Association of Cancer Registries 

IARC International Agency for Research on Cancer 

IC Institutional Cohort 

IC50 Potency is the Concentration of Drug Required to Achieve a Particular Effect. 
Commonly Quantified by the IC50, the Drug Concentration Required to Achieve 
a Half-Maximal Effect (Emax/2).   

ICGC International Cancer Genome Consortium 

IHC Immunohistochemistry/Immunohistochemical 

LOF Loss of Function 

mAB Monoclonal Antibody 

MaSCs/bCSCs Mammary Stem Cells/Breast Cancer Stem Cells  

MBC Metastatic Breast Cancer 

MDR Multidrug Resistance 

METABRIC Molecular Taxonomy of Breast Cancer International Consortium 
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MRP1 Multidrug Resistance-Associated Protein-1 
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NAC/NACT Neoadjuvant Chemotherapy 

NAT Neoadjuvant Therapy 

NBDs Nucleotide-Binding Domains 

NCCN National Comprehensive Cancer Network 

NSCLC Non-Small Cell Lung Cancer 

NRT No Reverse Transcriptase Control 

NTC No Template Control 

OET Oral Endocrine Therapy 

OS Overall Survival 

PBCRs Population-Based Cancer Registries 

PCAWG Pan-Cancer Analysis of Whole Genomes 

PCD Programmed Cell Death 

pCR Pathological Complete Response 

PFS Progression-Free Survival 

P-gp P-Glycoprotein 

PR Potency is the Concentration of Drug Required to Achieve a Particular Effect. 
Commonly Quantified by the IC50, the Drug Concentration Required to Achieve 
a Half-Maximal Effect (Emax/2). PR is Also Referred to as the Dose-Reduction 
Index (DRI) 

PR  Progesterone Receptor 

QNBC Quadruple Negative Breast Cancer 

ROS Reactive Oxygen Species 

RSM(s) Response Surface Model(s) 

RTKs/NRTKs Receptor Tyrosine Kinases/Non-Receptor Tyrosine Kinases 

RT-qPCR -  Quantitative Real-Time polymerase Chain Reaction 

SEER Surveillance, Epidemiology and End Results 

SEM Standard Error of the Mean 

STKs Serine–Threonine Kinases 

Ta  Annealing Temperature 

TAMs Tumor-Associated Macrophages 

TCGA The Cancer Genome Atlas 

TKD Tyrosine Kinase Domain 

TKs Tyrosine Kinases 

TKI Tyrosine Kinase Inhibitor 
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Tm  Melting Temperature 

TMDs Transmembrane Domains 

TME Tumor Microenvironment 

TNBC Triple-Negative Breast Cancer 

TNM Tumor, Node, Metastasis Staging System 

UICC Union for International Cancer Control 

UPR Unfolded Protein Response 

USA United States of America 

VEGF Vascular Endothelial Growth Factor 

WLWHA Women Living with HIV/AIDS 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

SECTION A: CANCER 

A.1 The Hallmarks of Cancer 

Cancer is a non-communicable heterogeneous disease in etiology and pathology that 

is brought about by the uncontrolled growth of aberrant cells [2]. The ability of normal 

cells to develop and progress into a malignant mass of cells, known as a tumor is 

better described by a concept known as The Hallmarks of Cancer [8,9]. This concept 

describes six biological capabilities that are acquired during neoplastic disease 

development and is used to better understand the complexity and heterogeneity of 

cancer as a disease. The six characteristic traits encompass sustained proliferative 

signalling, evasion of growth suppression, resistance to cell death, limitless replicative 

potential, induction of angiogenesis and tissue invasion and metastasis [8-10]. 

A.1.1 Sustained Proliferative Signaling 

In contrast to normal cells that require constant signalling for growth, tumor cells 

generate and sustain their own proliferative signals and thus demonstrate their 

independence from their normal tissue environment. Normal growth factor receptors 

expressed in somatic cells promote growth signalling through growth factors. In cancer 

cells, these signals are often deregulated by the overexpression of surface tyrosine 

kinase receptors (TKRs). 
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In cancer cells, these signals are often deregulated by the overexpression of surface 

tyrosine kinase receptors (TKRs). Cancer cells may also promote constant 

proliferative signaling by generating their own growth factor ligands resulting in 

autocrine activation that can lead to tumor development [8,9,11]. 

A.1.2 Evasion of Growth Suppressors 

Normal cells are constantly regulated by different mechanisms to ensure homeostasis 

in the tissue and this includes growth inhibitory regulation. This usually takes place 

during cell cycle progression. In all cells, this process is brought about by extracellular 

or intracellular tumor suppressor proteins (e.g., TP53) and Retinoblastoma protein 

(RB), which control cell proliferation. Many cancer cells can either turn off molecules 

that send antiproliferative signals or dysregulate any signaling that relates to the 

activation of the tumor suppressor proteins [8,9]. 

A.1.3 Resistance to Programmed Cell Death or Apoptosis 

Apoptosis, also known as programmed cell death, is a process that all cell types 

undergo. The process involves the recruitment of sensors that monitor the 

extracellular and intracellular environments for any changes that might occur. 

Depending on the conditions, favorable or unfavorable, these sensors will either 

stimulate signals to promote growth of the cell or induce cell death. Cell death involves 

numerous physiological events, including membrane disruption, cytosol expulsion, 

degradation and fragmentation of the nuclear material.  

Tumor suppressor protein (TP53) is implicated in the induction of apoptosis that is 

stimulated by DNA damage. Many cancer cells evade cell death by dysregulating 

TP53 function. Furthermore, tumor cells may also downregulate the pro-apoptotic 

protein (Bax) and upregulate the pro-survival (anti-apoptotic) protein (Bcl-2) as well as 
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make use of the autophagy which have overlapping signals with apoptosis and may 

either promote cell survival or cell death [8,9,12]. 

A.1.4 Limitless Replicative Potential 

Most cell types have automated internal processes that regulate and stop cellular 

replication after several cycles, independent of the growth signals elicited. This 

process is referred to as senescence. However, certain cells have the ability to bypass 

senescence and continue multiplying until they reach a crisis state, in which all the 

cells die. This process of senescence and crisis is dictated by telomerase activity in 

cells. The higher the telomerase activity, the longer the telomeric DNA and the longer 

the cell replication cycle and vice versa. Many neoplastic cells have developed the 

ability to overcome senescence and sustain telomerase activity and develop tumors 

[8,9]. 

A.1.5 Induction of Angiogenesis 

All cellular and tissue survival mechanisms are dependent on oxygen and nutrient 

supply. Hence, angiogenesis, the formation of new blood vessels, is not only essential 

to all cells, but critical to new tissue development. Angiogenesis is upregulated during 

the process of tumorigenesis and is continuously producing more blood vessels from 

normal dormant vasculature. Angiogenesis can either be induced or suppressed, this 

is referred to as the “angiogenic switch”. This is mediated by angiogenesis inhibitors, 

e.g., vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF) and 

inhibitor thrombospondin-1 (TSP-1). These compounds bind to either stimulatory or 

inhibitory transmembrane receptors exposed on vascular cells. Upregulation of VEGF 

genes that encode ligands together with the overexpression of the receptors and 

signal transduction of FGF have been implicated in tumor angiogenesis [8,9].  
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A.1.6 Tissue Invasion and Metastasis 

Tumorigenesis is promoted by the ability of cells to migrate from the primary tumor 

site, invading other tissues and metastasizing to other (secondary) sites. The ability 

of cancer cells to metastasize and invade other tissues is made possible by all the 

other aforementioned characteristics and abilities which constitute the Hallmarks of 

Cancer. It is also further facilitated by the loss of the cell adhesion molecule, E-

cadherin, a molecule that the once normal epithelial cell contained and is lost in cancer 

cells [13,14]. This allows cancer cells to invade distant sites and replace adjacent 

cells. Furthermore, changes in cell-cell adhesion molecules (CAMs) and proteins 

involved in forming junctions also permit primary neoplastic masses in invasion and 

metastasis to progress in distant sites [8-10,15]. 

A.1.7 The Hallmarks of Cancer Are the Sine Qua Non for Cancer Therapy 

In a follow-up review by Hanahan and Weinberg, two additional hallmarks were added 

to cancer tumorigenesis and progression, viz., Deregulation of Cellular Energetics 

where normal cellular metabolism programming is modified to support cancer cell 

growth and, Surviving Immune Destruction, in which cancer cells effectively evade 

immunological destruction by T and B lymphocytes and natural killer cells [9]. 

Following their initial publication during a time where the complexity of cancer was not 

very well understood, Hanahan and Weinberg received a lot of criticism with regards 

to their attempt to simplify the diverse nature of cancer. Several authors keenly alluded 

to the shortcomings and provided suggestions that could be incorporated in future 

reviews [11,12,16-18]. However, The Hallmarks of Cancer remain the mainstay in 

understanding the extraordinary molecular heterogeneity and variability embedded in 

the tumor microenvironment and provide a system-based rationale for targeting 

diverse cancers for individualized therapies [19-23].   
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Figure 1.1 illustrates that the hallmarks of cancer should more precisely include the 

stress phenotypes of cancer, including DNA damage and DNA replication stress 

(genomic instability, oncogene addiction and tumor suppressor gene hypersensitivity), 

metabolic stress, proteotoxic stress, mitotic stress and oxidative stress mechanisms 

to consolidate the autonomy in tumor growth factor signaling and insensitivity to 

growth regulation into the unified hallmark of activated growth signaling [11,24,25]. 

 
Sources: [24]: In addition to the six hallmarks originally proposed by Hanahan and Weinberg [9] (top half, white 

symbols) and evasion of immune surveillance proposed by Kroemer and Pouyssegur [26], a new set of additional 

hallmarks depicts the stress phenotypes of cancer cells (lower half, colored symbols). These include metabolic 

stress, proteotoxic stress, mitotic stress, oxidative stress, and DNA damage stress. Functional interplays among 

these hallmarks promote the tumorigenic state and suppress oncogenic stress. For example, the utilization of 

glycolysis allows tumor cells to adapt to hypoxia and acidify its microenvironment to evade immune surveillance. 

Increased mitotic stress promotes aneuploidy, which leads to proteotoxic stress that requires compensation from 

the heat shock response pathway. Elevated levels of reactive oxygen species (ROS) result in increased levels of 

DNA damage that normally elicits senescence or apoptosis, but is overcome by tumor cells. 

Figure 1.1: Proposed revision of the hallmarks of cancer to include genomic 

instability, and to consolidate the self-sufficiency in growth signals and 

insensitivity to anti-growth signals into the single hallmark of activated growth 

signaling.  
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Since this study focuses on the effects of various combinations of different classes of 

anticancer drugs and tyrosine kinase inhibitors (TKIs) on the human MCF-7 and triple-

negative MDA-MB 231 breast carcinoma cell lines, a degree of objectivity in this thesis 

will be maintained insofar as the importance and relevance of specific breast cancer 

hallmarks and oncogenic determinants are concerned [21,27-35]. 

A.2 Epidemiology, Etiology and Prevention of Breast Cancer 

Epidemiological studies have been invaluable in enhancing our understanding of the 

pathogenesis of cancer, i.e., surveying global trends and identifying cancer prevention 

strategies [36-39]. In 1981, an epidemiological study by Richard Doll and Richard Peto 

[40], described cancer as a disease that can be avoided, in an attempt to prevent its 

onset (initiation), progression (proliferation) and hematogenous spread (metastasis). 

This notion followed the understanding of a World Health Organization (WHO) expert 

committee in 1964 who were of the opinion that environmental factors are responsible 

for the majority of cancer cases and, as such, can be avoided in an attempt to prevent 

the onset of cancer [41].  

The epidemiological study of 1981 broadly categorized and associated specific types 

of cancers with their causes based on the literature available at the time, such as the 

association of tobacco smoking with the incidence of lung cancer. The study also 

looked at migration patterns of specific ethnic groups in which a certain type of cancer 

would be more prevalent in a particular region of the world, such as the incidence 

rates of oral cancer in Indians and how migration to Fiji and South Africa significantly 

reduced their high risk of developing oral cancer. The major factors that were listed as 

avoidable factors were environmental (extrinsic) factors that included tobacco 

smoking, alcohol usage, dietary intake, reproductive factors (hormonal imbalance) as 

modifiable factors and, to a lesser extent, occupational hazards (exposure to 
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chemicals) and pollution [40]. One limitation of this classic epidemiological study was 

that it did not focus on intrinsic factors such as the tumor microenvironment (TME) and 

genetic mutations or aberrations that are typically associated with cancer [42-46]. 

However, epidemiological studies have contributed significantly to identifying links 

between lifestyle factors and the risks of developing cancer which could be confirmed 

by laboratory investigations [47-51]. This includes the association of the tobacco 

smoking with the development of lung cancer which were directly involved in the 

establishment of prevention strategies of tobacco use in the United States of America 

(USA), as well as the link between obesity and physical inactivity with development of 

postmenopausal breast cancer, and prostate and pancreatic cancer [47].  

Despite all this knowledge and the major advances in cancer prevention over the last 

30 years, the global cancer burden persists and cancer remains the leading cause of 

mortality in women in both developed and developing countries [52]. In recent years, 

there has been a dramatic shift in the prevalence of certain cancers. Cancers with a 

high incidence in predominantly developed countries have become more prevalent in 

developing countries. This trend is due to the increase in risk factors such as smoking, 

obesity and physical inactivity and reproductive factors that are directly linked to the 

increase in population size over the years as well delay in early diagnosis and access 

to treatment [52].  

Approximately 19% of all cancers are caused by tobacco smoking, which can be 

prevented [53-58]. Likewise, cancers (e.g., lung, breast, cervical, oropharyngeal, liver 

and colorectal) that are caused by viruses such as human papilloma virus (HPV) 

[53,59,60] and hepatitis B (HBV) [61-63] or hepatitis C (HBC) [64] may be prevented 

by vaccination [2,65,66]. However, innovative multimodal approaches to 

epidemiological studies are still needed, specifically at the spectrum of early diagnosis 
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and treatment where biomarkers and environmental, lifestyle and nutritional indicators 

that are associated with tumorigenesis and cancer progression, and responses to 

paradigmatic cancer therapeutics and customized interventions may be validated in 

specific population groups [36,48,51,65,67-76].  

Globally, cancer is the second major cause of death after cardiovascular disease, and 

breast cancer is the leading cancer among women [39,77,78]. A recent Global Burden 

of Disease (GBD) Cancer Collaboration systematic analysis showed that the principal 

cause of cancer deaths and disability-adjusted life-years (DALYs) was tracheal, 

bronchus, and lung cancer (1.2 million deaths and 25.4 million DALYs). By 

comparison, in women, the predominant cancer and the leading cause of cancer 

deaths and DALYs was breast cancer (1.7 million incident cases, 535 000 deaths, and 

14.9 million DALYs) [77].  

Worldwide, 1 in 20 women will develop breast cancer over a lifetime and the odds of 

developing breast cancer is highest in high socioeconomic status or 

sociodemographic index (SDI)1 countries (1 in 10), and the lowest in low SDI countries 

(1 in 50). It is not surprising that for women, breast cancer was found to be the most 

common cancer in 131 countries and the most common cause of cancer deaths in 

112 countries [79].  

Currently, GLOBOCAN (Global Cancer Observatory 2018) and the WHO International 

Agency for Research on Cancer (IARC) estimated that by 2018, 18.1 million new 

cancer cases and 9.6 million cancer deaths will be registered [80]. In both sexes 

combined, the incidences of lung and breast cancer are similar, i.e., 11.6% of the total 

                                                           

1 The SDI (socioeconomic status) is a composite indicator, including fertility, education, and income, and it has been 
shown to correlate well with health outcomes. 
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cases most commonly diagnosed, whereas, of the 10 most common newly-diagnosed 

cancers, the mortality rate for breast cancer (6.6% of 9.6 million cancer deaths) is only 

eclipsed by that of lung cancer (18.4% of 9.6 million cancer deaths, Figure 1.2). Global 

research trends have confirmed that breast cancer (BRCA) remains the most frequent 

type of cancer (Figure 1.3) diagnosed in females, in addition to being the leading 

cause of death amongst females in underdeveloped countries [81,82]. 

 
Source: IARC Globocan [80] 

Figure 1.2: Globocan incidence and mortality rates for the most common 

cancers in 2018 for both sexes 

Recent incidence data compiled by population-based cancer registries (PBCRs) and 

published in Volume XI of the International Association of Cancer Registries’ (IACR’s) 

Cancer Incidence in Five Continents indicate that cancer is a growing health problem 

in Africa because of ageing and population upsurge, as well as heightened risk due to 

changing prevalence of risk factors associated with social and economic transition 

(including smoking, alcohol, obesity, physical inactivity, and reproductive behaviors). 

http://etd.uwc.ac.za/ 
 



CHAPTER 1 | A.2 Epidemiology, Etiology and Prevention of Breast Cancer 

10 

The number of new cancer cases will more than double between 2018 and 2040, 

faster than any other region of the world—simply because of demographic changes 

such as urbanization and associated changes in lifestyles [78,80,83].  

 

 
Source: IARC Globocan [78] 

Figure 1.3: Rank of female cancers surveyed by country, 2018 

Moreover, the last two decades, breast cancer incidence rates have increased steadily 

in developed and transitioning countries such as South America, Africa and Asia 

[78,84], most likely due to a plethora of global demographic factors linked to social 

and economic development, including the postponement of childbearing and having 

fewer children, greater levels of obesity (high body mass index and physical inactivity) 

[85], increases in breast cancer screening and awareness, and a waning in the use of 

postmenopausal hormonal treatment often linked to increased breast cancer risk [85-

89]. Well-established risk factors for breast cancer as evidenced by 

epidemiologic/demographic studies include race/ethnicity [90-95], gender [96,97], 

family history of cancer and genetic traits [97-102], as well as modifiable exposures 
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[103] such as increased alcohol consumption [104,105], physical inactivity, 

exogenous hormones/contraceptives [106], marital status [107], certain female 

reproductive factors and women living with HIV/AIDS (WLWHA) [108]. Interestingly, 

younger age at menarche, parity and older age at first full-term pregnancy may also 

influence breast cancer risk through long-term effects on sex hormone levels or by 

other pathophysiological mechanisms [109].  

Recent studies have suggested that triple negative breast cancer (TNBC) may have 

a distinct etiology [110-113]. Genetic variants and mutations in genes that code for 

proteins regulating DNA repair pathways and the homologous recombination of DNA 

double stranded breaks (APEX1, BRCA1, BRCA2, XRCC2, XRCC3, ATM, CHEK2, 

PALB2, RAD51, XPD) have been implicated in some cases of breast cancer [109]. 

Based on the latest global breast cancer incidence and mortality rates, it seems likely 

that primary risk factors for breast cancer are not easily modifiable because they stem 

from prolonged endogenous hormonal exposures (e.g., oral contraceptives and 

extended, current or recent use of hormone replacement therapy), even though risk 

factor awareness and the promotion of breastfeeding may prove beneficial [114-118]. 

South African breast cancer incidence trends are consistent with global trends, 

demonstrating a steady increase from 39 per 100 000 in 2012 to 46 per 100 000 in 

2018 [80,119]. 

A.3 Pathology of Breast Cancer 

A.3.1 Molecular Pathogenesis of Breast Cancer 

In Section A.2, it was noted that several non-hereditary factors have been implicated 

in the etiology of human breast cancer and the prospects for their prevention remain 

challenging [120].   
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Recent evidence support the notion that the development of breast cancer may be 

influenced by the intrauterine environment, exposures during adolescence, and 

pregnancy that has a bi-directional impact on breast cancer risk, viz., an early increase 

followed by long-term protection [121].  

Several plausible models have been proposed that breast cancer stem cells (BCSCs) 

most likely give rise to tumor progression, spreading and resistance to conventional 

therapies [46,122-128].  

Figure 1.4 illustrates the breast structure, risk factors and stages of cancer 

development, whereas models of BCSC formation are depicted in Figure 1.5. 

 
Source: [122]. (A) Schematic of the human breast highlighting terminal ductal lobular units (TDLUs), the site of origin 

in a number of breast cancers. (B) Some of the major risk factors underlying high-risk status for breast cancer. 

Figure 1.4: The breast: structure, risk factors and stages of cancer 

development 
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(C) Schematic of a ductal cross-section, depicting the progression of breast cancer from normal bi-layered epithelium to hyperplasia, to hyperplasia with atypia, to ductal carcinoma in situ, and 
finally to invasive disease.  

Figure 1.4: The breast: structure, risk factors and stages of cancer development (continued) 
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Source: [129]. (A) Model 1: Breast cancer stem cells (BCSCs) originate from mammary stem cells. Several 
effective mutations that occurred during the quiescent state of stem cells initiate oncogenic transformation; (B) 
Model 2: BCSCs originate from mammary progenitor cells. Accumulation of multiple mutations at the level of 
transient amplifying progenitor cell leads to transformation and initiate malignancy; (C) Model 3: BCSCs originate 
from differentiated mammary cells. Differentiated cells are de-differentiated to re-acquire stem-cell properties. 

Figure 1.5: Models of breast cancer stem cell (BCSC) formation 

Great variation exists in the anatomical and physiological development of the breast 

ductal system already in the newborn and, by inference, in utero, while pregnancy 

induces permanent structural changes in the mammary gland. It has been suggested 

that these developmental alterations be fitted into an etiological model with the 

following key components:  

 Breast cancer risk correlates with the number of cells at risk, the susceptibility of 

individual cells to oncogenic/tumorigenic transformation, and on the rate of cellular 

proliferation, especially cells which act as founders of breast cancer;  
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 The number of target cells is controlled by the hormonal system principally early 

in life, conceivably in utero;  

 In adult life, non-genotoxic hormones increase breast cancer risk by promoting 

selective cell proliferation and thus the population of target cells and the risk of 

retention of canonical somatic mutations;  

 Pregnancy promotes the expansion of resident malignant cells or cells close to 

malignant transformation in the breast tissue milieu (and potentially engenders 

some short-term risk increase)—the dominating long-term protection occurs due 

to irreversible architectural breast tissue changes, terminal differentiation and 

presumably arrest of cellular proliferation [121].  

These components have recently been conceptualized as the developmental windows 

of breast cancer risk that provide vistas for targeted chemoprevention [120] as 

depicted in Figure 1.6.  

 
Source: [120]. Schematic presentation of the life cycle of breast development in women. The pregnancy, lactation, 

and involution cycle of the breast is offset to distinguish parous from women who have never been pregnant 

(nulliparous). The four windows of cancer vulnerability are defined by red text: fetal, puberty, postpartum involution, 

and age-related involution. 

Figure 1.6: Life cycle windows of risk for breast cancer   
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According to the developmental windows of breast cancer risk concept, the ‘lifecycle’ 

of the breast can be divided into five windows of cancer vulnerability: in utero, pubertal, 

pregnancy, postpartum involution and age-related involution [120]. Hence, weighing 

these ‘lifecycle windows’ of risk together with known risk factor assessments, possibly 

in conjunction with genetic analysis of breast cancer susceptibility loci, may assist in 

overcoming several barriers that limit breast cancer prevention and successful 

treatment outcome in high risk cohorts. 

It is widely recognized that specific genes are associated with an elevated lifetime 

incidence risk of breast cancer, and the molecular mechanisms that drive breast tumor 

formation are rapidly being delineated [130-136]. Cancer is driven by numerous 

genetic (chromosomal) and epigenetic alterations that trigger pathological changes 

that define the tumor phenotype [20,137]. These hallmark adaptations display disease 

heterogeneity and prospective anticancer therapeutic targets [20,21,138]. Recent 

advances in genomics and proteomics, together with the advent of genome-wide 

sequencing, including COSMIC, the Catalogue of Somatic Mutations in Cancer 

(https://cancer.sanger.ac.uk) [139], Mutational Signatures in Cancer (MuSiCa) [140], 

Pan-Cancer Analysis of Whole Genomes (PCAWG) Consortium of the International 

Cancer Genome Consortium (ICGC) and The Cancer Genome Atlas (TCGA), have 

enhanced systematic online documentation of genetic variation of cancers on a global 

scale [140-144]. Figure 1.7 represents a panoramic glimpse of driver mutations in 

more than 2,500 tumors, including breast adenocarcinoma, of PCAWG accessed and 

analysed from the ICGC/TCGA PCAWG Consortium (http://docs.icgc.org/pcawg) 

[141]. Likewise, CancerGeneNet (https://signor.uniroma2.it/CancerGeneNet/) is a 

resource that links genes that are frequently mutated in cancers to cancer phenotypes 

[20]. CancerGeneNet links proteins whose activities are triggered by cancer drivers to 

proteins that impact on the hallmarks of cancer.  
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Source: [141]; Panorama of driver mutations in PCAWG. a, Top, putative driver mutations in PCAWG, 
represented as a circos plot. Each sector represents a tumor in the cohort. From the periphery to the centre of the 
plot the concentric rings represent: (1) the total number of driver alterations; (2) the presence of whole-genome 
(WG) duplication; (3) the tumor type; (4) the number of driver CNAs; (5) the number of driver genomic 
rearrangements; (6) driver coding point mutations; (7) driver non-coding point mutations; and (8) pathogenic 
germline variants. Bottom, snapshots of the panorama of driver mutations. The horizontal bar plot (left) represents 
the proportion of patients with different types of drivers. The dot plot (right) represents the mean number of each 
type of driver mutation across tumors with at least one event (the square dot) and the standard deviation (grey 
whiskers), based on n = 2,583 patients. b, Genomic elements targeted by different types of mutations in the cohort 
altered in more than 65 tumors. Both germline and somatic variants are included. Left, the heat map shows the 
recurrence of alterations across cancer types. The colour indicates the proportion of mutated tumors and the number 
indicates the absolute count of mutated tumors. Right, the proportion of each type of alteration that affects each 
genomic element. c, Tumor-suppressor genes with biallelic inactivation in 10 or more patients. The values included 
under the gene labels represent the proportions of patients who have biallelic mutations in the gene out of all 
patients with a somatic mutation in that gene. GR, genomic rearrangement; SCNA, somatic copy-number alteration; 
SGR, somatic genome rearrangement; TSG, tumor suppressor gene; UTR, untranslated region. Pan-Cancer 
Analysis of Whole Genomes (PCAWG); Consortium of the International Cancer Genome Consortium (ICGC); The 
Cancer Genome Atlas (TCGA) 

Figure 1.7: Integrative analysis of 2,658 whole-cancer genomes and their 

matching normal tissues across 38 tumor types from the PCAWG Consortium 

of the ICGC and TCGA 

Breast cancer is a complex disease encompassing multiple oncogenic signatures, 

distinct morphologies, behaviors and clinical correlations [30]. In addition to the 

estrogen receptor (ER), progesterone receptor (PR) and the human epidermal growth 

factor receptor 2 (EGFR-2, HER2, ERBB2), novel predictive and prognostic 
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biomarkers have further mystified our insight into the variability of such cancers. 

Nonetheless, the dominant hallmarks (biomarkers) that drive inter- and intra-breast 

cancer heterogeneity present new perspectives in the breast cancer landscape 

encompassing differential diagnosis, treatment, prognosis and management 

[136,145]. Table 1.1 summarizes key hallmarks that drive breast cancer heterogeneity 

with a focus on commonly identified biomarkers and the associated molecular 

subtypes.  

A.3.2 Breast Cancer Classification, Staging and Molecular Subtypes 

Breast cancer is generally regarded as a highly heterogeneous disease presenting 

with distinct phenotypic and morphologic traits, and an expanding number of 

diagnosable molecular or biological subtypes that correlate with clinical prognosis 

[128,134,146-151]. Breast cancer is categorized into three basic therapeutic groups, 

in line with their immunohistochemical (IHC) properties or hormone receptor (HR) 

status, viz., they are (1) HR-positive, (2) human epidermal growth factor receptor 2 

positive (EGFR-2/ERBB2HER2/neu) and (3) triple-negative breast cancers (TNBC), 

i.e., tumors that tested negative for estrogen receptor (ER), progesterone receptor 

(PR) and HER2/neu. HR-positive cancers are those that are ER+ and PR+. The 

majority of breast cancers are HR+ (85%) and are candidates for endocrine therapies 

such as tamoxifen and the aromatase inhibitors (AIs) anastrozole (Arimidex), letrozole 

(Femara), or exemestane (Aromasin) [146,147]. Breast tumors are further classified 

by molecular subtyping using cDNA microarrays based into four intrinsic groups, viz., 

ER/luminal-like (gene expression profile of luminal cells and ER), basal-like (gene 

expression profiles of basal epithelial cells), ERBB2+ (over expression gene profile at 

ERBB2 locus on chromosome 17) and normal breast (high gene expression of basal 

epithelia and adipocyte genes and low expression of luminal epithelia genes) 

[134,149,152]. 
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Table 1.1: Hallmarks that drive breast cancer heterogeneity based on diagnostic biomarkers and the associated subtypes 

Cancer Hallmark Breast Cancer Biomarkers Clinical Characteristics and Associated Subtypes References 

Self-sufficiency in growth 
and survival signaling⁎  

ER, PR, HER2/neu, AR, Ki67, Topo-
IIα 

These hormonal and growth receptors define basic breast tumor molecular subtypes 
and mediate cell growth signaling. ER-, PR- and HER2-negative tumors have relatively 
poorer prognosis than any of the HR-positive tumors. ER plays a pivotal role in breast 
carcinogenesis, and its inhibition forms the basis of breast cancer endocrine therapy. 
Absence of PR expression in ER+ tumors may suggest aberrant growth factor 
signaling that, in turn, contributes to tamoxifen resistance of such tumors. HER2-
positivity is associated with relative, but not absolute resistance to endocrine therapies. 
Besides ER, PR and HER2, androgen receptor (AR) is used in breast cancer subtyping 
since it is the prevalent sex steroid hormone receptor expressed in 90% ER+ and 55% 
ER- tumors. AR expression inversely correlates with immune cell infiltration in HER2-
positive breast cancer. KI67 is the most widely used proliferation marker in breast 
cancer since it is present in actively cycling cells. Positive Ki67 expression is also 
associated with a poor 5-year survival outcome. Aberration of Topo-IIα (TOP2A) which 
catalyzes the breakage and reunion of double-stranded DNA is found in 30–90% of 
HER2-amplified breast cancer and correlates with Ki67 as well as increased 
responsiveness to anthracycline-based chemotherapy. 

[30,136,153-161] 

Tissue invasion and 
metastasis⁎ 

ER, PR, HER2/neu, CK5/6, 14, 17, 
8/18, EGFR, AR, Ki67, EMT genes 
primarily include VIM, SNAI1, SNAI2, 
TWIST1, TWIST2, ZEB1, ZEB2, 
CDH1, CLDN3 (claudin 3), CLDN4 
(claudin 4), CLDN7 (claudin 7), 
CD44, CD24, EpCAM, CD10, CD49, 
CD29, MUC1, THY1 and ALDH1A1 

ER-PR-HER2-tumors are clinically the most aggressive subtype of breast cancer due 
to lack of targeted therapies. The most rational and widely accepted definition of the 
basal subtype is ER-PR-HER2-, i.e., TNBC tumors with positive expression of CK5/6 
and EGFR. QNBC lacking the expression of ER, PR, HER2 and AR is regarded as one 
breast cancer subtype with the worst prognosis because QNBC is insensitive to 
conventional chemotherapeutic agents and has no efficient treatment targets. The poor 
prognosis of TNBC is associated with the ‘activating invasion and metastasis’ hallmark. 
Stem cell markers (e.g., EMT genes) such as CD44, CD24, EpCAM, CD10, CD49, 
CD29, MUC1, THY1 and ALDH1A1 which confer an aggressive malignant phenotype 
are enriched in TNBC. 

[32,162-164] 
 

Evading immune 
surveillance & destruction⁎ 

ER, PR, HER2/neu, STAT1, SP110 ER-PR-HER2- tumors that overexpress interferon-regulated genes (e.g., STAT1 and 
SP110) constitute 10% of breast tumor cases. SP110 reportedly has prognostic value 
associated with activation of complement and immune response pathways.  

