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Executive summary 

Therapeutic inefficacy of conventional cancer treatment is a particular dilemma 

associated with metastatic triple negative breast cancer (TNBC), with patients still 

facing poor prognosis. The design and development of novel anticancer agents 

specifically targeted to cancer-associated pathways is of therapeutic interest. The 

rationale is twofold: firstly, targeted therapy overcomes widespread toxicity and 

adverse effects of conventional chemotherapy due to the selectivity of the treatment 

modality. Secondly, synergistic combinations of different classes of highly targeted 

therapies could hold therapeutic promise to overcome resistance by simultaneously 

circumventing multiple cancer hallmarks. This study evaluates the in vitro 

antiproliferative activity of six compounds using breast cancer cell lines as 

experimental model. Five of these compounds are novel, agents designed in silico to 

selectively target cancer hallmarks via inhibition of specific cancer-associated 

proteins. The compounds include an antimitotic (STX1972), three variants of 

bromodomain 4 (BRD4) inhibitors (Bzt-W41, Bzt-W49 and Bzt-W52), an inhibitor of 

both sirtuin (SIRT) 1 and 2 (W137) and an inhibitor of janus kinases 1 and 2 

(Ruxolitinib). The synergism between paired combinations was also explored.   

 
Two breast cancer cell lines, MDA-MB-231 and MCF-7 were used as experimental 

models. The MDA-MB-231 cell line is oestrogen receptor (ER), progesterone receptor 

(PR) and human epidermal growth factor receptor 2 (HER2) negative and is therefore 

commonly used to model triple negative breast cancer with invasive and metastatic 

properties. MCF-7 cells are ER and PR positive and represent the hormone-

dependent breast cancer model. The endothelial EA.hy926 cell line was used to 

represent non-cancerous cells. A crystal violet assay was used to determine the half 

maximal inhibitory concentration (IC50) of the six compounds on the tested cell lines 

after 48 h exposure. Drug combination studies based on the Chou-Talalay method of 

paired drug combinations were performed. Effects of treatment on cell morphology 

was assessed by means of confocal-microscopy. Flow cytometry was used to study 

the effects on cell cycle progression, apoptosis, autophagy/lysosomal activity, reactive 

oxygen species (ROS) production, changes in mitochondrial membrane potential 

(ΔΨm) and the serine 70 phosphorylation status of Bcl-2. Real-time quantitative PCR 

was used to analyse the effects of the compounds on the mRNA expression levels of 
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p53, c-myc and bcl-2. Quantitative protein expression of c-MYC was analysed by 

means of enzyme-linked immunosorbent assay.    

In vitro screening for antiproliferative activity revealed that the compounds showed 

cancer-selective cytotoxic effects when compared to the EA.hy926 control cell line. 

The initial screening identified three compounds for further investigative inclusion, 

namely the antimitotic (STX1972), the BRD4i (Bzt-W41) and the SIRTi (W137). 

STX1972 was found to inhibit cell growth in the nanomolar concentration range, whilst 

the rest of the compounds showed growth inhibition in micromolar concentration 

ranges.  Bzt-W41 showed significant preferential selectivity for the TNBC MDA-MB-

231 cell line versus the hormone-dependent MCF-7 cell line, while STX1972 and 

W137 exhibited only slight differential selectivity. Two combinations (STX + Bzt-W41 

and Bzt-W41 + W137) exhibited synergism, whilst the STX + W137 combination 

exhibited antagonistic interaction. Cell cycle and apoptosis analysis revealed that 

STX1972 and Bzt-W41, alone and in combination, selectively induced cell cycle arrest 

and apoptosis in cancer cells. However, the W137 +Bzt-W137 combination did not 

show preferential targeting of breast cancer cell lines, with apoptosis induced equally 

or even more so in the control EA.hy926 cell line. STX1972 and Bzt-W41, as well as 

their paired combination, was further probed in aim of deciphering their individual and 

combined mode of action.   

STX1972, Bzt-W41 as well as the paired combination proved to selectively inhibit 

cancer targets resulting in several molecular changes, leading to downstream pathway 

activation which culminates in both apoptotic and autophagy-related cellular demise. 

The study contributed towards deducing possible hypotheses regarding the 

mechanistic behaviours of the individual compounds and elucidated their combined 

effect during dual treatment. Results warrant future studies to further probe the 

intricate interaction of pathways involved in the synergistic combination of antimitotics 

and epigenetic regulators as a novel anticancer therapeutic modality.    

Keywords: breast cancer, antimitotic, bromodomain inhibitors, sirtuin inhibitors, 

combination index, apoptosis, autophagy, c-myc, bcl-2     
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Chapter 1: Introduction 

1.1 Background 

Cancer remains one of the most devastating global epidemics to face humankind and 

is accountable for 15% of the annual worldwide mortality rate 1. This number is on the 

rise with cancer incidence estimations projecting a 70% increase in the number of 

newly diagnosed cases by the year 2030 1-2. Breast cancer ranks as the second most 

common cancer world-wide and the fifth cancer-caused death globally 1,3. Among 

female populations in less developed regions breast cancer is the primary cause of 

cancer death and statistics forecast the cancer burden to rise disproportionately in the 

developing world 1. According to the World Health Organization’s cancer country 

profiles, breast cancer has the highest incidence rate and is the second highest cause 

of cancer-related mortality among South African women 4.  

 

Unfortunately, the existing and projected data on cancer incidence and mortality 

underpin the gloomy reality that a solution to overcome this prodigious disease is not 

yet imminent. Therefore, an attempt to mitigate the growing cancer endemic calls for 

novel research to pioneer innovative cancer treatment strategies.  

 

Knowledge gained from decades of cancer research steered the discovery of the 

various cancer treatment approaches available today, which include: chemotherapy 5, 

radiation therapy 6, surgery 7, hyperthermia 8,  immunotherapy 9, stem cell transplants 

10, photodynamic therapy 11, laser therapy 12, hormone therapy and targeted therapy 

13.  In some cases these oncology treatments are prescribed in isolation but often 

combinations are used as adjunctive therapy, depending on the patient’s cancer type 

and stage 13.  Each treatment option presents valid arguments for its practise but not 

without accompanying pitfalls, among which are resistance, specificity, recurrence and 

a plethora of side effects. Common side effects of cancer therapeutics include 

anaemia, thrombocytopenia, alopecia, infection and neutropenia, lymphedema and 

peripheral neuropathy 13. 

 

Conventional cancer treatments have not proven effective in the eradication of cancer, 

in fact, evidence suggests that many of the cancer therapies augment cancerous cell 
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adaptation and insensitivity to drugs and could play a causal role in cancer recurrence 

and reduced patient survival 14-15. Treatment induced drug resistance causes 

therapeutic inefficacy in more than 90% of metastatic cancer cases 16.  Numerous 

molecular mechanisms contribute to the evolution of chemoresistant subclones, these 

include: decreased drug influx through altered expression or mutation of membrane 

transporters causing reduced cellular uptake of drugs 17-19; increased drug efflux via 

overexpression of active transporters 20; drug inactivation or degradation 21; 

transformed anticancer drug targets through oncogenic mutation and/or altered 

expression levels 16; and increased DNA repair capacity subsequent to drug-induced 

damage 22. 

 

The current breast cancer treatment selection process relies largely on the type of 

breast cancer diagnosed. This is because breast cancer is not simply a single disease, 

but rather a complex heterogeneous malignancy which is divisible into numerous 

subtypes. Breast cancer subtypes are based on several clinical and histological 

features including the site of tumour origin (ductal, lobular or other), nodal involvement, 

the extent of spread (in situ, invasive or metastatic), as well as tumour type 

(inflammatory or distinct), grade, stage and size 23-26. However, inter-tumour 

phenotypic variation is paralleled by pervasive differences in gene expression patterns 

27. Systematic investigation of the genetic diversity amongst tumours, or gene 

expression profiling techniques, has provided a means to distinguish breast cancer 

subsets based on their distinct molecular portraits 23,28-30. Molecular taxonomy is based 

on biological characteristics such as oestrogen receptor status (ER-/ER+), 

progesterone receptor status (PR+/PR-) and human epidermal growth factor receptor-

2 expression (HER2+/HER2-) 23,31-33. The prognostic value gained from inter-tumour 

molecular profiling dwarfs that of histopathalogical parameters and provides more 

relevant insight to the most beneficial subtype-based neoadjuvant or adjuvant 

treatment selection 13,28,30.  

 

Despite advances in molecular characterization and successively improved guidelines 

for therapeutic recommendations, prognosis of several breast cancer subtypes 

remains poor. In South Africa the death rate for HER2-enriched tumours is 2.5 fold 

higher compared to oestrogen receptor (ER) and progesterone (PR) positive, and 

HER2 negative (ER+/PR+/HER-) tumours 34. Death rates are 3-fold higher for breast 
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cancers with the triple negative phenotype (ER-/PR-/HER2-) compared to 

ER+/PR+/HER- tumours 34. Triple negative breast cancers (TNBC) are considered to 

have a particularly pessimistic prognosis due to insensitivity to hormonal therapy, 

increased recurrence probability and decreased survival rates 23,35-36. Chemotherapy 

remains the primary systematic treatment for TNBCs but the lack of targeted therapies 

contributes to the poor outcome of this disease and new therapeutic options for this 

disease continues to be developed 37.  

 

To the opposite end, there are occurrences where breast cancer subsets with more 

favourable prognoses have been found to respond unpredictably, or not at all, despite 

appropriate therapeutic modality 38. Variation in the clinical outcome of breast cancer 

patients treated with trastuzumab 39, tamoxifen 40 and taxane-based therapies 41 

epitomizes the predicament. Manifestations such as these can be explained by the 

intercellular genetic and phenotypic diversity found within a tumour 42. Intratumour 

heterogeneity is triggered by genomic instability which fosters an increased mutation 

rate and the differential evolution of tumour subpopulations 42-43. Subclonal morphing 

varies during the progressively malignant stages of cancer and is thought to be 

augmented by cancer therapy, thereby facilitating therapeutic resistance, propagating 

tumour progression and debilitating patient outcome 42,44-45.  

 

Intertumour and intratumour architectural complexities contextualize the therapeutic 

challenge posed by this vexatious disease and provide reasoning behind paradoxical 

tumour behaviour in response to customary treatments. Therefore, cancer 

heterogeneity embodies the onslaught of impending anticancer drug research. 

Currently, much of the research focusses on the development of precision medicines 

which are designed to selectively target the molecular defects of tumour cells 13.  

 

The concept of synthesising molecular compounds with precise targets was 

introduced more than a century ago by German scientist and Nobel laureate Paul 

Ehrlich 14,46-47. His ‘magic bullet’ theory pioneered the evolution of therapeutic 

pharmacology and revolutionized contemporary drug design approaches 46-47. The 

cornerstone of this theory is the deliberate engineering of chemical structures based 

on their pharmacological selectivity towards the altered physiology of cancer cells, 

thus leaving normal cells unaffected.  Hence, the intention to develop rationally 
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designed molecularly targeted drugs with promising outcomes first requires critical 

understanding of the differences between malignant cells and normal cells.  

 

1.2 Normal cell biology: division and death  

Normal cell biology depends largely on the homeostatic regulation of cell growth, 

division and death, and disruptions in the control mechanisms of these pathways have 

been implicated in neoplastic progression. Therefore, exploring the molecular basis of 

these cellular processes validates the rationale behind many targeted cancer 

therapies.      

 

1.2.1 Cell cycle  

The cell cycle is a ubiquitous physiological process which entails a highly regulated 

series of events culminating in the production of two daughter cells, each containing 

genetic material identical to that of the parent cell. The cyclic pattern of DNA 

duplication and cell division can be categorized into four distinct phases: S phase 

(synthesis phase), M phase (mitosis) and two Gap phases (G1 and G2) as illustrated 

in Figure 1.1 48. The G1, S and G2 phase are collectively referred to as interphase and 

describe the non-dividing stage of the cell cycle. Upon mitogenic signalling cells enter 

the first gap phase (G1) which marks the onset of cell growth, chromosomal 

preparation for replication and duplication of cellular components 49. As cells transition 

into the S phase chromosomal DNA is duplicated from a normal diploid (2N) to a 

tetraploid (4N) state. Tetraploid cells enter the second gap phase (G2) where DNA 

integrity is checked and cells prepare for division and entry into mitosis 49. Mitosis is 

divided into four subphases that take place in the following order: prophase, 

metaphase, anaphase, and telophase. Finally, at completion of the M phase, following 

cytokinesis, two identical diploid daughter cells are born. Daughter cells may be 

signalled to re-enter the cell cycle for repeated division or may exit the cell cycle. 

Metabolically active cells which are not in the process of replicating exit the cell cycle 

and enter a non-dividing state of quiescence (G0) 50. Precise and successive 

progression through each of the phases is pragmatically orchestrated by multiple 

regulatory proteins and is central to normal growth and development.    
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1.2.1.1 Cell cycle regulation and checkpoints 

 

Cell cycle regulation 

The cell cycle is regulated by an elaborate, multi-layered homeostatic control 

mechanism. Chronologic progression to the next phase is irreversible and dependent 

on successful completion of the previous 51. Central to cell cycle control are the cyclins 

and cyclin-dependent kinases (CDKs) 52. As implied by their name, CDKs are 

dependent on association with their cognate regulatory cyclin proteins for activation 

52. The four classes of cyclins (cyclin D, E, A, and B) are expressed in oscillations 

throughout the cell cycle and are defined by the phase of the cell cycle in which they 

bind to their CDK (Figure 1.1) 53. During G1 the D-type cyclins associate with CDK4 

and CDK6, preparing the cell for S-phase and aiding in the progression through the 

G1-S checkpoint 53. Cyclin E binds to CDK2 at the end of G1 and commits the cell to 

DNA replication while cyclin A-CDK2 mediates S phase progression 53. G2 transition 

is facilitated by cyclin A-CDK1 and M phase entry and mitotic events require cyclin B-

CDK1 interaction 53.   

 

 

Figure 1.1: Overview of the cell cycle phases and phase specific CDK-cyclin interaction 
required for progression 53.  
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Phase-specific expression, degradation, activation and inhibition of the cyclin-CDK 

complexes is controlled by various up- and downstream regulators. In terms of 

quantitative control, the number of circulating cyclins and CDKs depends on an 

interplay between transcriptional activation and/or repression and proteolysis via 

ubiquitylation. Protein synthesis is regulated by E2F transcription factors (E2Fs 1-8) 

and the retinoblastoma (RB) pocket protein family (pRB, p107, and p130) 54. 

Transcriptional activation occurs when pRB is phosphorylated and inactivated allowing 

dissociation from E2F1-3a; and transcription is actively repressed when p107 and 

p130 associate with E2F4-5 54. Ordered cell cycle transition is also subject to timely 

ubiquitin-dependent degradation of cell cycle regulators by two multicomponent E3 

ubiquitin ligases 55.  The SKP1-CUL1-F-box-protein (SCF) is a cullin-based ligase 

which is active during late G1 to early M phase and the anaphase-promoting 

complex/cyclosome (APC/C) is active during mid M phase to the end of G1, warranting 

phase-specific cyclin fluctuation 55-56.  Additional positive and negative mediators add 

to the intricacy of the regulatory biology of cell cycle progression. CDK activity is 

modulated by CDK-activating kinases (CAKs) and phosphatases (Cdc25A,B,C) 

through a series of phosphate transfer actions ultimately ensuring the required 

phosphorylation status for cyclin-CDK complex stabilization 57. To the opposite end, 

CDK activity is antagonized by two main classes of endogenous CDK inhibitors: INK4 

and CIP/KIP 53,57. Both groups of inhibitory peptides retard cell cycle transition when 

deleterious to the cell 53. 

 

Cell cycle checkpoints 

Checkpoints are, as the name implies, points of surveillance in the cell division cycle. 

At a checkpoint cellular conditions are examined and transition of a cell to the next 

phase is either granted or halted dependent on the successful completion of critical 

events 58. Regulation at internal checkpoints prevents proliferation of compromised 

cells and ensures high genomic fidelity 59. Checkpoint loss or disruption is implicated 

in tumorigenesis and malignancy 58. The three main checkpoints which regulate cell 

cycle progression are located near the end of G1 (G1/S checkpoint), at the G2/M 

transition (G2/M checkpoint), and at the transition from metaphase to anaphase 

(spindle assembly checkpoint) as illustrated in Figure 1.1 60. Each checkpoint monitors 

whether a specific set of prerequisites have been met before granting clearance for 
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transition to the successive phase. The G1/S checkpoint assesses external molecular 

signals, cell size, available nutrient reserves and DNA integrity, and prevents the cell 

from entering the S phase unless all conditions for cell division are favourable 60.  The 

G2/M checkpoint assesses chromosome replication completeness and checks that the 

replicated DNA is not damaged 60. If the prerequisites are not met, the cell is paused 

to allow for completion of DNA duplication or DNA repairs 60. Irreparable damage may 

prompt cells to self-destruct by means of programmed cell death, ensuring that DNA 

with compromised integrity is not carried over to daughter cells during mitosis 59-60. 