[32,165,166] 

/Continued 
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Table 1.1: Hallmarks that drive breast cancer heterogeneity based on diagnostic biomarkers and the associated subtypes (continued) 

Cancer Hallmark Breast Cancer Biomarkers Clinical Characteristics and Associated Subtypes References 

Bypassing apoptosis 
(programmed cell death) 

BCL2, BCSC biomarkers (CD44+, 
CD24, ALDH1, CD49f, CD61, 
CD133/2+) 

The proto-oncogene BCL2 is a suppressor of apoptosis, i.e., an antiapoptotic protein. 
BLC2 is associated with several favourable prognostic features, such as low mitotic 
count, low S-phase fraction size, low cathepsin D expression, downregulated p53 and 
TNF, and a high histological grade of differentiation. Patients with BCL2+ tumors have 
a more favourable short-term, but similar long-term breast cancer specific death as 
compared with those carrying BCL2- tumors. BCL2 is a clinically valid and robust 
prognostic marker for all types of early-stage breast cancer, independent of ER, HER2 
and adjuvant therapy received and its strong correlation with hormonal receptor might 
contribute to the superior survival observed for BCL2+ breast patients. Tumor-initiating 
cells drive breast cancer tumorigenesis and resistance to radiation and chemotherapy, 
and a reduced propensity to undergo apoptosis or senescence. 

[129,167-172] 

Genomic instability and 
mutation 

TP53 (p53), Ki67, BRCA1 The tumor suppressor TP53 or p53 plays a critical role in the cellular signaling axis, 
controlling cell proliferation, survival, apoptosis and, most importantly, genomic 
integrity (it is hailed as the guardian of the genome). The expression of p53, KI67 and 
BRCA1 in different molecular subtypes of breast cancer (BC) are related to 
pathological features and are thus helpful in predicting the prognosis, diagnosis, and 
treatment of BC. TP53-PR tumors are associated with the worst prognosis among all 
breast cancers. Genome instability and mutation contributes to tumor drug resistance 
regardless of which BC subtype it belongs. 

[30,156,173,174] 

Deregulating cellular 
energetics 

VDR, AR, ER High levels of circulating vitamin D metabolites correlate with decreased breast cancer 
risk. The receptor status of VDR, AR and ER correlates with tumor differentiation state 
and predicts clinical outcome. BC could be quantitatively classified into 4 categories, 
i.e., HR3 (ER+AR+VDR+), HR2 (ER+AR+, AR+VDR+, ER+VDR+), HR1 (ER+, VDR+, 
AR+), and HR0 (ER-AR-VDR-), with HR3 tumors being associated with the best 
survival and HR1 and HR0 tumors the most aggressive.  

[175-179] 

Adapted from [30]. ⁎Markers representing these three cancer hallmarks contribute to the current breast tumor classification [30]. IHC, Immunohistochemistry; HR, hormone receptor; 
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2 (HER2); AR, androgen receptor; CK, cytokeratins; EGFR, epidermal growth factor 
receptor; VDR, vitamin D receptor; TNBC, triple-negative breast cancer; QNBC, quadruple negative breast cancer; Topo-IIα (TOP2A), topoisomerase II alpha; EMT, epithelial to 
mesenchymal transition; BCSC, breast cancer stem cell. 
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Expansion of the luminal-like group into two luminal subgroups, Luminal A and 

Luminal B is based on the expression of luminal genes [146,180]. Luminal A tumors 

tend to be ER+ and/or PR+ and HER2- with low Ki67 proliferative genes, whereas 

Luminal B tend to be ER+ and/or PR+ and HER2+ with high Ki67 proliferative genes. 

Luminal A is considered the subtype with best prognosis, whereas Luminal B is the 

more aggressive subtype [181]. Basal-like tumors lack ER, PR and HER2 expression, 

but express cytokeratins 5, 6 and 17, and are also referred to as TNBC. ERBB2 tumors 

overexpress HER2, but can be ER- and PR- or ER+ or PR+, or both 

[90,146,152,180,182]. Normal breast-like tumors, expressed one fibroadenoma 

containing three normal breast specimens in the study of Molecular Portraits of Human 

Breast Tumors [149]. The heterogeneity of these subtypes is not limited to its 

classification, but also in their prognosis and chemotherapeutic responses.  

Breast cancer thus represents a diverse group of diseases encompassing several 

biological subtypes that have distinct behaviors and responses to therapy [123]. 

Genomic profiling studies have identified several intrinsic genes that differentiate 

these subtypes according to clusters of genes relating to estrogen receptor (ER) 

expression (the luminal cluster), human epidermal growth factor 2 (HER2) expression, 

proliferation, and a distinctive cluster of genes called the basal cluster [183-185].  

Breast cancers are typically divided into five intrinsic or molecular subtypes that are 

based on the expression pattern of certain genes that have both biologic and clinical 

relevance (Table 1.2)[123]. Furthermore, histological classification entails grading 

based on tumor appearance and then staging based on tumor size and invasion of 

the chest wall, the number of lymph nodes involved and finally the presence or 

absence of metastasis.  
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Table 1.2: Molecular/intrinsic subtypes of breast cancers 

 

Adapted from [123] 

This is followed by a stage assignment according to the conventional tumor, node, 

metastasis (TNM) staging system as depicted in Table 1.3 [151,181,186], even though 

diagnosis hinges on more complex hierarchical histological or cytological assessment 

since a breast cancer specimen inevitably represents a combination of different cell 

types in a single breast tumor [95,123,187-189]. The first two stages classify early 

stage and the latter two the late stage of diagnosis. The type of anticancer treatment 

plan is determined by this TNM staging system [147,190,191]. The clinical staging of 

breast cancer is undifferentiated across breast cancer subtypes according to the 

American Joint Committee on Cancer (AJCC) and the International Union for Cancer 

Control (UICC) Tumor, Node, and Metastasis (TNM) Breast Cancer Staging System, 

viz., Stage 0, Stage I, Stage II, Stage III and Stage IV, as itemized in Table 1.4 [123].  
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Table 1.3: TNM staging system for breast cancer 

 

Adapted from [1] 

 

Table 1.4: Anatomic stage groups of breast cancer 

 

Adapted from [123] 
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The TNM classification of the AJCC for breast cancer has recently been revised as 

adjudicated by a multidisciplinary team of breast cancer experts. The panel 

incorporated biologic factors such as tumor grade, proliferation rate, estrogen and 

progesterone receptor expression, human epidermal growth factor 2 (HER2) 

expression, and gene expression prognostic panels into the staging system. AJCC 

levels of evidence and guidelines for all tumor types were followed as much as 

possible. The panel felt that, to sustain universal merit, the tumor staging system 

should remain based on TNM anatomic factors. However, the recognition of the 

prognostic influence of grade, hormone receptor expression, and HER2 amplification 

mandated their inclusion into the staging system [187,192]. In spite of this, to date, the 

prognostic staging system did not provide better discriminatory power in predicting 

TNBCs prognosis than the AJCC anatomic staging system [193]. 

A.3.3 Triple Negative Breast Cancer (TNBC) 

Triple-negative breast cancer (TNBC) makes up 15% of the total number of breast 

cancer cases diagnosed worldwide. TNBC is a complex disease, because this type of 

breast cancer does not overexpress receptors, which makes targeted therapies 

exceedingly difficult. In the clinical setting, TNBC is treated with a combination of 

surgery, radiotherapy, and chemotherapy. TNBCs have by far the worst prognosis 

because of the lack of targeted treatments and a higher chance of recurrence [146]. 

The diverse molecular heterogeneity of TNBC is one of the most important 

determinants of the success of any treatment strategy and as such also the 

development of resistance. Recently, six subtypes of TNBC, viz., luminal androgen 

receptor (LAR), mesenchymal (M) and mesenchymal stem-like (MSL), 

immunomodulatory (IM) and two basal like subtypes (BL1 and BL2) have been 

identified [194]. In a follow-up study, the two subtypes, namely, IM and MSL were 

removed as they were not representative of the TNBC biology, based on 
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histopathological quantification and laser-capture microdissection. Therefore, the 

TNBC subtypes have been refined to four groups, viz., BL1, BL2, LAR and M 

[195,196]. This further highlights the heterogeneity of TNBC, each subtype with a 

distinct presentation, behaviour, pathology and response to treatment [197]. Various 

research groups [194,195,198,199] have applied genomic expression profile (GEP) 

assays for molecular characterization of TNBC subgroups to categorize their observed 

"molecular fingerprints". Figure 1.8 summarizes the intersections between the 

proposed subclassification groups. 

 

Source: [200]. Intersections of the subclassifications of Burstein et al. and Lehmann et al. Lehmann et al. in 
2011 proposed a division of TNBCs into 7 molecular subtypes: immunomodulatory (IM), mesenchymal (NI), 
mesenchymal stem-like (MSL): luminal androgen receptor (LAIR.). unstable (UNS) subtype and two basal-
like subtypes (BL1 and BL2). in 2015: Burstein et al. used DNA profiling to identify TNBC subtypes: Cluster 
1: luminal AR (AI), cluster 2: mesenchymal (MES), cluster 3: basal-like immunosuppressed (BLIS), and 
cluster 4: basal-like immune-activated (B LIA).Comparing the two classifications, cluster 1 contains all of 
Lehmann's LAR tumors and cluster 2 contains most of Lehmann's mesenchymal stem—like. Lehmann's 
basal-like 1 and basal-like 2 tumors are split between clusters 3 and 4, mesenchymal tumors reside in cluster 
3, whereas the immunomodulatory tumors are distributed across clusters 2 and 4: which express common 
signaling pathways. 

Figure 1.8: Intersections of the subclassifications of TNBCs 

It is also widely recognized that microRNAs (miRNAs/miRs) play pivotal roles in the 

pathogenesis, progression and prognosis of triple-negative breast cancer (TNBC) 

[201-203] and luminal breast cancer [204].   
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TNBCs are clinically heterogeneous, but predominantly aggressive malignancies 

lacking expression of the estrogen, progesterone and HER2 (ERBB2/NEU) receptors. 

Recent studies demonstrated that basal endoplasmic reticulum stress (ERS) is 

constitutively activated in TNBC and converges with hypoxia-inducible factor–1α (HIF-

1α) signaling to promote tumor progression and relapse—ERS and hypoxia signalling 

responses may thus represent novel hallmarks of TNBC and a paradigm for targeting 

HIF-1α and the unfolded protein response (UPR) in TNBC [32]. Similarly, observations 

that the TP53 mutation occurs frequently in TNBC and is correlated with a 

predominantly poor survival outcome [205-207] and BRCA1 promoter methylation in 

peripheral blood is associated with the risk of TNBC [208], may connote proof-of-

concept for targeted therapy. Several reliable predictive and prognostic biomarkers in 

TNBC have recently been reviewed [200] and are summarized in Table 1.5.  

A.3.4 Quadruple Negative Breast Cancer (QNBC) 

Breast cancers which lack the expression of ER, PR, HER2 and AR are classified as 

quadruple negative breast cancers (QNBC) [162,209,210]. Compared to AR+ TNBC, 

QNBC predominantly exhibits a basal-like molecular subtype, and is regarded as one 

breast cancer subtype with the worst prognosis [210]. Figure 1.9 is a schematic of the 

current TNBC and QNBC subtyping systems based on applied probabilistic graphical 

models to a previously published TNBC cohort [210,211]. Since QNBC is a highly 

retractable to conventional chemotherapeutic agents, it lacks efficient treatment 

strategies and a dire need exists to elucidate targetable signal transduction pathways 

for this type of breast cancer. In recent years, QNBC has been shown to express 

unique proteins, including ACSL4, SKP2, immune checkpoint inhibitors, EGFR, 

microRNA signatures and Engrailed 1 that may be exploited for the potential 

development of targeted therapies [162].  
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Table 1.5: Predictive and prognostic biomarkers in TNBC 
Molecular Biomarker % of TNBC with 

expression/mutations 
Main Function Prognostic significance Targeted therapies References 

TP53 gene 75–80% 
(somatic mutations) 

Apoptosis Low gene expression in TP53 missense mutations correlate 
with poor prognosis (worst DFS, but conflicting data). 

NA Kim et al., 2016; Synnott et al., 
2017 

Ki-67 45–53% 
(high expression, 
>20%) 

Cell proliferation High index and high expression correlate with shorter DFS 
and OS. 

NA Wang et al., 2016a, 2016b; Ilie et 
al., 2018 

EGFR 13–78% Cellular growth Increased expression associates with worst DFS. Erlotinib, gefitinib, afatinib Gumuskaya et al., 2016; Gluz et 
al., 2009; Porta et al., 2014 

c-KIT 50% Cell transformation and 
differentiation 

Predictor of poor cancer-specific survival in patients with 
TNBC 

Imatinib Kashiwagi et al., 2013; Sørlie et 
al., 2001); Jansson et al., 2014 

VEGF 32–62% Angiogenesis High levels associate with disease progression and 
metastasis rates. 

Bevacizumab Linderholm et al., 2009; Ali et al., 
2011; El-Arab et al., 2012 

Androgen receptor 10–55% Cell proliferation and 
dedifferentiation 

Positive expression correlates with higher DFS. May be 
associated with chemoresistance. 

Bicalutamide, enzalutamide, 
abiraterone 

Niemeier et al., 2010; He et al., 
2012; Galal et al., 2013; Gucalp 
and Traina, 2016; Wang et al., 
2016b 

BRCA1 and BRCA2 genes 14–20 %  
(germline mutations) 

DNA-double strand break 
repair 

Mutated status correlates with increased DFS. PARP inhibitors - Olaparib Gonzalez-Ângulo et al., 2012; 
Loibl et al., 2018; Robson et al., 
2019; Abkevich et al., 2012 

PD-L1 protein 15–30% Tumor immune evasion 
process 

High expression correlates with a higher survival rates in 
trials with checkpoint inhibitors 

Immune Checkpoint inhibitor 
—atezolizumab 

Castaneda et al., 2016a,2016b; 
Ghebeh et al., 2006; Castaneda 
et al., 2016b; Beckers et al., 
2016; Schalper et al., 2014 

Notch pathway ∼10% Cell proliferation and 
differentiation 

Potential target under development AL101 Broner et al., 2019; Pineda et al., 
2018 

PI3-kinase pathway ∼25% Cell Proliferation Multiple genomic alterations lead to activated PI3-Kinase 
pathway, including activation in PIK3CA, AKT and mTOR or 
inactivation in tumor suppressor genes such as PTEN. 

PI3K inhibitor – alpelisib AKT 
Inhibitors – ipatasertib, 
capivasertib 

Baselga, 2011; Speiser et al., 
2013; Pascual and Turner, 2019; 
Baselga, 2011; Kim et al., 2017; 
Porta et al., 2014 

Adapted from [200]. NA: not applicable; DFS: disease free survival; OS: overall survival. Cross-references are cited in [200]. 
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Source: [210]. Triple-negative breast cancers (TNBCs) make up a highly heterogeneous group that can be classified 
variously, as outlined in the long columns. Quadruple-negative breast cancer (QNBC) is clinically defined as an 
androgen receptor (AR)–negative TNBC and is briefly characterized in the lower half of the schematic. There is a 
pressing need to extricate QNBC from the shadows of TNBC and classify it as a unique, clinically relevant BC 
subtype. AA, African American; BL, basal-like; BLIA, basal-like immune associated; BLIS, basal-like immune 
suppressed; CDK4/6i, CDK4/6 inhibitors; IHC, immunohistochemistry; IM, immunomodulatory; LAR, luminal 
androgen receptor; M, mesenchymal; ML, mesenchymal stem-like; PARPi, PARP inhibitor; PI3Ki, PI3K inhibitor. 

Figure 1.9: Comparison of TNBC and QNBC subtypes 

A.3.5 Breast Cancer Molecular Evolutionary Pathways 

Recent genomic and transcriptomic analyses imply that breast cancer develops and 

evolves along two distinct molecular evolutionary pathways, i.e., the ‘low-grade-like’ 

molecular pathway and a ‘high-grade-like’ molecular pathway as illustrated in Figure 

1.10 [128]. At the genetic level, these two pathways are distinguished by either the 
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presence or absence of chromosome 1q, 16q, 13q, gain of chromosomal region 11q13 

and amplification of the 17q12. In addition, these pathways positively correlate with 

the transcriptomic equivalent of tumor grade/proliferation. 

 

Source: [128]. Genomic and transcriptomic data in combination with morphological and immunohistochemical data 

stratify the majority of breast cancers into a ‘low-grade-like’ molecular pathway and a ‘high-grade-like’ molecular 

pathway. The low-grade-like pathway (left-hand side) is characterized by recurrent chromosomal loss of 16q, gains 

of 1q, a low-grade-like gene expression signature and the expression of oestrogen and progesterone receptors 

(ER+ and PR+). The progression (vertical arrows) along this pathway (green rectangles) culminates with the 

formation of low- and intermediate-grade invasive ductal (LG IDC and IG IDC) and invasive lobular carcinomas, 

including both the classic (ILC) and the pleomorphic (pILC) variants. The tumors arising from the low-grade pathway 

are classified as luminal, consisting of a continuum of gene expression frequently associated with the absence 

(luminal A) or presence (luminal B) of HER2 expression. The vast majority of ILCs and pILCs and their precursors 

cluster together within the luminal subtype. The high-grade-like gene expression molecular pathway (right-hand 

side) is characterized by recurrent gain of 11q13 (+11q13), loss of 13q (13q−), expression of a high-grade-like gene 

expression signature, amplification of 17q12 (17q12AMP), and lack of oestrogen and progesterone receptors 

expression (ER− and PR−). The progression along this pathway (red rectangles) includes intermediate- and high-

grade ductal carcinomas that are stratified as HER2 or basal-like, depending on the expression/amplification of 

HER2. The molecular apocrine subtype, characterized by the lack of ER expression and presence of AR expression, 

arises from the high-grade pathway. The model also depicts intra-pathway tumor grade progression (horizontal 

arrows). ALH, atypical lobular hyperplasia; DCIS, ductal carcinoma in situ; LCIS, lobular carcinoma in situ; pALH, 

pleomorphic atypical lobular hyperplasia; pLCIS, pleomorphic lobular carcinoma in situ; FEA, flat epithelial atypia; 

ADH, atypical ductal hyperplasia; Basal, basal-like; mApocrine, molecular apocrine. ±HER2 in which the ‘−’ sign is 

bold indicates that the majority of tumors in the pathway lack HER2 over-expression. 

Figure 1.10: Divergent evolutionary pathways of breast cancer progression 
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A.3.6 Genetic Alterations and Oncogenes in Breast Cancer 

It is widely accepted that hereditary predisposition to breast cancer significantly 

influences screening and management of high-risk women [109]. In patients with a 

family history of breast cancer (for a definition of ‘familial’ breast cancer, and generally 

accepted criteria, cf. National Comprehensive Cancer Network (NCCN) guidelines; 

https://www.nccn.org/professionals/physician_gls/pdf/genetics_bop.pdf), a specific 

predisposing gene is identified in <30% of cases and up to 25% of hereditary cases 

are due to a mutation in one of the few identified rare, but high-penetrance genes 

(BRCA1, BRCA2, PTEN, TP53, CDH1, and STK11), which present up to an 80% 

lifetime risk of breast cancer. Moderate-penetrance genes (e.g., CHEK2, BRIP1, ATM, 

and PALB2) account for ~2%–3% of cases due to mutations and are each associated 

with a twofold increase in risk [212]. Earlier prediction models suggested that 

additional yet-to-be-identified high-penetrance genes were unlikely to emerge [102], 

but intriguing candidates in the predisposition to breast and/or ovarian cancer could 

be incorporated in current diagnostic panels for the assessment of cancer risk [213].  

BRCA1, located on chromosome 17 by linkage analysis in families with suggestive 

pedigrees, was the first major gene associated with hereditary breast cancer 

[214,215]. Thereafter, BRCA2 was mapped to chromosome 13 [216]. Predictably, a 

mutation in either BRCA1 or BRCA2 (collectively termed as BRCA or BRCA1/2) 

confers an increased risk of breast and other cancers [98,217,218]. The clinical 

behavior seen in in BRCA mutation carriers is referred to as the Hereditary 

Breast/Ovarian Cancer (HBOC) syndrome, though there are patients matching clinical 

pictures who tested negative for mutations in both BRCA1 and BRCA2 [219,220]. 

Tumors that overexpress BRCA1 tend to have a basal-like phenotype and a high 

histologic grade, and do not commonly express ER, PR, or Her2/neu, the so-called 

TNBC [208].  
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By contrast, BRCA2-related tumors more closely resemble sporadic tumors [217,221]. 

BRCA1/2 mutations are inherited in an autosomal dominant fashion, but act 

recessively on the cellular level as tumor suppressor genes involved in double-

stranded DNA (dsDNA) break repair [222]. Female carriers of BRCA1/2 mutations 

have a lifetime risk of breast cancer of 50%–85% [218,223]. Male carries of BRCA1 

have an increased risk of breast cancer, though to a lesser degree than carriers of 

BRCA2 who have an estimated 5%–10% lifetime risk [224].  

In a contemporary prospective cohort of 9856 mutation carriers, chiefly verified 

through cancer genetic clinics, the cumulative breast cancer risk to age 80 years was 

72% for BRCA1 and 69% for BRCA2 carriers. The cumulative ovarian cancer risk to 

age 80 years was 44% for BRCA1 and 17%for BRCA2 carriers. Cancer risks varied 

by family history and mutation position [225]. Current rates of genetic testing and 

screening young women with breast cancer for BRCA1/2 mutations consistent with 

the NCCN guidelines are intensifying since genetic risk not only provides better 

leverage to surgical decisions and systemic therapeutic trial eligibility, but also 

improves cancer management, genetic counselling and prevention of BRCA-related 

cancers [226-230].  

Additional rare, yet highly penetrant genes include PTEN [213,231], TP53 

[100,174,205,213], CDH1 [213,232] and STK11 [141,213,229], each conferring a 

distinct clinical syndrome (Table 1.6 and Table 1.7). The most frequently mutated 

and/or amplified genes in the tumor cells are TP53 (41% of tumors), PIK3CA (30%), 

MYC (20%), PTEN (16%), CCND1 (16%), ERBB2 (13%), FGFR1 (11%) and GATA3 

(10%), as portrayed in Figure 1.10. These genes encode cell-cycle modulators that 

are either supressed, e.g., p53, or activated, e.g., cyclin D1), sustaining proliferation 

and/or inhibiting apoptosis, inhibiting oncogenic pathways that are activated (MYC, 
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HER2 and FGFR1) or inhibiting elements that are no longer repressed (PTEN). The 

mutations affecting 100 putative breast cancer drivers are predominantly sporadic 

[233], implying that most breast cancers are caused by multiple, low-penetrant 

mutations that act cumulatively. 

Table 1.6: Main genes associated with breast cancer (BC)/ovarian cancer 

(OC) with associated syndromes and BC/OC risk estimate 

 

Source and cross-references: [213].  

 

It has been shown that TNBCs are significantly correlated with BRCA1 germline 

mutations and high levels of genomic instability, TP53 (82%) and PIK3CA (10%) being 

the two most frequently mutated somatic genes [234]. TNBC subtypes display 

considerable genomic heterogeneity that can be exploited to improve existing 

knowledge of disease biology and allow identification of candidate targets for novel 

therapeutic intervention of TNBC [232].  
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Table 1.7: The most frequently inherited breast cancer syndromes 

 

Source and cross-references: [147].  

 

A recent study that evaluated the genomic aberrations that drive each of the TNBC 

molecular subtypes by integrative analysis conflating somatic mutation, copy number 

aberrations (CNAs) and gene expression profiles of 550 TNBC [235] derived from the 

Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) [236] 
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and The Cancer Genome Atlas (TCGA) [237] consortia, summarized genes most 

frequently gained/amplified (GAIN/AMP)—MYC (64%), PIK3CA (51%) and CDK6 

(39%); most frequently subject to hemizygous (HETD) or homozygous deletion 

(HOMD)—MAP2K4 (55%), TP53 (55%) and NCOR1 (54%) Figure 1.11.  

 

Source: [147]. The Cancer Genome Atlas data on breast tumor DNA copy number and somatic mutations were used 

to identify the frequency of each genetic alteration across 792 patients with breast cancer (all subtypes)322. Each 

gene is shaded according to the overall frequency of alteration. Orange indicates a high level of amplification and/or 

likely gain- of-function mutations; blue represents homozygous deletions and/or likely loss-of-function mutations. 

Figure 1.10: Most frequent molecular mutations in breast cancer 

This study underscores the significant genetic heterogeneity that embodies the 

fundamental TNBC molecular subtypes at the somatic mutation, copy number and 

gene expression levels, which may further pinpoint several candidate genes for 

targeted therapy of TNBC [152,196,232].  
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Source: [232]. CNA frequencies for the 32 breast cancer copy number driver genes across each TNBC molecular 
subtype. Significant differences (FDR<5%, one-sided Fisher test) are shown with an asterisk. CNAs: copy number 
aberrations; FDR: Benjamini–Hochberg false discovery rate; HOMD: homozygous deletion; HETD: heterozygous 
deletion; NEUT: neutral; GAIN: genes most frequently gained; AMP: genes most frequently amplified; BL1: basal-
like subtypes 1; IM: immunomodulatory; LAR: luminal androgen receptor; M: mesenchymal; MSL: mesenchymal 
stem-like. 

Figure 1.11: Genomic instability within each TNBC molecular subtype 

A.4 The Evolving Landscape of Breast Cancer Management 

A.4.1 Current Evidence-Based Breast Cancer Therapeutics 

At the molecular level, breast cancer is a heterogeneous disease categorized into 

various subtypes [238], depending on the presence or absence of molecular markers 

for estrogen (ER) or progesterone (PR) receptors and human epidermal growth factor-

2 (ERBB2/neu): ER+/PR+/ERBB2- (70% of patients), ERBB2+ (15%-20%), and triple-

negative (tumors lacking all three standard molecular markers; 15%) and/or BRCA 

mutations [147,182,239].   
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Over the past two decades, breast cancer heterogeneity has become an important 

consideration for the multidisciplinary management of the disease, accentuating 

biological-directed and personalized therapies and treatment de-escalation to 

moderate adverse events in ~70–80% of patients with early-stage, non-metastatic 

disease [147]. Advanced stage breast cancer with distant organ metastases is 

recalcitrant to current therapeutic modalities [146,240,241]. In most cases (>90%), 

breast cancers are not initially diagnosed as metastatic and the therapeutic goals for 

patients presenting without metastatic disease include tumor eradication and 

preventing recurrence.  

However, TNBC has a higher recurrence than the other 2 subtypes, with 85% 5-year 

breast cancer–specific survival for stage I TNBC vs 94–99% for hormone receptor 

positive and ERBB2 positive breast cancers [239]. Multidisciplinary therapeutic 

rationales for breast cancer encompass locoregional (surgery and radiation therapy) 

and systemic therapy [147,182,239,242]. Systemic therapies incorporate endocrine 

therapy for hormone receptor-positive disease [243,244], chemotherapy [245-247], 

anti-HER2 therapy for HER2+ disease [248-250], bone stabilizing agents [251], 

poly(ADP-ribose) polymerase (PARP) inhibitors [252,253] for BRCA mutation carriers 

and, currently, immunotherapy [254,255].  

Other current BC treatment strategies include breast-conserving surgery (BCS, 

surgical elimination of the tumor and adjacent tissue) [256-259] or mastectomy 

(surgical ablation of the breast) [260-262]. Neoadjuvant therapy (NAT)/neoadjuvant 

chemotherapy (NAC) for operable breast cancer may facilitate more breast-

conserving surgery (BCS) [242,257,263]. Generally, the standard treatment options 

for HR-positive tumors are endocrine therapies such as tamoxifen and aromatase 

inhibitors [264-266].   
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In some instances, Luminal B is treated with endocrine therapy as well as 

chemotherapy because of the high Ki-67 association. HER2-positive tumors are 

normally treated with anti-HER2 drugs such as trastuzumab and anthracycline-based 

chemotherapy. TNBC tumors, lack the hormonal biomarkers for targeted treatment 

and is usually treated with a combination of surgery, radiation and chemotherapy 

(anthracycline and taxanes) [146,147,182]. Various chemotherapeutic options that are 

currently available for metastatic breast cancer (MBC) are summarized in Figure 1.12 

[147]. 

 

Source: [147]. DFS=disease-free survival. XDoc= capecitabine and docetaxel. Pac=paclitaxel. Doc=docetaxel. 
Gem=gemcitabine. CMF=cyclophosphamide, methotrexate, and 5-fluorouracil. *Approved targeted drugs for 
addition to chemotherapy: trastuzumab, pertuzumab, or lapatinib for HER2-positive tumors; bevacizumab (first-line 
therapy) for HER2-negative tumors. 

Figure 1.12: Evidence-based chemotherapeutic modalities for metastatic 

breast cancer 

A.4.2 Breast Cancer Treatment Algorithms  

A treatment algorithm for advanced breast cancer is depicted in Figure 1.13 [147]. 

According to this algorithm, treatment options are focused on approved therapies, 

systemic therapy is guided by biology and the relative distribution of subtypes. Several 

lines of endocrine-based therapy should be used for all luminal-like metastatic breast  
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Source: [147]. Management of advanced breast cancer with distant metastases should be according to subtype as well as disease characteristics and patient preferences. Supportive, palliative 
and psychosocial support are crucial from the time of diagnosis. Biopsy of a metastatic site and assessment of oestrogen receptor (ER), progesterone receptor (PR) and human epidermal growth 
factor receptor 2 (HER2) status, at least once in the metastatic setting, are also necessary. Endocrine therapy , with or without targeted therapy , is the mainstay for luminal- like disease, and — 
unless life- threatening — several lines are to be used before commencing chemotherapy. When chemotherapy is used, sequential monotherapy is advised. For triple- negative disease, 
chemotherapy is the main treatment, with no specific recommendations except that platinum is one of the preferred options. Triple- negative tumors with immune cells expressing programmed 
death- ligand 1 (PD- L1) may be candidates for first- line immunotherapy. For HER2-positive disease, it is crucial to continue blocking the HER2 pathway , with a sequence of anti- HER2 agents 
and chemotherapy; combinations of endocrine therapy with anti- HER2 therapy can also be used in ER- positive, HER2-positive disease, preferentially as maintenance therapy. For women 
harbouring germline BRCA mutations, poly(ADP- ribose) polymerase (PARP) inhibitors are an additional therapy option. The management algorithm takes evidence- based registered therapy 
options into account. Availability and reimbursement of individual diagnostic or therapeutic options may differ regionally and require adjustments of the treatment concepts outlined here. −, negative; 
+, positive; PFS, progression- free survival; T- DM1, ado- trastuzumab emtansine; VEGF, vascular endothelial growth factor. 

Figure 1.13: Treatment algorithm for advanced breast cancer focusing on approved therapies 
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cancers (MBCs) until endocrine resistance is observed. To overcome endocrine 

resistance, CDK4/6 inhibitors (palbociclib, ribociclib and abemaciclib) and mammalian 

target of rapamycin (mTOR) inhibitors (e.g., everolimus) can be used. For HER2-

positive advanced breast cancer (including ER+ and ER-, HER2+ disease), anti-HER2 

agents should be started early and continued beyond progression [147]. The algorithm 

does not provide different or specific chemotherapy recommendations for TNBC 

patients without BRCA mutations, but for BRCA-associated advanced TNBC, a 

platinum agent is the preferred selection [147].  

A.4.3 Breast Cancer Metronomic Therapy 

Interestingly also, several studies have strongly recommended low-dose metronomic 

(continuous) treatment (e.g., capecitabine, cyclophosphamide, methotrexate, 

bevacizumab, erlotinib) to lower VEGF (considered as predictive biomarker of the 

angiogenic suppression response in MBC) as an alternative strategy for metastatic 

breast (MBC) or HER2-, ER- and PR-poor advanced breast cancer patients since it 

has fewer side effects and its efficacy (overall survival benefit) in most patients may 

have potentially significant cost-effective advantages for public health [200,267-272].  