The spindle assembly checkpoint ensures equal separation of chromosomes during 

each cell division by delaying the segregation of sister chromatids until there is proper 

chromosome alignment and stable kinetochore to microtubule attachment 61.  

 

1.2.2 Cell death 

Cell death is an inevitable part of the cellular lifecycle but should not be mistaken as a 

spontaneous consequence thereof. Cells which are redundant, potentially harmful or  

suffer from unrecoverable perturbations are led to their demise via activation of a 

signal transduction pathway linked to a specific cell death modality 62. The 

Nomenclature Committee on Cell Death (NCDD) have defined a broad range of 

regulated cell death (RCD) subroutines based on molecular mechanisms 62. Since 

RCD relies on the activation of specific signalling pathways it infers that pharmacologic 

or genetic modulation of these molecular mechanisms is possible 63-64.  

     

1.2.2.1 Apoptosis 

Apoptosis is a highly regulated form of programmed cell death (PCD), which 

culminates in cellular self-destruction. Morphologically, apoptosis manifests with 

macroscopic alterations including cell shrinkage, nuclear condensation and 

fragmentation, membrane blebbing and the formation of apoptotic bodies  62. 

Apoptosis is a structured and orderly mechanism which is vital for homeostatic 

maintenance and pathological protection. Intrinsic and extrinsic apoptosis are two 

PCD subroutines distinguished by the initiation event involved and the signal 

transduction modules executing the cell death. Extrinsic apoptotic pathways are 

regulated via death receptor ligand binding and intrinsic apoptosis culminates in cell 

death via mitochondrial and endoplasmic reticulum regulated caspase activation.   
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Extrinsic apoptosis 

Extrinsic apoptosis is a death receptor-mediated RCD subroutine which is initiated by 

extracellular microenvironment insults 62,65. Receptors belong to the tumour necrosis 

factor gene super family and include CD95 (also called Fas, Apo1), tumour necrosis 

factor receptor-1 (TNFR-1, also known as p55, CD120a), Death receptor-3 (DR3, also 

called Apo3, TRAMP, LARD), Death receptor-4 and 5 (DR4, DR5, known as TRAIL-

r1, TRAIL-r2) 62,65.  Death receptor ligation results in the activation death domains, 

tumour necrosis factor receptor type 1-associated DEATH domain (TRADD) and Fas 

associated death domain (FADD) located on the intracellular tail of the receptor 62,65. 

FADD drives assembly of the death-inducing signalling complex (DISC) via death 

effector domain (DED)- dependent recruitment of procaspase 8, ultimately resulting in 

the multistep maturation of caspase 8 62,65. Activated caspase 8 is released from DISC 

and extrinsic apoptosis is driven by caspase 8-induced activation of effector caspases 

3 and 7 (Figure 1.2) 62,65.   

 

Intrinsic apoptosis  

The intrinsic apoptosis pathway is initiated by intracellular or extracellular factors 

including endoplasmic reticulum stress, DNA damage, and reactive oxygen species 

(ROS) overload 62. Intrinsic apoptosis is demarcated by irreversible mitochondrial 

outer membrane depolarization, committing the cell to death 62. The B-cell lymphoma-

2 (Bcl-2) protein family plays a central role in modulating mitochondrial membrane 

integrity via pro-apoptotic (Bax, Bak, Bok) and anti-apoptotic (Bcl-2, Bcl-w, Bcl-xL, Mcl-

2 and Bcl-A1) family members 65. Upon apoptotic stimuli Bax, Bak and Bok form 

homodimers in the outer cell membrane of the mitochondria, forming pores and 

resulting in mitochondrial membrane permeabilisation 65. Mitochondrial outer 

membrane permeabilisation is opposed by the pro-survival family members (Bcl-2, 

Bcl-w, Bcl-xL, Mcl-1 and Bcl-A1) by preventing oligomerization and inhibiting the 

formation of pores 62,65. A third class of Bcl-2 proteins, Bcl-2 homology (BH)3-only (BH-

3 proteins), include Bad, Bid, Bik/NBK, Bmf, Hrk/DP5, Noxa, Bim and PUMA/BBC3 as 

members 65. The BH-3 proteins indirectly promote apoptosis by inhibiting activity of 

the anti-apoptotic Bcl-2 proteins 65.  
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Mitochondrial outer membrane permeabilisation results in the release of apoptogenic 

molecules usually contained within the intermembrane space 65-66. Cytochrome c, 

mitochondrial EndoG nuclease and apoptosis inducing factor (AIF) are but three of the 

pro-apoptotic factors released, resulting in downstream activation of execution 

caspases 65. Upon release cytochrome c promotes the formation of an apoptosome 

by combining with apoptotic peptidase activating factor (Apaf-1) and procaspase 9 65. 

Addition of cytochrome c to the complex matures procaspase 9 to initiator capase 9, 

ultimately catalysing the activation of effector caspase 3 (Figure 1.2) 65.   

 

Activation of pro-apoptotic Bak and Bax proteins have also been implicated in 

endoplasmic reticulum (ER) stress signalling 62. Bak and Bax oligomers perforate ER 

membranes resulting in the cytosolic leak of Ca2+ ions 62,65. Increased extra-ER Ca2+ 

concentrations have been implicated in the activation of cell death pathways. 

Calcineurin activation by Ca2+ leads to subsequent Bid (BH-3 protein) activation 65. 

Furthermore, increased cytoplasmic Ca2+ upregulates DNA-damage-inducible 

transcript 3 (DDIT/CHOP) activity resulting in Bcl-2 inhibition, with pro-apoptotic 

consequences via mitochondrial pathways 65. Calcium ion (Ca2+ activated M-Calpain 

triggers Caspase 4 activity leading to endoplasmic reticulum stress-induced apoptosis 

via Caspase 7 execution (Figure 1.2) 65.    
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Figure 1.2: Cell stress-mediated signalling pathways culminating in activation of apoptosis via 
execution caspases.  Extrinsic apoptosis is initiated via death receptor ligand binding, 
propagated by caspase 8 and precipitated by executioner caspase 3. Intrinsic apoptosis is 
propagated via mitochondrial and endoplasmic reticulum regulated pathways triggering 
caspase 3 and 7 activation 65. 
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1.2.2.2 Oxidative stress and cell death  

Cellular perturbations caused by ROS overload lead to the programmed demise of the 

cell via mitochondrial and/or endoplasmic reticulum-regulated signalling modules as 

previously described. The stress-activated pathway is initiated by the oxidation of 

thioredoxin (Trx), allowing the binding of the apoptosis signal-regulating kinase 1-Trx 

(ASK1-Trx) complex to tumor necrosis factor receptor-associated factor 2 and 6 

(TRAF2 and 6), thereby resulting in an activated ASK-1 signalsome 65. The activated 

ASK-1 signalling complex initiates mitogen-activated protein kinase (MAPK) kinase 

pathways 65. MAPK kinase 4 and 7 (MKK 4 and 7)-c-Jun-N-terminal kinase (JNK) and 

MAPK kinase 3 and 6 (MKK3 and 6)-p38 MAPK signalling cascades have been 

implicated as important role-players in redox signalling 65.   Downstream activation of 

stress-activated protein kinases (SAPKs) JNK and p38, induce the expression of pro-

apoptotic genes c-jun, gene encoding for tumour suppressor protein 53 (p53), 

activating transcription factor 2 (ATF2) and transcription of BH-3 proteins, Bid and Bim 

(Figure 1.3); ultimately culminating in apoptotic cascade activation via mitochondrial 

and/or endoplasmic reticulum regulated pathways (Figure 1.2) 65. Normally, JNK-

related apoptotic signalling is inhibited by glutathione (GSH) and glutathione S-

transferases (GST) 65. However, increased pro-oxidant status and secondary 

glutathione disulfide (GSSG) formation leads to ROS-induced GSH inhibition and 

subsequent GST-JNK dissociation 65. 

 

Of note, intracellular ROS and activation of JNK and p38 does not exclusively 

culminate in apoptosis induction since transient stimulation of the SAPKs are 

paradoxically associated with pro-survival signalling (Figure 1.3) 67. Ultimately, cell fate 

is determined by the magnitude and duration of SAPK activation in response to the 

redox status perturbation 65,67. Cancer cells commonly exhibit an increased pro-

oxidant status, implying that they can be selectively targeted for ROS induced death 

by means of pharmacological intervention 68.     
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Figure 1.3: ROS signalling pathways. ROS results in activation of SAPKs implicated in both 
pro-apoptotic and pro-survival signalling. Cell fate is determined by the magnitude and 
duration of SAPK activation in response to the redox status perturbation 65. Adapted with 
permission. 
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1.2.2.3 Other mechanisms of cell death  

Autophagy 

Autophagy refers to a RCD modality which involves the lysosomal degradation of 

cellular proteins and organelles 65. The process of self-cannibalization plays a role in 

cytosolic component turnover, metabolic homeostasis, growth regulation and, in 

conditions of starvation, cell survival 65,69. Upon initiation, a multi-step process leads 

to the formation of autophagic vacuoles which degrade cytosolic components by 

lysosomal hydrolases 65. Products of the enzymatic degradation are recycled for 

cellular metabolism 65,69. Late stage autophagy manifests with morphological 

alterations such as the presence of multiple, large autophagic vacuoli and mild 

pyknosis 65.  

 

Mitotic catastrophe  

Mitotic catastrophe is a mode of cell death which occurs due to mitotic failure coupled 

with defective G2/M and spindle assembly checkpoints 70. By default, these 

unfavourable intracellular events usually result in activation of apoptotic signalling 

pathways. However, cells capable of evading apoptotic death proceed through the cell 

cycle resulting in incomplete mitosis and consequent aneuploidization 70. Mitotic 

catastrophe serves as the next line of defence in the control of aneuploid cells, thereby 

suppressing oncogenesis 70.  Mitotic death is a form of RCD which is driven by mitotic 

catastrophe, most often via intrinsic apoptosis 62.  

 

Necrosis 

Necrosis is an accidental cell death (ACD) modality. In striking contrast to PCD, ACD 

refers to the almost immediate and catastrophic demise of a cell as a direct result of 

the physical, chemical or mechanical insult they are exposed to 62. Cell structures are 

severely degenerated, normal cell physiology collapses, cellular contents are leaked 

and inflammatory pathways are activated 71.          
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1.3 Cancer cell biology and hallmarks of cancer 

Douglas Hanahan and Robert Weinberg have identified an underlying commonality in 

the complexity of cancer science 72-73. Amidst the intricacy of the disease, they 

proposed a simplistic framework for understanding cancer cell biology based on ten 

features, or so called hallmarks, which are generic to most cancer cells 72-73. In their 

initial review, Hanahan and Weinberg attempted to simplify the complex biology of 

cancer into six primary hallmarks: sustained proliferative signalling, insensitivity to 

growth suppressors, evading cell death, replicative immortality, sustained 

angiogenesis, and activation of invasion and metastasis (Figure 1.4) 73. A decade later, 

they published an updated review adding two emerging hallmarks: altered 

bioenergetics and avoiding immune destruction, as well as two enabling 

characteristics: genome instability and mutation, and tumour-promoting inflammation 

(Figure 1.5) 72.    This enumeration of traits has been identified as the set of enabling 

and acquired biological capabilities which embody cancer cell physiology 72-73. 

 

 

Figure 1.4: The Hallmarks of Cancer.  Six acquired capabilities of cancer cells as described 
in Hanahan and Weinberg’s initial review: the hallmarks of cancer 73. 
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Figure 1.5: Emerging Hallmarks and Enabling Characteristics. Four additional cancer-specific 
traits as suggested in Hanahan and Weinberg’s updating review 72. 

 

The first few essential features are variations of the same theme, that is, cancer cell’s 

independence from normal cellular controls. Since cancer is fundamentally a 

proliferative disease, the first and most obvious hallmark is the aberrant proliferation 

of cancer cells 73. Normal cells are generally quiescent and cell division is only 

stimulated in response to mitogenic signals, whereas cancer cells display sustained 

proliferative signalling independent of normal growth commands 72-73. The second 

distinguishing trait of tumour cells is their capacity to abrogate the multiple anti-growth 

signals which usually control normal cells in order to maintain tissue homeostasis 72-

73. The third hallmark is centred around the understanding that normal cells have 

adopted a strategy for programmed suicide so that if anomalous behaviour is apparent 

signals are evoked to induce cellular apoptosis 72-73. Tumour cells, however, have 

acquired the capability to limit, if not eliminate, the propensity for cell suicide either 

through over expression of survival signals or increased expression of anti-apoptotic 

signals 72-73. The fourth hallmark involves yet another checkpoint of continuous chronic 

proliferation which is the counting mechanism embedded in the telomeres of 

chromosomes 72-73. These protective caps shorten with every cell division essentially 

regulating cellular mortality 72-73. Cancer cells have the acquired ability to preserve 

telomere ends thereby gaining extensive replicative capacity and immortality 72-73.  
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The next two hallmarks go beyond the cancer cell to look at the tumour as an organ. 

Tumours, like normal organs, require vascularization and have consequently contrived 

mechanisms for sustained angiogenesis 72-73. Tumours also display the capability to 

invade across tissue beds and migrate long distances (metastasis) 72-73. Another 

common feature is the reprogramming of cellular energetics metabolism, which is 

necessary to support the rapid growth of cancer cells 72-73. Successful cancer 

development also requires the ability to circumvent the challenges erected by the 

immune system by avoiding detection or limiting immunologic killing 72-73. The final 

features, genomic instability and tumour-promoting inflammation, are considered 

enabling characteristics because they underpin and provoke many of the aforesaid 

hallmarks 72.       

 

The discovery of cancer stem cells adds to the myriad of cancer complexities. The 

cancer stem cell model alleges that this subpopulation of cells which display perpetual 

self-renewal and multilineage differentiation play a pivotal role in tumorigenesis, 

chemotherapeutic resistance, recurrence and metastasis 74-76. Although cancer stem 

cells and non-cancer stem cells are related by origin they exhibit consistently 

differential gene expression and molecular profiles and can be recognized by specific 

cell surface markers 77-78.   Intratumour dynamic equilibrium between these two 

subclones is regulated by stochastic transmutation of cancer cells into cancer stem 

cells, a process putatively mediated by the multifunctional cytokine interleukin-6 (IL-6) 

78-80.  

 

Inflammation drives the upregulation of IL-6 expression via activation of Nuclear factor 

kappa B (NF- κB), resulting in subsequent initiation of the janus activated kinase 

(JAK)/signal transducer and activator of transcription (STAT) pathway 78-79,81-82. 

However, IL-6 reinforces NF- κB activation thereby generating a positive feedback 

loop between the tumour microenvironment and tumour cells 77,80-81. Many 

conventional cancer therapeutics pronominally provoke inflammation, thereby inciting 

pro-inflammatory IL-6 signalling and subsequent expansion of the cancer stem cell 

population.  

 

Furthermore, differentiated cancer cells cause the inducible transformation of cancer 

stem cells via IL-6 secretion through the JAK1/STAT3/Oct 4 signal transduction 
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pathway 79.  This proposes that a subpopulation of non-cancer stem cells are 

intrinsically converted to cancer stem cells through Oct-4 gene overexpression 79. Oct-

4 forms part of the POU (Pit-Oct-Unc) - domain transcription factor family which has 

been found to enhance cancer stem cell-like properties in various cancers 83.  

 

1.4 Selectively targeting cancer-associated proteins 

Targeted therapy forms the foundation of next generation anticancer drug design. This 

approach differs from conventional chemotherapeutics in several ways. Firstly, 

targeted therapies are deliberately designed to interfere with distinct molecular targets 

associated with the acquired capabilities of cancer, thereby significantly reducing 

nonspecific toxicity caused by empirical approaches 72,84. Furthermore, most hallmark-

targeting therapies are cytostatic agents which subvert tumour cell proliferation and 

progression, whereas standard chemotherapies are cytotoxic drugs inducing cell 

death 13,84.  The following section elaborates on some of the cancer-associated 

proteins involved in the targeted hallmarks.  