A.4.5 Immunotherapeutic Implications of the Tumor Microenvironment 

In recent years, participation of the tumor microenvironment (TME)—also referred to 

as the mammary stem cell (MaSC) niche—in driving metastatic spread and breast 

cancer chemoresistance, all of which impact the cancer’s response to therapy, is 

increasingly being documented [46,122,123,273-277]. Components of the TME 

include mammary stem cells (MaSCs), immune cells (such as pericytes, endothelial 

cells, macrophages, eosinophils, neutrophils, and mast cells), extracellular matrix 

(ECM) components (such as collagen, fibronectin, hyaluronan, laminin, and matrix 

remodeling enzymes/matrix metalloproteases–MMPs), epithelial-stromal cells (such 
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as pre-adipocytes, adipocytes, mesenchymal stem cells (MSCs), cancer-associated 

fibroblasts (CAFs), tumor-associated leukocytes (TILs), dendritic cells, CD8+ T cells, 

CD4+ T cells and tumor-associated macrophages (TAMs). Dynamic interactions of 

these TME elements are collectively responsible for releasing cytokines, chemokines, 

growth factors and inflammatory mediators (such as interleukin-6/8, TGF-ß, IF-γ, TNF-

α, oncostatin) that regulate breast cancer stem cell (bCSC/MaSC) plasticity [278], 

expansion, promotion of chemoresistance and relapse [46,273,275,279].  

Remarkably, TAMs can undergo differential polarization by altering their phenotype in 

response to dynamic TME signals, i.e., they can either be antitumoral (by direct tumor 

cell killing/inhibition of angiogenesis or by the activation of T cells) or protumoral (by 

stimulating cancer cell growth and metastasis) [279,280]. Hence, targeting the various 

interactions of TAMs in the TME may yield as yet untapped potential therapeutic 

targets in breast cancer [46,275,279,281]. An elevated density of cells expressing 

macrophage-associated markers in primary breast cancer (typically 50% of the 

number of cells within the tumor) correlates with worse patient prognosis. TAMs 

mediate tumor growth and progression by secretion of cytokines such as matrix 

metalloproteases (MMPs), vascular endothelial growth factor A (VEGF-A), CCL18 and 

IL-10, and thus promote therapy resistance (Figure 1.14) [273,282].  

Several drugs have been designed to target TAMs in the TME (Figure 1.15) and some 

that have entered Phase I trials clinical trials produced efficacious outcomes [283]. 

Other strategies currently being employed in TAM targeting include inhibition of: 

colony stimulating factor-1 (CSF1)-CSF1 receptor (CSF1R) axis, CD47-SIRPα, 

CCL2-CCR2, Ang2-TIE2, COX-2 (with celecoxib), and stimulation of: CD40, CR3, toll-

like receptor 7 (TLR7). Promising oncolytic agents that may perturb macrophages 

include bisphosphonates such as zoledronic acid (induce apoptosis in macrophages  
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Source: [273]. Tumor growth: Over-expression of cyclooxygenase-2 (COX-2) in TAMs increases the expression 
of interleukin 10 (IL-10) and indoleamine 2,3-dioxygenase (IDO) and further suppresses CD8+ T cell proliferation 
and interferon-γ(IFN-γ) production. Thereby, this reduces tumor cell killing by CD8+ T cells. In addition, COX-2+ 
TAMs activate the PI3K-Akt pathway in cancer cells and increase the anti-apoptotic factor Bcl-2 and decrease the 
pro-apoptotic factor Bax expression. Together, these promote tumor cell growth. Local invasion: TAMs secret 
proteases that degrade extracellular matrix (ECM). Furthermore, TAMs facilitate tumor cell migration and invasion 
through interacting with each other. These interactions include secreted protein acidic and rich in cysteine (SPARC) 
and αvβ5 integrins, Chemokine (CC motif) ligand 18 (CCL18) and phosphatidylinositol transfer protein 3 
(PITPNM3), epidermal growth factor (EGF) and EGF receptor (EGFR), colony stimulating factor-1 (CSF1) and 
CSF1 receptor (CSF1R). Intravasation: Vascular endothelial growth factor A (VEGF-A) is secreted from 
macrophages in the tumor microenvironment of metastasis (TMEM) structure, which consists of the direct contact 
of a TIE2-expressing TAM, a mammalian enabled overexpressing tumor cell and an endothelial cell. TMEM-derived 
VEGF-A promotes tumor cell intravasation. Extravasation: In the metastatic sites, macrophages contribute to 
premetastatic niche establishment. The metastasis-associated macrophages (MAMs) derived VEGF-A promotes 
tumor cell extravasation. Metastatic tumor cell growth: VEGF-A promotes breast tumor cell seeding and 
persistent growth after seeding through activation of the VEGFR1-Focal adhesion kinase (FAK1)-CSF1-C-ets-2 
(ETS2)-microRNAs signaling in MAMs. In return, tumor cells secrete CCL2 to recruit monocytes which further 
develop into MAMs. Moreover, the CCL2-CCR2 signaling in MAMs can activate the CCL3-CCR1 signaling, which 
prolongs the retention of MAMs in the metastatic site and eventually promotes tumor cell extravasation and seeding. 
In addition, the angiopoietin-2 (Ang2)-TIE2 signaling promote the postseeding tumor cell growth. Macrophages also 
interact with other immune cells in the tumor microenvironment. 

Figure 1.14: Mechanisms of tumor-associated macrophages (TAMs) in 

promoting breast   tumor growth and metastasis 
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Source: [273]. Macrophage-targeted therapies are aimed at activating macrophages’ tumor killing activity, or 

inhibiting their recruitment and tumor-promoting functions. Activation of macrophages’ antitumor activity can be 

achieved by stimulating the co-stimulatory receptor CD40, complement receptor 3 (CR3) and Toll-like receptor 7 

(TLR7). These treatment strategies have been demonstrated to repolarize the tumor-promoting M2-like tumor-

associated macrophages (TAMs) to an antitumor M1-like phenotype. In addition, blocking the interaction between 

CD47 and signal-regulatory protein alpha (SIRPα), a ‘don’t eat me’ signal, can enhance macrophages’ phagocytic 

function and thereby improve their antitumor activity. Inhibition of macrophage accumulation within the breast tumor 

microenvironment has been demonstrated to reduce tumor growth and metastasis in preclinical  studies. This 

treatment strategy includes inhibition of colony stimulating factor 1 (CSF1)-CSF1 receptor (CSF1R) axis or 

chemokine (C-C motif) ligand 2 (CCL2)-CCL2 receptor (CCR2) axis. Besides, caspase-8 dependent TRAIL 

receptor-mediated monocyte apoptosis induced by a DNA-binding marine alkaloid trabectedin has also shown to 

cause TAMs depletion in tumor microenvironment. Other macrophage-targeted therapies in breast cancer include 

angiopoietin 2 (Ang2)-TIE2 axis inhibition, cyclooxygenase-2 (COX-2) inhibition and bisphosphonates. The Ang2-

TIE2 signaling mediates angiogenesis and metastasis. Expression of COX-2 in TAMs is essential to maintain their 

immunosuppressive function and promote tumor cell proliferation. Bisphosphonates have been widely used in 

breast cancer. Only preclinical evidencesuggests that bisphosphonates cause TAM apoptosis. 

Figure 1.15:  Macrophage-targeted therapies in breast cancer 

in vitro) [284], celecoxib (disappointing in breast cancer patients) [285], trabectedin, a 

DNA intercalator (reduces TAM viability and inflammatory mediators CCL2 and IL-6 

production by TAMs and tumor cells) in combination with paclitaxel and trastuzumab 

(but limited clinical efficacy in patients with metastatic breast cancer) [286,287].  
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A.4.6 Drug Combinations in Breast Cancer Therapy 

A.4.6.1 Clarification of the Concepts of Combination Therapy 

Combination therapy is a central concept in modern medicine [288-295]. Multi-agent 

therapies and repurposing of drugs are fundamental to the advancement and efficacy 

of treatment modalities in a wide assortment of diseases, including cancer [289,296-

300] and infectious diseases (such as HIV/AIDS and other viruses, parasitic, bacterial 

and fungal infections, tuberculosis and malaria) [301,302]. The rationale for using 

synergistic drug combination therapy are summarized in Table 1.8 [288]. 

Diseases such as cancer, diabetes, infectious diseases, and cardiovascular diseases 

are characterized by complex and multiple alterations in molecular pathways and 

interactions at the cellular and organ levels [277,303-306]. The Cancer Genome Atlas 

(TCGA), a cancer genomics program, is a repository of the molecular (genomic, 

epigenomic, transcriptomic, and proteomic) signatures of about 20,000 primary 

cancers derived from patients and matched normal samples covering more than 33 

cancer types (https://www.cancer.gov/about-nci/organization/ccg/research/structural-

genomics/tcga). The TCGA makes specific reference that cancer phenotypes have 

multiple underlying molecular networks which embrace the notion of personalized, 

targeted and precision medicine as guided by these molecular disease classifications 

in individual patients [307-309].  

Accordingly, current drug treatment strategies in complex diseases have shifted 

emphasis away from the narrow sense of single-target  monotherapy (or single-agent 

therapy)—since disease phenotypes are rarely driven by single molecular entities and 

this, as such, imposes serious limitations on optimal treatment effects—towards more 

inclusive and efficacious combinatorial drug therapies [289,290,310-312].  
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Table 1.8: Advantages of therapeutic drug combinations  

 By targeting multiple mechanisms of a disease, the potency and efficacy of treatment can be 
increased while maintaining or even reducing negative side effects. 

 Use of combination therapy leverages the development of otherwise ineffective drugs, and allows 
for repurposing of existing, clinically-approved agents, greatly accelerating the discovery and 
development of new therapies. 

 Combination therapy to prevent or treat cancer, whether the agents used are natural or 
pharmacologic, has the potential to be more effective than single agent therapy. 

 When using combination therapy, interactions may be beneficial (additive or synergistic), neutral or 
harmful (by increasing toxicity and/or decreasing efficacy). 

 Both plant- and animal-derived natural compounds have demonstrated efficacy in cancer. 

 A limitation to progress in the use of natural compounds has been our lack of understanding of their 
mechanism(s) of action. 

 There are extensive ongoing global and commercial efforts to translate natural products into 
effective chemopreventive and chemotherapeutic agents. 

 Toxicity assessment is critical to the development of natural products, whether evaluating single 
agents or agents used in combination. 

 The use of combination therapy leverages the enhancement of otherwise ineffective drugs, and 
expedites for repurposing of existing, clinically-approved agents, significantly fast-tracking the 
discovery and development of novel therapies. 

 Development of therapeutic drug combinations has exploded over the past three decades and this 
explosion of the number of agents that can be used in a combination introduced some challenges 
since it has become intrinsically insuperable to evaluate all possible combination therapies in a 
clinical setting, or even in in vivo preclinical studies. 

 Successful drug combinations currently in use and those emerging in clinical trials suggest that 
greater emphasis should be directed towards the greater tumor microenvironment (TME). 

Sources: [288,290,300,313] 

 

Figure 1.16 is a schematic of the possible rationales for the effects of combination 

therapies [290]. In the broader context of models of drug-drug interactions (DDIs) and 

combination analyses [291,314-327], two forms of combination efficacy demonstrate 

the power of a robust combination evaluation method, viz., synergy-driven efficacy 

and potency-driven efficacy as illustrated in Figure 1.17 [288]. DDIs are critical to the 

success of combination therapy, and can be either beneficial or detrimental. 
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Source: [290]. Several rationales exist for the effects of combination therapies. (a) Drugs may act in combination 

either in a serial fashion (left) or in a parallel fashion (right) on a signaling pathway component (white circles) that 

is associated with a downstream effect (gray circle). (b) The occurrence of collateral sensitivity, here depicted as a 

network of relationships between drug resistance (arrow origin) and associated drug sensitivity, can be exploited to 

design combinatorial therapies to restore drug sensitivity. (c) Heterogeneity in cellular drug sensitivity within patients 

(left) and between patients (middle) forms an important rationale for combinatorial regimens. Relative variability in 

drug sensitivity across cell types (right) can be addressed using resensitizing combination regimens. (d) Additive, 

synergistic, and antagonistic combinatory drug effects may be quantified by isobologram analysis. Collateral 

sensitivity network depicting relationships between drug resistance (arrow origin) and associated drug sensitivity. 

Figure 1.16:  Rationales for drug combination effects 
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Source: [288]. In synergy driven efficacy, a sample condition such as a genetic lesion drives a distinct mechanism 

that increases the synergy between mechanism 1 and mechanism 2. The effects of drug A and drug B are 

unaffected by the lesion, but their combined effect is increased, and a set of combination dose pairs that would not 

have produced a sufficient efficacy now do; the combination is more effective. In potency-driven efficacy, the lesion 

simply increases the sensitivity to mechanisms 1 and 2 simultaneously, causing both drugs to be more potent. The 

degree of synergy is unchanged, but again the combination shows greater efficacy. 

Figure 1.17:  Synergy-driven vs potency-driven combination efficacy 

The observed interactions can provide illuminating insights into the agents’ 

mechanisms of action, viz., synergistic interactions indicate distinct sites of action 

whereas additive interactions suggest a shared (mutual) site of action. There are four 

plausible effects of drug combinations as summarized in Table 1.9. Besides DDIs 

(synergy and antagonism) [323], collateral sensitivity (CS) among the drugs in the 

combination regimen plays a pivotal role in driving the development of resistance 

against drug combinations [300,313,328-332].   
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Table 1.9: Potential effects of drug combinations 

Synergism This is defined as the combined activity of two or more drugs that produce a 

greater than simply additive effect, i.e., supra-additive. An advantage of drug 

synergy is that it permits therapeutic efficacy to be accomplished with lower 

doses of individual component interventions, which also reduces probable 

adverse events. Two compounds may exhibit synergy if they target parallel 

pathways or if one increases the bioavailability of the other. 

Additivity If two interventions act additively, then the effect of the combination of half the 

dose of each agent produces the same effect as a full dose of one parent 

agent. 

Antagonism An antagonistic or counteracting interaction is observed when the combined 

activity of two or more compounds is less than their expected individual 

activities, i.e., infra-additive. 

Potentiation Potentiation occurs when one drug increases the effects of a second, often 

by increasing the bioavailability of the second drug. Like synergy, potentiation 

can increase the beneficial effects of the second drug, but may also increase 

its toxic effects. 

Sources: [290,296,300]. 

 

CS and resistance, also known as cross-resistance (CR), are observed when 

mutations conferring resistance to one drug increase or decrease sensitivity to another 

drug (Figure 1.18). Collateral susceptibility alterations were conceptualized in the early 

1950s [333] and has since been reported for many different drugs and bacterial 

species, as well as for viruses, cancer cell lines, and plants [306,330,332,334].  

CS is a highly selective phenomenon that renders drugs particularly effective against 

drug-resistant cells and can thus can be regarded as a type of synthetic lethality 

[292,335-337] in which the genetic alteration that confers resistance to a drug 

sensitizes it to other drugs, i.e., CR. Therefore, CS can be used to rationally design 

drug cycling regimens that limit the evolution of resistance, a sustainable treatment 

paradigm that may be generally applicable to infectious diseases and cancer 

[332,334,338,339].   

http://etd.uwc.ac.za/ 
 



CHAPTER 1 | A.4.6.1 Clarification of the Concepts of Combination Therapy 

48 

 

 

Source:  [339] Collateral sensitivity defined schematically. (a) Representative dose-response curve of a parental 
cell line (solid line, center). Development of resistance to a drug, and concomitant cross-resistance to a variety of 
cytotoxic agents conferred by ABC transporters such as P-gp, results in a loss of sensitivity of possibly several 
orders of magnitude (dotted line, right). Inhibitors of P-gp (so-called reversal agents) inhibit the efflux function of P-
gp, restoring cellular accumulation and re-sensitizing cross-resistant cells to levels approaching that of the original 
parental cells. A small number of agents have been demonstrated to sensitize multidrug-resistant cells to a greater 
degree than the original parental cells (dashed line, left). This property is termed collateral sensitivity (CS). (b) The 
determination of collateral sensitivity (≤0.5) and multidrug resistance (≥2) as defined in this review. It is important 
to emphasize that a lack of cross-resistance to an agent—the same drug response for a parental and resistant 
line—is not collateral sensitivity, but merely a lack of resistance. This occurs, for example, with the P-gp substrate 
vinblastine against cisplatin-resistant 7407-CP human liver carcinoma cells which do not express P-gp as part of 
their resistance phenotype [340]. 

Figure 1.18: Collateral sensitivity and cross-resistance explained 
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CS can be assessed in vitro straightforwardly by calculating the half-maximal 

cytotoxicity (IC50) of a drug against a parental cell line and its matched MDR derivative 

(Figure 1.17). A drug that exhibits CR will display lower efficacy against the MDR cell 

line compared to the parental cell line, and hence yield a resistance ratio >1 (RR, 

determined by dividing the IC50 against a drug-resistant cell line by the IC50 against a 

parental cell line).  

Conversely, a CS agent will show greater toxicity against the MDR cell line than the 

parental cell line, and therefore the RR will be <1. In the case of both CS and CR, at 

least a two-fold effect is most likely required to be considered significant [339,341]. 

Research estimating the combined action of drugs places substantial emphasis on the 

identification of synergy, in which the combined effects of drugs yields greater potency 

than any of the individual drugs in the combination, while antagonism is observed in 

which the combination is less potent than expected. The type of interaction of drugs 

in the combination is based on the hypothesis that synergistic combinations hold 

greater promise than antagonistic (“counteracting”) or non-interacting combinations.  

The most popular combination evaluation models [318,319]—are the Combination 

Index (CI) [327], Loewe Additivity [342-344] and Bliss Independence [317]. CI also 

appears under other names, including the drug interaction index (I) or sum of fractional 

inhibitory concentrations (FICs) [345]. Median effect analysis of the quantitative 

metrics of drug combinations: isoboles, combination index (CI) and dose-reduction 

index (DRI) is covered in detail in the cited references in this section 

[299,315,316,324,327,346-348]. Synergy Finder (https://synergyfinder.fimm.fi) is a 

stand-alone web-application for interactive analysis and visualization of drug 

combination screening data. Other commercially as well as freely available software 

to analyze combination datasets have adequately been reviewed [349,350]. 
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A.4.6.2 Current Drug Combination Rationales Used in Breast Cancer 

Intratumor heterogeneity, encompassing different molecular subtypes and the TME, 

is a major impediment to effective breast cancer treatment and personalized medicine 

[46,351]. Therefore, breast cancer therapy necessitates a multidisciplinary approach 

consisting of surgery, radiotherapy, neoadjuvant and adjuvant therapy (Figure 1.19) 

[147,182,239]. Neoadjuvant therapy is the administration of therapeutic agents before 

the main treatment, e.g., hormone therapy or chemotherapy prior to radical 

radiotherapy for breast adenocarcinoma. On the other hand, adjuvant therapy, also 

known as adjunct therapy, add-on therapy, and adjuvant care, is therapy that is given 

in addition to the primary or initial therapy to maximize its efficacy. 

 

Source: [352]  

Figure 1.19: Treatment strategies for breast cancer 
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Systemic therapy prior to surgery (neoadjuvant) in women with bulky tumors for whom 

reducing the tumor burden is preferred may have pre-surgical prognostic value (e.g., 

in HER2+ disease or TNBC [147,353,354]. Neoadjuvant chemotherapy together with 

anti-HER2 therapy has become the standard of care in HER2+ early breast cancer 

since pathological complete response (pCR) is correlated with improved outcome, i.e., 

disease-free (DFS) and overall survival (OS) and adjuvant therapy selection may thus 

also be influenced by pCR status [354]. The extensive application of neoadjuvant 

systemic therapy to reduce tumor size has not only made breast-conserving surgery 

(BCS) more practical, but also led to the improvement of advanced oncoplastic 

techniques [147,355]. Chemotherapy can be administered before (neoadjuvant) or 

after (adjuvant) surgery with similar effects outcomes [147,356].  

In the adjuvant setting, tamoxifen (which binds to and inhibits the ER) is the standard 

of care and aromatase inhibitors should therefore not be used as monotherapy (as 

they are associated with worse survival) [147]. Globally, recommendations for 

adjuvant chemotherapy and radiation therapy are analogous for patients with luminal 

early breast cancer, as are the updated European Society for Medical Oncology 

(ESMO) Clinical Practice Guidelines for management of advanced breast cancer 

[357]. 

Clearly, effective therapy of breast cancer is based on the maxim of the highest 

therapeutic efficacy, with insignificant side effects, to predict a good quality of life for 

patients [352]. Therefore, prudent selection of combinatorial therapeutic interventions 

affords patients with the prospect of receiving maximum benefit from therapy while 

minimizing or eliminating recurrence, resistance and toxic side effects, as well as 

ensuring that patients have a good quality of life. Figure 1.20 illustrates the most 

important therapeutic combinations that can be exploited in breast cancer treatment. 
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Source: [352]. Key: Chemo = chemotherapy; Horm = hormononal therapy; Immun = immunotherapy 

Figure 1.20: Outline of options for treatment combinations in breast cancer 

Anthracyclines and taxanes in a combination or in sequence over a period of 18–24 

weeks is the current chemotherapy standard in early breast cancer and, as a rule, 

recommended regimens do not vary between neoadjuvant and adjuvant settings 

[182]. The Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) meta-

analysis study reported that anthracycline-containing and taxane-containing 

chemotherapy reduced 10-year breast cancer mortality by about a third [358]. 

Combination therapy has thus become a cornerstone in breast cancer treatment to 

potentiate therapeutic effectiveness and overcome drug resistance and metastasis 

[359], and a vast literature on clinical trials with a multitude of different therapeutic 

combinations for various types of breast cancer attests to this [113,297,352,359-367], 

but further consideration of such combinations is beyond the scope of this thesis. 

However, as mentioned in Section A.1.7, cancer is a complex assembly of distinct and 

heterogeneous genetic diseases united by common hallmarks that can be exploited 

for combinatorial orthogonal cancer therapies in order to robustly reduce the 

probability of emergence of a resistant cancer cell population and to improve patient 

survival benefit (i.e., progression-free survival or PFS) [5,19,25,152,196,278,298,368-
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371]. Two therapies are regarded as orthogonal, and therefore act synergistically, 

when they attack a cancer via two different mechanisms such that a suppressor 

mutation for the first therapy cannot suppress the second therapy and vice versa [25]. 

 

Source: [25]. A tumor consists of genetically distinct subpopulations of cancer cells (represented by the different 
cell shapes), each with its own characteristic sensitivity profile to a given therapeutic agent. Each cancer therapy 
can be viewed as a filter that removes a subpopulation of cancer cells that are sensitive to this treatment while 
allowing other insensitive subpopulations to escape. This escape occurs as a result of suppressor mutations that 
occur at a given frequency (v) unique to each therapy and tumor type. By combining therapies with orthogonal 
modes of action, a combinatorial filter can be set up to minimize the recurrence index (RI) of the cancer. N 
represents the total number of cancer cells in the tumor. A combination of orthogonal therapies that result in RI < 1 
would greatly enhance the likelihood of preventing tumor recurrence. 

Figure 1.21: The combinatorial strategy of orthogonal cancer therapies 

A.4.7 Breast Cancer Survival, Clinical Drug Resistance and Recurrence 

According to GLOBOCAN estimates of the worldwide incidence and mortality from 36 

cancers and for all cancers combined for the year 2018, breast cancer was the most 

frequently diagnosed cancer in women in all regions of the world, except in Eastern 

Africa where cervical cancer eclipsed all other cancers. Also, breast cancer was the 

most frequent cause of death from cancer in 11 regions of the world, lung cancer in 
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five regions and cervical cancer in the four regions of sub-Saharan Africa [80]. An 

estimated 6.8 million women worldwide survived breast cancer after being diagnosed 

within the 5 years preceding 2018, however, it is not known how many of the survivors 

are living with metastatic disease and how many are cancer-free [78]. Breast cancer 

is curable in ~70–80% of patients with early-stage, non-metastatic disease. 

Nonetheless, advanced breast cancer with distant organ metastases is considered 

incurable with currently approved treatment regimens [147].  

It has been reported that after 5 years of endocrine therapy, recurrences still occur in 

early breast cancer patients over at least 20 years, at rates that strongly correlate with 

the initial tumor burden [372]. The CREATEx trial, e.g., found that additional adjuvant 

capecitabine improved DFS and OS, with the survival benefit being most pronounced 

in TNBC [373]. Currently, advanced breast cancer is treatable, but virtually incurable, 

with metastases (Figure 1.22) being the cause of death in most patients, and a median 

OS of 2–3 years [374].  

The breast cancer mortality rate is generally higher in many low- and middle-income 

countries, such as those in sub-Saharan Africa [375] and developing Asian countries 

[376]. Real-world evidence for 37.5 million patients diagnosed with one of 18 cancers 

between 2000 and 2014 across 71 countries in the CONCORD cancer survival 

program, indicated that the differences in 5-year survival between countries were 

wide-ranging [377]. Good exemplars are: the 5-year survival for lung cancer was 

approximately 33% in Japan, but 4% in India; 5-year survival for breast cancer was 

90% in the United States, but 40% in South Africa [377,378]. It is important to note 

that the extent of breast cancer outcome disparity can be measured by comparing 

Surveillance, Epidemiology, and End Results (SEER) breast cancer-specific survival 

(BCSS) by region and with institutional cohort (IC) rates. 

http://etd.uwc.ac.za/ 
 



CHAPTER 1 | A.4.7 Breast Cancer Survival, Clinical Drug Resistance and Recurrence 

55 

 

Sources: [147,379]. The most frequent nodal site is the axillary lymph nodes and the frequency of involvement 

depends on the size of the tumor. 10–40% of breast cancers have metastasis in the internal mammary chain, 

influenced by the topography of the tumor in the breast (inner quadrant versus outer quadrant and the size). 

Controversy abounds with regard to the value of staging and treatment of these nodes, for example, whether or not 

they need to be dealt with surgically or by radiation therapy. Breast cancer hones to distant metastatic sites 

differentially according to the molecular subtype according to data from the US Surveillance, Epidemiology , and 

End Results Program (SEER) database (data from 2010 to 2014, 295,213 patients with invasive breast cancer). 

Locoregional lymphatic spread is less frequent in triple- negative breast cancer (TNBC) than in other subtypes. The 

opposite is true for brain metastases, which are more frequent in TNBC than luminal tumors. Additionally , 

metastatic disease occurs at different time points in the natural history ; for example, luminal A cancers typically 

show late metastatic occurrence (5–10 years after diagnosis) and long survival is possible. By contrast, basal- like 

subtypes usually metastasize within 2 years, and long survival durations are uncommon. The percentage of 

metastases found at that site are shown in parentheses. +, positive; HER2, human epidermal growth factor receptor 

2. 

Figure 1.22: Common metastatic sites in breast cancer 

In the USA, over 2 decades, the survival of patients with metastatic breast cancer 

improved nationally, but with regional survival disparity and differential improvement. 

To espouse equitable outcomes, access and treatment practices will need to be 

identified and implemented [91]. Therefore, further treatment advances as well as 

equal worldwide access to such remain a global challenge in multidisciplinary breast 
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cancer care for the future, with the hope to prolong DFS and minimize treatment-

associated adverse events to maintain or improve quality of life (i.e., improved quality-

adjusted life expectancy) [147]. Recently, the Advanced Breast Cancer (ABC) Global 

Alliance (https://www.abcglobalalliance.org/abc-global-charter/) was created to lobby 

for scientific advances, a deeper understanding of the needs of breast cancer patients 

and their rights, better survival and quality of life, accurate information, access to 

multidisciplinary and high-quality care, early access to supportive and palliative 

interventions [147].  

Various hypotheses that are currently under investigation for the prevention of breast 

cancer recurrence [380]. It has long been known that factors that influence the 

success of treatment strategies, recurrence of disease and survival of breast cancer 

patients include hormone receptor status, tumor grade, multidrug resistance (P-

glycoprotein) and human epidermal growth factor receptor (EGFR 1/HER2) status 

[249,381-385]. P-gp will be reviewed in Section B and EGFR/HER2 in Section C. 

A.4.8 Adverse Effects Associated with Breast Cancer Therapies 

In 75% of ER+ breast cancer survivors (BCS), recurrence and mortality are reduced 

by oral endocrine therapy (OET) such as tamoxifen or aromatase inhibitors (AIs) [386]. 

However, many BCS do not adhere to OET due to therapy-associated side effects. 

Typical tamoxifen side effects are hot flashes, weight gain, and loss of libido and, less 

frequently, thromboembolic disease or endometrial pathologies [387].  

AI side effects include hot flashes, arthralgia, increased fractures, rash, and 

gastrointestinal upset [386,387]. Therefore, a dire need exists to provide decisional 

support to non-adherent BCS experiencing OET side effects [387-389]. Current 

consensus opinion in the management of early stage breast cancer emphasizes that 
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an individualized approach is required for every patient and that the adverse effects 

of OET should be weighed against the potential benefits of extended therapy to better 

inform decision-making [390,391]. 

SECTION B: MULTIDRUG RESISTANCE (MDR) 
TRANSPORTERS 

B.1 Overview of the ABC Transporter Superfamily 

The mammalian adenosine triphosphate (ATP)-binding cassette (ABC) superfamily of 

transporters comprise a large number of functionally diverse transmembrane proteins 

which have been subdivided into 7 families designated ABCA to ABCG, and 49 ABC 

transporter subtypes, based on structure, domains and amino acid sequence 

homology [392-394]. In humans, ABC transporters export a variety of diverse drugs, 

drug conjugates, xenobiotics, lipids and hormones, and metabolites out of cells to 

maintain intracellular homeostasis.  

The ABC transporters play a protective role in sanctuary sites such as the blood-brain 

barrier by excreting exogenous compounds and preventing the accumulation of toxins 

in normal tissue [395,396]. ABC transporters exist as either full transporters (TMD1-

NBD1-TMD2-NBD2) or half transporters (TMD-NBD), i.e., full functional transporters 

typically contain two nucleotide-binding domains (NBDs) and two transmembrane 

domains (TMDs), whereas half transporters only contain half the complement of each. 

Humans possess 48 ABC transporter genes, with 3 pseudogenes. Functionally, the 

ABC proteins are categorized in two groups, those that utilize ATP hydrolysis to 

transport molecules across the plasma membrane and those that recruit transporter 

facilitators that undergo a conformational change when ATP binds [397]. No fewer 
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than 11 ABC superfamily transporters, including P-glycoprotein (P-gp/MDR1/ABCB1), 

multidrug resistance-associated proteins (MRPs/ABCCs) [398,399], and breast 

cancer resistance protein (BCRP/ABCG2) are involved in multidrug resistance (MDR) 

development [392,397]. The TMDs consist of six transmembrane-spanning α-helices 

and confer substrate specificity. The NBDs are highly conserved throughout the 

different ABC transporters and face the cytoplasmic side of the membrane to transfer 

the energy to transport the substrate across the membrane [398,400]. While roles in 

cancer MDR have been unequivocally confirmed for P-glycoprotein (P-gp), breast 

cancer resistance protein (BCRP) and multidrug resistance protein 1 (MRP1) 

[397,399]. Analysis of RNA sequencing data from The Cancer Genome Atlas (TCGA) 

database corroborated that expression levels of both P-gp/ABCB1 and BCRP/ABCG2 

in a variety of patient tumor samples range over several 1,000-fold (log10 increments) 

(Figure 1.23), a significant wider range of expression than previously arrived at with 

standard protocols [396]. 

 

Source: [396] Data from TCGA database https://www.cancer.gov/about-nci/organization/ccg/research/structural-

genomics/tcga) showing expression of both ABCB1 and ABCG2 in breast, thyroid, pancreas, liver and kidney 

tumors as well as glioblastomas. 

Figure 1.23: Expression of ABCB1 and ABCG2 in patient tumor samples 
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Figure 1.24 and Figure 1.25 illustrate secondary and high-resolution 3D structure, 

respectively, and mechanism of ABCG2 (BCRP), ABCB1 (MDR1/P-gp) and ABCC1 

(MRP1) [393,396]. 

 

 

Source: [393]. Secondary structure models of drug efflux transporters of the ATP-binding cassette family. (A) P-
gp/ABCB1, (B) MRP2/ABCC2, (C) BCRP/ABCG2. TMD – transmembrane domain; NBD – nucleotide-binding 
domain; L0 – loop 0. ABC transporters are energy-dependent transporters; they exhibit a conformational change 
upon substrate binding and ATP hydrolysis which drives the transport process of the substrate. 