 

1.4.1 Tubulin 

Selective targeting of cancer cells during the cell division process is still considered a 

relevant and amenable chemotherapeutic strategy 85-86. Mitosis marks the cell cycle 

phase during which chromosome separation and cell division takes place in order to 

produce genetically identical progeny 85. It is considered the most vulnerable phase 

during cell cycle progression and therefore serves as a critical intervention point in aim 

of perturbed cancer cell proliferation and induced cell death 85,87. Given the 

fundamental role of microtubules during mitosis it is no surprise that mitosis-selective 

anticancer strategies are centralized around disrupting normal microtubule dynamics 

85,87-88. The mechanism of action of antimitotic compounds involves interfering with 

microtubule dynamics resulting in cells blocked in metaphase followed by induction of 

apoptosis 89. Microtubules consist of alpha and beta tubulin heterodimer subunits 

which assemble to form a linear protofilament structure 88. Tubulin is therefore a 

suitable and strategic molecular target for anti-microtubular drugs. Microtubule-

targeted agents are designed to suppress and/or disrupt microtubule function, thereby 

inducing mitotic arrest and eventually leading to cell death 86,88.  
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Three major classes of tubulin-binding agents have been identified a) colchicine 

analogues, b) vinca alkaloids, and c) taxanes 90. These tubulin-targeted drugs are 

distinguished by their interaction with distinct binding sites in tubulin subunits 90. 

Colchicine analogues competitively bind to the colchicine binding domain close to the 

alpha/beta interface on tubulin subunits 90.  These agents are largely based on 

phenstatin and combretastatin molecules 86. Vinca alkaloids (vinblastine, vincristine, 

and vinorelbine) bind both at the end of the microtubule and along the length of the 

microtubule 88. Vinca-related drugs are often used in combination with other 

chemotherapeutic agents in the treatment of breast cancer 85. Both of these mitosis-

targeted drug classes cause microtubule destabilization and inhibition of tubulin 

polymerization, resulting in catastrophe 86,88.  

 

Taxanes such as paclitaxel, docetaxel, and nab-paclitaxel interact with hydrophobic 

binding pockets along the luminal side of beta tubulin subunits 88,90. Binding of these 

agents cause microtubule stabilization and stimulates microtubule polymerization, 

resulting in metaphase block and cell death 85,88. Although the taxane-related drug 

class has proven considerable anticancer therapeutic efficacy, there is evidence 

proposing evolved drug resistance linked to transformed beta tubulin subunits and/or 

mutated drug efflux transporters 85.  

 

Besides the mainstay of tubulin-binding drugs mentioned, several other classes of 

drugs also target microtubule dynamics including: destabilizing agents such as 

halichondrins, and eribulin; and microtubule stabilizing epothilones such as 

ixabepilone 88. Despite different mechanisms for microtubule disruption and different 

microtubule binding sites, all of the aforementioned drug classes are classified as 

antimitotic agents because of their ability to compromise mitotic activity in cells 88.  

 

To date, several oestrogen analogues have also been identified to exhibit antimitotic 

activity 91-94. Besides validated antiproliferative action the oestradiol derivatives also 

demonstrate antiangiogenic effects, culminating in multi-targeted anticancer activity 91-

92. One such compound is 2-methoxyestradiol (2ME2) 91.  This oestradiol analogue 

progressed to phase II of clinical trials for the treatment of various cancers, however 

the drug did not prove potent enough to induce the expected anticancer activity and 
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issues with toxicity and bioavailability stunted progression of the compound to further 

clinical testing stages 91-92.  Aryl O-sulfamate oestradiol antimitotics appear to have 

increased bioavailability and reduced toxicity whilst still eliciting dual anticancer activity 

against proliferation and angiogenesis 93-95.  

 

1.4.2 Carbonic anhydrase II (CAII) 

Carbonic anhydrase (CA) enzymes drive the reversible formation of bicarbonate from 

carbon dioxide and water 96. This family of zinc-dependant enzymes has been 

implicated in the favourable alteration of the cellular microenvironment to support 

tumour growth, invasion and metastasis 96. Given their role and over expression in 

human cancers, CAs have gained notable interest as potential therapeutic targets 96-

97.  

 

The CAII isoform is located in the cytosol of red blood cells and contains an active site 

which allows the reversible binding of many sulphonamide drugs 96. The dual binding 

of steroid sulphatase (STS) targeted drugs to CAII has elucidated the possibility that 

the oncosuppressive success of these inhibitors could partly be attributed to properties 

related to CAII inhibition, such as improved bioavailability 96,98-99. The discovery of 

CAII-binding sulfamate drugs has prompted further structure-based investigation and 

design of these dual inhibitors 100. Evidence reveals that simultaneous inhibition of 

cytosolic CAII leads to stabilization and enhanced delivery of STS-targeted drugs 100-

101.            

 

1.4.3 Carbonic anhydrase IX (CAIX) 

Carbonic anhydrase IX (CAIX) was the first CA isozyme to be prominently linked to 

cancer and was initially described as a tumour antigen 102. This tumour-associated 

enzyme is only expressed in a few normal tissues but exhibits ectopic hyperexpression 

in several cancers 102.  Transcriptional activation and differential overexpression is 

directed by the hypoxia-inducible factor (HIF-1) which is associated with hypoxic 

tumour conditions 102. Increased hypoxia also results in excessive lactic acid 

production via high glycolysis rates necessitated for energy generation via anaerobic 

respiration 102-103. Therefore, the characteristic acidification of the tumour environment 

is attributed to bioenergetic alterations as well as CAIX-induced carbonic acid build up 
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(Figure 1.6) 102. Acidotic conditions favour tumour cell growth, survival, metastasis and 

invasion 102-103. Considering the obvious role of CAIX in the facilitation of tumorigenesis 

it is considered an attractive target for anticancer drugs 102. To date, sulfamate and 

coumarin-based small molecules as well as CAIX-specific monoclonal antibodies have 

proven therapeutic efficacy as potential anticancer agents, with some reaching clinical 

trials 104.  

 

 

Figure 1.6: Acidification of the tumour environment via bioenergetic alterations and CAIX-
induced carbonic acid build up.  Therapeutic targeting of CAIX could reduce acidosis and 
thereby abrogate tumorigenic progression favoured by acidotic conditions 65.    

 

1.4.4 Steroid sulphatase (STS)  

Steroid sulphatases are involved in several physiological processes, however, their 

pivotal role in regulating oestrogen and dehydroepiandrosterone (DHEA) synthesis in 

endocrine-dependent cancer has been of specific interest 105. In breast cancer, STS 

activity exceeds that of aromatase activity and upregulated STS mRNA expression is 

associated with a poor prognosis 106. Identification of the active pharmacophore for the 

inhibition of STS (i.e. a sulphamate ester group linked to an aryl ring) has led to 

development of several potent STS-targeted agents offering promising therapeutic 

potential for the treatment of hormone-dependent breast cancer 106-108.     
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1.4.5 Bromodomain proteins 

Advances in genomic research has revealed that the molecular aetiology of complex 

diseases does not merely rely on genetic make-up, but instead also depends on 

epigenetic processes that modulate genomic DNA transcription 109. This implies that 

although genetic predispositions cannot be altered, epigenetics provides the 

opportunity to modify and reset genotype to phenotype translation 109. Histone post-

translational modifications is one of the epigenetic processes that plays a critical role 

in regulation beyond the DNA genome 109. Chromosomal DNA is packaged in the 

nucleus as tightly coiled chromatin. Chromatin comprises of repeated histone-

containing subunits called nucleosomes 110. A nucleosome complex consists of DNA 

wrapped around a discrete protein octamer composed of H2A, H2B, H3, and H4 

dimers 110. Post-translational modification of histone tails through methylation, 

phosphorylation or acetylation creates a complex histone code which is recognized 

and deciphered by epigenetic reader domains 109.  

 

The bromodomain and extra terminal (BET) family of bromodomain (BRD) proteins, 

which include BRD2, BRD3 and BRD4, are involved in the regulation of transcription 

111. Bromodomain-containing proteins are chromatin reader proteins that recognize 

and bind to acetylated lysine residues on histones, subsequently attracting 

transcription factors and rendering the acetylated site transcriptionally active 109,112. 

Besides their role in transcriptional initiation and elongation, BRD proteins are also key 

regulators of cell cycle progression 111. Bromodomains (BRDs) have been linked to 

various diseases and disease processes, among which include cancer, inflammation, 

viral replication, obesity, HIV/AIDS, neurological disorders and type 2 diabetes mellitus 

109,112-114. The cancer-promoting properties of BRD proteins include the activation of 

anti-apoptotic and growth-promoting pathways as well as driving mechanisms 

involved in metastasis and invasion 109,111-112,115. 

 

Early reports showed that dysregulation of BRD4-associated promote cancer 

metastatic potential in breast cancer 116. During mitosis BRD4 remains bound to M/G1 

growth-associated genes (e.g. JunB and c-myc) causing the prompt transcription of 

these genes in daughter cells 117-118. Inhibiting this process with BRD4 inhibitors 

causes the suppression of key G1 and growth-associated genes which in turn leads to 
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a G1 cell cycle arrest and apoptosis in various cell types, including TNBC cells 117,119. 

Selective inhibition of BRD4 is thus an attractive target against breast cancer in 

general as well as TNBC specifically. 

 

Bromodomain proteins BRD2 and BRD3 are also attractive targets for breast cancer. 

Recent gene set enrichment analysis from public datasets implicates upregulation of 

BRD2  with detrimental outcome in HER2 positive tumors with BRD2 and 4 

upregulated in basal-like breast cancers 120. The mRNA levels of BRD3 is elevated in 

invasive lobular carcinoma of the breast and inhibition of this protein may provide 

therapeutic benefits for this subset of breast cancer 121. The BRD3 protein plays a 

central role in estrogen-responsive gene expression in MCF-7 cells 122.  

 

Given their unequivocal role in tumorigeneses, BRD proteins are considered 

amenable chemotherapeutic targets and have prompted pharmaceutical interest in the 

development of molecular compounds which abrogate these epigenetic regulator 

proteins. BRD inhibitors act by displacing the BET bromodomain proteins from 

chromatin by competitively binding to the acetyl-lysine recognition pocket 123-124.  To 

date, studies on BRD inhibiting compounds such as JQ1, I-BET151 and I-BET762 

have demonstrated the ability of these agents to induce apoptosis, reduce proliferation 

and/or cause cancer cell differentiation in several cancers 124-131. 

 

It is apparent from the pre-clinical data that targeted inhibition of BET bromodomain 

proteins is an attractive method to target various cancers including TNBC. However, 

a recent clinical trial of BET bromodomain protein inhibitors against TNBC was 

stopped due to lack of efficacy (https://clinicaltrials.gov/ct2/show/NCT02259114). 

Also, several side effects of BRD inhibitors have been observed in clinical trials 

including severe fatigue, thrombocytopenia, gastrointestinal bleeding, nausea, 

hyperglycemia etc. 132. Nevertheless, the results from several clinical trials against 

various malignancies are eagerly awaited and various combinatorial therapeutic 

studies with BRD inhibitors show promise in preclinical studies. BRD4 inhibitors show 

synergistic activity with various classes of compounds including rapamycin 133 and 

CDK inhibitors 134 against osteosarcoma, ibrutinib against lymphoma 135, panobinostat 

against neuroblastoma cells 136, phosphoinositide‐3‐kinase inhibitors against 

haematological malignancies 137. Our laboratory identified the glycolytic inhibitor, 3-
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bromopyruvate, as a compound that acts synergistically with the BRD4 inhibitor Bzt-

W41 (ITH-47) against U937 acute myeloid leukemia cells 138.  

 

The pre-clinical data, current ongoing clinical trials and combination studies on BRD 

inhibitors fortifies the rationale behind the design and development of improved novel 

BRD inhibitors alone or in combination in search of antineoplastic agents with clinically 

translatable efficacy.     

 

1.4.6 Sirtuins  

The sirtuin family consists of 7 members (SIRT1-7) and these proteins are 

nicotinamide adenine dinucleotide (NAD)+-dependent enzymes that modify proteins 

via deacetylation of lysine, ADP-ribosylation and deacylation 139. Sirtuins play 

important roles in regulating metabolism, proliferation, gene expression, cell survival 

and apoptosis, genome integrity as well as cellular stress mechanisms 140. Of the 

sirtuin family, sirtuin 1 (SIRT1) and sirtuin 2 (SIRT2) are of particular interest for their 

putative roles in conferring cancer cell abilities such as survival, proliferation, 

angiogenesis and drug resistance 139-141. SIRT1 expression is amplified in several 

cancers and is associated with tumour initiation and development, whereas tumours 

overexpressing SIRT2 display chemotherapeutic immunity 142. 

 

Interestingly SIRT1 can act as both a tumour promoter and a tumour suppressor in 

breast cancer and this appears to be dependent on the breast cancer subtype 143. For 

example, reduced expression of SIRT1 in luminal A cancer is predictive of lymph node 

metastasis, suggesting that SIRT1 act as a tumour suppressor in this breast cancer 

subtype 144. In contrast, elevated expression of SIRT1 in TNBC is associated with 

increased tumour invasion and lymph node metastases 145-146. SIRT1 can act as a 

tumour promoter via several mechanisms including promoting tumour invasion and 

metastasis by modulating epithelial-mesenchymal transition (EMT) process 146 and 

p53 inactivation through deacetylation of p53 141. 

 

One of the cancer-related hallmarks is the acquired ability of tumour cells to evade 

apoptosis. Normal cells have surveillance systems which monitor intracellular 

operations and genomic integrity. Upon signalling from stress and abnormality sensors 
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the surveillance proteins, as part of regulatory circuits, govern decisions regarding the 

fate of the damaged cell 73. Most notable of the supervisory proteins is the p53 tumour 

suppressor protein 73. The p53 protein polices DNA damage and chromosomal 

abnormalities and, depending on the degree of impairment, forces cells into either 

senescence or apoptosis 147. If the damage is reparable cell-cycle progression is 

suppressed allowing for genetic rectification and normalization, implicating p53 as a 

canonical regulator of cell proliferation 72-73. Alternatively, if substantial DNA damage 

is detected p53 functions as a proapoptotic regulator triggering programmed cell 

suicide in aim of conserving genomic stability 72-73. The apoptotic defence mechanism 

entails sequential upregulation of Bax, mitochondrial cytochrome c and ultimately a 

collection of intrinsic effector caspases resulting in cell death 73,148. The evolution of 

cancer cells has harboured several strategies to limit or circumvent the propensity for 

cell suicide 72-73.  The most preeminent of these being the ability to mollify p53 

functionality, thereby eliminating the key regulator from the apoptosis-inducing 

circuitry and deeming the entire network redundant 72-73.  Inactivation of the p53 tumour 

suppressor protein is seen in more than half of cancer cases, underpinning this as a 

central hallmark-conferring strategy 149. SIRT1 deacetylates p53 at its C-terminal 

Lys382 residue, alleviating its transactivation activity and thereby inhibiting its tumour 

suppressor functions 141.  

 

Sirtuin 2 (SIRT2), similar to SIRT1, can act as a tumour promoter and a tumour 

suppressor. SIRT2 can act as a tumour suppressor by suppressing peroxiredoxin-1 

(Prdx-1) expression resulting in breast cancer cells becoming more sensitive to 

reactive oxygen species (ROS) damage 150. However, prolonged activation of SIRT2 

can cause oxidative damage and genome instability and this turn promote cancer 

progression and changing SIRT2 into a tumour promoter. SIRT2 can also act as a 

tumour promoter by promoting invasion in basal-like, including TNBC, breast cancer 

patients 151. Several studies show that inhibition of SIRT2 is able to induce cell death 

via stabilization of p53. In HeLa cells it was shown that SIRT2 down-regulation induces 

p53 accumulation by decreasing p300 in a p38 activation-dependent manner 152. Dual 

inhibition of SIRT1 and 2 results in stabilization of p53 followed by cell death induction 

141. The last study showed that both SIRT1 and 2 inhibition is needed for this effect on 

the MCF-7 cells 141.  
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In conclusion, selective dual inhibition of SIRT1 and SIRT2 provides a strategy to 

reactivate p53 activity in breast cancers where SIRT1 and 2 act as a tumour promoter 

and inhibitor of p53 activity.  

 

1.4.7 JAK 1/2 

One of the challenges in the development of breast cancer treatments is the existence 

of cancer stem cell subpopulations. These subsets of cancer cells are characterized 

by their distinct capacity for self-renewal, multilineage differentiation potential, and 

high level of chemotherapeutic resistance 74,153. Stem cell-like abilities such as these 

are postulated to not only drive oncogenesis and cause disease recurrence but are 

also implicated in breast metastasis 74,112. The latter is of particular clinical relevance 

given the poor prognosis of metastatic breast cancers.    

 

As previously mentioned, the dynamic equilibrium between cancer stem cells and non-

cancer stem cells is largely mediated by IL-6 secretion via several signalling pathways 

activated through intrinsic and/or extrinsic factors. Multiple conventional 

chemotherapeutic modalities have been implicated in the inducible formation of cancer 

stem cells, thereby conferring chemoresistance and provoking tumour re-emergence. 

Putative evidence of cancer stem cell subpopulation expansion implicates widely used 

platinum-based cancer drugs cisplatin 154 and carboplatin 155, as well as other 

recognized anticancer agents such as trastuzumab 80 and paclitaxel 156 as extrinsic 

mediators. Furthermore, it has been found that cancer stem cell side-populations of 

some cancers are resistant to radiotherapy 157-158. The principle mechanisms that 

govern both chemoresistance and radioresistance involve inflammatory signalling 159. 

 

Besides therapy-induced inflammation, clonal evolution of stem cells is also provoked 

by tumour-associated inflammatory signalling 159. This implicates the involvement of 

intrinsic cytokine pathways in protumourigenic processes such as malignant 

conversion, survival and metastasis 159. Collectively, the resounding deduction is that 

several types of inflammation directly impact and regulate various stages of 

tumorigenesis, thus highlighting its multifaceted role in cancer pathology.  
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Although contentious, the stem cell hypothesis highlights critical conceptual 

implications which need to be considered in the quest for developing a curative breast 

cancer treatment. This posits the necessity for novel strategies to selectively target the 

mechanisms which drive inflammatory responses in order to increase therapeutic 

sensitivity and reduce recurrence. Elucidation of the complex transduction pathways 

involved in inflammation has revealed decisive molecular role-players. In breast 

cancer models IL-6 signalling and activation of JAK1/STAT 79 and JAK2/STAT 78 

pathways are robustly implicated in the clonal evolution of stem cells and concomitant 

tumorigenic behaviour.  Thereby, in aim of preventing cancer stem cell expansion and 

chemotherapeutic immunity in breast cancer it is prudent to block IL-6/JAK/STAT 

signalling. Given their involvement, JAK1 and JAK2 kinases have been identified as 

rational molecular drug targets in breast cancer.  

 

1.5 Test compounds for selective targeting of cancer proteins 

1.5.1 STX1972: polypharmacological compound 

Polypharmacology aims at identifying more effective drugs that are able to target 

multiple pathways. STX1972 is a polypharmacological compound which targets 

tubulin, STS and cancer-associated CAIX and CAII activity. This multi-targeted 

anticancer compound is a C-17-substituted estratriene-3-O-sulfamate derivative 

(Figure 1.7) and was developed by Professor Barry V. L. Potter et al. (Oxford 

University, UK) 95. The chemical structure has been refined through a series of 

modifications based on structure-activity relationship (SAR) studies of its predecessor 

analogues. The estratriene backbone is functionally decorated with an H-bond 

receptor at the C-17 substituent for optimal antiproliferative activity and microtubule 

disruption 95. The sulfamate group permits irreversible inhibition of STS and also 

allows for reversible interaction with CAII, which is associated with improved 

bioavailability (85, 86). SAR studies on oestradiol analogues from the same class have 

delivered promising results 95,160 and have proven notable advancement in efficacy 

and uptake since the first generation compounds 161. ESE-15-ol exhibits dual 

antimitotic and cancer-associated CAIX activity (131) and STX140 has shown dual 

antimitotic and STS inhibitory effects (132).  STX1972 has shown in vivo 

antiangiogenic activity and antimitotic effects in breast cancer cells, regardless of 
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hormone receptor status, at nanomolar concentrations - making this the most potent 

antimitotic compound to date 95. Evidence suggests that the therapeutic potential of 

STX1972, and similar members from the next generation sulfamate series, could 

supersede those already in preclinical development 95.  

 

Simultaneous polypharmacological inhibition of tubulin, STS, CAII and CAIX by 

STX1972 proposes to interfere with the tumorigenic ability to resist death, evade 

growth suppressors, sustain proliferative signalling, induce angiogenesis and activate 

invasion and metastasis. Thereby targeting five of the ten cancer hallmarks defined by 

Hanahan and Weinberg 72. 

   

 

Figure 1.7: The chemical structure of STX1972.Structure was generated using ACD/ 
ChemSketch (Freeware) version: 12.01. 

  

1.5.2 Bzt-W41, Bzt-W49 and Bzt-W52: Bromodomain inhibitors 

The BRD inhibitors, Bzt-W41, Bzt-W49 and Bzt-W52, incorporated in this study are 

novel benzotriazepine analogues (Figure 1.8). In silico design of the compounds was 

done by Dr André Stander (University of Pretoria) and compound synthesis was done 

by WuXi AppTec (Pty) Ltd (Hong Kong). The benzotriazepine analogs were designed 

to avoid the need for a stereo selective synthesis route or separation of enantiomers 

of the 7-membered ring found in other benzodiazepine inhibitors of BRD4 162-163. Bzt-

W41 is 2.28 times more selective at inhibiting BRD4 (IC50 = 0.49 µM) compared to 

BRD2 (IC50 = 1.12 µM) 138, Bzt-W49 is 10.42 times more selective at inhibiting BRD4 

(IC50 = 1.27 µM) compared to BRD2 (IC50 = 13.23 µM) and Bzt-W52 is 3.43 times more 

selective at inhibiting BRD4 (IC50 = 5.67 µM) compared to BRD2 (IC50 = 19.47  µM) 

164.  
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Selectivity towards BRD4 for this study was considered an important factor due to the 

fact that  evidence alludes to the explicit involvement of BRD4 in several types of 

cancers, including breast cancer 163,165. BRD4 forms part of the BET family of 

bromodomains and drives tumorigenesis by initiating anti-apoptotic and pro-growth 

pathways, and promoting metastatic and invasive behaviour 109,112. BRD4 shows 

strong interactions with acetylated peptides derived from the histone 4 N-terminal tail 

166, suggesting that BRD4 is an important mediator for reading Hbo1 mediated histone 

H4 acetylation. BRD4 amplification in breast carcinomas triggers the aberrant 

transcription of proto-oncogene c-myc, propagating the subsequent overexpression of 

oncoprotein c-MYC, which is implicated in over 40% of breast cancers and is 

associated with poor prognosis 163,167-169. Recent studies have demonstrated that 

inhibitors of BRD4 have therapeutic potential for the treatment of various cancers 

115,163,170.  

 

Oestrogen is known to induce the expression of c-myc in hormone sensitive breast 

cancer cells 171. This suggests that BRD4 inhibitors may have synergistic potential with 

STS inhibitors such as Irosustat. BRD4 inhibitors also shows synergistic activity with 

various other classes of compounds including rapamycin 133 and CDK inhibitors 134 

against osteosarcoma, ibrutinib against lymphoma 135, panobinostat against 

neuroblastoma cells 136 and phosphoinositide‐3‐kinase (PI3K) inhibitors against 

haematological malignancies 137. BRD4 also appears to play a crucial role in the 

completion of mitosis 117,172-175 and interestingly plays an important role the cellular 

response to mitotic stress that is induced by antimitotic compounds 176. Therefore, 

combining antimitotic compounds with and BRD4-selective inhibitors may yield a 

synergistic combination by killing cells that escape antimitotic-induced cell death 

during mitosis. Furthermore, research from our laboratory demonstrated that Bzt-W41 

(ITH-47) acts synergistically with the glycolytic inhibitor, 3-bromopyruvate, on U937 

acute myeloid leukemia cells 138.  

 

In conclusion, successful inhibition of BRD4 by Bzt-W41, Bzt-W49 and Bzt-W52 

proposes to debilitate cancer cells’ acquired ability to sustain proliferative signalling 

and evade growth suppressors and these compounds show promise to act 

synergistically with compounds with different mechanisms of action. 
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Figure 1.8: Chemical structures of Bzt-W41, Bzt-W49 and Bzt-W52.  Structure was generated 
using ACD/ChemSketch (Freeware) version: 12.01. 

  

Emerging evidence alludes to the explicit involvement of BRD4 in several types of 

cancer, including breast cancer 163,165. BRD4 forms part of the BET (bromodomain and 

extra-terminal domain) family of bromodomains and drives tumorigenesis by initiating 

anti-apoptotic and pro-growth pathways, and promoting metastatic and invasive 

behaviour 109,112.  BRD4 shows strong interactions with acetylated peptides derived 

from the histone 4 N-terminal tail 166, suggesting that BRD4 is an important mediator 

for reading Hbo1 mediated histone H4 acetylation. BRD4 amplification in breast 

carcinomas triggers the aberrant transcription of proto-oncogene c-myc, propagating 

the subsequent overexpression of oncoprotein c-MYC, which is implicated in over 40% 

of breast cancers and is associated with poor prognosis 163,167-169. Recent studies have 

demonstrated that inhibitors of BRD4 have therapeutic potential for the treatment of 

various cancers 115,163,170.  

 

Oestrogen is known to induce the expression of c-myc in hormone sensitive breast 

cancer cells 171. This suggests that BRD4 inhibitors may have synergistic potential with 

STS inhibitors such as Irosustat. BRD4 inhibitors also shows synergistic activity with 

various other classes of compounds including rapamycin 133 and CDK inhibitors 134 

against osteosarcoma, ibrutinib against lymphoma 135, panobinostat against 

neuroblastoma cells 136 and phosphoinositide‐3‐kinase (PI3K) inhibitors against 

haematological malignancies 137. BRD4 also appears to play a crucial role in the 
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completion of mitosis 117,172-175 and interestingly plays an important role the cellular 

response to mitotic stress that is induced by antimitotic compounds 176. 

 

Successful inhibition of BRD4 by Bzt-W41, Bzt-W49 and Bzt-W52 proposes to 

debilitate cancer cells’ acquired ability to sustain proliferative signalling and evade 

growth suppressors. 

 

1.5.3 W137: Sirtuin inhibitor 

The novel sirtuin analogue, compound W137, was designed in silico by Dr André 

Stander (University of Pretoria) and synthesized by WuXi AppTec (Pty) Ltd (Hong 

Kong). The chemical compound structure (Figure 1.9A) was functionally designed to 

target and inhibit both SIRT1 and 2, with the intention of inducing p53 acetylation and 

sensitizing tumour cells to programmed cell suicide. Compound W137 is based on the 

work by Disch et al. (2013) that synthesized potent pan SIRT1, 2 and 3 inhibitors with 

thieno carboximide moieties 177. Disch et al. (2013) showed that selectivity towards 

SIRT1 and SIRT2 could be achieved by changing the Y atom to a carbon and the Z 

atom to a nitrogen 177. Furthermore, optimal potency was achieved with a nitrogen at 

position 6 177. The compound was synthesized by Wuxi APPtec (>95% purity). The 

IC50 concentrations for W137 against SIRT1, SIRT2 and SIRT3 was determined to be 

14.8 μM and 14.6 μM and >100 μM respectively 178. W137 is >6x more selective 

against SIRT1 and SIRT2 activity compared to SIRT3. W137 is able to induce an 

increase in expression of K382 acetylated p53 protein when the SH-SY5Y 

neuroblastoma cell line was exposed to 25 µM of W137 178. The study by Otto et al. 

(2018) showed that W137 inhibited cell proliferation in both the U937 and SH-SY5Y 

cell lines in a dose-dependent manner through the inhibition of cell growth and the 

induction of cell death in vitro 178.  ROS levels were unaltered or reduced by W137 and 

p53 and C-MYC gene expression was down-regulated by W137 in SH-SY5Y 

neuroblastoma and acute myeloid leukemia U937 cell lines. In the present study 

compound W137 was chosen as a SIRT1 and 2 inhibitor to annul cancer cells’ 

capability to evade cell death and restore genomic stability in breast cancer cells.  
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Figure 1.9: Structures of ligand 1NR from the 4jt8 protein structure from www.rcsb.org (A) 

and compound W137 (B).  1NR is a potent thieno carboximide pan SIRT 1, 2 and 3 inhibitor 
discovered by Disch et al. (2013) 177 . Figure is from the MSc of M Otto (2018) 178.  

 

1.5.4 Ruxolitinib: JAK1/2 inhibitor 

Ruxolitinib (Figure 1.10) is a US Food and Drug Administration approved drug for the 

treatment of myelofibrosis 179. The drug has proven potent and selective dual inhibition 

of JAK1 and 2 180. Putatively, inhibition of JAK 1 and 2 cancer-associated proteins 

would cripple two of the hallmarks characteristically associated with cancer 

development and progression, namely: avoiding immune destruction, and tumour-

promoting inflammation. Inclusion of this compound serves as part of a modified 

chemotherapeutic strategy in aim of complete cancer eradication through the inhibition 

of cancer stem cell conversion through reduced IL-6 expression. 

 
Figure 1.10: Chemical structure of Ruxolitinib.  Structure was generated using 
ACD/ChemSketch (Freeware) version: 12.01. 

 

The proposed multi-drug targeting of Hanahan and Weinberg’s hallmarks of cancer 72 by each 

of the test compounds included in the study is presented in Figure 1.11.  
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Figure 1.11: Proposed multi-drug targeting of Hanahan and Weinberg’s hallmarks of cancer72 (Adapted with permission). Six anticancer 
compounds from four distinct groups targeting various cancer-associated hallmarks. Four of the six compounds (W137, Bzt-W41, Bzt-W49 and 
Bzt-W52) are unique in silico designed molecules which have not been reported on before.  

STX1972

W137

Ruxolitinib

Bzt-W41 

BZT-W49 

Bzt-W52

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



33 
  

1.6 Combination therapy 

The sobering reality of the ‘magic bullet’ approach is that it has not proven to be the 

miracle cure one would’ve hoped for. Tumours are mutable and adaptable and 

constantly devise mechanisms to circumvent the selective therapy being applied. 

Thus, just as the developmental barriers instigated the progression of the initial 

hallmarks, so again therapy is just another barrier that tumours manage to find a way 

around. The high degree of clonal and genetic heterogeneity of cancers, complex and 

multiple signalling pathways for survival, and the presence of chemoresistant cancer 

subpopulations strengthens resistance to single-targeted therapies 181. Consequently, 

most clinical responses have been transitory and/or recurrent 72.  

 

The hypothesis is that if one were to target several hallmarks concurrently, thereby 

presenting a multitude of barriers, tumours would not be able to decipher a means to 

bypass all of them simultaneously and therefore could be impaired in terms of the 

ability to progress. Combination therapy is a widely used therapeutic option for the 

treatment of cancer in order to reduce the dose and toxicity, minimize the development 

of resistance and achieve synergistic effects 182. Synergism is achieved when the 

combination of compounds are less than the dosage needed for the same effect in the 

compounds alone 182. 

 

1.7 Computer Aided Drug Design  

Computer aided drug design (CADD), also known as in silico screening, is a group of 

techniques used in various phases of drug discovery in order to reduce time, cost and 

risk factors associated with drug development. CADD can be divided into two main 

approaches: 

1) Ligand based drug design (LBDD) 

2) Structure based drug design (SBDD) 

 

LBDD is useful approach when there is no structural data available of the target. The 

technique relies on the assumption that structurally similar compounds will have 

similar biological effects. Therefore, compounds with known activities at the target site 
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are used as starting points to build a predictive model and new compounds are 

screened against this model. 1-Dimensional LBDD methods rely on ligand descriptors 

such molecular weight, lipophilicity, charge, molar refractivity, topological polar surface 

area (TPSA), number of hydrogen bond donors and acceptors, rotatable bonds, 

number of single, double and triple bonds, to name a few. 2-Dimensional LBDD 

methods look at the similarity between active compounds and test compounds based 

on various ligand fingerprints/patterns including MACCS, SMILES, SMARTS and 

ECFP6  183. 3-Dimensional LBDD methods build a pharmacophore model using the 

3D positions of ligand descriptors such as hydrophobic centroids, hydrogen bond 

donors or acceptors, halides, aromatic rings, negative or positive charge, anion or 

cations. A single or a combination of the above-mentioned LBDD methods can then 

be used to screen a library of known or theoretical compounds for potential activity 

and in doing so reducing the number of compounds needed to test for biological 

activity. 

 

With the increased availability of described 3D target protein structures including the 

active ligand binding sites, and for lipid and DNA structures, SBDD has become 

increasingly popular. Docking is a popular SBDD method commonly used to predict 

the interaction of potential ligands with proteins. In silico docking aims to predict the 

correct orientation or pose of a ligand in a protein and also predict the affinity of the 

ligand towards the protein. The latter is then used as a prediction of its biological 

activity.  

 

Docking power refers to the ability of a docking program to reproduce the native 

binding pose of a ligand. RMSD (root mean square deviation) is used as the main 

parameter to evaluate Docking power. An RMSD below 2.0 Å is regarded as a 

successful prediction. Scoring power refers to the ability of a scoring function to 

produce binding scores in a linear correlation with experimental binding data. The most 

popular docking programs include AutoDock 184, Autodock Vina 185, DOCK186, ICM 187, 

Glide 188 and GOLD 189.  Ideally, a good docking software suite will calculate a good 

docking and scoring power. Popular top-tier docking programs are able to reproduce 

the native docking pose (docking power) in 40-85% of the experiments depending on 

the dataset 190-192. For the CASF 2016 benchmark suite Autodock Vina (the most used 

academically available software) has the best scoring power with an average Pearson 
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Correlation of 0.53 (R2=0.28) and Glide SP, a popular commercial software package, 

has an average Pearson Correlation of 0.42 (R2=0.176) 192. 