Figure 1.24:  Secondary structure models of drug efflux transporters of the 

ATP-binding cassette family 

However, increasing evidence for a role in MDR in vivo are emerging for other family 

members [401], even though sporadic literature accounts have appeared that multiple 

members of the ABCA [402] and ABCB [403] subfamilies, and the majority of the 

ABCC subfamily, are also able to efflux chemotherapeutics in vitro [398,399].   
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Source: [396]. a | High-resolution 3D structures of ATP-binding cassette (ABC) subfamily G member 2 (ABCG2) 
[404], multidrug resistance protein 1 (ABCB1/MDR1) [405] and multidrug resistance-associated protein 1 (MRP1). 
Although the structure for MRP1 is that of Bos taurus, the protein identity is 91%, and the structure is likely similar 
to that of human MRP1. Structures were generated using the PyMOL Molecular Graphics System (DeLano 
Scientific, Palo Alto, CA, USA with data from the Research Collaboratory for Structural Bioinformatics Protein Data 
Bank (RCSB PDB). b | Schematic representation of the proposed pumping action of MDR1. The substrate binds to 
the binding pocket, and ATP binds to the two binding sites in the nucleotide-binding domains (NBDs). This is 
followed by the hydrolysis of ATP, which generates a conformational change, allowing the substrate to be released 
from the protein [406]. The second molecule of ATP is hydrolyzed, allowing for a conformational reset where 
substrate and ATP can bind again so the process can repeat. 

Figure 1.25:  High resolution structure and mechanism of ABCG2 (BCRP), 

ABCB1 (MDR1/P-gp) and ABCC1 (MRP1)  

In the subsections that follow, the bona fide ABC transporters in breast cancer drug 

resistance, i.e., P-gp/ABCB1/MDR1, BCRP/ABCG2 and MRP1/ABCC1 are briefly 

described. 

B.2 Permeability-Glycoprotein (P-Glycoprotein/ABCB1/MDR1) 

P-glycoprotein (P-gp/ABCB1/MDR1) and breast cancer resistance protein 

(BCRP/ABCG2) are among the most important and best characterized ABC 

transporters involved in drug mobilization, with the MDR phenotype being expressed 

in tumor cells [392,393,395,396]. P-gp, encoded by two multidrug resistant genes 

(MDR1/ABCB1 and MDR3/ABCB4 (also designated MDR2) [407,408], acts as an 
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ATP-dependent drug efflux pump (Figure 1.24) in many cancer cells [394,395,397]. In 

its mature form, P-gp is a 170-kDa transmembrane glycosylated protein (consisting of 

1280 amino acids) [409] with ATP binding sites [410,411]. P-gp/ABCB1/MDR1, like 

BCRP/ABCG2 and MRP1/ABCC1, functions as an ATP-driven efflux pump [406] with 

poly-specificity for a large number of substrates, inhibitors and chemosensitizers 

(Table 1.10) [392,393,395,412-415], including neutral or positively charged 

hydrophobic compounds as well as investigative and clinically approved 

chemotherapeutic agents such as doxorubicin (adriamycin), etoposide, taxol, 

paclitaxel, vincristine, daunorubicin and irinotecan [392,393,395-397,406]. Several 

lines of evidence have demonstrated correlations between tumor P-gp expression and 

patient response rates or survival rates, or have reported observations of elevated P-

gp expression following chemotherapy.  

Table 1.10: Selected substrates of P-gp/ABCB1, MRP2/ABCC2 and 

BCRP/ABCG2 

 

Source: [393]. 

 

For example, an extensive meta-analysis adjudicated that breast cancer patients with 

P-gp expressing tumors were 3-fold more likely to be unresponsive to chemotherapy 
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than those without P-gp expression and that chemotherapy/and or hormonal therapy 

increased the proportion of patients with P-gp expressing tumors [416]. Interestingly, 

a recent study has substantiated that overexpression of P-gp induced by neoadjuvant 

chemotherapy (NACT) in locally advanced breast cancer patients is a proof-of-

concept of acquired chemoresistance and may thus aid as an intermediate checkpoint 

in monitoring chemosensitivity for personalized treatment options so that further doses 

of ineffective chemotherapy may be minimized in non-responders, translating into 

better patient safety [417]. Moreover, HIF-1α and erythropoietin (EPO) expression is 

significantly associated with P-gp expression in invasive breast cancer with lymph 

node metastases, demonstrating a correlation between P-gp expression and patients 

with HER2+ breast tumors that do not express steroid receptors [418].  

It has been noted that in some breast tumors, ABCB1 expression is found primarily in 

tumor-associated macrophages (TAMs) and not in the tumor cells per se [419], further 

complicating generalizations about the transporter’s association with heterogeneous 

breast cancers [416,420]. Furthermore, analysis of ABCB1 expression in human 

TNBC samples procured from a previous study [421], illuminated that tumors with an 

EMT phenotype (low expression of the EMT marker claudin) had high basal levels of 

ABCB1 expression compared with basal-like tumors [422]. These characteristics, as 

we have seen in Section A.4.5, likely contribute to the poor outcomes of MBC.  

The expression levels as well as genetic variations in ABCB1 are associated with 

conflicting altered therapeutic responses in primary breast tumors [423-425]. A recent 

combination of a prospective and retrospective cohort study involving patients with 

advanced stage invasive breast cancer who received neoadjuvant chemotherapy 

showed that the expression of P-gp has no significant statistical correlation to 

metastases, recurrence and survival [383]. Therefore, further pharmacogenetic 
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evaluation of the ABCB1 gene is necessary to correlate it with breast cancer treatment 

outcomes and optimization of individualized therapy [396,424,426].  

B.3 Breast Cancer Resistance Protein (BCRP/ABCG2) 

Another member of the ABC transporter family involved in MDR development, i.e., 

ABCG2 (also known as breast cancer resistance protein, BCRP), is encoded by the 

ABCG2 gene [393,427,428]. ABCG2 is a half-transporter composed of one TMD and 

one NBD domain (Figure 1.24) [429,430]. Notwithstanding certain substrate specificity 

variations, BCRP’s repertoire substantially overlaps with that of MDR1/P-gp or MRP2 

(Table 1.10). ABCG2 is able to transport a particularly wide range of substrates, 

including important anticancer drugs—mitoxantrone, methotrexate, the camptothecins 

topotecan and irinotecan, epipodophyllotoxins, imidazoacridinones and the 

anthracycline doxorubicin [428].  

Indeed, many tyrosine kinase inhibitors (TKIs) (Section C) that are ABCG2 substrates 

(e.g., imatinib, gefitinib, nilotinib, vandetanib, pelitinib and neratinib) [431-433] perturb 

the functions of both P-gp and BCRP, and may prove useful in the design of novel 

drug-combination therapeutic strategies. Nilotinib inhibits efflux mediated by P-

gp/ABCB1 and BCRP/ABCG2 in vitro [434]. In addition, in vivo studies performed by 

the same authors demonstrated that nilotinib, in combination with paclitaxel or 

doxorubicin, significantly caused regression of tumors overexpressing the ABCB1 or 

ABCG2 transporter [435]. Likewise, telatinib, a vascular endothelial growth factor 

receptor (VEGFR) TKI, enhances the anticancer activity of ABCG2 substrate 

anticancer drugs by inhibiting ABCG2 efflux transporter activity in drug-resistant cell 

lines [436]. Curcumin has been shown to synergistically increase the sensitivity of 

ABCG2-overexpressing cells to mitoxantrone, topotecan, SN-38 and doxorubicin, 

which are substrates of the transporter [437].  
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Several similar studies have provided experimental evidence for the use of microRNA 

(miRNA) as a potential target for preventing and reversing drug resistance in breast 

cancer by restraining the expression levels of ABCG2 [438-440]. ABCG2 expression 

has been frequently linked with poorer outcomes in acute myelogenous leukemia 

(AML) as well as acute lymphoblastic leukemia (ALL), breast and lung cancer 

[428,441,442]. Therefore, a better understanding of ABCG2 in cancer biology is 

warranted to design novel compounds to suppress its mediation of drug resistant 

tumors. 

B.4 Multidrug Resistance Protein 1 (MRP1/ABCC1) 

MRP1 is also a mediator of acquired drug resistance and has been extensively studied 

in lung cancer [392] and neuroblastoma [397]. Mammalian MRP1 has a MW of 190 

kDa and is both N-glycosylated and phosphorylated. Human MRP1 contains 1531 

amino acids with 2 NBDs and 17 TMs in 3 TMDs (TMD0, TMD1 and TMD2). MRP1 

mRNA and/or protein is frequently detected in patient tumor samples and is currently 

considered to be the most clinically relevant of the MRPs with respect to drug 

resistance in cancer [392]. MRP1-mediated drug efflux has a chemoprotective role in 

multiple tissues, which is corroborated by reports that the occurrence of anthracycline-

induced cardiotoxicity is associated with certain ABCC1 single nucleotide 

polymorphisms (SNPs) in breast cancer [443] and childhood acute lymphoblastic 

leukaemia [444].  

Several studies have supported a role for MRP1 in the drug resistance expressed in 

solid tumors such as non-small-cell lung cancer, prostate cancer, and some types of 

breast cancer [445,446]. MicroRNAs (miRNAs) are endogenous small noncoding 

RNAs (~ 22 nucleotides long) that target complementary sequences within an mRNA 

molecule and cause gene silencing via translational repression or target degradation 
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[445]. Indeed, ABCC1 (MRP1) mRNA levels can be modulated by several mi-RNAs 

congruent with extrapolations from several miRNA databases, e.g., downregulation of 

miR-326 (which targets ABCC1 mRNA) and downregulation of miR-134 have been 

implicated in the drug resistance phenotypes of MRP1-overexpressing breast and 

lung cancer cell lines, respectively [447,448]. These miRNAs should be explored 

further to expand the armamentarium of available therapies that target ABC 

transporter-mediated MDR in breast cancer [204,449]. 

 

SECTION C: RECEPTOR TYROSINE KINASES (RTKS) 

C.1 Receptor Tyrosine Kinases (RTKs) and Cancer Signaling Pathways 

Tyrosine kinases (TKs, also referred to as tyrosine-specific protein kinases, TPKs) 

constitute a large and diverse group of enzymes that catalyze the transfer of a 

phosphate group from adenosine triphosphate (ATP) to a tyrosine residue on target 

proteins. Once phosphorylated, these target proteins become activated and, in turn, 

transactivate a plethora of effectors in a large network of signal transduction pathways 

that regulate cell proliferation, differentiation, survival (anti-apoptotic signaling and 

programmed cell death) and metabolism [450]. Mutations in kinase genes can cause 

aberrant phosphorylation in eukaryotes, which is associated with a multiplicity of 

clinicopathological conditions ranging from cancer to inflammatory diseases, diabetes, 

infectious diseases, cardiovascular disorders, cell growth and survival [451]. The 

significance of tyrosine phosphorylation is exemplified by the countless genomic 

alterations/mutations, rearrangements and autocrine activation events that are 

associated with TPKs.  
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These alterations include gain of function (GOF, i.e., upregulation /  insertion / 

overexpression / amplification) and/or loss of function (LOF, downregulation/deletion) 

mutations [450-453]. The two main classes of kinase are tyrosine kinases (TKs) and 

serine–threonine kinases (STKs) [451]. TPKs can further be subdivided into two main 

classes: receptor TPKs (hereinafter referred to as receptor tyrosine kinases or RTKs), 

and non-receptor TPKs (NRTKs) [454]. The STKs and NRTKs will not be considered 

further for the purpose of this thesis’ literature review, but recent reports abound [455-

459]. RTKs play central roles in a wide range of cellular processes, including 

differentiation, proliferation, migration, angiogenesis, tumor progression and survival 

[452]. In humans, ~60 RTKs have been identified based on sequence homology and 

structure. These RTKs are clustered into 20 families: EGFR, PDGFR, VEGFR, FGFR, 

InsR, PTK7, TRK, ROR, MuSK, MET, TAM, TIE, EPH, RET, RYK, DDR, ROS, LMR, 

ALK and STYK1 [460,461].  

Activation of RTKs is triggered by binding of receptor-specific ligands (e.g., growth 

factors) to their extracellular domains, which sets off ligand-induced receptor 

dimerization and/or oligomerization [452,462] as illustrated in Figure 1.26. The 

successive conformational changes culminate in trans-autophosphorylation of each 

tyrosine kinase domain (TKD), thus unlocking the cis-autoinhibition and rendering the 

TKD to assume an active conformation [462]. Autophosphorylation of RTKs also 

recruits and activates several downstream signaling proteins which contain Src 

homology-2 (SH2) or phosphotyrosine binding (PTB) domains which then bind to 

specific phosphotyrosine residues within the receptor and engage downstream 

mediators that propagate critical cellular signalling pathways [452]. Normal 

physiological levels of RTK activity are tightly regulated by homeostatic controls, 

however, RTKs acquire transforming abilities through several processes, and the 

ultimate outcome is the disturbance of the dynamic equilibrium between cell 
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growth/proliferation and cell death [462]. A gain-of-function (GOF) mutation 

(amplification) in an RTK leads to aberrant downstream signal transduction, not 

subjected to the normal ‘checks and balances’ that occur with physiological signaling. 

Of particular interest, is the uncontrolled and sustained proliferation caused by ‘driver 

mutations’ – defined as mutations that can confer a selective growth advantage 

hallmark on tumor cells [463]. 

 

Source: [452]. a | Schematic representation of RTK activation in normal physiology. RTKs are activated through 
formation of inter-molecular dimerization in the presence of ligands, resulting in kinase activation and 
phosphorylation of the receptor C-terminal tail. b | Schematic representation of potential gain-of-function mutations 
in the various subdomains of an RTK. The mutations lead to constitutive activation of the RTK, typically in the 
absence of ligand. c | Overexpression of RTKs – often as a result of genomic amplification of the RTK gene - leads 
to increased local concentration of receptors. 

Figure 1.26: Mechanisms of physiological and oncogenic RTK activation 
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The phosphoinositide 3-kinase (PI3K)/AKT signal transduction pathway (PI3K/AKT) is 

a paradigm of a critical signaling network correlated with essential cellular functions 

(e.g., cell survival, proliferation and differentiation) and aberrant processes that 

promote tumorigenesis in different types of cancer [464,465]. Aberrant activation of 

RTKs and somatic mutations at key nodes of the PI3K/AKT pathway represent two of 

the most pivotal mechanisms that activate the PI3K/AKT network system in human 

cancers [466]. Activation of classical PI3K/AKT signalling by RTKs is depicted in 

Figure 1.27 [453]. 

 

Source: [453]. Growth factors (e.g., EGF, VEGF, FGF, etc.) bind to extracellular regions of RTKs, cross-linking RTK 
into a dimeric complex. Following dimerization, conformation change leads to the release of cis-autoinhibition, while 
some special tyrosine residues in TKD domain are phosphorylated in cis or in a trans manner. Phosphorylation of 
RTKs enables recruitment of PI3K to the plasma membrane via direct binding of p85 to the intracellular domain of 
RTK (e.g., PDGFR) or indirect binding through adaptors (e.g., GRB2/GAB for EGFR, IRS1/IRS2 for IR). This results 
in depression of p110 kinase activity and therefore phosphorylate phosphatidylinositol-4,5-bisphosphate (PIP2) on 
the plasma membrane to generate the phosphatidylinositol-3,4,5-trisphosphate (PIP3). Accumulation of PIP3 on 
the cell membrane leads to AKT and phosphoinositide-dependent protein kinase 1 (PDK1) co-localization on 
membrane and AKT is phosphorylated by both PDK1 and mTOR complex 2 (mTORC2). Consequently, several 
downstream critical cellular effector proteins (e.g., MDM2, GSK3, p27, and p21) are phosphorylated, through which 
multiple cell functions, such as cell metabolism, cell apoptosis, cell proliferation and cell cycle, are regulated. Finally, 
the 3′ -phosphatase PTEN dephosphorylates PIP3 and thus terminates PI3K signaling. GSK3, glycogen synthase 
kinase 3 (GSK3); MDM2, murine double minute 2; TSC1/2, tuberous sclerosis 1/2; RHEB, ras homologue enriched 
in brain; NFκB, nuclear factor κB; mTOR, mammalian target of rapamycin; S6K, ribosomal protein S6 kinase; 
4EBP1, 4E binding protein 1; GRB2, growth factor receptor binding protein 2; GAB, GRB2-associated binder-1; 
IRS1/2, Insulin receptor substrate 1/2. 

Figure 1.27: Activation of the classical PI3K signaling pathway by RTKs 
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Thus, mutations in the RTK-PI3K/AKT axis may be explored as novel predictive 

biomarkers of tumor responses to targeted therapies [453,467]. EGFR mutations 

serve as a paradigm to appreciate the spectrum and functional dimensions of 

mutations in RTKs. Section C.2, Section C.3 and Section C.4 review the respective 

systems integration of the EGFR/ERBB/HER family of RTKs and the ABC transporters 

in breast cancer, which is the focal point of the research undertaken in this thesis.  

C.2 The Human EGFR/ERBB/HER Family in Breast Cancer 

The human epidermal growth factor receptor (EGFR/ERBB/HER) family, also known 

as HER receptors, consists of four members: ERBB1 (EGFR/HER1), ERBB2 (HER2), 

ERBB3 (HER3) and ERBB4 (HER4) [453,468-470]. The ERBB gene symbol stems 

from the avian viral erythroblastosis oncogene to which these receptors are related. 

By convention, human EGFR gene symbols are indicated in uppercase italics. Thus, 

the four members of the EGFR gene family include: (i) EGFR/ERBB1/HER1, (ii) 

ERBB2/HER2/NEU, (iii) ERBB3/HER3, and (iv) ERBB4/HER4.  

The EGFR/ERBB/HER receptors form homo-/hetero dimers in response to ligand 

binding and each shows distinct specificity and affinity to its ligand: epidermal growth 

factor (EGF), transforming growth factor-α (TGF-α) and amphiregulin specifically bind 

to EGFR, whereas heparin-binding EGF, betacellulin and epiregulin bind both HER4 

and EGFR. By contrast, neuregulin consist of spliced isoforms that binds HER4 and 

HER3. HER-2 has no known ligands, but is a preferred heterodimerization partner for 

EGFR and other members of the ErbB receptor family [471].  

Moreover, the transforming potential and signal pathways that are activated by the 

receptor binding are exclusive. For example, heterodimers EGFR-HER2 are 

associated with a more vigorous signal than that of homodimers EGFR-EGFR [469]. 
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The signal transduction pathways associated with the activated EGFR/ERBB/HER 

includes mitogen-activated protein kinase (MAPK) which is responsible for cell 

proliferation, and phosphatidylinositol-3-kinase (PI3K/Akt) which regulates cell 

survival. Recruitment and activation of Akt triggers phosphorylation and inactivation 

of pro-apoptotic signals, and increases expression of anti-apoptotic signals [472].  

These RTKs, along with other members, are significantly correlated with breast cancer 

progression and metastases Figure 1.28 [461]. EGFR is overexpressed in breast 

cancer and is associated with increased aggressiveness and poor clinical outcomes 

[473-475]. The EGFR/ERBB/HER family of RTKs is an archetypal proof-of-concept for 

breast cancer therapeutic exploitation and innovation (Figure 1.29) [476].  

 

Source: [461]. VEGFR activates JAK/STAT signaling pathway to induce cancer stem cell phenotype through Myc 

and Sox2 expression. Mutant p53 induces the expression of VEGFR through the interaction with SWI/SNF complex. 

EGFR-regulated signaling also plays pivotal role in angiogenesis and metastasis. EGFR regulates the activation of 

JAK/STAT and MAPK signaling pathway to induce expression of Sox2 and other stem cell markers leading to 

enrichment of cancer stem cells. EGFR induces Akt phosphorylation to promote inflammation. PDGFR is expressed 

on stromal cells such as fibroblasts and is a marker of fibroblast activation. PDGFR-regulated STAT activation is 

involved in regulation of miR-9-mediated differentiation of cancer cells to endothelial cells leading to angiogenesis. 

FGFR-activated MAPK pathway induces EMT and CSC phenotype. Cooperation between the FGFR and HER2 

regulates nuclear translocation of Cyclin D1 leading to enhanced cancer cell proliferation. 

Figure 1.28: RTK-regulated signaling in breast cancer progression 
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Source: [476]. (A) HER2 hetero-dimerization and HER2 targeting. (B) Signaling downstream of HER2 and its 

targeting. 

Figure 1.29:  Human epidermal growth factor receptor 2 (HER2) signaling 

and targeting 

EGFR is the most extensively researched receptor of its family. To this end, several 

small molecule tyrosine kinase inhibitors (TKIs) and monoclonal antibodies (mAbs) 

have already been developed, undergone clinical trials, approved and applied as 

effective agents against MDR and metastatic breast tumors, but acquired resistance 

to these agents remain a constant clinical obstacle that needs to be circumvented 

[414,476-482]. Section C.3 provides an overview of TKIs in breast cancer, whereas 

Section C.4 focuses on the extensive repertoire of interactions between clinical TKIs 

(e.g., BCR-ABL, EGFR, VEGFR inhibitors) with the main ABC transporters implicated 

in MDR [483].  
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C.3 Tyrosine Kinase Inhibitors (TKIs) in Breast Cancer 

Sustained cell proliferation is a hallmark of cancer that is modulated by the various 

components of the TME [11,46,122,275,278,281]. Drugs that target the kinase sites 

of RTKs to inhibit the phosphorylation of intracellular signaling hubs driving cell 

proliferation, metastases and angiogenesis are referred to as receptor tyrosine kinase 

inhibitors (RTKIs) or TKIs [484,485]. Since August 2019, 43 TKIs were approved by 

the Food and Drug Administration (FDA) as oncological agents [486]. Table 1.11 is a 

representative list of TKIs approved by the FDA for the treatment of various cancers 

[487].  

The role of EGFR in cancer progression and as a prognostic biomarker is widely 

documented. It is also seen as a molecular target in TNBC [4,488]. Indeed, the EGFR 

signaling network encompasses more than 211 biochemical reactions and 322 

signaling molecules [462,469,489]. EGFR is overexpressed in a number of cancers, 

including breast and non-small cell lung cancer [477]. HER2 overexpression is 

associated with a more aggressive type of disease and occurs in 20% of invasive 

cancers, with resistance to conventional chemotherapeutic agents [490]. The 

development of the well-known trastuzumab (Herceptin®, Genentech; South San 

Francisco, California, USA), a humanized mAb against HER2/EGFR2, paved the way 

for improved anti-EGFR treatment regimens [491].  

Trastuzumab was approved in 1998 by the FDA for the adjuvant treatment of HER2+ 

MBC and as monotherapy in chemotherapeutic-pre-treated MBC [492]. However, the 

emergence of trastuzumab-treatment resistance as well as the cardiotoxic effects has 

hampered the prognosis of MBC patients. Current alternative treatments in 

trastuzamab-resistant MBC involve the use of lapatinib, a tyrosine kinase inhibitor of 

EGFR and HER2, in conjunction with capecitabine [468,493].
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Table 1.11: Representative list of TKIs approved by the US Food and Drug Administration (FDA) for the treatment of various cancers 

Tyrosine Kinase Inhibitor Approved Pharmaceutical Company Molecular Target Cancer Targeted 
Imatinib 2001 Novartis Abl, PDGFR, SCFR CML, GIST 
Gefitinib 2003 AstraZeneca EGFR NSCLC 
Nilotinib 2004 Novartis Bcr-Abl, PDGFR CML 
Sorafenib 2005 Bayer Raf, VEGFR, PDGER Advanced RCC 
Sunitinib 2006 Pfizer PDGFR, VEGFR, GIST, Advanced RCC 
Dasatinib 2006 Bristol-Myers Squibb Bcr-Abl, SRC, PDGFR CML 
Lapatinib 2007 GlaxoSmithKline EGFR Breast cancer 
Pazopanib 2009 GlaxoSmithKline VEGFR, PDGFR, FGFR Advanced RCC, STS, NSCLC 
Crizotinib 2011 Pfizer ALK NSCLC 
Ruxolitinib 2011 Novartis JAK1, JAK2 Myelofibrosis 
Vandetanib 2011 AstraZeneca VEGFR, EGFR Advanced thyroid cancer 
Axitinib 2012 Pfizer VEGFR Advanced RCC 
Bosutinib 2012 Wyeth Abl, SRC CML 
Afatinib 2013 Boehringer Ingelheim EGFR NSCLC 
Erlotinib 2013 Roche EGFR NSCLC 
Ceritinib 2014 Novartis ALK NSCLC 
Osimertinib 2015 AstraZeneca EGFR NSCLC 
Lenvatinib 2015 Eisai VEGFR DTC 
Alectinib 2015 Roche ALK NSCLC 
Regorafenib 2017 Bayer VEGFR, EGFR HCC, CRC, GIST 
Neratinib 2017 Puma HER2 Breast cancer 
Brigatinib 2017 Ariad ALK NSCLC 

Adapted from Jiao et al. [487]. tyrosine kinase inhibitor (TKI); chronic myeloid leukemia (CML); gastrointestinal stromal tumors (GIST); non-small cell lung cancer (NSCLC); renal cell carcinoma 
(RCC); soft tissue sarcoma (STS); differential thyroid carcinoma (DTC); hepatic cellular carcinoma (HCC); colorectal carcinoma (CRC); Abelson murine leukemia viral oncogene (Abl); platelet-
derived growth factor receptor (PDGFR); mast/stem cell growth factor receptor (SCFR); epidermal growth factor receptor (EGFR); breakpoint cluster region-abelson oncogene (Bcr-Abl); rapidly 
accelerated fibrosarcoma (Raf)-retroviral oncogene possessing a serine/threonine kinase activity; vascular endothelial growth factor receptor (VEGFR); fibroblast growth factor receptor (FGFR); 
anaplastic lymphoma kinase (ALK); Janus kinase (JAK)–signal transducer and activator of transcription; Rous sarcoma viral oncogene non-receptor tyrosine kinase (NRTK) involved in cellular 
proliferation, survival, migration, and angiogenesis (SRC); human epidermal growth factor receptor 2 (HER2). 
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Furthermore, aberrations in the normal expression and functioning of EGFR due to 

mutations and implication in MDR cancers [454,494,495], including breast cancer, 

further underscores the significance of anti-EGFR therapies [450,484,496]. HER2 is 

overexpressed in ~20% of all breast cancers through the conversion of the HER2 

proto-oncogene into the HER2 oncogene [497,498]. This biomarker correlates with 

more aggressive cancers compared to HER2- breast cancers with features like drug 

resistance, rapid spread and higher metastasis [499]. The primary HER2 aberration is 

gene amplification. Essentially, HER2 fulfils a crucial role in breast cancer as a driver 

mutation. Approximately 20% of patients with breast cancer harbor HER2 

amplification; therefore, anti-HER2 drugs such as trastuzumab and lapatinib exhibit 

significant efficacy in patients with HER2-positive breast cancer [500]. Lapatinib and 

neratinib are small molecule TKIs approved for HER2+ breast cancer—these drugs, 

reversibly and irreversibly inhibit both EGFR1 and HER2, respectively, by blocking 

ATP-binding to the receptors [485], but acquired resistance to neratinib has been 

demonstrated to occur via a HER2T798I gatekeeper mutation in a patient with 

HER2L869R-mutant driven breast cancer [501].  

HER3 is often co-expressed with HER2 and plays a pivotal role in cell growth and 

survival in HER2-dependent breast cancers [502]. Moreover, HER3 mutations are not 

only coupled with resistance to ER-targeted therapies, but also with resistance to 

EGFR1- and HER2-indicated treatments [503]. By contrast to the rest of EGFRs, 

membranous HER4 homodimerization generally correlates with an increase in 

survival rate and a reduction of proliferation indices, and thus good prognosis, 

whereas nuclear HER4 is associated with lower survival rates [490]. Recent advances 

in genomics analyses have paved the way for more promising EGFR/ERBB TKI 

candidates (Figure 1.30) [461,468,504,505] and mAbs (Table 1.12) to be evaluated in 

many clinical trials [490]. 
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Source: [504]. HER2-targeted therapies approved by the FDA for HER2-positive cancer or currently in clinical trials (from www.clinicaltrials.gov, last accessed July 11, 2018). Therapies followed 

by FDA in red font indicate that the drug is FDA approved. CAR, chimeric antigen receptor. 

Figure 1.30: Approved and emerging HER2-targeted therapies in clinical development 
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Table 1.12: Targeting therapy against EGFR family in breast cancer under investigation for treatment of breast cancer 

 

 

http://etd.uwc.ac.za/ 
 



CHAPTER 1 | C.4 Tyrosine Kinase Inhibitors (TKIs) and ABC Transporters 

77 

In addition to the small molecule TKIs, several mAbs that bind specifically to the 

extracellular domain of EGFRs were designed to attack cancer via two mechanisms, 

i.e., (i) by binding the extracellular domain ideally to inhibit ligand binding and thus 

block receptor dimerization, auto-phosphorylation and downstream signaling as well 

as inducing receptor internalization, degradation and stable downregulation; (ii) 

alternatively, mABs have been coupled to cytotoxic agents. Thus, if they are co-

internalized with the receptor, they induce cell death and impart cancer treatments 

with high selectivity, toxicity and improved therapeutic windows (Table 1.12) 

[453,490]. 

C.4 Tyrosine Kinase Inhibitors (TKIs) and ABC Transporters 

In Section C.3, the use of TKIs and mAbs in the suppression of RTK-mediated tumor 

progression and uncontrolled cancer cell proliferation have been described. In this 

section, the specific role of ABC transporters in the development of resistance to TKIs 

will be discussed with a view to delineating the key determinants that can be targeted 

to overcome such drug resistance mechanisms. RTK overexpression correlates with 

poor patient outcomes, e.g., not only HER2 levels, but also the profusion of EGFR 

and HER3 have been associated with poor prognosis of breast cancer patients [503].  

Amplification of RTKs confers on tumor cells the ability to evade cytotoxic stress. For 

example, mesenchymal-epithelial transition factor (MET) and HER2 amplification 

frequently accompanies the emergence of chemoresistance in cancer patients with 

EGFR-mutations [506,507]. MDR is principally mediated by an increased rate of drug 

efflux, alterations in drug metabolism, or activation of DNA repair systems [336,508]. 

An increase in drug efflux leads to decreased intracellular accumulation of the drug, 

limiting successful treatment outcome [396]. The ABC family of transporters, mainly 

P-glycoprotein (P-gp/MDR1/ABCB1), MRP1/ABCC1 and BCRP/ABCG2 have been 
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implicated in the energy-dependent efflux of a multitude of structurally and functionally 

diverse substrates (Section B). The TKIs have proven to effectively and specifically 

inhibit malignant cell growth and metastasis in most tumor types, including head and 

neck, gastric, prostate and breast cancer and several types of leukemia [468,484,507]. 

It is hardly surprising that the MDR transporters have been recognized as important 

mediators of the general ADME-Tox (absorption, distribution, metabolism, excretion, 

toxicity) properties of small molecule TKIs, as well as key factors of resistance against 

targeted anticancer therapeutics [431,432,454,483,509-516].  

The therapeutic efficacy of TKIs depends on their access to intracellular targets, which 

may be altered by RTK mutations. However, ABCG2 and ABCB1 have a selectively 

high affinity for some of these kinase inhibitors (imatinib, nilotinib and dasatinib), but 

not for others (bosutinib) [432,513]. Therefore, both ABCG2 and ABCB1 efflux pumps 

modulate tumor cell resistance to certain TKIs, which stimulate their ATPase activity 

[516]. Imatinib was shown to be a substrate for ABCC1/MRP1 and it could amplify the 

expression of ABCC1/MRP1, which conferred imatinib resistance [517].  

Likewise, sorafenib, as a substrate for ABCC2/MRP2, might contribute to sorafenib 

resistance [518], and so on. A list of selected TKIs and their interactions with ABC 

transporters appears in Table 1.13 [519]. Therefore, the combination of TKIs and 

cytotoxic agents may enhance the effectiveness of anticancer therapies since TKIs 

compete for ABC transporter binding and subsequent efflux and so reverse MDR to 

cytotoxic drugs (Figure 1.31; Figure 1.32; Table 1.14) [515,519]. It has been noted 

that ABCG2 has several polymorphic variants with altered substrate specificities and 

activities which may be clinically relevant for personalized TKI therapeutic 

considerations [454,516,520]. 
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Table 1.13: Interactions of selected TKIs with ABC transporters 

 
Source and cross-references: [519]. 
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Table 1.14: TKIs as inhibitors of ABC transporters implicated in MDR and corresponding substrate drugs 

 
Source: [483]. paradigmatic examples of TKIs functionally demonstrated to act as inhibitors of specific ABC transporters and their potential capability to impact on the tumor cell efflux and 

subsequently on cytotoxicity of antitumor drugs recognized by the pumps. 
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Source: [519]. At low concentrations (i), some TKIs exhibit substrate-like properties and are exported out of the cell 

by the respective ABC transporters. A high concentration of TKIs (ii) leads to blockage of the ATP-binding sites of 

ABC transporters, which results in inhibited efflux of the TKI. Examples of TKIs and specific transporters are given 

in square brackets. 

Figure 1.31: Transport of TKIs by ABC transporters 

 

Source: [393]. BRAF TKI, breakpoint cluster region-Abelson (BCR-ABL) TKIs, epidermal growth factor receptor 

(EGFR) TKIs, vascular endothelial growth factor receptor (VEGFR) TKIs, platelet-derived growth factor (PDGF) 

inhibitors, insulin-like growth factor 1 (IGF-1R)/insulin receptor (IR) TKI either block the function of or down-regulate 

MDR-ABC transporters such as P-gp/ABCB1 and BCRP/ABCG2. Black solid arrows indicate a reduction on the 

efflux of various anticancer drugs. 

Figure 1.32: Overview of TKIs as antagonists in the regulation of ABC 

transporters 
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In addition, other transporters, such as ABCC10/MRP7 or ABCC4/MRP4, may also 

play roles in MDR and its reversal by TKIs [514,519]. Several clinical studies of RTK-

targeted therapeutics in breast cancer have recently been reviewed, underscoring the 

revolutionary impact of RTKIs on the practice of oncology [461,483-485]. Clearly, TKIs 

play a crucial role in overcoming chemotherapy resistance, thus opening vistas for 

further exploitation of their repurposing and combination with other anticancer drugs, 

particularly conventional substrates of the ABC transporters, to identify safer and more 

effective clinical chemotherapeutic indications  (Table 1.23 and Figure 1.32) 

[393,483,519]. 

 

SECTION D: DRUGS SELECTED FOR THIS STUDY 

D.1 EGFR Inhibitor I (EGFRi) 

EGFR Inhibitor I (CAS 879127-07) (cyclopropanecarboxylic acid-(3-(6-(3-trifluoro-

methyl-phenylamino)-pyrimidin-4-ylamino)-phenyl)-amide) is a 4,6-dianilinopyrimidine 

compound, predominantly used for research, but less effective when compared to 2,4-

dianilinopyrimidine compounds. Ceritinib is a 2,4-dianilinopyrimidine compound which 

received FDA approval for the treatment of patients with anaplastic lymphoma kinase 

(ALK)-positive non-small cell lung cancer (NSCLC) who have developed resistance to 

crizotinib, an ALK TKI [486,521]. The 4,6-dianilinopyrimidine compound has a higher 

affinity for EGFR when tested against 55 recombinant kinases and demonstrated 

potency against EGFR mutations L858R and L861Q [522]. EGFR Inhibitor I’s 

selectivity for the protein kinase EGFR was further demonstrated in a study that 

involved investigations of selectivity of 178 kinase inhibitors against 300 human 
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protein kinases, in the presence of ATP molecules. EGFR Inhibitor I scored 0.78 using 

the Gini coefficient, which measures the selectivity of an inhibitor against a single 

target [523]. 

D.2 Doxorubicin (DOX) 

Doxorubicin is an anthracycline antibiotic that is used as an effective 

chemotherapeutic agent in the treatment of many solid tumors [524]. It was first 

isolated in 1967 from a mutagenic strain of Streptomyces bacterium, a gram-positive 

Actinomycete [525-527]. Its anticancer activity was first demonstrated in mice and rats 

with Oberling-Guerin myeloma, leukemia and Ehrlich ascites carcinoma [528]. 

Doxorubicin causes DNA intercalation of double-stranded DNA, but the major target 

is considered topoisomerase II which results in inhibition of cell proliferation and 

induction of apoptosis [524]. Furthermore, doxorubicin has the ability to arrest cell 

cycle progression and induce the release of free radicals of ROS in vitro [529]. As 

effective as doxorubicin appeared to be as a neoplastic agent, the side effects 

associated with its dose administration overshadow these contributions [530,531].  

Cardiotoxicity, the major side effect induced by doxorubicin, has hampered its clinical 

significance as well as patient survival. DNA damage, senescence and oxidative 

stress in cardiomyocytes are associated with the cardiotoxicity [532]. Moreover, 

doxorubicin drug resistance has been reported in MCF-7 breast cancer cells 

overexpressing the ABC transporter, P-glycoprotein (P-gp) [533]. The transport of 

doxorubicin by P-gp was recently confirmed using targeted molecular dynamics (MD) 

simulations and molecular mechanics, i.e., Poisson-Boltzmann surface area (MM-

PBSA) analysis [534]. To address the clinical implications of drug toxicity and drug 

resistance, more recent studies demonstrated an effective reduction of toxic side 

effects of doxorubicin when combined with a plant derived flavonoid, quercetin, as well 
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as the potential of decreasing the expression of P-gp in cancer cells [535,536]. This 

was further supported by a laboratory study that highlighted the synergistic 

interactions between metformin and doxorubicin with inhibition of P-gp and reversal 

of drug resistance in doxorubicin-resistant MCF-7 breast cancer cells [537,538]. 

D.3 Cisplatin (Cis-Diammine-Dichloro-Platinum) 

The effects of cisplatin (cis-diamminedichloroplatinum) (CDDP) were first observed in 

1965, whereby the presence of this platinum metal compound was associated with 

inhibition in bacterial cell growth [539]. What was also observed at this early stage of 

experimentation, was cisplatin’s efficacy against a range of solid tumors, particularly 

testicular cancer [539]. This was followed by the FDA’s approval of cisplatin as clinical 

treatment against testicular and bladder cancer in 1978. In tumor cells, cisplatin’s 

major target is DNA. The anticancer drug functions by forming interstrand crosslinks 

between the base pairs of DNA that form adducts, causing DNA damage that arrests 

cell cycle progression and DNA replication, and inhibition of transcription which 

ultimately leads to apoptosis [540].  

Notwithstanding the effectiveness of cisplatin as an antineoplastic agent in a myriad 

of cancers, its toxic side effects as well as resistance in certain cancers were observed 

in early research [539,541]. One of the major side effects associated with cisplatin is 

nephrotoxicity. Cisplatin is absorbed and excreted by the kidneys which causes 

damage to the proximal tubular cells through pathways associated with oxidative 

stress, inflammation and fibrogenesis [542]. Numerous platinum analogues were 

synthesized in an attempt to overcome cisplatin toxicity, with carboplatin being 

successful in lowering toxicity, but drug resistance still remained a major concern for 

patient survival outcome [543,544]. Cisplatin resistance is associated with a number 

of mechanisms, including amplified DNA repair, increased drug inactivation and 
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altered intracellular drug accumulation [545-547]. At the cellular level, copper 

transporters facilitate uptake of cisplatin whereas ABC transporters (P-gp) are 

responsible for its drug efflux. In tumor cells, upregulation of P-gp confers cisplatin 

resistance [548]. Numerous studies have been conducted over the years that focused 

on reversing or eliminating cisplatin drug resistance. An decoction extract of Taxux 

chinensis, a tree indigenous to China, has shown significant results in reducing 

chemotherapeutic resistance to cisplatin in NSCLC stem cells by effectively inhibiting 

the ABC transporters [549]. Similarly, cepharantine, an anticancer compound 

extracted from the plant Stephania cepharantha, effectively reversed P-gp-mediated 

cisplatin resistance in oesophageal squamous carcinoma cells [550]. More recently, a 

study involving the use of phytochemicals to overcome cisplatin drug resistance by 

directly targeting P-gp has yielded encouraging results and further highlighted the 

need to explore alternative treatment options in the clinical setting [548]. 

 

SECTION E: RESEARCH CONTEXT AND SIGNIFICANCE 

E.1. Problem Statement 

Worldwide, breast cancer is the most frequent type of cancer diagnosed in females, 

besides being the leading cause of death amongst females in underdeveloped 

countries [38,39,78,80,82]. Breast cancer deaths are generally higher in many low- 

and middle-income countries, such as those in sub-Saharan Africa [375] and 

developing Asian countries [376]. According to the CONCORD cancer survival 

program, e.g., 5-year survival rates (between 2000 and 2014) for breast cancer was 

90% in the United States, but 40% in South Africa, further suggestive of the global 
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disparities in the effective delivery of oncology services allied to breast and other 

cancers [377,378]. Breast cancer heterogeneity and the corresponding disparate 

patient responses to current evidence-based drug regimens have become an 

important exploratory concept of multidisciplinary disease management, consistently 

highlighting trends for cutting-edge multitargeted personalized therapies and 

treatment de-escalation (dose-reduction) to curb adverse events in ~70–80% of 

patients with early-stage, non-metastatic disease [147]. In recent years, the hallmarks 

and co-expression networks of breast cancer drivers, especially the interrelationships 

among the signature genes/biomarkers encoding self-sufficiency in growth signalling 

and insensitivity to anticancer drugs (chemoresistance) as mediated by the 

amplification or mutation of growth factor receptor tyrosine kinases (RTKs) and ABC 

multidrug transporters, respectively, have received a renewed surge of optimism for 

their translational potential [28,241,551].  

Moreover, the therapeutic combination of different TKIs with other compounds or 

standard anticancer drugs for repurposing and more efficacious personalized 

treatments with reduced toxic side effects has not only become a leading investigative 

paradigm of targeting oncogenic RTK signaling, but also for circumventing intrinsic or 

acquired MDR for successful patient survival outcomes [393,396,454,483,484,509-

511,514,552]. 

In this study, we have investigated various combinations of different classes of 

anticancer drugs (doxorubicin and cisplatin) and a tyrosine kinase inhibitor (EGFR 

Inhibitor I) on the human MCF-7 wild-type and triple-negative MDA-MB231 breast 

carcinoma cell lines, in terms of their cytotoxic and apoptotic potential, drug-drug 

(combinatorial) interactions, ABCB1/P-gp drug efflux perturbation, and ABCB1 and 

EGFR gene expression profiles.  
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E.2 Hypothesis 

We hypothesize that the EGFR Inhibitor I will significantly downregulate the function 

of P-gp as an efflux pump, thereby sensitizing the ABC transporter whilst the 

combinations with conventional antineoplastic agents (doxorubicin and cisplatin) will 

yield greater anticancer efficacy at lower concentrations than those predicted by their 

individual toxicities against MCF-7 wild-type breast cancer cells and triple-negative 

MDA-MB 231 breast cancer cells in vitro.  

E.3 Aims and Objectives of the Study 

E.3.1 Purpose of Study 

The purpose of this study was to explore methods to address drug resistance through 

a multitargeted approach with the aim of informing current knowledge and best 

practices of anticancer treatment regimens that will ultimately be beneficial to breast 

cancer patients in improving patient prognosis by enhancing the efficacy of drug 

treatment by chemosensitization of P-gp and, at the same time, reducing drug 

toxicities by lowering the drug doses in combination regimens. 

E.3.2 Aim of the Study 

The aim of this specific study was two-fold. Firstly, we focused on exploring the use 

of a small molecule ATP-competitive tyrosine kinase inhibitor (TKI) individually as well 

as in combination with current chemotherapeutic drugs used clinically, i.e., 

doxorubicin and cisplatin, in order to target P-gp expression in two human breast 

carcinoma cell lines, namely, MCF-7 (ER+ positive) and MDA-MB 231 (TNBC) with 

the aim to increase chemotherapeutic drug efficacy with a lower toxicity. Secondly, we 

investigated the effects of the doxorubicin-cisplatin-TKI drug interactions on the EGFR 

which plays a significant role in cancer cell survival and progression. In addition, 

ABCB1 and EGFR gene expression profiles in these cell lines were also evaluated. 
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E.3.3 Objectives of the Study 

The objectives of this study were to: 

1. Evaluate combinations of a TKI (EGFR Inhibitor I) with conventional 

molecularly-targeted antineoplastic agents (doxorubicin and cisplatin) for 

enhanced efficacy towards MCF-7 and MDA-MB 231 TNBC breast cancer cell 

killing in vitro. 

2. Assess the apoptosis-inducing effects of EGFR Inhibitor I, doxorubicin and 

cisplatin on MCF-7 and MDA-MB-231 TNBC breast carcinoma cells. 

3. Correlate the in vitro effects of the various drug treatments individually and in 

combination with the molecular sensitivity of EGFR and ABCB1 expression in 

MCF-7 and MDA-MB-231 TNBC breast carcinoma cells. 

4. Assess the effects of single and pairwise combinations EGFR Inhibitor I, 

doxorubicin and cisplatin on the function of the ABC transporter (ABCB1, 

MDR1, P-gp) in MCF-7 and MDA-MB-231 TNBC breast carcinoma cells. 

 

SECTION F: OUTLINE OF THESIS CHAPTERS 

This study is presented in 7 chapters arranged as follows: 

F.1 Chapter 1: Introduction and Literature Review 

Chapter 1 is an introduction the study. It provides a literature review of the hallmarks 
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of cancer and how these can be exploited for cancer therapy. The literature review 

further encompasses various aspects of breast cancer, including epidemiology, 

etiology and prevention, molecular pathogenesis, classification of molecular subtypes 

and staging, current evidence-based breast cancer therapeutics, breast cancer 

survival, clinical drug resistance, disease recurrence and adverse events.  

Special sections are devoted to the impact of drug combinations, multidrug 

transporters and receptor tyrosine kinases on the current breast cancer landscape. 

The chapter also comprises the research context, problem statement, hypothesis, 

aims and objectives, context and significance of the study. 

F.2 Chapter 2: Research Methodology and Experimental Design 

This chapter covers the research methodology applied in the execution of the study, 

namely experimental design, drugs and chemicals used, culture and maintenance of 

the MCF-7 and MDA-MB-231 breast cancer cell lines, drug preparations, drug 

cytotoxicity and drug combination response surface analysis, apoptosis (caspase-3/7) 

assays, P-glycoprotein drug efflux measurements, and ABCB1 and EGFR gene 

expression analysis using Real-Time qPCR. 

F.3 Chapter 3: Results and Discussion of the Analyses of Single Agent 
and Combination Drug Responses 

The chapter presents the results and discussion of the dose-response curve analysis 

of MCF-7 and MDA-MB-231 breast cancer cell lines exposed for various time intervals 

to EGFRi, DOX and CDDP, either alone or in dual equimolar concentrations. In 

addition, detailed analyses of the drug combinations are described and discussed in 

relation to drug potency and dose-response surfaces based on the Bliss 

independence and Loewe additivity synergy models.  
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F.4 Chapter 4: Results and Discussion of the Analysis of Caspase-3/7 
Activity for Apoptosis Detection 

In this chapter, programmed cell death (apoptosis) induced in MDA-MB-231 and MCF-

7 breast carcinoma cells by the different drug treatments (EGFRi, DOX and CDDP) 

as assessed by the CellEvent™ Caspase-3/7 assay is appraised. 

F.5 Chapter 5: Results and Discussion of the Analysis of P-
Glycoprotein-Mediated Drug Efflux Function 

In this chapter, P-gp efflux pump function as assessed by means of the intracellular 

retention Calcein-AM assay following exposure of MDA-MB-231 and MCF-7 breast 

carcinoma cells to 10-fold increments of EGFRi, DOX and CDDP, is presented and 

discussed. 

F.6 Chapter 6: Results and Discussion of RT-qPCR Gene Expression 
Analysis of EGFR and ABCB1  

This chapter deals with the expression of the EGFR and ABCB1 genes in MDA-MB-

231 and MCF-7 breast carcinoma cells in the presence of single agent log10 

concentrations (range 0.1 to 100 µM) of EGFRi, DOX and CDDP. 

F.7 Chapter 7: Final Perspectives 

This chapter contexualizes the study’s findings in terms of the current breast cancer 

landscape. 
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CHAPTER 2 

RESEARCH METHODOLOGY AND EXPERIMENTAL DESIGN 

2.1 Introduction 

This chapter focuses on the research methodology and the design that has been 

chosen for the study. The research context and significance—problem statement, 

hypothesis, aims and objectives of the study were described in Chapter 1. This 

chapter summarizes the materials and methods used such as the drugs tested and 

chemicals required for the maintenance of the MCF-7 and MDA-MB 231 breast 

carcinoma cell cultures. Analyses of carcinoma cells exposed to EGFR I inhibitor 

(EGFRi), doxorubicin (DOX) and cisplatin (CDDP), alone and in combination, included 

growth and dose-response curves (cytotoxicity assays), drug synergy analysis, 

apoptosis evaluation using caspase-3/7 assays, P-gp drug efflux pump function 

evaluation as using Cayman’s calcein-AM multidrug resistance assay and gene 

expression analysis of ABCB1 and EGFR using Real-Time PCR. The statistical 

methods used for data analysis are also described.  

2.2 Drugs and Chemicals 

Drugs and chemicals used in this study included EGFR Inhibitor I [cyclopropane 

carboxylic acid-(3-(6-(3-trifluoro-methyl-pheny-lamino)-pyrimidin-4-yl) amino)-phenyl-

amide) (CAS879127-07-8 Calbiochem, Merck, Darmstadt, Germany), Doxorubicin 

Hydrochloride (CAS 25316-40-9, Sigma-Aldrich, St Louis, MO, USA), Cisplatin (Cis-

Diammineplatinum (II) Dichloride) (CAS 15663-27-1, Sigma-Aldrich St Louis, MO, 

USA), heat-inactivated fetal bovine serum (HIFBS) (Biochrome, The Scientific Group), 
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Phosphate-buffered saline (PBS) (Gibco, Life Technologies), Dulbecco’s Modified 

Eagles Medium supplemented with F-12 Glutamax (Gibco Life Technologies), 

Penicillin/Streptomycin (Gibco Life Technologies), Trypsin-EDTA (Gibco Life 

Technologies), 0.9% NaCl, Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St Louis, MO, 

USA), Calcein-AM Multidrug Resistance kit (Cayman Chemicals, Item no. 600370), 

CellEvent™ Caspase-3/7 Green Detection Reagent (Cat. No. C10423, Invitrogen, 

ThermoFisher Scientific), MTT-thiazolyl blue tetrazolium bromide (CAS 298-93-1, 

Sigma-Aldrich), CTS™ (Cell Therapy Systems) Synth-a-Freeze® medium 

(ThermoFisher Scientific) Maxima First Strand cDNA Synthesis Kit for RT-qPCR 

(ThermoFisher Scientific), RNeasy Mini QIAcube Kit (QIAGEN, ThermoFisher 

Scientific) 

2.3 Culture of MCF-7 and MDA-MB-231 Breast Carcinoma Cells 

Cell lines were acquired from the American Type Culture Collection (ATCC) and 

included an estrogen receptor-positive (ER+) breast carcinoma cell line, MCF-7, 

catalogue number (ATCC HTB-22) and a triple-negative breast cancer cell line 

(TNBC), MDA-MB-231, catalogue number (ATCC HTB-26). All tissue culture 

operations were carried out in a model NU-5510E NuAire DHD Autoflow automatic 

CO2 air-jacketed incubator (and an AireGard NU-201-430E Horizontal Laminar Airflow 

table top workstation that provides a HEPA filtered clean work area (NuAire). Frozen 

2-ml vials of both cells lines were suspended and maintained in pre-warmed 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated 

fetal bovine serum (HIFBS), 0.2% penicillin/streptomycin (100 U/ml penicillin and 100 

µg/ml streptomycin) and grown as monolayer cultures at 37°C in T-25 cm3 sterile cell 

culture flasks and transferred into a humidified incubator (Relative Humidity/RH 80%) 

in an atmosphere of 5% CO2:95% air. The cells were allowed to attach to the culture 

substratum overnight. Once 80% confluency was reached, the media was aspirated 
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and the cell monolayer washed with PBS to remove all traces of media. Then, cells 

were trypsinized using 2 ml of 0.25% Trypsin-EDTA. This was followed by placing the 

Trypsin-EDTA containing flasks into the incubator for 2 min intervals until the 

monolayer of the cells were starting to detach from the substratum of the flask. Equal 

amounts (2 ml) of culture media were added to the flasks to neutralize the enzymic 

effect of Trypsin-EDTA. The cells were gently mixed using an electronic pipette aid 

and detached cells aspirated and transferred to a 15-ml conical centrifuge tube, placed 

in a centrifuge and spun for 5 min at 2500 rpm to separate the cells from the medium-

trypsin solution. After centrifugation, the supernatant was discarded and the cell pellet 

resuspended in 5 ml complete medium. The cells were mixed thoroughly to ensure a 

homogeneous cell suspension, 1 ml of which was transferred to T-75 cm3 culture flask 

containing 9 ml complete medium to maintain stock cultures.  

2.4 Drug Preparation 

Cisplatin (CDDP), Doxorubicin (DOX) and EGFR Inhibitor I (EGFRi) were prepared 

according to the manufacturers’ instructions. DOX and EGFRi were dissolved in 

DMSO whereas CDDP was dissolved in 0.9% NaCl to ensure biological activity [553]. 

The compounds were prepared in a log10 dose/concentration range of 0.001, 0.01, 

0.1, 1, 10 and 100 µM in neat medium and administered to cell cultures. The 50% 

inhibitory concentration of cellular population (IC50) was calculated in subsequent 

experiments. 

2.5 Cellular Proliferation Assays 

Cell viability of the MDA-MB-231 and MCF-7 cell lines was periodically checked by 

adding 15 µl of 0.4% trypan blue to 15 µl cell suspension in an Eppendorf tube and 

mixed. This was done with every subculture and seeding of cells. Trypan blue is a dye 

that differentiates between viable and non-viable cells by only staining non-viable cells 
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and being excluded from viable cells. Viable cells were counted using a Countess II 

automated cell counter (Invitrogen, ThermoFisher Scientific).  

2.6 Cytotoxicity Assays 

MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide), a yellow tetra-

zolium salt is reduced to purple formazan, following cleavage of the tetrazolium ring 

by succinate dehydrogenase within the mitochondria of metabolically active cells 

[554]. The inability of formazan to diffuse through the cell membrane allows its 

accumulation within healthy living cells. The insoluble formazan crystals that form 

within the cell can be dissolved in acidified isopropanol, DMSO or sodium dodecyl 

sulphate (SDS). MCF-7 and MDA-MB 231 breast cancer cells were seeded at a 

density of 5 x 104 cells/ml per well into sterile 96-well flat-bottom microtiter plates. A 

100-µl cell suspension was added to each well and cells allowed to attach for 24h 

under normal incubation conditions.  After 24h, culture medium was aspirated and 

replaced with 100 µl of medium containing increasing log10 dose concentrations 

(0.001, 0.01, 0.1, 1, 10 and 100 µM) of EGFRi, DOX and CDDP.  

MDA-MB-231 cultures were also exposed to DOX and CDDP in combination at 

equimolar concentrations ratio 1:1 over the respective time intervals. All experiments 

were repeated in triplicate. Plates were subsequently incubated for 24, 48 and 72 

hours respectively. After the incubation period, 20 µl MTT solution (5 mg/ml MTT in 

PBS) was added to each well, the plate covered with aluminium foil and incubated for 

2h. Thereafter, the supernatant was aspirated and 200 µl neat isopropanol was added 

to each well and incubated at room temperature on a vortex shaker for 25 min, still 

enclosed in foil. Plates were read at 560 nm using the Titertek Multiskan GO model 

MCC/340 microplate reader.  
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2.8 CellEvent™ Caspase-3/7 Assay 

CellEvent™ Caspase-3/7 green detection reagent is a fluorogenic substrate used to 

detect activated caspase-3 and -7. The substrate, a four-amino acid peptide—Asp 

(D)–Glu(E)–Val(V)–Asp(D), i.e., DEVD, is cell permeable, but intrinsically non-

fluorescent, and conjugated to a nucleic acid binding dye. After caspase-3 or -7 is 

activated in apoptotic cells, the DEVD substrate is cleaved, which allows the binding 

dye to attach to the DNA and produce a bright fluorogenic response that is detected 

at absorption and emission wavelengths of 502 nm and 530 nm, respectively.  

MCF-7 and MDA-MB 231 cells were seeded into sterile flat bottom 96-well black plates 

at a density of 5 x104 cells/ml and incubated overnight at 37°C. This was followed by 

preparing the compounds and exposing the cells to EGFRi, DOX and CDDP 

individually at log10 dose/concentration ranges 0.1-100 µM. Cells were incubated for 

24h. The caspase-3/7 was prepared by dilution in complete medium to a final 

concentration of 6 µM. The culture medium was aspirated from each well and 100 µl 

of the prepared reagent added to the respective wells and incubated at 37°C for 30 

min. After incubation, the plates were removed and the cells imaged using a 

fluorescent plate reader at 502/530 nm excitation and emission spectrum. 

2.8 ABCB1/P-Glycoprotein (P-gp) Drug-Efflux Measurement 

ABCB1/P-gp’s function as a drug efflux pump was evaluated using the Calcein-AM 

Multidrug Resistance Assay Kit. The assay incorporates the use of Calcein-AM, a non-

fluorescent cell-permeable dye. The Calcein-AM assay has been shown to identify 

both substrates and inhibitors of MDR proteins, and therefore offer an advantage over 

other assays [555-558]. Upon transport of Calcein-AM into viable cells, intracellular 

esterases bind and trap the compound where it exhibits green fluorescence. Calcein-

AM is a substrate of P-gp and is rapidly excluded in cells overexpressing the protein 
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thereby reducing the fluorescence in those cells. Cyclosporin A (a competitive 

inhibitor) and Verapamil (a non-competitive inhibitor) are used as positive controls in 

acting as inhibitors of P-gp in the assay. MCF-7 and MDA-MB-231 cells were seeded 

into sterile 96-well flat bottom plates at a density of 5 x104 cells/ml per well and 

incubated overnight at 37°C. This was followed by exposing the cells to EGFRi 

individually at log10 dose/concentration ranges 0.01-100 µM and in combination with 

DOX and CDDP at equimolar dose ranges. Cells were incubated for 24h and 48h, 

respectively. On the respective days of the experiment (24h or 48h), the medium 

containing the compounds were aspirated from the wells and 100 µl of each positive 

control (Cyclosporin A and Verapimil) added to the untreated wells and incubated for 

30 min. After incubation, 100 µl of Calcein-AM solution were added to all the wells and 

incubated for a further 30 min at 37°C. After incubation, the plates were removed and 

centrifuged at 400 x g at room temperature for 5 min. The supernatant was aspirated 

and 200 µl of ice-cold medium added to each well. Plates were again centrifuged at 

400 x g at room temperature for 5 min followed by aspiration of the supernatant and 

another addition of 200 µl of ice-cold medium to each well. The plates were 

immediately analyzed using a fluorescent plate reader at excitation wavelength of 485 

nm and emission wavelength of 535 nm. 

2.9 Real-Time PCR and ABCB1 and EGFR Gene Expression Analysis 

2.9.1 Sample Preparation 

MCF-7 and MDA-MB 231 cells were seeded at a density of 5 x 104 cells/ml into sterile 

48-well plates. A 100-µl cell suspension was added to each well and cells allowed to 

attach for 24h under normal incubation conditions. After 24h, culture medium on all 

cell cultures were aspirated and replaced with 100 µl of medium containing increasing 

log10 dose/concentrations (0.001, 0.01, 0.1, 1, 10 and 100 µM) of EGFRi, DOX and 

CDDP. The cells were also exposed to the three compounds in combination (EGFRi 
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-DOX, EGFRi-CDDP and DOX-CDDP) at equimolar concentration ratios 1:1 for 48h. 

After 48h, the medium containing compound was removed and washed with 1 ml PBS 

to remove all traces of drug. The PBS was aspirated and 500 µl Trypsin-EDTA was 

added to each well and incubated for 3 min to allow cells to detach. After detachment 

of the cells, the cells were centrifuge and resuspended in neat medium. 

2.9.2 RNA Extraction 

Total RNA were extracted from the treated and untreated MCF-7 and MDA-MB-231 

cell cultures using an automated RNA extraction RNeasy Mini QIAcube Kit (QIAGEN) 

on the QIAcube instrument according to the manufacturer’s instructions. The extracted 

RNAs were then quantified using the Nanodrop 8000 spectrophotometer and the 

absorbance ratios at 260/280 and 260/230 measured to assure RNA purity. The 

integrity of each RNA sample was assessed with a RNA 6000 NanoChip kit (Agilent 

Technologies) using the Agilent 2100 electrophoresis Bioanalyzer (Agilent 

Technologies).  

2.9.3 cDNA Synthesis 

The concentration of RNA samples was normalized to 0.5 ng/µl and 8 µl was reverse-

transcribed using the Maxima First Strand cDNA Synthesis Kit for RT-qPCR with 

dsDNase (ThermoScientific) in a total volume of 20 µl according to the manufacturer’s 

instructions. The reaction temperature was set at 60°C for 30 min followed by heat 

denaturation at 85°C for 5 min. No reverse transcriptase control (NRT) reactions (one 

sample from each biological replicate) were performed alongside to assess for 

genomic DNA contamination of the RNA sample. A No template control (NTC) 

reaction was also included to assess for reagent contamination. The primers used for 

the study were selected from literature (Table 6.1). Two sets of primers for the target 

genes and one of each of the reference genes were selected. The efficiency of each 
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primer pair was determined by means of standard curves and the specificity of each 

primer pair was evaluated and confirmed by BLAST analysis. The target genes 

ABCB1 and EGFR each had two sets of primers 105 bp, 253 bp and 125 bp, 166 bp, 

respectively, to determine the pair with the highest specificity and efficiency. Primer 

set specificity for ABCB1 and EGFR and the selected reference genes were assessed 

by generation of respective melting curves.  

2.9.4 cDNA Pre-Amplification 

To increase sensitivity for the samples at low concentration, a pre-amplification 

protocol was applied. Aliquots of primers for ABCB1 (105 bp), EGFR1 (125 bp), ACTB, 

GAPDH, HPRT1 and HSPCB were pooled to a final concentration of 500 nM each. 

Two µl (2 µl) of each reverse transcription reaction was mixed with 1.0 µl of the primer 

pool, 5.0 µl TaqMan Pre-Amplification MasterMix (Applied Biosystems) and nuclease-

free water to a final volume of 10 µl. The pre-amplification reaction was performed on 

ABI9700 (Applied Biosystems) using the following cycling conditions: single cycle at 

95°C for 10 minutes; 14 cycles at 95°C for 15 seconds, 60°C for 4 minutes; single 

cycle at 99°C for 10 minutes. Pre-amplification products were diluted 1:20 in 1× Tris-

EDTA (TE) buffer. 

2.9.5 RT-qPCR Assay 

RTR-qPCR was performed in a total volume of 10 µl reactions utilizing 2 µl diluted 

pre-amplification product as template, 5 µl of 2x PowerUp SYBR Green I MasterMix 

(ThermoFisher Scientific), and both the forward and reverse primers at the optimized 

final concentrations. NTC and NRT were included in all assays as negative controls. 

Each reaction was run in triplicate. Reactions were performed on the QuantStudio 12K 

Flex Real-Time PCR System (Applied Biosystems) using the following cycling 

parameters: UDG activation at 50°C for 2 min; initial denaturation at 95°C for 2 min 
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followed by 40 cycles of 95°C for 15 sec, 15 sec at the optimized annealing 

temperature and 72°C for 1 min. Melting curve analysis was performed on all reactions 

at the end of the PCR run using default parameters. Amplification data were analyzed 

with the Life Technologies QuantStudio 12K Flex Software v1.2.4, applying user-

defined thresholds to obtain Cq-values. Outliers in technical replicate reactions, 

reactions that showed no amplification and reactions that showed multiple Tm peaks 

during melt curve analysis were removed before analysis. 