 

Various machine learning techniques have successfully been applied to improve the 

scoring power of various docking programs. For Autodock Vina, Random Tree Forest 

(RTF) classification improved the scoring power to an average Pearson Correlation 

0.73 (R2=0.53) 192-193. For Glide, the SIEVE-Score method was developed using RTF 

classification which considerably improved screening accuracy by separating active 

from inactive ligands 194.  

 

For the present study the commercial docking software from Schrödinger, Glide, was 

used to predict the binding poses for the compounds and their various targets. Tubulin, 

CAII, CAIX and STS were used as targets for STX1972. BRD4 was used as the target 

of Bzt-W41, Bzt-W49 and Bzt-W52. Sirtuin 1, 2 and 3 were the targets of W137. JAK1 

and JAK2 were the targets of Ruxolitinib. Additionally, a previously developed 

machine-learned RTF predictive model was used to predict the activity of the 

compounds against their corresponding targets. 

 

1.8 Summary 

Conventional cancer treatments have not proven entirely effective in the eradication 

of cancer with evidence suggesting that many of the cancer therapies augment 

cancerous cell adaptation and insensitivity to drugs and could potentially be the cause 

of cancer recurrence and reduced patient survival 14-15. Therapeutic inefficacy is a 

particular dilemma associated with metastatic TNBC, with patients still facing poor 

prognosis. The design and development of novel anticancer agents specifically 

targeting cancer-associated pathways has been of particular therapeutic interest. The 

rationale is twofold: firstly, highly targeted therapy overcomes widespread toxicity and 

adverse effects of conventional methods due to the selectivity of the treatment 

modality. Secondly, synergistic combinations of different classes of targeted therapies 

could hold therapeutic promise to overcome resistance by simultaneously abolishing 

multiple cancer hallmarks. Furthermore, treatment with synergistically combined drugs 

allows administration at a reduced dose with efficacy superseding that of 
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monotherapy. A brief overview of the rationale behind the targeted drugs included in 

the study follows.     

 

Antimitotics have shown promise as anticancer therapeutics because of their ability to 

effectively alter microtubule dynamics, causing cell cycle arrest and subversion of 

abnormally high cancer cell proliferation 85,88. The mitosis-selective inhibitor 

(STX1972) used in this study is considered the most potent oestradiol antimitotic to 

date.  

 

BRD4 is a pertinent therapeutic target because it is overexpressed in many cancers 

and plays a functional role in the induction of tumorigenesis. BRD4 erroneously 

permits transcription of key cancer-promoting genes resulting in increased expression 

of oncoproteins involved in anti-apoptosis, growth promotion and metastasis and 

invasion 109,112,167-168,195.  BRD4 has been shown to be fundamentally involved in the 

amplified expression of the c-MYC oncoprotein in breast tumours, making this a 

promising drug target for c-MYC sensitive breast cancers 167-168,196. The BRD4 

inhibiting compounds (Bzt-W41, Bzt-W49 and Bzt-W52) were designed to subvert 

transcription of proto-oncogenes by binding to the acetyl-lysine binding motif of the 

bromodomain protein.  

 

SIRT1/2 proteins are deacetylases which cause the destabilization and inactivation of 

p53 141,197. The p53 protein plays a fundamental role in cell growth regulation and 

apoptosis. Acetylated p53 induces cell cycle arrest and pro-cell death pathways, 

whereas deacetylation leads to cell cycle progression, continued proliferation and 

survival of tumour cells 141. Compound W137 is a novel, dual inhibitor of SIRT 1 and 

2 proteins aimed at sensitizing cancer cells to apoptosis via p53 signalling.  

 

The JAK1/2 inhibitor (ruxolitinib) has the potential to abrogate JAK/STAT signalling 

and thereby reduce IL-6 expression with the aim of preventing cancer stem cell 

conversion 78-79. Therapeutic targeting of cancer stem cells appears to be a vital 

component of a multimodal treatment approach.   
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1.8.1 Study problem and overview  

Obvious advances have been made in the field of breast cancer treatment which have 

led to improved prognosis and increased patient survival rate. However, this seems 

true only for early-stage, non-metastatic diagnoses. TNBC remains the most 

precarious subtype of breast cancer to treat, with limited and mostly ineffective 

therapeutic options available. Therapeutic resistance is owed to its highly aggressive 

and metastatic nature, induced by intra-tumour heterogeneity. The lack of successful 

conventional treatment options has prompted the development of novel drugs with 

potent cancer selectivity which are able to overcome chemotherapeutic resistance.  

 

This study evaluated the selective antineoplastic activity of six in silico designed 

compounds using breast cancer cell lines as experimental models. Five of these 

compounds are novel, in silico designed agents to selectively target some of the 

aforementioned cancer hallmarks via inhibition of specific cancer-related proteins. The 

compounds include an antimitotic, three variants of BRD4 inhibitors, an inhibitor of 

SIRT1/2 and an inhibitor of JAK1/2. Possible synergism between paired combinations 

is also explored.   

 

1.8.2 Study aim and objectives 

The study aimed to mechanistically assess the in vitro antineoplastic activity of the 

novel test compounds and to investigate their potential combinatorial effects when 

combined. Two functionally distinct tumorigenic cell lines were included to investigate 

anti-tumour efficacy of compounds in hormone-dependent and TNBC models and 

compared to a non-cancerous transformed endothelial cell line.   

 

The primary and related secondary objectives were:  

• To establish the antiproliferative efficacy of each compound for each of the breast 

cancer cell lines by establishing the half maximal inhibitory concentration (IC50) 

using cell culture techniques.  

Results from the antiproliferative studies were used to: 

o Initially identify feasible compounds for further experimental inclusion by 

comparing compound IC50 value to protein inhibition concentration. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



38 
  

o Determine cell line selectivity by comparing antiproliferative potency of 

compounds between the two breast cancer models compared to a control 

cell line. 

o Screen for the lead BRD4 inhibitor compound(s) to include in combination 

studies.  

• To use varying combinations of the most promising drugs and calculate the 

combination indexes of the paired drug combinations in order to assess drug 

interaction. 

Results from the combination studies will be used to:  

o Identify whether the paired combinations exhibit synergism. 

o Identify which of the paired combinations, and in which combination ratio, 

exhibit strongest synergism and would be most feasible for further 

investigation. 

• To determine whether identified compounds and combinations exhibit cancer-

specific selectivity by exposing a control cell line to the same concentrations.  

• To assess the effects of individual compounds and the synergistic combinations 

on cell morphology.   

• To evaluate the effects the drugs and drug combinations have on cell cycle 

progression, cell death, ROS generation and mitochondrial membrane potential 

using flow cytometry assays.  

• To analyse specific gene expression changes induced by exposure to the drugs 

and drug combinations using quantitative reverse transcription polymerase chain 

reaction.  

• To analyse specific changes in protein expression induced by exposure to the 

drugs and drug combinations using flow cytometry and enzyme-linked 

immunosorbent assay.  

 

1.9 Concluding remarks 

The study aimed to contribute towards deducing the mechanistic behaviours of the 

compounds and elucidate their combined effect during dual treatment. Novelty of the 

research lies in the incorporation of a chemomitotic agent combined with selective 

inhibitors of principal cancer associated proteins and epigenetic regulators which could 
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hold promise to induce synergistic effects due to simultaneous targeting of multiple 

cancer hallmarks.   

 

Of note, although the study initially included six compounds designed as cancer-

targeting drugs, cell growth and combination studies serve to screen for the most 

feasible lead compounds and drug combinations to include in further experimental 

procedures. Furthermore, since the tested compounds are novel and have not been 

reported on before, the anti-tumour efficacy of the drugs were tested on both hormone-

dependent and TNBC cancer cell line models to determine selectivity. However, the 

primary focus was to determine whether the test compounds and compound pairs 

could be harnessed for their therapeutic potential to treat TNBC, since this remains 

one of the highest unmet needs in breast cancer treatment.   
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Chapter 2: Materials and methods 

2.1 Cell lines  

2.1.1 MDA-MB-231  

MDA-MB-231 cells were purchased from Highveld Biological (Pty) Ltd, South Africa. 

The human breast carcinoma cell line was isolated from a metastatic site (pleural 

effusion) of a patient with invasive ductal carcinoma at the M.D Anderson Hospital and 

Tumor Institute, Houston, Texas 198. The cell line is ER, PR and HER2 negative and 

is therefore commonly used to model TNBC with invasive and metastatic properties 

199. Genome profiling clusters MDA-MB-231 cells with the basal subtype of breast 

cancer 199. These spindle-shaped epithelial cells grow randomly in an adherent 

manner and have been reported to exhibit an approximate population doubling time of 

38 hours (h) 198,200 .   

 

2.1.2 MCF-7  

The MCF-7 cell line was supplied by Highveld Biological (Pty) Ltd, Johannesburg, 

South Africa. These breast cancer cells were derived from pleural effusion of a patient 

with metastatic adenocarcinoma at the Michigan Cancer Foundation (Detroit), from 

where their name derives 201. MCF-7 cells are ER and PR positive and cluster with the 

Luminal A molecular subtype of breast cancer 201. This cell line is non-invasive and 

displays low metastatic potential, thereby simulating a less aggressive breast cancer 

model than that of the MDA-MB-231 cell line 201. The cells exhibit epithelial morphology 

and adherent growth properties with an estimated reported population doubling time 

of 38 h 202.  

 

2.1.3 EA.hy926 

Human endothelial-like EA.hy926 cells were derived from fusion of human umbilical 

vein endothelial cells (HUVECs) with epithelial lung adenocarcinoma cells A549-8 203. 

The result is an immortalized, well characterized somatic cell hybrid presenting 

endothelial properties 203. The EA.hy926 cells were kindly provided by Ms. Margo Nell 
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(Department of Pharmacology, University of Pretoria). EA.hy926 served as the control 

cell line to elicit whether the drugs show cell line specific cytotoxicity.  

 

EA.hy926 cells have been used by several researchers as a non-cancer or control or 

non-tumour cell line to compare the activity of compounds to cancer cell lines. For 

example, Arafath et al. (2017) tested their synthesized compounds on what they 

describe as the “normal human cell line (human endothelial cell line EA.hy926)” and 

compared it to MCF-7, HCT-116 and HeLa cells 204. Buonannoa et al. (2008) tested 

the in vitro cytotoxicity of climacostol against what they describe as the “human non-

tumour endothelial EA.hy926 cells” and compared it to human tumor squamous 

carcinoma A431 cells and  human promyelocytic leukaemia HL60 cells 205. Guo et al. 

(2020) performed in vitro cytotoxic activity of their synthesized compounds against 

what they describe as “normal EA.hy926 cells” and compared it to five other cancer 

cell lines  including LLC (Lewis lung carcinoma), BGC-823 (gastric carcinoma), CT-26 

(murine colon carcinoma), Bel-7402 (liver carcinoma), and MCF-7 (breast carcinoma) 

206. Figueiredo et al. (2016) describes the EA.hy926 cells as non-tumour cells when 

they compared the cytotoxicity of lignin-based nanoparticles to different cancer cell 

lines including MDA-MB-231, MCF-7, PC3-MM2 and Caco-2 cancer cells 207. Jashari 

et al. (2014) tested the cytotoxicity of their novel isoxazolo- and thiazolo derivatives of 

coumarin on cancer cells (MCF-7, MDA-MB-231, LNCap, PC-3 and U936) and what 

they describe as “non-cancer cell lines such as the human endothelial cell line 

EA.hy926” 208. The EA.hy926 cell line is described as non-cancerous in the article by 

Burger et al. (2018) when they compared the activity of a bioactive steroidal alkaloid 

isolated from Solanum aculeastrum on several cancer cells lines including MCF-7 and 

MDA-MB-231 cells 209. Also, Cattin et al. (2018) showed that the EA.hy296 endothelial 

cells consistently inhibited 3D spheroid growth and also reduced growth in vivo of the 

SW620 and HCT116 colorectal cancer cells 210. This supports the view that the 

EA.hy926 cell line is a valid non-cancerous and also non-tumorigenic cell line to 

compare the bio-activity of compounds to MCF-7 and MDA-MB-231 cells. 

   

All three cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Sigma-Aldrich Pty Ltd., Johannesburg, South Africa). The original DMEM formulation 

containing 1000 mg/L of glucose was used to culture the MDA-MB-231 and MCF-7 

tumorigenic cell lines, and the modified DMEM/High formulation containing 4500 mg/L 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



42 
  

of glucose was used for EA.hy926 cell growth. To make the complete growth medium 

13.5 grams of powder was reconstituted per litre and supplemented with the following: 

3.7 g/L sodium bicarbonate, heat inactivated foetal bovine serum (FBS) to a final 

concentration of 10%, 100 IU/mL penicillin, 100 µg/mL streptomycin and 250 µg/L 

Fungizone. The cells were grown and maintained in sterile tissue culture flasks in a 

humidified atmosphere at 37°C, 5% CO2 in a water-jacketed incubator.   

 

Ethics approval for the use of these cell lines was obtained from the Faculty of Health 

Sciences Research Ethics Committee of the University of Pretoria. Ethics Reference 

No: 223/2016. 

 

2.2 General material and culture maintenance  

2.2.1 Reagents and consumables 

DMEM and DMEM/High, Trypsin-EDTA, penicillin, streptomycin and Fungizone were 

purchased from Sigma-Aldrich Pty Ltd. (Johannesburg, South Africa). Heat-

inactivated foetal bovine serum was bought from Celtic Molecular Diagnostics Pty Ltd. 

(Johannesburg, South Africa). Phosphate buffered saline (PBS) was prepared by 

diluting a ten times concentrated solution consisting of 80 g/l NaCl, 2 g/l KCl, 2 g/l 

KH2PO4 and 11.5 g/l Na2HPO4 (purchased from Merck (Johannesburg, South Africa)) 

to a 1X solution. The diluted PBS solution was pH adjusted to 7.4 followed by 

autoclaving (20 min, 120°C, 15 psi) before use. Sterile cell culture flasks, plates, 

centrifuge and microcentrifuge tubes, PCR tubes, pipette tips, 10 mL syringes and 

0.22 µm syringe filters were obtained through Lasec SA Pty Ltd. (Cape Town, South 

Africa).  

 

2.2.2 Cell culture procedures 

Upon reaching between 70% - 90% confluence the cells were trypsinized by removing 

the medium, briefly rinsing the cell layer with sterile PBS and adding Trypsin-EDTA 

solution to the flask. To facilitate dissociation, cells were incubated at 37°C. Cells were 

observed under an inverted microscope every 2 to 3 minutes to check for cell rounding 

and detachment (usually 5 - 15 min). Fivefold fresh growth medium was added to 

inhibit trypsin and cells were aspirated by gently pipetting.  The detached cells were 
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then either subcultured, cryopreserved at -80°C or seeded for an experiment. Medium 

renewal was done every two to three days and subcultivation twice a week, as 

required. For cryopreservation, cells were centrifuged at 125 x g for 5 minutes and 

resuspended in cryoprotectant medium (complete growth medium supplemented with 

5% (v/v) DMSO).   

 

For experimental procedures, cells were counted by staining with a 0.2% (m/v) solution 

of trypan blue and then counted by making use of a haemocytometer as described by 

Freshney (1994) 211. If the percentage of blue stained (dead) cells was more than 5% 

the sample was discarded and not used for experiments. The number of viable cells 

per mL was determined by averaging the count of viable cells in the corner squares x 

dilution factor x 104. Hereafter, appropriate aliquots of the cell suspension were seeded 

into culture vessels required for experimentation. An inoculum of 5 X 104 viable cells 

per mL was maintained for experiments.  

 

All of the operations were carried out under strict aseptic conditions, with all work being 

carried out in a Class II laminar flow cabinet from Esco (Centurion, South Africa). All 

sterile workspaces, including the surface of the laminar flow cabinet were cleaned with 

ethanol (70% v/v), sodium dodecyl sulphate (SDS) (0.1% m/v) and sodium 

hypochlorite (10% v/v) prior to every experiment. All solutions were sterilized by 

filtration (0.22 µm pore size) and all glassware and non-sterile equipment sterilized by 

autoclaving (20 min, 120°C, 15 psi).  

 

All compounds were received as powder with purity of greater than 95%. The 

compounds in their powder format are stored at -20°C. Fresh aliquots of the 

compounds are made every six months and tested for activity in order to determine 

whether their activity remains stable. Dimethyl sulfoxide (DMSO) was used as solvent 

for stock solutions of each test compound to the following concentrations: STX1972 

(100 µM), Bzt-W41 (50 mM), Bzt-W49 (50 mM), Bzt-W52 (50 mM), W137 (20 mM), 

and Ruxilitinib (20 mM). To minimize the effect of freeze/thaw cycles on the stability of 

the compounds, the stock solutions were split into aliquots of 10 to 20 µL and stored 

at -20°C. Immediately prior to use, each compound was fully thawed and thoroughly 

mixed and compounds were not allowed to go through more than 2 freeze thaw cycle. 