2.10 Data Analysis 

Statistical analysis for the cytotoxicity assays were performed by non-linear regression 

analysis to determine the best-fit IC50 estimates and corresponding 95% confidence 

intervals (95% CI) for EGFR Inhibitor I (EGFRi), Doxorubicin (DOX) and Cisplatin 

(CDDP), using the [Inhibitor] vs. normalized response - variable slope template of 

GraphPad Prism (GraphPad Prism version 8.43 for Windows, GraphPad Software, 

San Diego California USA, http://www.graphpad.com).  

𝑦𝑦 =
100%

1 + � 𝑥𝑥
𝐼𝐼𝐼𝐼50

�
𝑠𝑠 

In this equation, s is a slope factor. The equation assumes that y falls with increasing 

x. In this study, y represents cell survival and x the concentration of drug. Many 

inhibitory dose-response curves have a standard slope of -1.0. The variable slope 

model does not assume a standard slope, but rather fits the Hill slope from the data 

[559-561]. The IC50 is a measure of the potency of a drug and is thus the concentration 

of drug required to achieve the half-maximal effect (Emax/2), and assumes a minimum 

(E0) and a maximum (Emax) effect [561-569]. The Potency Ratio (PR), also referred to 

as the Dose-Reduction Index (DRI) [315,324], for each drug used in equimolar dual 
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combinations with the other drugs was computed according to Fieller’s theorem [570-

572] as simplified by Bliss [317,573,574], often designated as the Ratio of Means Test 

[568,575-580].  

(𝑃𝑃𝑃𝑃 = 𝐷𝐷𝑃𝑃𝐼𝐼)1=
(𝐷𝐷𝑥𝑥)1
(𝐷𝐷1)

 

(𝑃𝑃𝑃𝑃 = 𝐷𝐷𝑃𝑃𝐼𝐼)2=
(𝐷𝐷𝑥𝑥)2
(𝐷𝐷2)

 

Where (Dx)1 is the concentration of Drug 1 [(Dx)1] that induces 50% inhibition of cell 

growth, and (D)1 the concentration of the dual agent combination (Dx)1 + (Dx)2 that 

induces 50% inhibition of cell growth. Likewise, (Dx)2 is the concentration of Drug 2  

[(Dx)2] that induces 50% inhibition of cell growth, and (D)2 the concentration of the dual 

agent combination (Dx)1 + (Dx)2 that induces 50% inhibition of cell growth The PR or 

DRI is a measure of how many fold the dose of each drug in a synergistic combination 

may be reduced, at a given effect level, compared with the doses of each drug alone 

[327]. The reduced dose which will reduce toxicity at the increased effect should lead 

to beneficial clinical consequences. DRI = 1 indicates no dose reduction, whereas 

DRI>1 and <1 indicate favorable and unfavorable dose-reduction, respectively [315]. 

In our system, the PRs were calculated from the IC50s of the drug alone and the drug 

in combination and tabulated (Table 3.2).  

Dose-reduction (DR) plots for the entire range of drug concentrations used to induce 

different effect levels are shown in the results. Drug synergy and combination analysis 

was performed based on the Dose Equivalence Principle (DEP) or Loewe Additivity 

model [342-344] expanded as the Chou-Talalay Combination Index (CI) theorem and 

algorithm [314,327,346,581], and the Multiplicative Survival Principle (MSP), 

introduced as the Bliss Independence model [317].  
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All these models of synergy have been reviewed extensively over the years towards 

a consensus framework for the determination and reporting of drug combination 

synergy metrics [288,290-292,314,318-321,323,350,561,582,583].  

In this study, we have limited our dose-response surface analysis to the Loewe 

Additivity and Bliss Independence models as illustrated in Figure 2.1.  

 

Source: [311] 

Figure 2.1: Response surfaces for combination effect reference models  
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For this purpose, we have utilized the new Combenefit™ software tool (licensed under 

the MIT Licence, https://sourceforge.net/p/combenefit/) that enables the visualization, 

analysis and quantification of drug combination effects in terms of synergy and/or 

antagonism. Data from combination assays were processed using classical synergy 

models (Loewe and Bliss) and presented as dose-response surfaces (plotted as either 

a heat map or 3D surface plot where the x and y axes are drug concentration and the 

color or z axis is the measured effect, respectively), contour plots of isoboles (linear 

iso-effect lines), synergy/antagonism matrix distributions and dose-reduction (DR) 

plots [584]. Deviations between observed and expected responses with positive and 

negative values denote synergy and antagonism, respectively. 

Apoptosis (Caspase-3/7) and P-gp efflux activity (Calcein-AM) assays, as well as 

results of RT-qPCR EGFR and ABCB1 gene expression analysis in MCF-7 and MDA-

MB-231 breast carcinoma cells were analyzed by One-Way Analysis of Variance 

(ANOVA) followed by Dunnett’s multiple comparisons post hoc test for pairwise 

analysis between a set of treatments against a single control mean), at a significance 

level of p<0.05. All ANOVA tests were performed using SigmaPlot version 14 from 

Systat Software, Inc., San Jose California USA, www.systatsoftware.com). 
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CHAPTER 3 

RESULTS AND DISCUSSION OF THE ANALYSES OF SINGLE 
AGENT AND COMBINATION DRUG RESPONSES 

3.1 Introduction 

In this study, MDA-MB-231 TNBC and MCF-7 breast carcinoma cells were exposed 

to a log10 concentration range of 0.001-100 µM of EGFR Inhibitor I (EGFRi), 

doxorubicin (DOX) and cisplatin (CDDP), individually or in dual equimolar 

combinations with the other drugs over a period of 24-72h. Cells were seeded at a 

density of 5x104 cells/ml per well and cytotoxicity was determined at 24h, 48h and 72h 

intervals using the MTT assay as described in Section 2.6. The best-fit IC50 estimates 

and corresponding 95% confidence intervals (95% CI) for EGFRi, DOX and CDDP 

were determined by non-linear regression analysis of dose-response data using the 

variable slope model of GraphPad Prism v8 (http://www.graphpad.com) as detailed in 

Section 2.10. The same drug concentrations were utilized in subsequent experiments 

or were slightly modified, where indicated. 

3.2 Effects of EGFRi, DOX and CDDP on MDA-MB-231 TNBC Cell 
Survival 

The dose-response curves of the effects of exposure of MDA-MB-231 TNBC cells to 

EGFRi, DOX and CDDP for 24-72h are presented in Figure 3.1 and Figure 3.2. The 

estimated IC50s of the drugs, i.e., the concentrations that produced half-maximal 

responses (Emax/2) in MDA-MB-231 TNBC cells are depicted in Table 3.1. The dose-

response curves exhibited the classical hyperbolic or sigmoidal shape. The potency 

(IC50) of EGFRi after 48h and 72h was approximately 3-4-fold greater than that of the 
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24h exposure, i.e., 7.05 µM (95% CI: 5.244 to 9.486) and 6.03 µM (95% CI: 4.566 to 

7.965), respectively, compared to 23.60 µM (95% CI: 14.35 to 39.88; Table 3.1). Thus, 

the lower the IC50 of a drug, the greater its potency [350,561,585]. EGFRi also has a 

greater single-agent time-dependent potency than either DOX or CDDP, particularly 

after 24 and 48h exposure intervals, whereas the cytotoxic effects after 72h treatment 

of the cells with DOX and CDDP were almost identical, judging by the IC50s and their 

associated 95% CIs that overlapped, i.e., 9.67 µM (95% CI: 3.35 to 32.71) and 49.29 

µM (95% CI: 6.656 to 285.9; Table 3.1). 

3.3 Effects of EGFRi, DOX and CDDP on MCF-7 Cell Survival 

MCF-7 (ER+) breast carcinoma cells were exposed to the same drugs under the same 

conditions as the MDA-MB-231 TNBC cells. The results are summarized in Figure 3.3, 

Figure 3.4 and Table 3.1. In MCF-7 breast carcinoma cells, the half-maximal inhibitory 

concentrations (IC50s) for EGFRi at 24, 48 and 24h closely resemble those observed 

for MDA-MB-231 TNBC cells (Table 3.1). The IC50 for DOX in MCF-7 breast carcinoma 

cells at 24h was estimated to be 6315 µM (95% CI: 1178 to 107487), which suggests 

a high level of resistance to the anthracycline antibiotic, but after 48 and 72h of 

exposure, these cells were 760-fold and 4511-fold more sensitive to DOX, based on 

IC50s of 8.3 µM (95%CI: 3.759 to 20.97) and 1.40 µM (95% CI: 0.593 to 3.631), 

respectively. In MCF-7 breast carcinoma cells, the IC50 for CDDP after 24h exposure, 

i.e., 256 µM (95% CI: 142.4 to 632.8) was equivalent to that estimated for MDA-MB-

231 TNBC cells after 24h exposure, i.e., 144 µM, but this was not significant as the 

non-linear regression did not converge (R2=-0.57). Similarly, no significant differences 

(p=0.528) between the IC50s of CDDP were noted for the cell lines after 48 and 72h 

exposure, based on values of 27.79 µM (95% CI: 19.57 to 39.47) vs 60.49 µM (95% 

CI: 27.34 to 137.9) and 71.15 µM (95% CI: ND) vs 49.29 µM (95% CI: 6.656 to 285.9), 

respectively. 
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3.4 Analysis of Drug Potencies in MDA-MB-231 TNBC Cells Exposed to 
Dual Agent Combinations of EGFRi, DOX and CDDP 

MDA-MB-231 TNBC cells were exposed to EGFRi, DOX and CDDP for 24, 48 and 

72h time intervals in combination using equimolar dose ratios in the concentration 

range of 0.001-100 µM. The results are summarized in Table 3.1, Table 3.2 and Figure 

3.5. The hierarchy of time-dependent potency of the various combinations were as 

follows: 72h (EGFRi + DOX—IC50 of 0.46 µM; 95% CI: 0.166 to 1.138) > EGFRi + 

CDDP—IC50 of 2.87 µM; 95% CI: 1.451 to 5.870) > DOX + CDDP—IC50 of 27.73 µM; 

95% CI ND). In terms of the same hierarchical system, EGFRi + CDDP at 24 and 48h 

were more potent than either EGRi + DOX and DOX + CDDP.  

The potency of EGFRi in the EGFRi + DOX dual drug combination regimen was 

enhanced 13-fold (95% CI: 6.304 to 239.532) after 72h exposure—implying favorable 

dose reduction and efficacy [315], whereas no enhancement occurred after 24 and 

48h (PR < 1 at both time intervals), indicating unfavorable dose reduction (Table 3.2). 

By analogy, the potency of DOX in the EGFRi + DOX two-drug combination was 

increased 4- and 21-fold, respectively, for the 48 and 72h exposure times, but no 

favorable dose reduction was observed after 24h.  

In MDA-MB-231 TNBC cells, the potency of CDDP eclipsed that of EGFRi in the 

combination of EGFRi and CDDP, after both the 48 and 72h exposure times, i.e., 75-

fold (95% CI: ND) vs ~9-fold (95% CI: ND) and 17-fold (95% CI: -49.82 to 161.56) vs 

2-fold (95% CI: 1.031 to 12.643). Nonetheless, both EGFRi and CDDP produced 

favorable time-dependent dose-reductions (or potencies) in the two-drug combination 

regimen. In the case of the DOX + CDDP equimolar mixture, DOX ranks 10-fold higher 

in potency than CDDP, particularly after 48h exposure of MDA-MB-231 TNBC cells to 

the combination.   
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3.5 Analysis of Drug Potencies in MCF-7 Breast Carcinoma Cells 
Exposed to Dual Agent Combinations of EGFRi, DOX and CDDP 

As with MDA-MB-231 TNBC cells, the MCF-7 breast carcinoma cells were exposed 

to concurrent two-drug combinations in equimolar log10 concentrations in the range of 

0.001-100 µM, viz., EGFRi + DOX, EGFRi + CDDP and DOX + CDDP for 24, 48 and 

72h time intervals (Figure 3.6, Table 3.1 and Table 3.2). EGFRi + DOX and DOX + 

CDDP yielded similar high potencies after 48h [i.e., IC50 of 0.85 µM (95% CI: 0.441 to 

1.578) and IC50 of 0.93 µM (95% CI: 0.177 to 5.275)] and 72h [i.e., IC50 of 0.01 µM 

(95% CI: 0.0003 to 0.027) and IC50 of 0.61 µM (95% CI: 0.02 to 0.143)].  

The potencies of all the concurrent drug combinations at 24h were extremely lower by 

comparison (Table 3.1). Table 3.2 summarizes the relative potency ratios (PRs) at 

various time intervals of exposure of MCF-7 breast carcinoma cell lines to EGFRi, 

DOX and CDDP combinations. The greatest PR or DRI (1186 at 72h) was observed 

for CDDP in the DOX + CDDP combination, but the significance of this could not be 

established because the 95% CI could not be determined by the regression analysis.  

The same argument holds true for the PR of 396 for EGFR in the EGFRi + DOX 

combination at 72h. The most reliable DRIs (i.e., PR) were in order of rank: 23-fold 

(90% CI: 0.81 to 481) for DOX in the DOX + CDDP combination at 72h > 10-fold (90% 

CI: 0.74 to 29.52) for DOX in the EGFRi + DOX combination at 48h > 7-fold (95% CI: 

3.34 to 24.11) for EGFRi in the EGFRi + DOX combination at 48h. Thus, synergistic 

cytotoxic effects on MCF-7 cells were exerted by the various drug combinations in a 

time-dependent manner. 

The findings presented in Section 3.4 and Section 3.5 demonstrated that EGFRi, DOX 

and CDDP in various combinations synergistically inhibited the growth of both MDA-

MB-231 TNBC cells and MCF-7 cells in vitro. 
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Figure 3.1: Dose response curves obtained by non-linear regression analysis of cell survival data of MDA-MB-231 TNBC cells exposed to 

EGFRi for 24, 48 and 72h, respectively (top panel), and DOX for 24, 48 and 72h, respectively (bottom panel). Data are means ± SEM. (n=12). 
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Figure 3.2: Dose response curves obtained by non-linear regression analysis of cell survival data of MDA-MB-231 TNBC cells exposed to 

CDDP for 24, 48 and 72h, respectively (top panel) and composite dose-response profiles for EGFRi, DOX and CDDP at 24, 48 and 72h, 

respectively (bottom panel). Data are means ± SEM. (n=12). 
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Figure 3.3: Dose response curves obtained by non-linear regression analysis of cell survival data of MCF-7 breast carcinoma cells exposed 

to EGFRi for 24, 48 and 72h, respectively (top panel), and DOX for 24, 48 and 72h, respectively (bottom panel). Data are means ± SEM. (n=8). 
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Figure 3.4: Dose response curves obtained by non-linear regression analysis of cell survival data of MCF-7 breast carcinoma cells exposed 

to CDDP for 24, 48 and 72h, respectively (top panel), and composite dose-response profiles for EGFRi, DOX and CDDP at 24, 48 and 72h, 

respectively (bottom panel). Data are means ± SEM. (n=8). 
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Table 3.1: Estimated concentrations (IC50s) that produced half-maximal responses in MDA-MB-231 and MCF-7 breast carcinoma cell lines to 

EGFRi, DOX and CDDP after various time intervals of exposure  
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Figure 3.5: Effects of EGFRi, DOX and CDDP, alone and in equimolar combinations with each other at various time intervals (24, 48 and 72h) 

on the growth and survival of MDA-MB-231 TNBC cells.  Cell survival was assessed by the MTT assay and Hill-type dose-response curves 

generated by non-linear regression as described in Chapter 2: Section 2.6 and Section 2.10, respectively. Values are Means ± SEM (n=12). 

The respective IC50 values are listed Table 3.1. 
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Figure 3.6: Effects of EGFRi, DOX and CDDP, alone and in equimolar combinations with each other at various time intervals (24, 48 and 72h) 

on the growth and survival of MCF-7 breast carcinoma cells.  Cell survival was assessed by the MTT assay and Hill-type dose-response curves 

generated by non-linear regression as described in Chapter 2: Section 2.6 and Section 2.10, respectively. Values are Means ± SEM (n=12). 

The respective IC50 values are listed Table 3.1. 
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Table 3.2: Relative potency ratios at various time intervals of exposure of MDA-MB-231 

and MCF-7 breast carcinoma cell lines to EGFRi, DOX and CDDP combinations 

MDA-MB-231: Potency Ratios of Drugs Calculated According to Fieller's Ratio of Means Test as Modified by Bliss 

Potency Ratio (PR) Time (h) PR 95% CI¶; 90% CI§ 

PR of EGFRi in EGFRi + DOX 
24 0.05 ND 
48 0.29 0.107 to 0.731¶ 
72 13.11 6.304 to 239.532* 

        

PR of DOX in EGFRi + DOX 
24 0.25 ND 
48 4.16 ND 
72 21.02 -8.531 to 402.766¶ 

        

PR of EGFRi in EGFRi + CDDP 
24 0.18 ND 
48 8.71 ND 
72 2.10 1.031 to 12.643¶; 1.152 to 6.774§ 

        

PR of CDDP in EGFRi + CDDP 
24 1.11 ND 
48 74.68 ND 
72 17.17 -49.816 to 161.585¶; -31.128 to 95.915§ 

        

PR of DOX in DOX + CDDP 
24 0.17 ND 
48 10.07 ND 
72 0.35 -49.816 to 161.585¶; -31.128 to 95.915§ 

        

PR of CDDP in DOX + CDDP 
24 0.22 ND 
48 1.77 ND 
72 1.78 -49.816 to 161.585¶; -31.128 to 95.915§ 

 

MCF-7: Potency Ratios of Drugs Calculated According to Fieller's Ratio of Means Test as Modified by Bliss 

  Time (h) PR 95% CI¶; 90% CI§ 

PR of EGFRi in EGFRi + DOX 
24 0.01 ND 
48 6.55 3.341 to 24.111¶; 3.730 to 16.572§ 
72 396 ND 

    

PR of DOX in EGFRi + DOX 
24 1.23 ND 
48 9.77 0.736 to 29.517§ 
72 140 ND 

        

PR of EGFRi in EGFRi + CDDP 
24 0.19 ND 
48 0.03 ND 
72 1.38 0.569 to 8.411¶; 0.669 to 4.536§ 

        

PR of CDDP in EGFRi + CDDP 
24 1.97 ND 
48 0.11 ND 
72 24.79 ND 

        

PR of DOX in DOX + CDDP 
24 3.39 ND 
48 8.93 ND 
72 23.33 0.809 to 481.010§ 

        

PR of CDDP in DOX + CDDP 
24 0.14 ND 
48 29.88 ND 
72 1186 ND 

 

PR: Potency Ratio, also referred to as the Dose-Reduction Index (DRI) which indicates the fold increase in potency of a drug 
in a combination regimen or the fold reduction in concentration of that drug to produce the maximal effect achieved by the drug 
as a single agent. CI: Confidence Interval calculated for the ratio (quotient) of drug alone and the drug in a combination 
according to Fieller's Theorem [Fieller EC (1944) A fundamental formula in the statistics of biological assay, and some 
applications. Quarterly Journal of Pharmacy and Pharmacology 17:117-123] and simplified by Bliss [Bliss CI (1956) Confidence 
limits for measuring the precision of bioassays. Biometrics 12(4):491-526]. ND: Since the confidence interval of the denominator 
includes zero, it is not possible to compute the CI of the quotient.  
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3.6 Drug Combination Response Surface Analysis of EGFRi, DOX and 
CDDP Interaction Effects 

3.6.1 Introduction 

The literature abounds with zero interaction response surface models (RSMs) that 

present data as three-dimensional (3D) concentration effect curves 

[288,320,350,561,586]. The concentrations of drugs A and B are generally plotted on 

the x-axis and y-axis, and the fraction affected (Fa) or other observed effect (e.g., 

Survival as a % of Control) is plotted on the z-axis. The 3D surface so generated 

usually derives from Loewe additivity [316] and/or Bliss independence [317] principles 

that define the predicted results of no interaction (zero effect or additivity) for the drug 

combination as expounded in Section A.4.6 and Section 2.10. In this study, we have 

evaluated the combination effects of 24-72h exposure of EGFRi, DOX and CDDP in 

a fixed 1:1 ratio, i.e., at equimolar concentrations in a concurrent dual agent regimen, 

on MDA-MB-231 TNBC cells and MCF-7 breast carcinoma cells. The survival data 

obtained from MTT cytotoxicity assays (Section 2.6) were assessed to identify 

synergistic and/or antagonistic interactions among the different drug combinations.  

In order to achieve this objective, we have utilized the Combenefit software tool [584] 

that permits the visualization, analysis and quantification of drug combination effects 

in terms of synergy and/or antagonism, according to classical Synergy models such 

as Loewe [342], Bliss [317] and Highest Single Agent (HSA) [587]. A drug combination 

is usually classified as synergistic, antagonistic, or non-interactive. This classification 

is based on the deviation of the observed drug combination response from the 

expected effect of non-interaction (the null hypothesis) [588]. We have limited our 

analysis to the Loewe additivity and Bliss independence models, albeit HSA datasets 

have as well been generated. The experimental dose-response surface that renders 

combination effects in concentration space, is first scanned by the software as a matrix 
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of % of the control value across concentrations. Single-agent effects are mined from 

the data and fitted with a dose-response curve. Based on the two single agent dose 

response curves, a model-based combination dose-response surface is derived. This 

surface gives a ‘reference’ dose-response surface for a non-synergistic 

(additive/independent) combination, whose properties are shaped by the selected 

model (Loewe or Bliss). The experimental combination dose-response surface is then 

contrasted to that generated by the model, rendering a synergy distribution in 

concentration space. This synergy distribution can be further summarized via metrics 

such as synergy matrices and dose-reduction plots as well as isobole contours. The 

synergy score for a drug combination is the average of all dose combination 

measurements. However, in this study, we have reported highest Bliss and Loewe 

scores of synergism and antagonism.  

The 2D and 3D synergy maps highlight synergistic and antagonistic dose regions in 

blue and red colors, respectively. By comparing the Bliss and Loewe synergy and 

antagonism scores one can ascertain the relative contribution of each drug in a 

cocktail to the joint combination response. The synergy scores can be interpreted as 

the relative excess response due to drug interactions (i.e., a synergy score of 20 

corresponds to 20% of response beyond expectation). There is no particular threshold 

to define a good synergy score. Nevertheless, based on unified principles, a synergy 

scores near 0 gives limited confidence on synergy or antagonism. So, when the 

synergy score is: 

 Less than -10: the interaction between two drugs is likely to be antagonistic; 

 From -10 to 10: the interaction between two drugs is likely to be additive; 

 Larger than 10: the interaction between two drugs is likely to be synergistic. 
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Combenefit analysis of the interaction effects of three pairwise drug (D) combinations 

(DA+DB, DA+DC, DB+DC) of EGFRi (DA), DOX (DB) and CDDP (DC) on MDA-MB-231 

TNBC and MCF-7 breast carcinoma cells are shown in a series of 3D dose-response 

surface plots, synergy and antagonism heat maps or matrices, contour and dose-

reduction plots, according to the Bliss independence and Loewe additivity reference 

models in a time-dependent array. The strength of the interaction is indicated by the 

colors (blue, strong synergistic; red, strong antagonistic). Thus, the most notable 

effects (i.e., highest Bliss and Loewe scores of synergism and antagonism) of the 24, 

48 and 72h exposure times of MDA-MB-231 TNBC and MCF-7 breast carcinoma cells 

to the various two-drug combinations corresponding to the Bliss and Loewe models 

are summarized sequentially as shown in Table 3.3 and Table 3.4, respectively. 

Hyperlinks to the corresponding figures are also indicated. 

3.6.2 Interaction Effects of Combinations of EGFRi, DOX and CDDP in 
MDA-MB-231 TNBC Cells 

The highest Bliss synergism score (44) was noted at 72h of exposure of MDA-MB-

231 TNBC cells to the EGFRi + DOX combination for doses of 0.01 µM EGFRi and 

0.1 µM DOX (Table 3.3 and Figure 3.9A). This implies that at this dose ratio, the 

potency of EGFRi is 10-fold greater than that of DOX in the combination and EGFRi 

enhances the effect produced by DOX. In EGFRi + DOX combination of equal dose 

(equimolar) ratio of 1:1 (i.e., 0.1 µM EGFRi + 0.1 µM DOX combination), the 

concentration of EGFRi can be reduced 10-fold (i.e., to 0.01 µM) to elicit the same 

maximal effect (Emax) by either drug alone. The second highest Bliss synergism score 

(37) for the same dose ratio was attained after 24h (Table 3.3 and Figure 3.7A), but 

not after 48h, suggesting that at this time the interaction between two drugs is likely 

to be additive. The highest Bliss antagonism score (-60) for doses of 10 µM EGFRi 

and 0.01 µM DOX after 48h exposure to the combination indicates that the lower 
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concentration of DOX decreases the joint effect of the EGFRi + DOX combination 

(Table 3.3 and Figure 3.8A). Similar Bliss and Loewe synergism and antagonism 

scores were obtained for the EGFRi + DOX combination at the same dose ratios after 

24, 48 and 72h (Table 3.3 and respective figure hyperlinks). In terms of Bliss and 

Loewe synergism, the EGFRi + CDDP combination yielded an effect of non-interaction 

in MDA-MB-231 TNBC cells after 24h exposure (Figure 3.10A and Figure 3.10C, 

respectively), but equivalent Bliss and Loewe antagonism scores (-67) were observed 

at a ratio of 0.01 µM EGFRi:0.1 µM DOX). Likewise, equivalent Bliss and Loewe 

synergism and antagonism scores were observed after 48 and 72h exposure to the 

combination at the corresponding dose ratios indicated, the highest synergism score 

being 56 and the highest antagonism score being -160 (Table 3.3 and respective 

figure hyperlinks).  

In MDA-MB-231 TNBC cells, exposure to DOX + CDDP yielded similar Bliss and 

Loewe synergism and antagonism scores for all the times of exposure, except at 24h 

for which the two drugs were non-interactive (Table 3.3 and respective figure 

hyperlinks). The highest synergism score was 75 and the highest antagonism score 

was -257 as determined by both response surface models. In summary, in the pairwise 

drug combination with DOX, EGFRi was the most potent contributor to Bliss and 

Loewe synergism at 10-fold lower doses (0.01 µM) relative to DOX (0.1 µM), whereas 

heterogeneous dose ratios were observed for both EGFRi and DOX in the 

combination to yield Bliss and Loewe antagonistic drug interactions (Table 3.3).  

In the figures for each time point (24, 48, 72h), for both Bliss and Loewe drug 

interaction models, the top panels depict the effects (% of Control, top panel left) of 

the three pairwise drug (D) combinations (DA+DB, DA+DC, DB+DC) of EGFRi (DA), DOX 

(DB) and CDDP (DC), whereas the dose-response shifts for each of the drugs in 
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combination with the partner drug are shown in the top panel center and top panel 

right. Thus, drug interaction simulations of both Bliss and Loewe models, shown in 

Figure 3.7B and Figure 3.7D, respectively, summarize the effects (% of Control, top 

panel left) and dose-response shifts for DOX (top panel center) and EGFRi (top panel 

right) in the EGFRi + DOX combination for MDA-MB-231 TNBC cells after 24h 

exposure, while Figure 3.8B and Figure 3.8D represent the same for the 48h time 

point, and Figure 3.9B and Figure 3.9D that for the 72h time point. This order of 

arrangement is repeated for all the drug combination effects at the corresponding time 

intervals for both MDA-MB-231 TNBC cells (Table 3.3 and figure hyperlinks) and 

MCF-7 breast carcinoma cells (Table 3.4 and figure hyperlinks). 

3.6.3. Interaction Effects of Combinations of EGFRi, DOX and CDDP in 
MCF-7 Breast Carcinoma Cells 

Exposure of MCF-7 breast carcinoma cells to three pairwise drug (D) combinations 

(DA+DB, DA+DC, DB+DC) of EGFRi (DA), DOX (DB) and CDDP (DC) yielded equivalent 

Bliss and Loewe synergism and antagonism scores at corresponding dose ratios 

(Table 3.4 and respective figure hyperlinks). Interestingly, in the EGFRi + DOX 

combination, Bliss and Loewe synergy scores were effected by the equal interaction 

of EGRRi and DOX at a 1:1 ratio (i.e., 0.01 µM EGFRi + 0.01 µM DOX) at all the 

exposure times (24, 48 and 72h; Table 3.4, Figure 3.16A, Figure 3.16C, Figure 3.17A, 

Figure 3.17C, Figure 3.18A, Figure 3.18C), whereas the corresponding antagonism 

scores for the selected models were effected by a heterogeneous drug concentration 

space.  

Likewise, in the DOX + CDDP combination regimen, both Bliss and Loewe synergism 

scores of 32 were effected at a dose ratio of 1:1, i.e., at 0.1 µM DOX + 0.1 µM CDDP, 

after 24h incubation (Table 3.4, Figure 3.22A and Figure 3.22C), a response identical 
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to that observed for the same drug combination and dose ratios in MDA-MB-231 

TNBC cells (Table 3.3, Figure 3.13A, Figure 3.13C). In the case of synergistic drug 

interactions between DOX and CDDP, DOX was the more potent drug partner to the 

effect at all the times indicated, but the potency of DOX was antagonized when 

combined with very high concentrations of CDDP. Remarkably, after 72h, a 10-fold 

lower concentration of DOX and 100-fold higher concentration of CDDP, relative to 

the 24h exposure time, effected a slightly greater synergistic drug interaction (scores 

of 32 vs 37) as dictated by both the Bliss and Loewe models (Table 3.4; and Figure 

3.22A, Figure 3.22 vs Figure 3.24A, Figure 3.24C), corroborating the evidence that 

DOX is the more potent drug in the DOX + CDDP combination. 

3.7 Discussion 

Globally, breast cancer is the most frequently diagnosed cancer and the primary 

cause of cancer deaths among women [78]. In this study, we have used the estrogen 

receptor positive (ER+) MCF-7 breast carcinoma cell line [589-592] and the triple-

negative breast cancer (TNBC) MDA-MB-231 cell line [593-596] as they are prototype 

cell lines that provide contextual relevance in researching breast cancer pathology 

and drug development [597]. TNBC refers to breast cancers without ERBB2 

amplification or overexpression, and lacking estrogen and progesterone receptors. In 

the multidisciplinary breast cancer therapeutic landscape, a dire need exists to define 

mechanistic drug interactions and find potent multidrug combinations that are safe and 

efficacious at low concentrations to improve overall survival and minimize side effects 

[147,365,388,598-600].  

The EGFR/ERBB/HER family of receptor tyrosine kinases (RTKs) is a proof-of-

concept for breast cancer therapeutic exploitation and innovation [468,472,476,490]. 

There are two classes of inhibitors of EGFR, namely, monoclonal antibodies (e.g., 
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cetuximab and trastuzamab), which target the extracellular domain and impede 

binding of native EGF ligand to the receptor and small molecule inhibitors (e.g., 

gefitinib and erlotinib) that compete with ATP in the intracellular tyrosine kinase 

domain and block activity, irrespective of endogenous ligand binding [461,504]. 

Recently, it has been shown that the majority of the 4,6-pyrimidinediamine derivatives 

exert potent inhibition against gain-of-function EGFR mutations [601]. EGFR Inhibitor 

[cyclopropane carboxylic acid-(3-(6-(3-trifluoro-methyl-pheny-lamino)-pyrimidin-4-yl)-

amino)-phenyl-amide), abbreviated as EGFRi in this study, is a small molecule 

receptor tyrosine kinase inhibitor (RTKI) or TKI that is highly selective for the epidermal 

growth factor receptor 1 (HER1, ERBB1, EGFR1) [522]. EGFRi is an investigational 

agent that specifically blocks EGFR autophosphorylation, hampering downstream 

growth signaling pathways [505,602].  

In this study, dose-response curve analysis indicated that EGFRi decreased growth 

and survival in both MDA-MB-231 TNBC and MCF-7 breast carcinoma cells, either as 

a single agent or in pairwise ratiometric combinations with DOX and CDDP. Moreover, 

the three pairwise drug (D) combinations (DA+DB, DA+DC, DB+DC) of EGFRi (DA), DOX 

(DB) and CDDP (DC) yielded equivalent highest Bliss and Loewe synergism and 

antagonism scores at corresponding dose ratios in a time-dependent manner. 

Consistent with these models, the hierarchy of potency between the drugs in the dual 

agent combination was apparent, i.e., EGFRi > DOX > CDDP.  