For combination studies the compounds were added to fresh cell culture medium on 
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the day of exposure. The final concentration of DMSO was never more than 0.05% v/v 

or 5 µL per 1 ml cell culture medium in the combination studies. 

 

2.3 Methods 

2.3.1 Computer Aided Drug Design 

2.3.1.1 Receptor and Ligand preparation 

Protein structures and conformations are solved by using static protein crystal 

analysis. In solution proteins are flexible and can undergo sidechain and backbone 

conformational changes 212. Ensemble docking is a method whereby several rigid 

structures of the same protein are used to mimic side-chain and backbone flexibility 

without the additional computational costs of having to simulate these during docking 

212. This method is particularly useful if the receptor ligands have a similar structure to 

the compounds you want to dock. For this study, compounds similar in structure to the 

receptor ligands were chosen in order to determine the binding pose and subsequently 

the binding energy of the compounds in order to predict the biological activity of the 

compounds against their corresponding target receptors. 

 

JQ1 was one of the first reported compounds to selectively target the BET 

bromodomains BRD2, 3 and 4 123. Filippakopoulos et al. (2010) tested JQ1 for activity 

against all the bromodomain subfamilies and reported their thermal stability shift (delta 

TM)  based on differential scanning fluorimetry (DSF) 123. For the present study the 

structures that are part of the bromodomain family was retrieved from the 

www.rcsb.org database and JQ1, Bzt-W41 and Bzt-W49 were docked into the 

receptors in order to determine if the docking could predict selectivity of the 

compounds. The BRD4 receptors with benzodiazepine and benzotriazepine 

analogues similar to the Bzt series of compounds were used to redock the native 

ligands in order to determine whether the Glide SP docking program could predict the 

correct docking pose (RMSD<2.0). The BRD4 receptors include 2YEL, 3MXF, 3P5O, 

3U5K and 3ZYU. 

 

The following CAII enzyme conformations were used for modelling: 1CIL, 1I91, 1TTM, 

2X7S while 2X7T, 3IAI, 5FL6, 6FE2, 6G98 and 6RQN were the enzyme conformations 
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were used for CAIX. For STS only 1P49 was used. For SIRT the binding with the 

thienocarboximide moieties similar to W137 were used, as well as the open 

conformation of the SIRTs. 4IG9 and 4ZZI conformations were used for SIRT1 and for 

SIRT2 a homology model of 4ZZI was generated using SWISS-MODEL and Swiss- 

PDBViewer 213. 4JSR, 4JT8, 4JT9 conformations were used for the SIRT3 receptors. 

The 1Z2B, 3DU7, 2E22, 1SA1, 5OSK and 6HX8 conformations were used for the 

tubulin receptors. The 5OSK and 6HX8 are recently solved conformations using 

structures containing potent sulfamates similar to STX1972 214-215. 

 

The Schrödinger package’s Protein preparation wizard in Maestro was used to 

prepare protein structures 216. Water molecules were kept in the protein structure when 

present. Hydrogen bond optimization was carried out with ProtAssign followed by 

energy minimization with Impref 216. Ligands were prepared from Simplified Molecular 

Input Line Entry System (SMILES) notation using LigPrep 216. Ionization states were 

predicted with Epik with a pH between 5-9 and at least 10 conformations were 

generated for each ligand. 

 

2.3.1.2  Docking and Scoring 

Molecular docking was done using Glide Standard Precision (SP) and all ligand 

structures were treated as flexible 216. The docked poses presenting the best Glide 

score for each ligand-protein complex was used to predict binding affinity using a 

previously developed machine learning method employing a Random Tree Forest 

(RTF) regression model. Briefly, 11781 protein-ligand complexes with experimentally 

measured binding affinities (Ki, Kd and IC50) from the PDBbind v2018 

(http://www.pdbbind-cn.org/download.asp) general set was used to train a RTF 

regression model to predict Ki values of newly docked poses. The Smina package was 

used to extract 43 parameters of the bound ligands including the Vina docking score, 

9 steric, 3 hydrophobic, 2 non-hydrophobic, 10 atom-type Gaussian, 4 non-direct 

hydrogen bond terms, 2 acceptor-acceptor, 2 donor-donor, 2 repulsion, 2 ad4 

solvation, 1 electrostatic and 5 ligand descriptors 217. Additionally Babel was used to 

extract 9 ligand descriptors including topological polar surface area (TPSA), 

octanol/water partition coefficient (logP), molar refractivity (MR), molecular weight 

(MW), number of aromatic bonds (abonds), number of double bonds (dbonds), number 
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of hydrogen bond acceptors 1 and 2 (HBA1 and HBA2), number of hydrogen bond 

donors (HBD) for a total number of 52 parameters to build a RTF predictive model 

trained against the Gibbs free energy estimates of the ligands. The Ranger package 

in R was used to build RTF models and the Caret package was used for cross-

validation of the models 218-219. An initial RTF model was built from the 11781 PDBbind 

v2018 protein-ligand complexes by using M = 2500 regression trees with mtry = 33 and 

a 10-fold cross validation. This RTF model was used to predict the binding affinities of 

the test compounds in this study.  

The comparative assessment of scoring functions (CASF) benchmark was used to 

determine the scoring power of the newly developed RTF model. The scoring power 

indicates the ability of a program to correctly predict experimental ligand binding data. 

Briefly, Autodock Vina was used to redock the ligands in the benchmark, extract the 

scores and predict the binding affinity of the docked poses. The coefficient of 

determination (Pearson correlation squared or R-squared) and the standard deviation 

(in logKa units) was reported. 

 

2.3.2 Spectrophotometry:  Cell growth 

Quantification of fixated cells cultured as monolayers was determined 

spectrophotometrically by using crystal violet as a DNA stain. Staining the cell nuclei 

of fixed cells with crystal violet allows for accurate and reproducible quantification of 

cell number in cultures grown in 96-well plates 220-221. Spectrophotometry was used to 

measure dye absorbance at 570 nm. 

 

Dose-response curves were constructed in order to determine the growth inhibitory 

effect of the various test compounds on the two breast cancer cell lines and a control 

cell line. Time-dependent exposure studies were carried out at 48 h intervals in order 

to observe the progression of cell growth over time in response to exposure of various 

concentrations of the compounds.  

 

Materials 

Crystal violet, glutaraldehyde and Triton-X were purchased from Sigma-Aldrich Pty 

Ltd. (Johannesburg, South Africa). 
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Methods 

Exponentially growing MCF-7, MDA-MB-231 cells were seeded in 96-well tissue 

culture plates at a cell density of 5 X 103 cells per well. Hereafter, cells were incubated 

in a humidified incubator at 37°C and 5% CO2 for 24 h to allow for attachment. After 

24 h attachment the medium was aspirated from the culture plate and the cells were 

exposed to the serial dilutions of each test compound in complete media (STX1972: 0 

– 200 nM; Bzt-W41, Bzt-W49, Bzt-W52, W137, Ruxolitinib: 0 – 200 µM). A vehicle 

control, DMSO (< 0.01% v/v), was included in all experiments. The treated and control 

cells were then incubated for 48 h before the assay is performed.  

 

After 48 h exposure, the medium was aspirated and cells were fixed by adding 100 µL 

of glutaraldehyde solution (1% v/v) to each well for 15 min at room temperature. The 

glutaraldehyde was discarded and 100 µL crystal violet solution (0.1% v/v) added and 

left at room temperature for 30 min. The crystal violet solution was aspirated and the 

plates repeatedly immersed under water until the supernatant was clear and then left 

overnight to air-dry. The stained cells were solubilized by adding 200 µL Triton X100 

(0.2% v/v) to each well and incubated at room temperature for 45 min. Hereafter, well 

content was mixed thoroughly by gentle pipetting and 100 µL of the solution was 

transferred to a clean 96-well plate for reading. Optical density (OD) was read at 570 

nm with an ELx800 Universal Microplate Reader from Bio-Tek Instruments Inc. 

(Vermont, United States of America). Background was subtracted, based on the mean 

OD value of blank wells that had no added cells. The concentration of compound which 

results in 50% inhibition (IC50) was determined as follows:  

 

𝐼𝐶50 =
𝑂𝐷 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 (𝑠𝑎𝑚𝑝𝑙𝑒)

𝑂𝐷 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑜𝑛𝑙𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
∗ 100 = 50 

 

The results obtained were used to plot dose-response curves. The mean IC50 values 

for each test compound for each cell line was extrapolated from a nonlinear regression 

model in GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla 

California USA, www.graphpad.com. Three biological repeats were done for each 

experiment in triplicate. 
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2.3.3 Spectrophotometry:  Combination Index  

In the present study the IC50 after 48 h exposure describes the effect of a condition 

whereby 50% of the attached cells are present compared to the vehicle-treated 

control. This leaves enough cells to perform subsequent mechanistic experiments. 

Therefore, the present study looked at possible combinations of compounds that 

cause an IC50 after 48 h exposure and whether any of these combinations are 

synergistic.  

 

According to the  Chou-Talalay method the combination index (CI) is calculated by 

summing the combination fraction (CF) of each compound in the combination 222. A CI 

less than 1 indicates synergism; equal to 1 indicates additive effect; and CI greater 

than 1 indicates antagonism. Drug interaction (synergism or antagonism) is more 

pronounced the farther a CI value deviates from 1.  

 

The CI at IC50 is determined as follows:  

𝐶𝐼 =  
(𝐷1)[𝐶𝐹]

(𝐷1)[𝐼𝐶50]
+ 

(𝐷2)[𝐶𝐹]

(𝐷2)[𝐼𝐶50]
= (𝐶𝐹)1 +  (𝐶𝐹)2  

Where (𝐷1)[𝐼𝐶50] and (𝐷2)[𝐼𝐶50] are the concentrations of Drug 1 alone and Drug 2 

alone that inhibit cell growth by 50%, respectively. (𝐷1)[𝐶𝐹] and (𝐷2)[𝐶𝐹] are 

fractional  concentrations of (𝐷1)[𝐼𝐶50] and (𝐷2)[𝐼𝐶50] that inhibit cell growth by 50% 

when used in combination. (𝐶𝐹)1 and (𝐶𝐹)2 refer to the subsequent combination 

fraction of Drug 1 and Drug 2, respectively, which is summed to deliver the CI.  

 

Synergistic CIs of 0.95, 0.9, 0.85 and 0.8 at various CFs of two drugs on an 

isobologram whereby the CF of any drug is not less than 20% of its IC50 effect is plotted 

in Figure 2.1. These CIs and the respective ranges were used to test various 

combinations for synergism at the IC50 level. The reason for choosing CFs of any drug 

to be not less than 20% is to prevent one drug’s mechanism from dominating the anti-

proliferative effect and likely the overall mechanism of action. Furthermore, previous 

studies in our laboratory on various cell lines have identified that CIs of 0.8 to 0.95 as 

the optimal range for CIs that result in IC50 inhibition. For example, STX1972 
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combined with Bzt-W49 showed CI of 0.9 on SH-SY5Y neuroblastoma with CFs of 0.5 

and 0.4 respectively 223. W137 combined with Bzt-W41 showed a CI of 0.85 on SH-

SY5Y neuroblastoma with CFs of 0.40 and 0.45 respectively 224. Kapp et al. 138 

identified a synergistic CI of 0.9 for Bzt-w41 combined with the antiglycolytic, 3-

bromopyruvate on U937 myeloid leukemia cells with CFs of 0.5 and 0.4 respectively 

138.  

 

Cells were seeded as explained in Section 2.3.2 and exposed to paired drug 

combinations in various CF ratios with summed CI < 1. The cytotoxic effects of the 

drug combinations were measured using the crystal violet assay as described in 

Section 2.3.2 and statistically compared to the effects of the respective individual 

compounds.     

 

 

Figure 2.1: Normalized isobologram at IC50. Synergistic CIs of 0.95, 0.9, 0.85 and 0.8 at 
various CFs of two drugs on an isobologram whereby the CF of any drug is not less than 25% 
of its IC50 effect. 
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2.3.4 Confocal microscopy: morphological observation of tubulin architecture 

Confocal microscopy was used to observe the effects of the test compounds on the 

cytoskeletal microtubule architecture of treated EA.hy926, MCF-7 and MDA-MB-231 

cells. Colchicine, a commercially used antimitotic known to cause tubulin disruption, 

was used as a positive control. Morphological observations of tubulin architecture were 

performed after 8 h of exposure to the test compounds. This time point was chosen 

based on results of a pilot experiment wherein treated cells were observed every 2 h 

by means of an inverted microscope to check for cell rounding.  The 8 h cell cycle 

analysis results as per Section 2.3.6 validated the selected time point by quantifying 

the number of cells in the G2/M phase of the treated versus vehicle-control samples.  

 

Materials 

R&D Systems Mouse anti-human Tubulin β-1 MAb (Clone 923425) and Goat F(ab)2 

Anti-Mouse IgG (H+L) Fluorescein-conjugated antibodies from were purchased from 

Whitehead Scientific (Pty) Ltd, (Hillcrest, RSA). Methanol and 4', 6-diamidino-2-

phenylindole (DAPI) was purchased from Sigma-Aldrich Pty Ltd. (St. Louis, MO, USA). 

Bovine serum albumin (BSA) and ProLong diamond antifade mountant, Molecular 

Probes were purchased from Life Technologies™ South Africa (Pty) Ltd. (Fairland, 

RSA). Cytoskeletal buffer was freshly prepared on the day of use (100 mL ddH2O, 60 

mM PIPES (1,4 piperazine diethanesulfonic acid), 27 mM HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid, 10 mM EGTA (ethylene glycol tetraacetic acid)) all 

purchased from Sigma-Aldrich Pty Ltd. (St. Louis, MO, USA). 

 

Methods  

Exponentially growing MCF-7, MDA-MB-231 and EA.hy926 cells were seeded at 50 

000 cells per well in a 24-well plate. Sterile 12 mm glass coverslips were placed into 

the wells before adding the cells. After 24 h attachment the medium was discarded 

and the cells treated with STX1972 and the STX-Bzt-W41 combination, at IC50 and 

combination concentrations as determined in Sections 2.3.2 and 2.3.3. DMSO and 

colchicine-treated (100 nM) samples served as negative and positive controls 

respectively.  After the 8 h treatment, media was discarded and cells were washed 

three times with cytoskeletal buffer (CB). Cells were fixed by adding 1 ml of ice-cold 

methanol and incubating the plate at -20˚C for 5 – 10 min. The coverslips were gently 
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washed three times with CB buffer for 5 min at room temperature. In order to stain the 

intracellular components, fixed cells were permeabilised with 0.2% Triton X100 diluted 

in 0.1 M PBS and incubated at room temperature for 5 min.  After permeabilisation 

cells were washed three times in 0.1 M PBS for 5 min per wash. Non-specific binding 

was inhibited by immersing the coverslips in 500 µL blocking buffer (2% bovine serum 

albumin (BSA) in 0.1 M PBS) for 60 min at room temperature. Beta tubulin was located 

by incubating the cells with the primary mouse anti-β-1 tubulin antibody made up to 

15 µg/mL in a 2% BSA solution for 60 min at 37°C.  Cells were washed three times in 

cold 0.1 M PBS (5 min per wash) and counter stained with the secondary IgG (H+L) 

fluorescein-conjugated antibody, made up to 2 μg/mL in a 2% BSA solution for 60 min 

at 37°C in the dark. Following secondary staining, the coverslips were gently washed 

three times in cold 0.1 M PBS for 5 min per wash. Nuclei were stained with DAPI (1 

µg/mL) for 5 min at room temperature. The coverslips were gently washed twice in 

cold 0.1 M PBS before being placed sample-side down onto a drop of ProLong® 

Diamond antifade mountant on a glass slide. The slides were left to cure for 24 h at 

room temperature in the dark. Stained cells were viewed and images captured using 

a ZEISS LSM 800 confocal laser scanning microscope (Carl Zeiss MicroImaging 

GmbH, Göttingen, Germany). The experiment was conducted in duplicate and a 

minimum of three representative images were captured from each sample at two 

magnifications (400x and 630x). The exposure time for each image captured was kept 

consistent to avoid deterioration of fluorescent signal. 