Drug combinations that produce synergistic effects to enhance cancer cell killing have 

become increasingly important in cancer chemotherapy as a tactic for overcoming 

recurrent drug-resistant disease. Several TKIs have been shown to enhance the 

efficacy of chemotherapeutic agents and many have been screened for their efficacy 

in clinical trials [414]. Some TKIs such as lapatinib, trastuzumab and bevacizumab 
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have been approved by the FDA for clinical management of breast cancer. 

Interestingly, TKIs revert conventional therapy-induced multidrug resistance (MDR) 

and improve the disease-free survival (DFS) in metastatic breast cancer (MBC) 

patients [461,514]. Lapatinib, a reversible chlorophenyl-quinazoline ErbB2/HER2 

inhibitor, is FDA-approved for use in combination treatment with capecitabine and/or 

letrozole against MBC [476]. Early preclinical models showed synergistic and additive 

interactions of trastuzumab with chemotherapeutic agents used in MBC (including, 

platinum agents such as CDDP and carboplatin, taxanes, and anthracyclines such as 

DOX) [603]. The synergy of trastuzumab with DNA-damaging chemotherapy, such as 

DNA cross-linking platinum agents, may be induced by the inhibition of HER2-

stimulated DNA-repair genes [604]. 

In combination therapy of MBC, a single cytotoxic agent is usually added to HER2-

targeted treatment. The efficacy of anthracyclines in HER2-positive MBC is limited 

because patients who are exposed to anthracycline antibiotics in the adjuvant setting 

develop cumulative cardiotoxicity which overlaps with the toxicity of trastuzumab 

causing high rates of heart failure in such a combination [605]. Minimization of 

cardiotoxicity is achieved by combination of HER2-targeted agents with taxanes 

instead of anthracyclines. This made taxanes such as paclitaxel or docetaxel the first 

line of choice for the cytotoxic component of combination therapies. Addition of a 

second cytotoxic agent has provided no survival benefit in these clinical trials 

[531,532,534]. 

Breast cancer treatment option plans are determined by the type of cancer as well as 

hormone status [146]. Besides surgery and radiation, which is often the first line of 

treatment for many breast cancers, HR+-breast cancer treatment options involve the 

use of endocrine therapy, and HER2+ breast cancer the use of targeted therapy. 
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However, chemotherapy still remains the number one choice for the treatment of 

TNBC [146,182,239]. MBC treatment strategies involve the incorporation of hormone 

therapy, immune therapy, chemotherapy as well as gene therapy [7]. In many cases, 

combinations of different therapies have been used successfully as treatment options 

in advanced stages of breast cancer [606,607]. However, failure of conventional 

treatment strategies against TNBC highlights the importance for the discovery and 

development of more successful combination therapeutic treatment regimens [608]. 

The administration of chemotherapy in triple-negative versus non-triple negative 

patients, demonstrated a decrease in overall DFS in TNBC patients, compared to non-

triple negative breast cancer patients [191].  

Furthermore, the development of drug resistance to many of these treatment plans, 

particularly chemotherapy that incorporates the use of anthracyclines such as DOX 

and alkylating agents such as carboplatin and CDDP, have become a common 

occurrence. In our study we combined the in vitro use of three different classes of 

anticancer compounds, two of which share a molecular target (DNA), but with 

independent modes of action, and one targeting the EGFR overexpressed in cancer 

cells, that is responsible for the activation of growth and survival signaling pathways 

as well as apoptosis evasion [470,472].  

In another study, the combination of a histone deacetylase (HDAC) inhibitor 

(vorinostat) with a TKI (dasatinib) exerted synergistic anticancer effects on MCF-7 

cells by inducing cell cycle arrest, ROS production, and apoptosis through the 

mitochondria-mediated intrinsic pathway [609]. Our study demonstrated that the 

EGFR Inhibitor was more effective, when administered individually, in inhibiting cell 

growth in both MCF-7 and MDA-MB-231 cells compared to DOX and CDDP. DOX is 

a topoisomerase-2 inhibitor that interacts with a nicked DNA strand linked to the 
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enzyme leads to irreversible DNA damage and thus apoptosis in proliferating cells 

[610]. The combined interaction of CDDP with DOX has previously been shown to 

produce synergistic drug interactions [611-613]. This type of cell death was confirmed 

by our caspase-3/7 markers for apoptosis, when MDA-MB-231 TNBC and MCF-7 

breast carcinoma cells were exposed to EGFRi, DOX and CDDP for 24h at various 

concentrations (Chapter 4). However, the use of both DOX and CDDP as 

monotherapy is discouraged due to its associated drug resistance in cancer, as well 

as toxic side effects when used at high concentrations. CDDP induces nephrotoxicity 

at high concentrations [542,614,615]. The clinical administration of DOX at high 

dosages has been associated with cardiotoxicity as a result of accrual of ROS that 

causes induction of oxidative stress that sets off pathways that result in DNA damage, 

senescence, necrosis and apoptosis in cardiomyocytes, fibroblasts, vascular cells, 

endothelial progenitor cells, bone marrow cells and many other organ systems 

[531,532]. Both DOX and CDDP treatment are associated with MDR development in 

cancer patients.  

By analogy, even though significant clinical benefits derive from treatment with EGFR 

tyrosine kinase inhibitors (TKIs, e.g., erlotinib, gefitinib, and afatinib), acquired 

therapeutic resistance, driven by EGFR mutations, to these agents invariably 

develops, underscoring the need for novel strategies for identifying and confronting 

TKI drug resistance to alter the treatment landscape for cancers with EGFR-mutants 

[328,477,484,487,519]. The results in this study showed that the application of the 

Bliss independence and Loewe additivity models in the Combenefit software was 

appropriate to navigate the concentration and effect spaces of equimolar two-drug 

combinations that may prove interesting and useful for further exploration of potent 

and efficacious EGFR, DOX and CDDP combinations. 
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Table 3.3: Summary of highest synergy/antagonism scores in MDA-MB-231 TNBC cells  

MDA-MB-231 TNBC Cells 

Figure Hyperlinks Time 
(h) 

Highest Bliss Score Highest Loewe Score 

Synergism  Antagonism Synergism Antagonism 
Combination Bliss Loewe 

EGFRi (DA) + DOX (DB) 

3.7A 3.7B 3.7C 3.7D 24 37 (0.01:0.1) -25 (10:100 | 100:0.01) 37 (0.01:0.1) -25 (10:100 | 100:0.01) 

3.8A 3.8B 3.8C 3.8D 48 9 (0.01:0.1) -60 (10:0.01) 9 (0.01:0.1) -60 (10:0.01) 

3.9A 3.9B 3.9C 3.9D 72 44 (0.01:0.1) -23 (0.1:10) 43 (0.01:0.1 | 0.1:0.1) -22 (100:0.01) 

EGFRi (DA) + CDDP (DC) 

3.10A 3.10B 3.10C 3.10D 24 None -67 (0.01:0.1) None -67 (0.01:0.1) 

3.11A 3.11B 3.11C 3.11D 48 32 (1:0.01) -40 (0.01:100) 32 (1:0.01) -38 (0.01:100) 

3.12A 3.12B 3.12C 3.12D 72 56 (0.01:1 | 1:0.1) -160 (0.1:0.01) 56 (0.01:1 | 1:0.1) -160 (0.1:0.01) 

DOX (DB)+ CDDP (DC) 

3.13A 3.13B 3.13C 3.13D 24 32 (0.1:0.1) -2 (10:100) 32 (0.1:0.1) None 

3.14A 3.14B 3.14C 3.14D 48 70 (0.1:1) -256 (0.01:10) 68 (0.1:1) -257 (0.01:10) 

3.15A 3.15B 3.15C 3.15D 72 75 (0.1:0.1) -84 (10:1) 75 (0.1:0.1) -84 (10:1) 

Drug combination effects were determined as described in Data Analysis, Section 2.10, using the Combenefit™ software (licensed under the MIT Licence, 
https://sourceforge.net/p/combenefit/) that incorporates the three classical mathematical models of dose-responses for synergy analysis, viz., Loewe Additivity, Bliss 
Independence and Highest Single Agent [584]. In the present study, the first two models were selected for the analysis of the drug combinations indicated. 
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Table 3.4: Summary of highest synergy/antagonism scores in MCF-7 breast carcinoma cells  

MCF-7 Breast Carcinoma Cells  

Figure Hyperlinks Time 
(h) 

Highest Bliss Score Highest Loewe Score 

Synergism  Antagonism Synergism Antagonism 
Combination (DA + DB) Bliss Loewe 

EGFRi (DA) + DOX (DB) 

3.16A 3.16B 3.16C 3.16D 24 33 (0.01:0.01) -28 (100:100) 33 (0.01:0.01) -21 (100:100) 

3.17A 3.17B 3.17C 3.17D 48 47 (0.01:0.01) -30 (0.01:100) 47 (0.01:0.01) -29 (0.01:100) 

3.18A 3.18B 3.18C 3.18D 72 67 (0.01:0.01) -33 (1:1) 67 (0.01:0.01) -19 (1:1) 

EGFRi (DA) + CDDP (DC) 

3.19A 3.19B 3.19C 3.19D 24 17 (1:0.01) -49 (100:10) 18 (1:0.01) -45 (10:0.1) 

3.20A 3.20B 3.20C 3.20D 48 54 (0.01:1) -59 (1:100) 54 (0.01:1) -56 (0.1:100) 

3.21A 3.21B 3.21C 3.21D 72 27 (0.1:0.01) -82 (0.01:100) 27 (0.1:0.01) -82 (0.01:100) 

DOX (DB) + CDDP (DC) 

3.22A 3.22B 3.22C 3.22D 24 32 (0.1:0.1) -2 (10:100) 32 (0.1:0.1) None 

3.23A 3.23B 3.23C 3.23D 48 70 (0.1:1) -51 (0.1:100) 68 (0.1:1) -50 (0.1:100) 

3.24A 3.24B 3.24C 3.24D 72 37 (0.01:10) -49 (0.01:100) 37 (0.01:10) -49 (0.01:100) 

Drug combination effects were determined as described in Data Analysis, Section 2.10, using the Combenefit™ software (licensed under the MIT Licence, 
https://sourceforge.net/p/combenefit/) that incorporates the three classical mathematical models of dose-responses for synergy analysis, viz., Loewe Additivity, Bliss 
Independence and Highest Single Agent [584]. In the present study, the first two models were selected for the analysis of the drug combinations indicated. 
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Figure 3.7A: Bliss independence response surface reference model for the dual agent combination effects of 24h treatment of MDA-MB-231 

TNBC cells with EGFRi and DOX.  Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect lines) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss 

model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.7B: Bliss reference model graphical presentation of the combination effects of 24h treatment of MDA-MB-231 TNBC cells with EGFRi 

and DOX.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-response contour 

map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.7C: Loewe additivity response surface reference model for the dual agent combination effects of 24h treatment of MDA-MB-231 

TNBC cells with EGFRi and DOX.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.7D: Loewe reference model graphical presentation of the combination effects of 24h treatment of MDA-MB-231 TNBC cells with 

EGFRi and DOX.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in 

presence of increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi 

| Bottom panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-

response contour map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.8A: Bliss independence response surface reference model for the dual agent combination effects of 48h treatment of MDA-MB-231 

TNBC cells with EGFRi and DOX.  Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.8B: Bliss reference model graphical presentation of the combination effects of 48h treatment of MDA-MB-231 TNBC cells with EGFRi 

and DOX.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-response contour 

map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.8C: Loewe additivity response surface reference model for the dual agent combination effects of 48h treatment of MDA-MB-231 

TNBC cells with EGFRi and DOX.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.8D: Loewe reference model graphical presentation of the combination effects of 48h treatment of MDA-MB-231 TNBC cells with 

EGFRi and DOX.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in 

presence of increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi 

| Bottom panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-

response contour map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.9A: Bliss independence response surface reference model for the dual agent combination effects of 72h treatment of MDA-MB-231 

TNBC cells with EGFRi and DOX.  Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.9B: Bliss reference model graphical presentation of the combination effects of 72h treatment of MDA-MB-231 TNBC cells with EGFRi 

and DOX.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-response contour 

map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.9C: Loewe additivity response surface reference model for the dual agent combination effects of 72h treatment of MDA-MB-231 

TNBC cells with EGFRi and DOX.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.9D: Loewe reference model graphical presentation of the combination effects of 72h treatment of MDA-MB-231 TNBC cells with 

EGFRi and DOX.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in 

presence of increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi 

| Bottom panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-

response contour map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.10A: Bliss independence response surface reference model for the dual agent combination effects of 24h treatment of MDA-MB-231 

TNBC cells with EGFRi and CDDP.  Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 

http://etd.uwc.ac.za/ 
 



CHAPTER 3 | 3.7 Discussion 

142 

   

   

Figure 3.10B: Bliss reference model graphical presentation of the combination effects of 24h treatment of MDA-MB-231 TNBC cells with EGFRi 

and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination dose-response 

contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.10C: Loewe additivity response surface reference model for the dual agent combination effects of 24h treatment of MDA-MB-231 

TNBC cells with EGFRi and CDDP.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.10D: Loewe reference model graphical presentation of the combination effects of 24h treatment of MDA-MB-231 TNBC cells with 

EGFRi and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift 

in presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of 

EGFRi | Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination 

dose-response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.11A: Bliss independence response surface reference model for the dual agent combination effects of 48h treatment of MDA-MB-231 

TNBC cells with EGFRi and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.11B: Bliss reference model graphical presentation of the combination effects of 48h treatment of MDA-MB-231 TNBC cells with EGFRi 

and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination dose-response 

contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.11C: Loewe additivity response surface reference model for the dual agent combination effects of 48h treatment of MDA-MB-231 

TNBC cells with EGFRi and CDDP.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.11D: Loewe reference model graphical presentation of the combination effects of 48h treatment of MDA-MB-231 TNBC cells with 

EGFRi and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift 

in presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of 

EGFRi | Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination 

dose-response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.12A: Bliss independence response surface reference model for the dual agent combination effects of 72h treatment of MDA-MB-231 

TNBC cells with EGFRi and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.12B: Bliss reference model graphical presentation of the combination effects of 72h treatment of MDA-MB-231 TNBC cells with EGFRi 

and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination dose-response 

contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.12C: Loewe additivity response surface reference model for the dual agent combination effects of 72h treatment of MDA-MB-231 

TNBC cells with EGFRi and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 

http://etd.uwc.ac.za/ 
 



CHAPTER 3 | 3.7 Discussion 

152 

   

   

Figure 3.12D: Loewe reference model graphical presentation of the combination effects of 72h treatment of MDA-MB-231 TNBC cells with 

EGFRi and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift 

in presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of 

EGFRi | Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination 

dose-response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.13A: Bliss independence response surface reference model for the dual agent combination effects of 24h treatment of MDA-MB-231 

TNBC cells with DOX and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 

http://etd.uwc.ac.za/ 
 



CHAPTER 3 | 3.7 Discussion 

154 

   

   

Figure 3.13B: Bliss reference model graphical presentation of the combination effects of 24h treatment of MDA-MB-231 TNBC cells with DOX 

and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: DOX dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX | Bottom 

panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response contour 

map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.13C: Loewe additivity response surface reference model for the dual agent combination effects of 24h treatment of MDA-MB-231 

TNBC cells with DOX and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.13D: Loewe reference model graphical presentation of the combination effects of 24h treatment of MDA-MB-231 TNBC cells with 

DOX and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: DOX dose-response shift in 

presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX 

| Bottom panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response 

contour map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.14A: Bliss independence response surface reference model for the dual agent combination effects of 48h treatment of MDA-MB-231 

TNBC cells with DOX and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.14B: Bliss reference model graphical presentation of the combination effects of 48h treatment of MDA-MB-231 TNBC cells with DOX 

and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: DOX dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX | Bottom 

panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response contour 

map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.14C: Loewe additivity response surface reference model for the dual agent combination effects of 48h treatment of MDA-MB-231 

TNBC cells with DOX and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.14D: Loewe reference model graphical presentation of the combination effects of 48h treatment of MDA-MB-231 TNBC cells with 

DOX and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: DOX dose-response shift in 

presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX 

| Bottom panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response 

contour map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.15A: Bliss independence response surface reference model for the dual agent combination effects of 72h treatment of MDA-MB-231 

TNBC cells with DOX and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of isoboles 

(iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: Bliss model 

reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.15B: Bliss reference model graphical presentation of the combination effects of 72h treatment of MDA-MB-231 TNBC cells with DOX 

and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: DOX dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX | Bottom 

panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response contour 

map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.15C: Loewe additivity response surface reference model for the dual agent combination effects of 72h treatment of MDA-MB-231 

TNBC cells with DOX and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.15D: Loewe reference model graphical presentation of the combination effects of 72h treatment of MDA-MB-231 TNBC cells with 

DOX and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: DOX dose-response shift in 

presence of increasing concentrations of CDDP | Top panel right: DOX dose-response shift in presence of increasing concentrations of CDDP 

| Bottom panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response 

contour map | Bottom panel right: DOX and CDDP combination dose-response matrix. NaN: not a number, i.e., data point not determined. 
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Figure 3.16A: Bliss independence response surface reference model for the dual agent combination effects of 24h treatment of MCF-7 breast 

carcinoma cells with EGFRi and DOX.  Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect lines) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 

http://etd.uwc.ac.za/ 
 



CHAPTER 3 | 3.7 Discussion 

166 

   

   

Figure 3.16B: Bliss reference model graphical presentation of the combination effects of 24h treatment of MCF-7 breast carcinoma cells with 

EGFRi and DOX.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence 

of increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-response contour 

map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.16C: Loewe additivity response surface reference model for the dual agent combination effects of 24h treatment of MCF-7 breast 

carcinoma cells with EGFRi and DOX.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.16D: Loewe reference model graphical presentation of the combination effects of 24h treatment of MCF-7 breast carcinoma cells with 

EGFRi and DOX.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in 

presence of increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi 

| Bottom panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-

response contour map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.17A: Bliss independence response surface reference model for the dual agent combination effects of 48h treatment of MCF-7 breast 

carcinoma cells with EGFRi and DOX. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect lines) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.17B: Bliss reference model graphical presentation of the combination effects of 48h treatment of MCF-7 breast carcinoma cells with 

EGFRi and DOX. Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-response contour 

map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.17C: Loewe additivity response surface reference model for the dual agent combination effects of 48h treatment of MCF-7 breast 

carcinoma cells with EGFRi and DOX.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.17D: Loewe reference model graphical presentation of the combination effects of 48h treatment of MCF-7 breast carcinoma cells with 

EGFRi and DOX.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in 

presence of increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi 

| Bottom panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-

response contour map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.18A: Bliss independence response surface reference model for the dual agent combination effects of 72h treatment of MCF-7 breast 

carcinoma cells with EGFRi and DOX. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect lines) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.18B: Bliss reference model graphical presentation of the combination effects of 72h treatment of MCF-7 breast carcinoma cells with 

EGFRi and DOX. Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence of 

increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi | Bottom 

panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-response contour 

map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.18C: Loewe additivity response surface reference model for the dual agent combination effects of 72h treatment of MCF-7 breast 

carcinoma cells with EGFRi and DOX.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.18D: Loewe reference model graphical presentation of the combination effects of 72h treatment of MCF-7 breast carcinoma cells with 

EGFRi and DOX.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in 

presence of increasing concentrations of DOX | Top panel right: DOX dose-response shift in presence of increasing concentrations of EGFRi 

| Bottom panel left: EGFRi and DOX combination dose-response surface | Bottom panel center: EGFRi and DOX combination dose-

response contour map | Bottom panel right: EGFRi and DOX combination dose-response matrix. 
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Figure 3.19A: Bliss independence response surface reference model for the dual agent combination effects of 24h treatment of MCF-7 breast 

carcinoma cells with EGFRi and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect lines) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.19B: Bliss reference model graphical presentation of the combination effects of 24h treatment of MCF-7 breast carcinoma cells with 

EGFRi and CDDP. Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence 

of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of EGFRi | 

Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination dose-

response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.19C: Loewe additivity response surface reference model for the dual agent combination effects of 24h treatment of MCF-7 breast 

carcinoma cells with EGFRi and CDDP.  Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.19D: Loewe reference model graphical presentation of the combination effects of 24h treatment of MCF-7 breast carcinoma cells with 

EGFRi and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift 

in presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of 

CDDP | Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination 

dose-response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.20A: Bliss independence response surface reference model for the dual agent combination effects of 48h treatment of MCF-7 breast 

carcinoma cells with EGFRi and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect lines) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.20B: Bliss reference model graphical presentation of the combination effects of 48h treatment of MCF-7 breast carcinoma cells with 

EGFRi and CDDP. Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence 

of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of EGFRi | 

Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination dose-

response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.20C: Loewe additivity response surface reference model for the dual agent combination effects of 48h treatment of MCF-7 breast 

carcinoma cells with EGFRi and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.20D: Loewe reference model graphical presentation of the combination effects of 48h treatment of MCF-7 breast carcinoma cells with 

EGFRi and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift 

in presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of 

EGFRi | Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination 

dose-response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.21A: Bliss independence response surface reference model for the dual agent combination effects of 72h treatment of MCF-7 breast 

carcinoma cells with EGFRi and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect lines) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.21B: Bliss reference model graphical presentation of the combination effects of 72h treatment of MCF-7 breast carcinoma cells with 

EGFRi and CDDP. Top panel left: Bliss model reference dose-response matrix. | Top panel center: EGFRi dose-response shift in presence 

of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of EGFRi | 

Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination dose-

response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.21C: Loewe additivity response surface reference model for the dual agent combination effects of 72h treatment of MCF-7 breast 

carcinoma cells with EGFRi and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.21D: Loewe reference model graphical presentation of the combination effects of 72h treatment of MCF-7 breast carcinoma cells with 

EGFRi and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: EGFRi dose-response shift 

in presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of 

EGFRi | Bottom panel left: EGFRi and CDDP combination dose-response surface | Bottom panel center: EGFRi and CDDP combination 

dose-response contour map | Bottom panel right: EGFRi and CDDP combination dose-response matrix. 
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Figure 3.22A: Bliss independence response surface reference model for the dual agent combination effects of 24h treatment of MCF-7 breast 

carcinoma cells with DOX and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.22B: Bliss reference model graphical presentation of the combination effects of 24h treatment of MCF-7 breast carcinoma cells with 

DOX and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: DOX dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX | Bottom 

panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response contour 

map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.22C: Loewe additivity response surface reference model for the dual agent combination effects of 24h treatment of MCF-7 breast 

carcinoma cells with DOX and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.22D: Loewe reference model graphical presentation of the combination effects of 24h treatment of MCF-7 breast carcinoma cells with 

DOX and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: DOX dose-response shift in 

presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX 

| Bottom panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response 

contour map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.23A: Bliss independence response surface reference model for the dual agent combination effects of 48h treatment of MCF-7 breast 

carcinoma cells with DOX and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.23B: Bliss reference model graphical presentation of the combination effects of 48h treatment of MCF-7 breast carcinoma cells with 

DOX and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: DOX dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX | Bottom 

panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response contour 

map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.23C: Loewe additivity response surface reference model for the dual agent combination effects of 48h treatment of MCF-7 breast 

carcinoma cells with DOX and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 

http://etd.uwc.ac.za/ 
 



CHAPTER 3 | 3.7 Discussion 

196 

   

   

Figure 3.23D: Loewe reference model graphical presentation of the combination effects of 48h treatment of MCF-7 breast carcinoma cells with 

DOX and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: DOX dose-response shift in 

presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX 

| Bottom panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response 

contour map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.24A: Bliss independence response surface reference model for the dual agent combination effects of 72h treatment of MCF-7 breast 

carcinoma cells with DOX and CDDP. Top panel left: Bliss independence mapping of the synergy levels on the experimental combination 

dose-response surface | Top panel center: Bliss synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Bliss synergy and/or antagonism | Bottom panel left: Bliss synergy and antagonism matrix | Bottom panel center: 

Bliss model reference dose-response surface | Bottom panel right: Bliss model reference dose-response contour map. 
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Figure 3.24B: Bliss reference model graphical presentation of the combination effects of 72h treatment of MCF-7 breast carcinoma cells with 

DOX and CDDP.  Top panel left: Bliss model reference dose-response matrix. | Top panel center: DOX dose-response shift in presence of 

increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX | Bottom 

panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response contour 

map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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Figure 3.24C: Loewe additivity response surface reference model for the dual agent combination effects of 72h treatment of MCF-7 breast 

carcinoma cells with DOX and CDDP. Top panel left: Loewe additivity mapping of the synergy levels on the experimental combination dose-

response surface | Top panel center: Loewe synergy and antagonism levels visualized as a surface | Top panel right: Contour map of 

isoboles (iso-effect) of Loewe synergy and/or antagonism | Bottom panel left: Loewe synergy and antagonism matrix | Bottom panel center: 

Loewe model reference dose-response surface | Bottom panel right: Loewe model reference dose-response contour map. 
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Figure 3.24D: Loewe reference model graphical presentation of the combination effects of 72h treatment of MCF-7 breast carcinoma cells with 

DOX and CDDP.  Top panel left: Loewe additivity model reference dose-response matrix. | Top panel center: DOX dose-response shift in 

presence of increasing concentrations of CDDP | Top panel right: CDDP dose-response shift in presence of increasing concentrations of DOX 

| Bottom panel left: DOX and CDDP combination dose-response surface | Bottom panel center: DOX and CDDP combination dose-response 

contour map | Bottom panel right: DOX and CDDP combination dose-response matrix. 
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CHAPTER 4 

RESULTS AND DISCUSSION OF THE ANALYSIS OF CASPASE-
3/7 ACTIVITY FOR APOPTOSIS DETECTION 

4.1 Introduction 

In this chapter, MCF-7 and MDA-MB-231 TNBC breast carcinoma cells were exposed 

to log10 single-drug increments of EGFRi, DOX and CDDP for 24h and programmed 

cell death (PCD, also referred to as apoptosis) examined thereafter using the 

CellEvent™ Caspase-3/7 assay as described Chapter 2, Section 2.8. 

4.2 Caspase-3/7 Activity in MCF-7 and MDA-MB-231 Cells as Indicator 
of Apoptosis 

The MCF-7 cell cultures were more sensitive to CDDP which induced early apoptosis 

at some of the concentrations tested. Significant levels of caspase 3/7 activity were 

induced by 1 µM (p=0.016), 10 µM (p=0.023) and 100 µM (p=0.016) CDDP, whereas 

DOX was effective at inducing apoptosis at the highest concentration, i.e., 100 µM 

(p=0.003). EGFRi treatment did not induce significant levels of apoptosis Figure 4.1.  

In MDA-MB-231 TNBC cells, EGFRi treatment significantly induced caspase activity 

at all concentrations tested, i.e., at 1 µM (p=0.007), 10 µM (p=0.004), 100 µM 

(p=0.032), except at 0.1 µM (p=0.059, marginally significant). DOX induced apoptosis 

in MDA-MB-231 TNBC cells at low concentrations, i.e., 0.1 µM (p=0.008) and 1 µM 

(p=0.024). However, significant levels of apoptosis with caspase activation were 

induced by CDDP at 0.1 µM, 1 µM and 100 µM (p<0.0001 in all cases), but not at 10 

µM (p=0.066) Figure 4.2.  
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Figure 4.1: Caspase-3/7 activity following 24h exposure of MCF-7 breast 

carcinoma cells to EGFRi, DOX and CDDP.  Data were analyzed by one-way 

ANOVA. All multiple comparisons were performed according to the Dunnet’s 

method and the overall significance level was set at p<0.05. Actual p-values 

are indicated within bars. Values are means ± SEM (n=4).  
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Figure 4.2: Caspase-3/7 activity following 24h exposure of MDA-MB-231 

TNBC cells to EGFRi, DOX and CDDP.  Data were analyzed by one-way 

ANOVA. All multiple comparisons were performed according to the Dunnet’s 

method and the overall significance level was set at p<0.05. Actual p-values 

are indicated within bars. Values are means ± SEM (n=4).
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4.3 Discussion 

In this study, 24h treatment of MCF-7 and MDA-MB-231 TNBC breast carcinoma cells 

with DOX and CDDP induced significant levels of caspase activity, and thus apoptosis, 

in a concentration-dependent manner. EGFRi did not induce apoptosis in MCF-7 

breast carcinoma cells, but effected apoptosis in MDA-MB-231 TNBC cells. The latter 

cell line was resistant to the apoptosis-inducing effects of DOX at high concentrations 

(i.e., 10 and 100 µM), and CDDP at 10 µM, whereas MCF-7 breast carcinoma cells 

displayed apoptosis resistance to the entire concentration range of EGFRi (i.e., 0.1 to 

100 µM), and DOX at 0.1 to 10 µM), but not to 100 µM DOX. Anthracyclines can exert 

cytostatic effects and steer cells towards an apoptotic mode, but cellular senescence 

and other types of cell death programs, including immunogenic death, are also 

probable [531,532,534]. Besides, anthracycline-containing chemotherapies were 

traditionally assumed to kill proliferating tumor cells only via apoptosis or necrosis, in 

a manner independent from the immune system of patients. Yet, anthracyclines can 

also elicit an effective antitumor immune response that suppresses the growth of 

inoculated tumors or leads to the regression of established neoplasia [616]. MDR is a 

major cause of recurrence and poor prognosis in TNBC patients, which may explain 

the relative resistance to DOX in the MDA-MB-231 TNBC cells.  

A recent drug combination study showed that curcumol enhanced the sensitivity of 

MDA-MB-231 TNBC cells to DOX in vitro and in vivo via suppression of ABCC3, a 

member of the ABC multidrug transporters [617]. This study was corroborated by the 

observation that a combination of the dual-target MDM2/MDMX inhibitor with DOX not 

only suppressed proliferation, promoted cell cycle arrest and induced apoptosis, but 

also reduced drug efflux in DOX-resistant breast cancer cell lines [618]. MCF-7/DOX-

resistant cells are much more sensitive to apoptotic stimuli than previously thought 

[619]. Our own laboratory established that a combination of fucoidan with the standard 
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chemotherapeutic agents—CDDP, DOX and taxol, significantly enhanced the 

cytotoxicity of these drugs and accumulation of MCF-7 breast carcinoma cells in the 

G2/M and sub-G1 phases of the cell cycle, and induction of apoptosis [620]. Significant 

emphasis is currently being placed on combination chemotherapy of cancer using 

conventional cytotoxic agents and naturally occurring antitumor agents, displaying 

distinctive mechanisms of action with non-overlapping toxicity. The chemopreventive 

agent silibinin, e.g., synergizes the therapeutic potential of DOX, CDDP or carboplatin 

in both estrogen-dependent and -independent human breast carcinoma 

representative cell lines, MCF-7 and MDA-MB468, respectively [621].  

Combination of vorinostat, a HDAC inhibitor, with dasatinib, a small molecule TKI, 

produced synergistic effects on MCF-7 breast carcinoma cells by inducing cell cycle 

arrest, ROS production, and apoptosis [609]. As indicated in Section C (Chapter 1) 

EGFR (ERBB1) and HER-2/neu (ERBB2) are members of the ERBB family of RTKs 

that are associated with poor prognosis and decreased survival in cancer patients. A 

previous study assessed the effects of combining ERBB and Bcl-2 inhibitors (lapatinib 

and GW2974, respectively) on the growth of human breast cancer cell lines [MCF-7 

human breast cancer cells, a HER-2/neu transfected MCF-7 cell line (MCF/18), and a 

tamoxifen-resistant MCF-7 cell line (MTR-3)] and reported a synergistic growth 

inhibitory effect on all cell lines, thus accentuating the beneficial effects of Bcl-2 

inhibitors to induce apoptosis whilst at the same time blocking the ERBB family of 

RTKs [622]. The results of this study indicate that the drugs tested may shed light on 

apoptosis mechanisms in the MDA-MB-231 TNBC and MCF-7 breast carcinoma cell 

lines. However, a major drawback of our study is that no drug combinations were 

analysed. Drug combinations are critical to delineating and overcoming drug 

resistance, and minimizing side effects with optimal delivery systems as has been 

reviewed for DOX as a first line agent for breast cancer, among other cancers [530].  
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CHAPTER 5 

RESULTS AND DISCUSSION OF THE ANALYSIS OF P-
GLYCOPROTEIN-MEDIATED DRUG EFFLUX FUNCTION 

5.1 Introduction 

The roles of overexpression of ABC drug transporters in cancer, including breast 

cancer, MDR development and poor patient response rates or survival rates have 

been discussed in Chapter 1 (Section B). In this study, the function of P-glycoprotein 

(P-gp/ABCB1/MDR1) as a drug efflux pump was determined using the Calcein-AM 

retention assay as described in Chapter 2 (Section 2.8). This assay discriminates 

between the effects of substrates and inhibitors on P-gp function. Calcein-AM is a 

fluorescent dye and substrate of P-gp, and is readily excluded in cells expressing the 

drug transporter. Cyclosporin A and Verapamil are competitive and non-competitive 

inhibitors of P-gp, respectively, and were included in the assay as positive controls. 