 

2.3.5 Flow cytometry: Cell cycle progression 

Flow cytometry was used to measure the DNA content of treated and control samples 

in order to monitor the effect on cell cycle progression. Analysis was conducted by 

ethanol fixation and propidium iodide staining of cells. Propidium iodide (PI), an 

intercalating dye, was used to stain the nucleus in order to quantify the amount of DNA 

present. Since PI also binds to double stranded RNA, RNAse is added to digest RNA 

present in the sample. The amount of DNA present correlates with the stages of the 

cell cycle during cell division, sorting the cells in four phases of the cycle (sub G1, G1, 

S and G2/M). Time-dependent studies were conducted at intervals of 8 h and 48 h.  
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Materials 

PI, RNAse A and Actinomycin D were purchased from Sigma-Aldrich Pty Ltd. (St. 

Louis, MO, USA). Absolute (99.9 %) ethanol was purchased from Merck (Darmstadt, 

Germany).  

 

Methods  

Exponentially growing MCF-7/MDA-MB-231/EA.hy926 cells were seeded at 1.5 X 104 

cells per well in 6-well culture plates. After 24 h attachment in a humidified incubator 

at 37°C with 5% CO2, cells were treated with the IC50 and combination concentrations 

as determined in Sections 2.3.2 and 2.3.3. An Actinomycin D-treated (0.2 µg/mL) 

sample was added as a positive control. The medium was discarded and the cells 

were exposed to the IC50 concentrations of the various compounds and combinations 

and incubated for 8 h and 48 h intervals. After the respective treatment times, cells 

were harvested by trypsinisation and centrifuged for 5 min at 300 x g. The supernatant 

was discarded and the cells were resuspended in 200 µL of ice-cold 0.1 M PBS 

containing 0.1% FBS. Fixation was performed by adding 4 mL of ice-cold 70% ethanol 

in a drop wise manner while gently vortex mixing and the samples were stored at 4ºC 

for 24 h. After 24 h, the cells were pelleted by centrifugation at 300 x g for 5 min. The 

supernatant was removed and the cells were resuspended in 600 µL of 0.1 M PBS 

containing PI (40 µg/mL) and RNAse A (100 µg/mL). The samples were incubated at 

37ºC for 45 min in the dark.  

 

The PI fluorescence (relative DNA content per cell) was measured by using the 

fluorescence activated cell sorting (FACS) FC500 flow cytometer (Beckman Coulter 

South Africa (Pty) Ltd) equipped with an air-cooled argon laser excited at 488 nm. 

Data from at least 10 000 events per sample was captured using CXP software 

(Beckman Coulter SA (Pty) Ltd). Experimental data from at least three biological 

repeats was acquired. Data from cell debris and cell aggregates was gated out when 

data analysis was performed. The data obtained was processed using a Java-based 

flow cytometry data analysis program WEASEL FC v3.0.2. (Walter and Elisa Hall 

Institute, Melbourne, Australia).  
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2.3.6 Flow cytometry: Apoptosis detection 

Flow cytometry was used to analyse apoptosis in the three different cell lines exposed 

to the different treatments. Test compound treated cells were stained with Annexin V 

conjugated to a fluorochrome, fluorescein isothiocyanate (FITC), to measure the 

translocation of the membrane phosphatidylserine (PS) from the inner to the outer 

leaflet. PS translocation is associated with apoptotic processes. Cells were counter-

stained with PI in order to distinguish between necrotic and early apoptotic cells. 

Fluorescence of both stains were analysed simultaneously by means of flow 

cytometry.  

 

Materials  

Annexin V binding buffer (pH7.4): HEPES 100 mM, NaCl 1.5 M, KCl 50 mM, MgCl2 

10 mM, CaCl2 18 mM. Annexin V-FITC antibody (Sigma-Aldrich St. Louis, MO, USA). 

 

Methods  

Exponentially growing MCF-7/MDA-MB-231/EA.hy926 cells were seeded at 1.5 X 104 

cells per well in 6-well culture plates.  After 24 h for attachment the medium was 

discarded and the cells were treated with the IC50 or combination concentrations as 

set out in Sections 2.3.2 and 2.3.3 and incubated for 48 h. After the respective 

treatment times, cells were trypsinised and centrifuged for 5 min at 300 x g. Hereafter, 

supernatant was removed and cells were resuspended at a concentration of 1x106 

cells in 1 mL Annexin V binding buffer. Cells in suspension (100 μL) were transferred 

and 5 μL of Annexin V-FITC was added. The samples were incubated for 15 min in 

the dark at room temperature. After 15 min 10 μL of propidium iodide (100 µg/mL) was 

added and gently mixed.  Hereafter a further 400 μL of 1x binding buffer solution was 

added and cells were analysed.  

 

Propidium iodide fluorescence (cell membrane compromised cells) and Annexin V 

fluorescence (apoptotic cells) were measured with a FACS FC500 flow cytometer 

(Beckman Coulter South Africa (Pty) Ltd) equipped with a 488 nm air-cooled argon 

laser. Data from at least 10 000 events per sample were captured using CXP software 

(Beckman Coulter SA (Pty) Ltd). Experimental data from at least three biological 

repeats was acquired. Data from cell debris and cell aggregates were gated out when 
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data analysis was performed. The data obtained was processed using a Java-based 

flow cytometry data analysis program WEASEL FC v3.0.2. (Walter and Elisa Hall 

Institute, Melbourne, Australia).  

 

2.3.7 Flow cytometry: Acridine orange for autophagy detection 

Acridine orange (AO) was used to measure the functional state of lysosomes. AO is 

lysosomotropic and emits red fluorescence when protonated and trapped in acidic 

vesicular organelles such as autolysosomes and green fluorescence when present in 

the cytosol 225. The concentration-dependent metachromic shift to red fluorescence is 

correlated with autophagy induction 225. Intracellular AO fluorescence was quantified 

by means of flow cytometry and the red-to-green fluorescence intensity ratio (R/GFIR) 

was used as ratiometric analysis of autophagy 225.  Two-parameter linear scale dot-

plots were used to detect red fluorescence (y-axis) and green fluorescence (x-axis) 

and a R/GFIR-threshold (R/GFIR-T) was set according to the population axis.  

 

Materials  

Acridine orange was purchased from Sigma-Aldrich Pty Ltd. (St. Louis, MO, USA). 

 

Methods  

Exponentially growing cells were seeded into 6-well culture plates at 1.5 X 104 cells 

per well and left for 24 h in a humidified incubator at 37°C with 5% CO2 to allow for 

attachment. Cells were treated with the DMSO control, IC50 values of compounds or 

combinations as detailed in Sections 2.3.2 and 2.3.3 at 37°C for 48 h. After the 

exposure time the cells were harvested by trypsinisation, centrifuged at 300 x g for 5 

min and the supernatant discarded. Cells were resuspended in an AO staining solution 

at a final concentration of 1 µg/mL (diluted in pre-warmed 0.1 M PBS). Cells were 

incubated for 15 min at room temperature in the dark. After incubation cells were 

centrifuged at 300 x g for 5 min and the supernatant discarded. Samples were 

resuspended in 600 µL 0.1 M PBS and transferred to flow cytometry tubes for 

immediate data acquisition on the flow cytometer.  
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AO fluorescence, green (FL 1) versus red (FL 3), was measured with a FACS FC500 

flow cytometer (Beckman Coulter South Africa (Pty) Ltd) equipped with a 488 nm air-

cooled argon laser. Data from at least 10 000 events per sample was captured using 

CXP software (Beckman Coulter SA (Pty) Ltd). Experimental data from at least three 

biological repeats was acquired. Data from cell debris and cell aggregates was gated 

out when data analysis was performed. The data obtained was processed using a 

Java-based flow cytometry data analysis program WEASEL FC v3.0.2. (Walter and 

Elisa Hall Institute, Melbourne, Australia). 

  

2.3.8 Flow cytometry: ROS generation assay 

Increased intracellular production of reactive oxygen species (ROS) causes cell 

damage and eventually leads to cell death. To investigate whether exposure to the 

test compounds leads to oxidative stress, the cell permeable 2', 7'-dichlorodihydro 

fluorescein diacetate (H2DCF-DA) was used as an intracellular ROS indicator. The 

principle of the assay is based on treating the cells with the reduced non-fluorescent 

H2DCF-DA, which easily crosses the cell membrane where it becomes trapped due to 

esterase activity and is oxidized by intracellular ROS to the highly fluorescent 2', 7'-

dichlorofluorescein (DCF). Flow cytometry was used for the rapid measurement of 

intracellular ROS production by quantification of H2DCF-DA oxidation.  

 

Materials  

2', 7'-dichlorodihydrofluorescein diacetate (H2DCF-DA), deferoxamine mesylate salt 

(DFO), and the antioxidant N-acetyl-L-cysteine (NAC), were purchased from Sigma-

Aldrich Pty Ltd. (St. Louis, MO, USA). 

 

Methods 

Exponentially growing cells were seeded into 25 cm2 culture flasks at 4 X 105 cells per 

flask and left for 24 h in a humidified incubator at 37°C with 5% CO2 to allow for 

attachment. Cells were treated with the DMSO control, IC50 values of compounds or 

combinations as detailed in Sections 2.3.2 and 2.3.3 at 37°C for 48 h. After the 

exposure time the cells were harvested by trypsinisation, centrifuged at 300 x g for 5 

min and the supernatant discarded, followed by three PBS wash steps. Cells were 
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resuspended in a 10 µM working solution of H2DCF-DA in 0.1 M PBS, at a density of 

1 X 106/mL and incubated for 20 min at 37°C, protected from light. After incubation, 

the cells were washed twice with PBS and resuspended in 500 µL pre-warmed PBS. 

For the control samples cells were exposed to 100 µM of the iron-chelator 

deferoxamine mesylate salt (DFO) for 48 h (parallel to treatment exposure) or pre-

incubated with 5 mM of the ROS inhibitor N-acetyl-L-cysteine (NAC) for 1 h before 

termination.   

 

The change in fluorescence intensity resulting from the oxidation of H2DCF to DCF 

was measured using a flow cytometer. Flow cytometric data of FL1 Log versus count 

illustrated the x-mean shift. Data from at least 10 000 cells were analysed with CXP 

software (Beckman Coulter South Africa (Pty) Ltd). 

 

2.3.9 Flow cytometry: Mitochondrial membrane depolarization 

Mitochondrial transmembrane potential (ΔΨm) corresponds to mitochondrial 

membrane integrity and cell health. Mitochondrial membrane permeabilisation causes 

dissipation of ΔΨm and results in the initiation of the pro-apoptotic signal cascade 66. 

A ΔΨm -sensitive probe 3,3'-dihexyloxacarbocyanine Iodide (DiOC6(3)) is widely used 

as a cytofluorometric ΔΨm indicator 226.  DiOC6(3) is a lipophilic cationic dye that 

accumulates in the mitochondrial matrix of functional mitochondria to give green 

fluoresce due to aggregation 227. In apoptotic cells the dye is unable to aggregate due 

to ΔΨm depolarization, resulting in decreased DiOC6(3) fluorescence 228. 

Quantification of mitochondrial potential was done by means of flow cytometric 

analysis.   

 

Materials  

3, 3’-dihexyloxacarbocyanine iodide [DiOC6(3)] was purchased from Merck (Pty) Ltd, 

(Darmstadt, Germany).  

 

Methods 

Exponentially growing cells were seeded into 25 cm2 culture flasks at 4 X 105 cells per 

flask and left for 24 h in a humidified incubator at 37°C with 5% CO2 to allow for 
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attachment. Cells were treated with the DMSO control, IC50 values of compounds or 

drug combinations as detailed in Sections 2.3.2 and 2.3.3 and 70% EtOH as positive 

control at 37°C for 48 h. After the exposure time the cells were harvested by 

trypsinisation, centrifuged at 300 x g for 5 min and the supernatant discarded, followed 

by three PBS wash steps. Cells were resuspended in a 10 nM working solution of 

DiOC6(3) in 0.1 M PBS, at a density of 1 X 106/mL and incubated for 30 min at 37°C. 

After incubation, the cells were washed twice with PBS and resuspended in 500 µL 

pre-warmed PBS. 

 

DiOC6(3) fluorescence was measured with a FACS FC500 flow cytometer (Beckman 

Coulter South Africa (Pty) Ltd) equipped with a 488 nm air-cooled argon laser. Flow 

cytometric data of FL1 Log versus count illustrated the x-mean shift. Data from at least 

10 000 events per sample was captured using CXP software (Beckman Coulter SA 

(Pty) Ltd). Experimental data from at least three biological repeats was acquired. Data 

from cell debris and cell aggregates was gated out when data analysis was performed. 

The data obtained was processed using a Java-based flow cytometry data analysis 

program WEASEL FC v3.0.2. (Walter and Elisa Hall Institute, Melbourne, Australia). 

 

2.3.10 Protein expression analysis: Phosphorylation of Bcl-2 at Serine 70 

Bcl-2 is a member of the Bcl-2 family which regulates mitochondrial membrane 

potential and mitochondrial mediated apoptosis induction. An increase in the 

phosphorylation of Bcl-2 at serine 70 only leads to inhibition of apoptosis while an 

increase in the multi-site phosphorylation status of Bcl-2 at serine-70, tryptophan-69 

and serine-87 leads to induction of apoptosis 229. Multi-site phosphorylation of Bcl-2 is 

associated with a G2/M block in MCF-7 and MDA-MB-231 cells 229. Dephosphorylation 

of Bcl-2 at serine 70 or an overall decrease in the protein expression of Bcl-2 are also 

associated with induction of apoptosis 229.  The test principle of the Muse™ Bcl-2 

Activation Dual Detection Kit is based on the inclusion of two directly conjugated 

antibodies, anti-phospho-Bcl-2 (Ser70)-Alexa Fluor®555 and anti-Bcl-2-PECy5, which 

allows for the simultaneous measurement of Bcl-2 phosphorylation and total levels of 

Bcl-2 protein expression respectively. Flow cytometry was used to determine the 

extent of Bcl-2 activation by detecting the phospho-Bcl-2: total ratio within the MDA-

MB-231 and EA.hy926 cell lines after treatment. 
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Materials 

The Muse™ Bcl-2 Activation Dual Detection Kit from Millipore Corporation (Billerica, 

Massachusetts, USA) was purchased through Merck (Pty) Ltd. (Johannesburg, South 

Africa). 

 

Methods 

Exponentially growing cells were seeded into 25 cm2 culture flasks at 4 X 105 cells per 

flask and left for 24 h in a humidified incubator at 37°C with 5% CO2 to allow for 

attachment. Cells were treated with the DMSO control, IC50 values of compounds or 

drug combinations (as detailed in Sections 2.3.2 and 2.3.3) at 37°C for 48 h. After the 

exposure time the cells were harvested by trypsinisation, centrifuged at 300 x g for 5 

min and the supernatant discarded. Cells were resuspended in 1 X Assay Buffer at a 

density of 1 X 106/mL after which equal parts of Fixation Buffer was added to cell 

suspension (1:1). Samples were mixed by gently pipetting up and down and incubated 

on ice for 5 min. Cells were then centrifuged at 300 x g for 5 min and the supernatant 

discarded. Cells were permeabilised by adding 1 mL ice-cold Permeabilisation Buffer 

per 1 X 106 cells and incubated on ice for 5 min. Once again, cells were centrifuged at 

300 x g for 5 min and the supernatant discarded, after which cells were resuspended 

in 450 µL of 1 X Assay Buffer per 1 X 106 cells and 180 µL was aliquoted into 2 mL 

microcentrifuge tubes. For dual staining, 20 µL of the antibody working cocktail 

solution was added to each microcentrifuge tube containing the cell suspension.  The 

antibody working cocktail solution is pre-mixed containing equal parts of antiphospho-

Bcl-2 (Ser70), Alexa Fluor® 555 and anti-Bcl-2, PECy5 conjugated antibodies. 

Samples were incubated for 60 min at room temperature in the dark. Following the 

incubation step, 200 µL of 1 X Assay Buffer was added to each microcentrifuge testing 

sample and centrifuged at 300 x g for 5 min, supernatant was discarded. Samples 

were then resuspended in 500 µL of 1 X Assay Buffer and acquired directly.       

 

Antiphospho-Bcl-2 (Ser70), Alexa Fluor® 555 (FL 2) and anti-Bcl-2, PECy5 (FL 4) 

fluorescence was measured with a FACS FC500 flow cytometer (Beckman Coulter 

South Africa (Pty) Ltd) equipped with a 488 nm air-cooled argon laser. Data from at 

least 10 000 events per sample were captured using CXP software (Beckman Coulter 

SA (Pty) Ltd). Experimental data from at least three biological repeats was acquired. 
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Data from cell debris and cell aggregates was gated out when data analysis was 

performed. The data obtained was processed using a Java-based flow cytometry data 

analysis program WEASEL FC v3.0.2. (Walter and Elisa Hall Institute, Melbourne, 

Australia). 