The effects of 48h exposure of MCF-7 and MDA-MB-231 TNBC breast carcinoma 

cells to EGFRi, DOX and CDDP, alone and in combination with the other drugs, on 

intracellular Calcein-AM retention were measured quantitatively and compared as 

depicted in Figure 5.1 and Figure 5.2, respectively. 

5.2 Calcein-AM Retention in MCF-7 and MDA-MB-231 Cells as an 
Indicator of P-Glycoprotein Drug Efflux Pump Functional Activity 

Calcein-AM retention in MCF-7 breast carcinoma cells was significantly increased 

following single-agent treatment with a high concentration of EGFRi (100 µM; 

p=0.0004). However, both DOX and CDDP significantly reduced Calcein-AM retention 

at concentrations of 1 and 10 µM (p<0.005 in all cases) Figure 5.1 (top panel).
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Figure 5.1: Intracellular Calcein-AM retention in MCF-7 breast carcinoma cells after 48h exposure to EGFRi, DOX and CDDP, alone (top 

panel), and in combination (bottom panel) with the other drugs.  Data were analyzed by one-way ANOVA. Multiple comparisons were performed 

according to Dunnet’s method and the overall significance level was set at p<0.05. Actual p-values are indicated on the graphs. Values are 

means ± SEM (n=4). 

 

 

http://etd.uwc.ac.za/ 
 



CHAPTER 5 | 5.2 Calcein-AM Retention in MCF-7 and MDA-MB-231 Cells as an Indicator of P-Glycoprotein Drug Efflux Pump Functional Activity 

209 

 

http://etd.uwc.ac.za/ 
 



CHAPTER 5 | 5.2 Calcein-AM Retention in MCF-7 and MDA-MB-231 Cells as an Indicator of P-Glycoprotein Drug Efflux Pump Functional Activity 

210 

Figure 5.2: Intracellular Calcein-AM retention in MDA-MB-231 TNBC cells after 48h exposure to EGFRi, DOX and CDDP, alone (top panel), 

and in combination (bottom panel) with the other drugs.  Data were analyzed by one-way ANOVA. Multiple comparisons were performed 

according to Dunnet’s method and the overall significance level was set at p<0.05. Actual p-values are indicated on the graphs. Values are 

means ± SEM (n=4). 

http://etd.uwc.ac.za/ 
 



CHAPTER 5 | 5.3 Discussion 

211 

Only equimolar combinations of EGFRi and DOX at 1 and 10 µM significantly increased (p=0.005 

and p=0.001, respectively) Calcein-AM retention, whereas the combinations of EGFRi with 

CDDP and DOX with CDDP did not affect Calcein-AM relative to control. Increased Calcein-AM 

indicates inhibition of P-gp-mediated drug efflux and decreased retention signifies no effect or 

stimulation of the transporter’s function. In MDA-MB-231 TNBC cells, individual as well as 

combinations EGFRi, DOX and CDDP had no significant effects on Calcein-AM retention, which 

likely suggests that these cells do not express P-gp. 

5.3 Discussion 

Resistance to chemotherapeutic agents in cancer may occur through a number of mechanisms, 

including reduced uptake and increased efflux of antineoplastic compounds in cancer cells 

[392,393,396,508,623]. P-gp’s function as an efflux pump and its role in drug resistance is well 

documented [395,396,552]. Some studies have also described a link between EGFR and P-gp 

and how the cellular activation and phosphorylation of EGFR is associated with the expression 

and overexpression of P-gp [414]. Interestingly, several TKIs (e.g., imatinib, nilotinib, dasatinib, 

ponatinib, gefitinib, erlotinib, lapatinib, vandetanib, sunitinib, sorafenib) have been reported to 

interact with ABC transporters (e.g., ABCB1, ABCC1, ABCG2, ABCC10), and may have dual 

roles as substrates or inhibitors, depending on the expression of specific pumps, drug 

concentration, affinity for transporters and types of co-administered agents [483].  

Dacomitinib, a second generation, irreversible TKI, for example, has shown positive anticancer 

activities in some preclinical and clinical trials and antagonizes MDR in cancer cells by inhibiting 

the efflux activity of ABCB1 and ABCG2 transporters [624]. This effect has also been observed 

in the present study in that EGFRi alone and in combination with DOX increased Calcein-AM 

retention in MCF-7 breast carcinoma cells. Therefore, these studies corroborate the tenet of 

combination therapeutic strategies with TKIs and substrates of ABCB1 and/or ABCG2 

transporters in ABCB1- or ABCG2-overexpressing cancers [414].  
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An earlier study demonstrated that P-gp stability was regulated by the MEK-ERK-RSK pathway 

which is activated by the EGFR. Signal transduction inhibitor, U0126, successfully blocked the 

MEK-ERK-RSK pathway and supressed P-gp expression by facilitating its degradation, in 

ABCB1 gene transfected MCF-7 MDA-MB-231 TNBC human breast cancer cells [625]. Our 

findings revealed that the individual treatment of MCF-7 breast carcinoma cells with 100 µM 

EGFRi resulted in a significant increase in intracellular Calcein-AM retention, thus successfully 

inhibiting P-gp drug efflux, whereas exposure to concentrations of 1 and 10 µM DOX and 

decreased Calcein-AM retention, consistent with increased drug efflux. The combinations, 

however, delivered no enhanced drug accumulation, except for equimolar combinations of 

EGFRi and DOX at 1 and 10 µM. DOX is a known substrate of the P-gp [626] which explains its 

ineffectiveness at inhibiting P-gp in the MCF-7 breast carcinoma cells. The individual compounds 

demonstrated no significant level of Calcein-AM retention in the MDA-MB-231 TNBC cells. This 

may be attributed to the low levels of the ABCB1 gene expression detected in our treated 

samples which encodes the expression of the P-gp (Chapter 6).  

Over the past 10 years, there has been renewed efforts in the field of drug discovery and 

development in identifying more efficient cancer therapeutic mechanisms to overcome drug 

resistance in cancer. Quercetin a plant derived flavonoid, with antitumor activity has been shown 

to enhance the cytotoxicity of DOX when used in combination, at the same time reducing the 

toxicity in non-cancerous and myocardial cells (AC16) as well as downregulating the expression 

of P-gp, BCRP and MRP1 in MCF-7 and MDA-MB-231 TNBC breast carcinoma cells [535]. The 

combined treatment of metformin with DOX not only synergistically enhanced the growth 

inhibitory effect in MCF-7 DOX-resistant cell lines, but also reversed drug resistance in the cells 

by inhibiting the function of P-gp by reducing ATP production [537,538]. The utilization of 

nanotechnology for drug delivery in tumor cells is a novel application in breast cancer therapy. 

Breast cancer treatments using nanocarriers involves the use of polymeric nanomicelles, 

polymer-conjugates, liposomes, dendrimers and inorganic nanoparticles [627].  
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The co-delivery of a number of anticancer agents using nucleic acids and chemotherapeutic 

agents, such as MDR-1 (P-gp) siRNA with DOX in polymers and liposomes and Verapamil and 

Cycolosporin A with DOX, has been employed to enhance toxic efficacy and overcome drug 

resistance induced by P-gp in MDA-MB-231 TNBC and MCF-7 and MCF-7Adr/DOX-drug 

resistant breast cancer cell lines [627]. To date there are no approved drugs available to use 

clinically to overcome MDR by specifically targeting P-gp [628]. MDR inhibitors have shown 

success in vitro, however, this has not translated clinically particularly due to the side effects of 

high dosage administration that results in suppressing the immune system and cardiovascular 

system. Verapamil, an anti-hypertensive agent, and Cyclosporin A for the treatment of 

rheumatoid arthritis, are amongst the well-known inhibitors of P-gp used clinically [629,630], and 

have been incorporated in our study as positive controls for P-gp inhibition. Notwithstanding the 

side effects and limitations associated with MDR inhibitors’ reduced affinity and specificity [397], 

this does not detract from the potential offered by utilizing MDR inhibitors together with 

chemotherapeutic agents to enhanced their efficacy [628,631].  

The use of small molecule ATP binding TKIs offers an alternative to MDR inhibitors. Not only 

are these molecules highly selective towards their target, but they also present limited to no side 

effects. The FDA, to date, has approved 48 small molecule protein kinases, 37 of which are used 

against solid tumors [468]. The most common drug targets for these compounds are EGFR, 

VEGFR and ALK. Six of the 48 approved drugs, target the EGFR family with the majority of the 

TKIs approved for the treatment of non-small cell lung cancer (NSCLC) [468]. Due to the 

homologous active cysteine sites on the different EGFR members, at least 38% of approved 

TKIs have the ability to cross-react and bind to more than one member extending their 

therapeutic efficacy [468,632]. In breast cancer, anti-EGFR TKIs, lapatinib, a dual inhibitor of 

EGFR and HER-2, and neratinib against HER-2, are the only TKIs approved specifically for the 

treatment of recurrent breast cancer overexpressing HER-2 in combination with capecitabine, 

and as an extended adjuvant following trastuzumab therapy, respectively [468,633,634]. 
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Following its approval, lapatinib has subsequently been used in a number of studies beyond the 

spectrum of breast cancer and in different applications [635]. In vitro studies have demonstrated 

that lapatinib synergistically enhanced the cytotoxic effects of DOX in DOX-resistant MCF-7 cells 

as well as reversed DOX chemoresistance by increasing intracellular drug accumulation of DOX 

[626]. In esophageal squamous cancer, the combination of paclitaxel and lapatinib resulted in 

synergistic inhibition of cellular growth [636]. ATP competitive reversible and irreversible TKIs 

have made a significant contribution towards overcoming MDR in diverse panels of cancers. The 

combinatorial use of erlotinib with a select antioxidant, demonstrated a decrease in cellular 

viability in 4 human TNBC cell lines, viz., MDA-MB 468, SUM-149, SUM-159 and HCC-70 [637]. 

In drug resistant NSCLC cells, PD15303 a potent EGFR inhibitor structurally similar to 

dacomitinib, significantly reversed ABC transporter ABCG2-mediated drug resistance and 

synergistically enhanced cytotoxic effects when combined with antineoplastic agents and 

substrates of ABCG2, mitoxantrone, SN-38 and topotecan [624]. Furthermore, dacomitinib also 

successfully and significantly reversed drug resistance in the cells mediated by ABCB1 (P-gp) 

and ABCC1 (MRP1), but not ABCC1 members of the ABC transporter family [624]. 

In this study, EGFRi successfully and effectively inhibited the EGFR and P-gp function by 

reducing cell proliferation and survival and increasing intracellular Calcein-AM retention in our 

drug-treated MCF-7 and MDA-MB-231 TNBC breast carcinoma cells. Our findings suggest that 

EGFR Inhibitor [Cyclopropanecarboxylic acid-(3-(6-(3-trifluoromethyl-phenylamino)-pyrimidin-4-

ylamino)-phenyl-amide (CAS879127-07-8 Calbiochem, Merck KGaA, Darmstadt, Germany) 

could possibly be classified as an inhibitor of P-gp, however, more tests need to be conducted 

to confirm the P-gp inhibitory repertoire of EGFR Inhibitor. Not all TKIs confer inhibition of ABC 

transporters and some TKIs may be classified as inhibitors, substrates, or even both [638]. TKI-

associated ABC transporter substrate status may also be linked to drug resistance, the same as 

any other chemotherapeutic agent (e.g., DOX and paclitaxel), however, in TKI resistance it may 

be attributed to concentration administration (low dosage, high potential of being ineffective in 
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inhibition) and can potentially be overcome, as well as selectivity of TKIs for specific ABC 

transporters [483]. Furthermore, mutations of EGFR (T790M), particularly in NSCLC are quite a 

common occurrence of intrinsic resistance and render many approved first generation TKIs 

ineffective as a possible monotherapy strategy [477]. Nevertheless, the progress that has been 

made to date in the development of newer generations of more effective TKIs and the option to 

combine them with different classes of clinically approved antineoplastic agents still offers a 

better and more effective therapeutic treatment option with higher efficacy and little to no side 

effects. Thus, the clinical administration of TKIs needs to be considered only after molecular 

assessment and P-gp status of such TKIs and any common mutations in the EGFR has been 

detected. 

The development of resistance to TKI therapy is a common occurrence and is a result of EGFR 

mutations, the overexpression and amplification of certain proteins (ABC transporters), receptors 

or genes [487]. Mutations in the EGFR kinase domain, is more prevalent in NSCLC. First 

generation TKIs, gefitinib and erlotinib were developed for the treatment of NSCLC associated 

with EGFR mutations in exon-19 and 21 L858R. This was shortly followed by the development 

of drug resistance in NSCLC due to an exon 20 T790M mutation in EGFR induced by TKI 

treatment [487]. In breast cancer, the most common mutation resulting in TKI resistance is that 

of the ERBB2 (HER-2), which renders lapatinib treatment ineffective in patient samples 

containing this mutation [468]. Other mechanisms involved in TKI resistance in cancer include 

compensatory pathways that involve RTK such as HER3, c-MET (hepatocyte growth factor 

receptor) and AXL and DNA repair pathways [483,487,639]. Our individual EGFRi and DOX, as 

well as combinations of drug treatments, demonstrated significant downregulation of the EGFR 

gene in both MCF-7 and MDA-MB-231 TNBC breast carcinoma cells (presented in Chapter 6). 

Our findings suggest that the combinatorial use of the EGFRi with DOX and CDDP has the 

potential as a therapeutic treatment strategy to enhance the level of growth inhibition and reverse 

the MDR phenotype in many cancers.  
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CHAPTER 6 

RESULTS AND DISCUSSION OF RT-QPCR GENE EXPRESSION 
ANALYSIS OF EGFR AND ABCB1  

6.1 Introduction 

This chapter covers the gene expression profiles of ABCB1 and EGFR that encode 

for the expression of P-gp and EGFR, respectively, as assessed using Real-Time 

qPCR (Chapter 2, Section 2.9) following 48h treatment of MCF-7 and MDA-MB-231 

TNBC breast carcinoma cells with a series of single and pairwise equimolar drug 

combinations, as indicated.  

6.2 RT-qPCR EGFR and ABCB1 Gene Expression Analysis 

Primer sequences for the two target genes, i.e., EGFR1 and ABCB1 (P-gp) and the 

five housekeeping (reference) genes are shown in Table 6.1. The reference genes 

selected were reported to be optimal for normalization in breast tumor and normal 

tissues [640]. All qPCR assays revealed amplification of a single amplicon as shown 

by single melting temperature peaks on melting curves (Figure 6.1 and Figure 6.2) 

and single PCR products of expected size on agarose gels (Figure 6.3).  

No non-specific primer dimer binding was detected which illustrates the high specificity 

of the primer pairs. The 125 bp and 105 bp primers yielded efficiencies within the 

normal range for the EGFR and ABCB1 genes, respectively. These primer sets were 

selected for the subsequent expression analysis. Expression of EGFR could be 

detected in both MCF-7 and MDA-MB-231 breast cancer cell samples with Ct (cycle 

threshold) values within the dynamic range of the standard curve (Figure 6.3). 
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Table 6.1: Primer sequences for the two target genes and the five 

housekeeping (reference) genes 

Gene Symbol Primer Name Primer Sequence (5’    3’) Amplicon Size Sources 

ABCB1 abcb1F1 

abcb1R1 

abcb1F2 

abcb1R2 

TTG CTG CTT ACA TTC AGG TTT CA 

AGC CTA TCT CCT GTC GCA TTA 

GCC TGG CAG CTG GAA GAC AAA TAC 

ATG GCC AAA ATC ACA AGG GTT AGC 

105 bp 

 

253 bp 

[641] 

 

[642] 

EGFR1 egfrF1 

egfrR1 

egfrF2 

egfrR2 

TCC CTC AGC CAC CCA TAT GTA C 

GTC TCG GGC CAT TTT GGA GAA TTC 

ATA GTC GCC CAA AGT TCC GTG AGT 

ACC ACG TCG TCC ATG TCT TCT TCA 

125 bp 

 

166 bp 

[643] 

 

[644] 

18S rRNA 18SrRNA-F 

18SrRNA-R 

GGA TGT AAA GGA TGG AAA ATA CA 

TCC AGG TCT TCA CGG AGC TTG TT 

72 bp [640] 

ACTB ACTBF 

ACTBR 

TGA CGT GGA CAT CCG CAA AG 

CTG GAA GGT GGA CAG CGA GG 

205 bp [640] 

GADPH GAPDH-F 

GAPDH-R 

GAC AGT CAG CCG CAT CTT CT 

TTA AAA GCA GCC CTG GTG AC 

127 bp [640] 

HPRT1 HPRT1F 

HPRT1R 

GAC CAG TCA ACA GGG GAC AT 

CCT GAC CAA GGA AAG CAA AG 

132 bp [640] 

HSPCB HSPCBF 

HSPCBR 

TCT GGG TAT CGG AAA GCA AGC C 

GTG CAC TTC CTC AGG CAT CTT G 

80 bp [645] 

ABCB1: P-glycoprotein (MDR1); EGFR1: Epidermal growth factor receptor-1; ACTB: ß-actin; GADPH: 
Glyceraldehyde 3 phosphate dehydrogenase 1; HPRT1: Hypoxanthine phosphoribosyl-transferase 1; HSPCB: Heat 
shock protein 90 family 

 

6.3 Effects of EGFRi, DOX and CDDP on the Expression of EGFR in 
MCF-7 and MDA-MB-231 TNBC Breast Carcinoma Cells 

EGFRi and DOX were the most effective of the three single drugs (p<0.001) in 

downregulating EGFR gene expression, in both MCF-7 (Figure 6.4, top panel) and 

MDA-MB-231 TNBC ( Figure 6.4, bottom panel) breast carcinoma cells. CDDP did not 

perturb EGFR expression in MCF-7 breast carcinoma cells, but significantly 

decreased the RTK’s expression in MDA-MB-231 TNBC cells. 
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Figure 6.1: Melt curves of qPCR assays for EGFR1, HSPCB, ABCB1 and ACTB.  Single peaks on the melt curve analysis for the target and 

reference genes, indicate a single amplicon in each assay. The single melting curve describe the specificity of each primer pair.  
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Figure 6.2: Melt curves of qPCR assays for ABCB2, GAPDH and HPRT1.  Single peaks on the melt curve analysis for the target and reference 

genes, indicate a single amplicon in each assay. The single melting curve describe the specificity of each primer pair (continued). 
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Figure 6.3: The various qPCR assays in 4% agarose gels confirms the 

presence of a single fragment of the expected size.  Lane M: molecular weight 

marker (sizes are shown on the left); Lane 1: ABCB1 (105 bp); Lane 2: ABCB1 

(253 bp); Lane 3: EGFR1 (125 bp); Lane 4: EGFR1 (166 bp); Lane 5: 18S 

rRNA (72 bp); Lane 6: ACTB (205 bp); Lane 7: GAPDH (127 bp); Lane 8: 

HPRT1 (132 bp) and Lane 9: HSPCB (80 bp). 

Except for the DOX + CDDP combination at 0.1 µM in MDA-MB-231 TNBC cells, the 

expression of EGFR was significantly (p<0.001 in all cases,) downregulated by 1:1 

concentration ratiometric combinations of EGFRi + DOX, EGFRi + CDDP and DOX + 

CDDP in both MCF-7 and MDA-MB-231 TNBC breast carcinoma cells (Figure 6.5). 

These findings correlate with the level of growth inhibition for different cell lines, 

described in Chapter 3.  

6.3 Discussion 

In MCF-7 and MDA-MB-231 TNBC breast carcinoma cells, the combinations of EGFRi 

+ DOX and DOX + CDDP had the most profound effects in downregulating the 

expression of the EGFR gene, in both cell lines. EGFRi in combination with DOX offers 

a better option to be used as therapeutic choice, considering the side effects 

associated with DOX [524,528,530-532] and CDDP [615].  
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Figure 6.4: Effects of 48h single-agent EGFRi, DOX and CDDP treatments on the expression levels of the EGFR gene in MCF-7 (top panel) 

and MDA-MB-231 TNBC (bottom panel) breast carcinoma cells. All data are representative of at least three independent experiments and are 

presented as means ± SEM (n=3) for cells treated with single agent drugs as indicated. One-way ANOVA analysis was also used to determine 

significant differences among treatments compared with their respective untreated controls), followed by a Dunnett’s post hoc test to compare 

all pairs of data sets. Data were considered statistically significant when p<0.05.
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Figure 6.5: Effects of 48h pairwise EGFRi, DOX and CDDP treatments on the expression levels of the EGFR gene in MCF-7 (top panel) and 

MDA-MB-231 TNBC (bottom panel) breast carcinoma cells. All data are representative of at least three independent experiments and are 

presented as means ± SEM (n=3) for cells treated with single agent drugs as indicated. One-way ANOVA analysis was also used to determine 

significant differences among treatments compared with their respective untreated controls), followed by a Dunnett’s post hoc test to compare 

all pairs of data sets. Data were considered statistically significant when p<0.05. 
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The expression of the ABCB1 gene, however, was either undetectable in diluted 

samples of both MCF-7 and MDA-MB-231 TNBC breast carcinoma cells, or resulted 

in Ct values > 35 which was outside of the dynamic range of the qPCR assay, even 

after cDNA pre-amplification was employed to assist with the insufficient number of 

copies of ABCB1 gene expression. Furthermore, the use of higher concentrations of 

sample had no response. In the majority of samples, no expression of the ABCB1 

gene was observed and, if there was any, there was a huge variation within replicates 

of the same experiment. These observations suggest that the ABCB1 gene might be 

expressed at undetectable levels within these cells.  

However, transcription factors such as CEBPb have been shown to play a role in the 

activation or repression of the endogenous, chromosomally embedded ABCB1 

(MDR1, P-gp) gene in MCF-7 breast cancer cell lines [646]. In both MCF-7 and MDA-

MB-231 TNBC breast cancer cells, enhanced intracellular calcium mobilized from 

endoplasmic reticulum stores led to hypertonic stress which induced P-gp expression-

mediated paclitaxel drug resistance in these breast cancer cells [647]. Likewise, 

elevated ROS, i.e., oxidative stress, was found to be the underlying mechanism 

contributing to P-gp overexpression induced by DOX in MCF-7 breast carcinoma cells 

[648].  

It is therefore likely that in our system, ABCB1 expression in MCF-7 and MDA-MB-

231 TNBC breast carcinoma cells would have been detected had we sustained the 

selection pressure of the cytotoxic agents for longer than 48h. Also, low or non-P-gp 

expressing drug-sensitive MCF-7 breast carcinoma cells can become resistant by an 

additional mechanism involving a non-genomic acquisition of functional P-

glycoproteins transmitted by donor cells in the medium [649,650]. Furthermore, 

several studies have correlated the clinical impact of ABCB1 polymorphisms in breast 
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cancer treatment outcomes such as therapeutic response, chemotoxicity, and overall 

survival [424,651,652]. Therefore, evaluation of the effects of ABCB1 polymorphisms 

on the outcome of breast cancer treatment is an important paradigm for tailoring 

individualized anticancer therapy. 
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CHAPTER 7 

FINAL PERSPECTIVES 

7.1 Introduction 

According to GLOBOCAN estimates of incidence and mortality worldwide for 36 

cancers in 185 countries, an estimated 2.1 million women were newly diagnosed with 

breast cancer (BC) in 2018 [78,80]. BC is also the leading cause of cancer in sub-

Saharan Africa [83,653]. BC can be described as a highly heterogeneous group of 

diseases in terms of histology and clinical behavior and can be classified into 3 basic 

types based on their immunohistochemical properties (hormone status). They are 

HR+, human epidermal growth factor receptor 2 positive (HER2+), and triple-negative 

breast cancers (TNBC) [146]. HR+-positive BCs are estrogen receptor (ER) and 

progesterone receptor (PR) positive. Approximately 85% of all breast cancers are 

HR+.  

TNBC, a subtype of BC, comprises 10–15% of all BCs and is distinguished by the 

absence of ER, PR, as well as HER2 [32,200]. TNBC is correlated with extreme 

aggressiveness and poor prognosis and remains the most difficult BC subtype to treat, 

presumably because it lacks effective endocrine therapy and molecular targeted 

therapy compared to other BC subtypes [111,147,654]. The major global challenge in 

BC continues to be the search for new therapeutic modalities and personalized 

medicines to cover the enormous spectrum of genetic signatures and hallmarks that 

present obstacles to BC prevention and eradication [113]. This chapter will briefly 

explore the significance of the study findings and prospects for further research.
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7.2 Context and Significance of the Research 

In this study, we have used two BC cell lines, the ER+ MCF-7 breast carcinoma cell 

line [589-592] and the TNBC MDA-MB-231 cell line [593-596]. The MCF-7 cell line is 

named after the Michigan Cancer Foundation and represents Herbert D. Soule’s 7th 

attempt to establish a cell line from a patient who underwent a mastectomy for an 

adenocarcinoma in her left breast [655]. Despite some limitations, the MCF-7 cell line 

expresses significant levels of ER and serves as a model of many invasive human 

breast cancers [589,590,656,657].  

Likewise, the MDA-MB-231 TNBC cell line was established from a pleural effusion 

obtained from a 51-year-old woman who had had a right radical mastectomy in 

January 1969 for a poorly differentiated tumor tending toward papillary configuration 

and tubule formation. This patient also had an intraductal carcinoma. A pericardial 

effusion and a left pleural effusion appeared in June and July 1973, respectively, and 

both contained malignant cells compatible with a primary tumor of the breast [593]. 

Therefore, these prototype cell lines provide contextual relevance in researching 

breast cancer pathology and drug development [597].  

Breast cancer is a multifaceted disease, with heterogeneous biological tumor 

subtypes and disparate responses to modern first-line treatment options which still 

overshadow the progress made in our understanding and practice to prevent and 

improve survival outcomes [82,123,147,150,152,196,210,238]. In recent years, a new 

paradigm in cancer treatment known as “adaptive therapy” has been advanced to 

maintain a controllable stable tumor burden by allowing a significant population of 

treatment-sensitive cells to survive [368]. Adaptive therapy is based on the tenet of 

competitive interactions between drug-sensitive and drug-resistant subclones [658-

660].  
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In accordance with the hallmarks of cancer reviewed in Chapter 1 (Section A.1), tumor 

cell resistance may confer some fitness costs due to increased rates of DNA repair or 

other costly metabolic activities (e.g., ATP hydrolysis) required by ABC transporters 

to pump toxic drugs across cell membranes (Chapter 1, Section B.1) [329]. Cancer 

cell resistance mechanisms, whether mitigation, detoxification, or re-routing metabolic 

pathways, divert finite resources that would otherwise be available for normal cell 

proliferation or other avenues for cell survival and homeostasis [368,661]. Such 

evolutionary cancer modeling of adaptive therapies have been piloted and are 

currently being evaluated in several clinical trials for EGFR-mutant NSCLC [662,663], 

metastatic castrate-resistant prostate cancer [664] and metastatic breast cancer 

(MBC) [241,665]. 

Notwithstanding, the high initial efficacy of targeted therapies ultimately fail in 

advanced stage tumors that have developed resistance resulting in relapse. Our 

understanding of how resistance evolves pales in comparison to the substantial 

corpus of research on the molecular mechanisms of resistance (Chapter 1, Section 

B). In NSCLC, e.g., resistance can originate from heterogeneous, weakly resistant 

subpopulations of cells with variable sensitivity to different ALK inhibitors (recall that 

ALK is also a member of the receptor tyrosine kinase (RTK) family, as is EGFR; cf. 

Chapter 1, Section C).  

Resistance to TKIs, or ALK inhibitors in this case, involves gradual, multifactorial 

adaptation to the inhibitors via acquisition of multiple cooperating genetic and 

epigenetic modifications. Such adaptation of tumor cells might present unique, 

temporally restricted collateral sensitivities, absent in therapy naïve or fully resistant 

cells, implying the potential for new therapeutic interventions, directed against 

evolving resistance [241,658-660,662-666].  
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Cancer cells upregulate P-gp expression as an adaptive response to evade 

chemotherapy-mediated cytotoxic onslaught or cell death [552]. While several P-gp 

inhibitors have been described, very few have successfully passed all phases of 

clinical trials. Studies show that application of P-gp inhibitors in cancer therapy 

regimens following development of MDR achieved limited beneficial outcomes. 

Moreover, the non-specific substrate binding of certain compounds to P-gp has made 

the drug-design landscape a major challenge [392,413,534,552,628,667-670]. 

The epidermal growth factor receptor (EGFR) is a member of the ERBB family of RTKs 

that plays pivotal roles in tumor cell survival and proliferation [452,487,490,507]. Since 

EGFR is frequently overexpressed in TNBC (>50%), it is a recognized biomarker and 

therapeutic target in breast cancer [162,200,671-674]. The ABC transporters are 

important mediators of the general ADME-Tox (absorption, distribution, metabolism, 

excretion, toxicity) properties of small molecule TKIs, as well as key regulators of 

resistance against targeted anticancer therapeutics [431,432,454,483,509-516]. 

ABCG2 and ABCB1 bind avidly to TKIs such as imatinib, nilotinib and dasatinib, thus 

modulating resistance to TKIs which stimulate ATP degradation and drug efflux 

[516,517].  

Thus, combined MDR-ABC transporter and TKI effect targeting offers a major 

advantage in future drug development programs [414,675,676]. Combination therapy 

is central to modern medicine and provides the basis for selection of drug treatment 

of cancer [290,323,677]. In TNBC, an aggressive type of BC representing 15% of BC 

with limited treatment options [678], e.g., high throughput screening (HTS) of TNBC 

cell lines uncovered that overexpression of the MYCN oncogene was associated with 

increased sensitivity to BET inhibitors. The combination of BET and MEK inhibitors 

synergistically decreased tumor cell viability in MYCN-expressing TNBC cells and 
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patient-derived xenograft models [666,679]. This corroborates the proof-of-concept 

that carefully selected combination of therapeutic interventions affords patients with 

the prospect of maximum benefit from therapy while minimizing or eliminating 

recurrence, resistance and toxic adverse effects, as well as ensuring that patients 

enjoy a good quality of life [352]. 

Quantitative models of drug–drug interactions are also indispensable for judiciously 

navigating drug combination discovery and translation in the treatment of complex, 

multifactorial diseases [350,561]. Multiagent therapies, due to their ability to delay or 

overcome resistance or induce collateral sensitivity (Section A.4.6.1), are a hallmark 

of treatment in multiple myeloma (MM). The expanding number of therapeutic options 

in MM requires high-throughput combination screening tools to better allocate 

treatment, and facilitate personalized therapy [680]. Several drug-combination 

analysis websites and data portals have recently been introduced to mine huge 

amounts of pharmacological data with the aim of improving current combination 

chemotherapy strategies [348,561,582,584,588,677,681-687]. 

Clearly, the approach used in this study encompassed all the above elements for a 

guided translational approach to combining conventional anticancer drugs with TKIs 

for more efficacious treatment regimens that will minimize adverse events, overcome 

drug resistance and render useful future clinical paradigms. The research also offers 

new vistas for additional studies, including analysis of various drug combinations in 

relation to other ABC transporters, e.g., ABCG2 [688], and other members of the 

EGFR family commonly overexpressed in breast tumors, viz., ERBB2 (HER2), ERBB3 

(HER3) and ERBB4 (HER4) (Section C.2). The results reported in this thesis will be 

published in accredited peer-reviewed journals. 
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