 

2.3.11 Gene expression analysis: Reverse transcription quantitative polymerase 

chain reaction  

Cancer pathogenesis and progression is often owed to altered expression of genes 

involved in cellular processes such as cell division and apoptosis. Three of the genes 

implicated in numerous cancers include p53, bcl-2 and c-myc 230-231. To investigate 

the effects of the compounds on the expression levels of these genes, quantitative 

reverse transcription polymerase chain reaction (RT-qPCR) was used. RT-qPCR 

technology is an accurate and practical method for gene level mRNA measurement 

232. The assay is based on isolation of total RNA which is enzymatically transcribed to 

complementary DNA (cDNA) by reverse transcriptase. The cDNA serves as the 

template for the polymerase reaction. A one-step RT-qPCR assay combines the 

reverse transcriptase and the DNA polymerase enzymes to catalyse cDNA synthesis 

and PCR in a single tube. The assay uses sequence specific primers for each target 

gene in a single tube. SYBR Green I, which fluoresces when bound to double-stranded 

DNA, is used for PCR product quantification. The change in fluorescence intensity is 

directly proportional to the quantity of PCR amplicons 233. 

 

Materials 

RNAzol® RT RNA isolation reagent, 2-propanol (Isopropanol), and TE buffer (10 mM 

Tris, pH 7.5 to 8.0, 1 mM EDTA), RNAse free water and sterile 0.1 mL 8-strip RNase- 

and DNase-free PCR tubes with caps were purchased from Sigma-Aldrich Pty Ltd. 

(St. Louis, MO, USA). 99.9 % Ethanol was purchased from Merck (Darmstadt, 

Germany). SensiFAST™ SYBR® No-ROX one-step kit from Bioline Reagents Ltd, was 

purchased from Celtic Molecular Diagnostics (Pty) Ltd, (Mowbray, RSA). 

LightCycler® 480 96-well plates and sealing foils were obtained from Roche 

Diagnostics Pty Ltd (Johannesburg, South Africa).  
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Methods 

a) Isolation of total RNA  

Exponentially growing cells were seeded at 1.5 X 104 cells per well in a 6-well culture 

plate. After allowing 24 h for attachment in a humidified incubator at 37°C with 5% 

CO2, the medium was discarded and the cells exposed to IC50 or combination drug 

concentrations as determined in Sections 2.3.2 and 2.3.3. Cells were then incubated 

in a humidified incubator at 37°C with 5% CO2 for 48 h. Total RNA from vehicle-control 

and   individually isolated using RNAzol® RT RNA Isolation Reagent, as per 

manufacturer’s protocol.  

i. Sample preparation (Homogenization) 

Cells were lysed directly in the culture dish by removing culture medium and adding 1 

mL of RNAzol®RT isolation agent per surface area of 10 cm2. To ensure a 

homogenous lysate, the cell lysate was repeatedly passed through a pipette tip.  

ii. DNA, protein and polysaccharide precipitation 

RNAse free water was added to the lysate at 0.4 mL per 1 mL of RNAzol®RT used for 

homogenization. The resulting mixture was shaken vigorously for 15 seconds and 

stored at room temperature for 15 min. Samples were then centrifuged at 12 000 x g 

for 15 min. DNA, proteins and polysaccharides form a semisolid pellet, RNA remains 

soluble in the supernatant. Samples were carefully handled and precaution was taken 

not to disrupt the semisolid pellet that would cause contamination of the RNA-

containing supernatant.  

iii. Precipitation of total RNA  

The RNA-containing supernatant was transferred to a new RNAse free 2 mL 

microcentrifuge tube. RNA was precipitated by mixing 1 mL of the supernatant with 1 

mL of 100% isopropanol. Samples were stored at room temperature for 10 min, 

followed by centrifugation at 12 000 x g for 10 min. Supernatant was aspirated and an 

RNA precipitate in the form of a small white pellet was left in the bottom of the tube 

 

iv. RNA washes and solubilization  
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The RNA was washed by mixing the RNA pellet with 0.5 mL of 75% ethanol (v/v). The 

pellets were centrifuged at 8 000 x g for 3 min. This step was repeated twice. The 

alcohol solution was aspirated using a micropipette. The RNA pellet was dissolved, 

without drying, in 100 µL RNAse-free water to approach an RNA concentration of 1 - 

2 µg/mL. For solubilization in water, the RNA pellet was vortex mixed at room 

temperature for 2 - 5 min. The RNA concentration of each sample was measured and 

the samples were stored at - 20°C.  

 

b) Measuring RNA concentration 

RNA content of each sample was checked for purity, concentration and integrity by 

adding 1.5 µL of homogenous sample onto a Nanodrop 2000 spectrophotometer. The 

RNAse free water used to solubilize the RNA was used to “blank” the system before 

sample reading began. RNA is considered pure of organic contamination with a 

260/230 absorbance ratio greater than 1.5 and free of protein contamination with a 

260/280 absorbance ratio greater than 2.   

 

c) Primer preparation 

Forward and reverse primers were synthesized by and purchased from Inqaba 

Biotechnical Industry, (Pretoria, South Africa). Oligomer sequences are shown in 

Table 2.1. Each tube was briefly centrifuged before opening to prevent loss of the 

lyophilized pellet. Stock solution of oligomers (100 µM) were prepared by adding sterile 

TE Buffer. Working solutions (4 µM) were diluted from the stock solution with sterile 

nuclease free water. Oligomers were divided into smaller aliquots and stored at -20°C.  

 

Table 2.1: Forward and reverse primer sequences. 

Gene  Forward Primer (5'→ 3')  Reverse Primer (5'→ 3')  Product Length  

p53  GGAGCACTAAGCGAGCACT  TCTCGGAACATCTCGAAGCG  124 bp  

c-myc  CGTCCTCGGATTCTCTGCTC  TTGTTCCTCCTCAGAGTCGC  116 bp  

bcl-2  AGATTGATGGGATCGTTGCCT  AGTCTACTTCCTCTGTGATGTTGT  109 bp  

GAPDH  CTCCTCCTGTTCGACAGTCA  CCCAATACGACCAAATCCGTTG  133 bp  

β2M  AGATGAGTATGCCTGCCGTG  CGGCATCTTCAAACCTCCAT  104 bp  

d) Quantitative real time PCR 
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The expression levels of the p53, bcl-2 and c-myc genes in treated and untreated cells 

were determined using qPCR. The Roche LightCycler 480 (Roche Diagnostics) was 

used to perform the RT-qPCR using a SensiFAST™ SYBR No-ROX one-step kit. The 

reaction mix composition is shown in Table 2.2.  

 

Table 2.2: Reaction mix composition. 

Reagent  Volume  Final concentration  

2x SensiFAST™ SYBR No-ROX One-Step Mix  10 μL  1x  

F+R Primer mix (2 μM/strand)  3 μL  300 nM/strand  

Reverse transcriptase  0.2 μL  -  

RiboSafe RNase Inhibitor  0.4 μL  -  

Template  6.4 μL  400 ng  

Total volume 20 μl  

 

The Roche LightCycler 480 was set up to have one 10 min cycle at 45ºC for optimal 

reverse transcription and one 2 min cycle at 95ºC in order to activate the HotStart DNA 

polymerase. This was followed by 35 cycles at 95ºC for 5 seconds (for denaturation) 

and 60ºC for 20 seconds (for annealing) with a ramp rate of 1ºC/second. SYBR Green 

fluorescence was acquired at end step.  

 

All samples and reagents were kept on ice prior to the PCR run. Quantitative gene 

expression for the target genes was normalized to the expression levels of two 

reference genes: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-2-

microglobulin (β2M). Each reaction was performed in triplicate. Control samples were 

included, one of which omitted reverse transcriptase and the other without RNA 

template (NTC). The data was captured using the LightCycler 480 software package.   

The acceleration of the fluorescence signal at its maximum was considered as the 

crossing point (quantification cycle (Cq)) of the PCR reaction. The Second Derivative 

Maximum analysis method (set at high Confidence) available in the LightCycler 480 

software package was used to identify the crossing point. Cq points were normalized 

to two reference genes (GAPDH and β2M) and to a treatment control (cells exposed 

to DMSO). Relative gene expression levels of genes of interest were determined from 

Cq values obtained from qPCR analysis using the ∆∆Cq method 234. Gene expression 

of the three genes of interest (p53, c-myc and bcl-2) were calculated as 
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target/reference ratio, and reported as fold increase relative to DMSO control, 

normalized to one.  

 

2.3.12 Protein expression analysis: c-MYC expression by means of enzyme-

linked immunosorbent assay  

Gene expression data from the RT-qPCR experiments indicate relative mRNA levels 

of genes associated with apoptosis, cell cycle regulation and signal transduction at the 

time of termination. However, gene expression does not necessarily correlate with 

protein expression or activity. Therefore, protein levels of the c-MYC oncoprotein were 

quantified by means enzyme-linked immunosorbent assay (ELISA). Test principle is 

based on the Sandwich-ELISA method where the 96-well microplate is pre-coated with 

a capture antibody specific to Human c-MYC, added samples combine with the 

antibody after which detection antibodies conjugated to biotin and finally Avidin- 

Horseradish Peroxidase (HRP) conjugate is added, followed by the substrate reagent 

and stop solution. Results were obtained by means of spectrophotometry at a 

wavelength of 450 nm with OD values proportional to the concentration of c-MYC 

present. The concentration of c-MYC per sample was calculated by comparing the OD 

of the samples with the standard curve.   

 

Materials  

Elabscience® Human MYC ELISA Kits (Catalog No: E-EL-H0756) were purchased 

from BIOCOM AFRICA Pty Ltd, (Johannesburg, South Africa).  

 

Methods 

Exponentially growing MDA-MB-231 and EA.hy926 cells were seeded into 25 cm2 

flasks at 4 X 105 cells per flask and were exposed to the vehicle control or various 

compound test conditions (as per Section 2.3.2 and 2.3.3) at 37°C for 48 h. After the 

treatment time, sample collection and experimental procedures were followed as per 

manufacturer instructions set out below.  

 

a) Sample collection 
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Culture medium was removed, cells were washed with pre-cooled PBS, harvested by 

means of trypsinisation, and centrifuged for 5 min at 1000 x g. Supernatant was 

discarded and cells were washed three times with pre-cooled PBS. Cells were 

resuspended in 250 µL of pre-cooled PBS for every 1 X 106 cells. This was followed 

by cell lysis by means of freeze-thaw process. The cell suspension was frozen in a dry 

ice/EtOH bath and thawed in incubator. Freeze-thaw cycles were repeated 3-5 times. 

To ensure that cells were fully lysed mechanical lysis was also implemented by 

passing the lysate though a disposable insulin syringe with fixed needle (29G – ½”). 

This was followed by 10 min centrifugation at 1500 x g. Cell fragments were removed 

and supernatant was collected to perform the assay.  

 

b) Preparation of standard working solution 

The standard was centrifuged at 10,000 x g for 1 min after which 1.0 mL of Reference 

Standard & Sample Diluent was added to prepare a 20 ng/mL reference standard. The 

solution was left to stand for 10 min at room temperature, inverted gently several times. 

After it dissolved fully, a ½ serial dilution was made by adding 500 µL reference 

standard to 500 µL diluent to create a detection range of 0.31 – 20 ng/mL.  

 

c) Assay procedure  

The different standard solutions were added to the first two columns, each 

concentration of the solution was added in duplicate, to one well each, side by side 

(100 µL for each well). The samples were added to the other wells in duplicate (100 

µL for each well). The plate was covered with the sealer and incubated for 90 min at 

37°C. Hereafter, the liquid was removed from each well and 100 µL of Biotinylated 

Detection Ab working solution was immediately added to each well. Plate was covered 

with the plate sealer and incubated for 1 hour at 37°C. The solution was aspirated from 

each well, 350 µL of wash buffer was added, allowed to soak for 1~2 min and 

decanted. The wash step was repeated 3 times. This was followed by adding 100 µL 

of HRP Conjugate working solution to each well. Plate was covered with the plate 

sealer and incubated for 30 min at 37°C. After incubation the solution was decanted 

and the previously mentioned wash step was repeated 5 times. Hereafter, 90 µL of 

Substrate Reagent was added to each well, the plate was covered with a new plate 

sealer and incubated in the dark for 15 min at 37°C. The process was terminated by 

adding 50 µL of Stop Solution to each well, in the same order as the substrate solution 
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was added. The OD value of each well was determined at once with a micro-plate 

reader set to 450 nm. 

 

2.4 Statistics 

Data was statistically analysed as per recommendation of the Biostatistician from the 

unit for Biostatistics, Faculty of Health Sciences, University of Pretoria. Data obtained 

from 3 independent experiments (minimum of two technical repeats per experiment) 

was statistically analysed for significance using the analysis of variance (ANOVA)-

single factor model followed by a two-tailed Student’s t-test. Means are presented in 

bar charts, with T-bars referring to standard errors of the mean (SEM). Results were 

compiled using Microsoft Excel 2013 and analysed statistically using GraphPad Prism 

version 6.01 for Windows (GraphPad Software, La Jolla California USA, 

www.graphpad.com) or Microsoft Excel 2013. The IC50 was determined using non-

linear regression (normalized variable slope) to fit a dose response curve. Multiple 

comparisons were conducted by means of two-way ANOVA by using Tukey’s, 

Dunnet’s or Sidak’s multiple comparisons test, subject to software recommendation 

and based on data input. In all analysis, statistical significance is indicated by *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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Chapter 3: Results 

3.1 Computer Aided Drug Design 

3.1.1 Ligand-binding analysis of compounds 

Glide SP was able to reproduce the native ligand pose for all the selected protein-

ligand complexes (RMSD<2). This is a good indication that the best GlideScore likely 

corresponds to the best docking pose for the selected compounds. The machine-

learning RTF predictive model was trained against the Gibbs free energy of the 

experimentally determined Ki values. The Gibbs free energy was calculated as follows: 

ΔG (kcal/mol) = -RT ln(Ki) (R=gas constant in kcal⋅K−1⋅mol−1, T=temperature in Kelvin 

(298°K)). The Glide SP score represents the ΔG (kcal/mol) for their scoring function. 

The machine-learning RTF predictive model with native poses corresponds well with 

the experimentally determined ΔG values of the CASF database with a square of the 

Pearson product-moment correlation co-efficient (R2) of 0.948 and a standard 

deviation of the error of 0.6 (Figure 3.1A). The CASF-2016 benchmark is composed 

of 285 complexes from 57 different targets 192. When applying the model to the docked 

poses of the 285 complexes a correlation co-efficient of 0.845 and a standard deviation 

of the error of 1.21 was observed (Figure 3.1B). A possible reason for the decreased 

correlation co-efficient and standard deviation of the error for the CASF-2016 

benchmark compared to the RTF predictive model with native poses is that the 

docking software does not always produce the native binding pose and thus likely 

underestimates the Gibbs free energy. The Glide SP program in the CASF-2016 

benchmark showed a correlation co-efficient of 0.32 and a standard deviation of the 

error of 1.89 192. This translates to a standard error range in predicting the experimental 

Ki value of ± 18.6x the Ki for Glide SP and ± 7.7x the Ki for our model. Our model also 

improves on the best scoring function tested on CASF-2016 benchmark, the 

ΔVinaRF20, with a correlation co-efficient of 0.665 and a standard deviation of the error 

of 1.26 192. 

 

The docking of JQ1, Bzt-W41 and Bzt-W49 into receptors of the bromodomain family 

and subsequent prediction of activity indicate that these compounds will likely 

selectively inhibit the BET bromodomains BRD2, BRD3 and BRD4 compared to the 
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rest of the proteins of the bromodomain family (Table 3.1). Filippakopoulos, 2010 et 

al. used differential scanning fluorimetry and their thermal stability shift (delta TM) 

show that JQ1 is indeed selective towards BRD2-4, however, no selectivity between 

these BET proteins was observed 123. Bzt-W49 is predicted to be more selective 

towards BRD4 compared to BRD2 and this was experimentally observed in Vishwa et 

al. (2017) (Table 3.1) 164. Bzt-W49 is also predicted to be more selective towards 

bromodomain 1 of BRD2 (BRD2-BRD1) compared to bromodomain 2 of BRD2 (BRD2-

BD2) (Table 3.1). No major selectivity is predicted between the bromodomain 1 and 2 

proteins of BRD2 and BRD4 for JQ1 and Bzt-W41 (Table 3.1).    

The binding pose of JQ1, Bzt-W41 and Bzt-W49 against BRD2, BRD3 and BRD4 

show similar interactions for BD1 (Figure 3.2) and  BD2 (Figure 3.3).   The chloro-

benzene of the ligands are in close proximity to TRP97 and MET165 (BRD2-BD1), 

TRP57 and MET125 (BRD3-BD1), TRP81 and MET149 (BRD4-BD1), TRP370 and 

MET438 (BRD2-BD2), TRP332 and MET400 (BRD3-BD2) and TRP374 and MET442 

(BRD4-BD2) (Figure 3.2 and Figure 3.3). The selectivity of Bzt-W49 towards BRD4 

compared to BRD2 was explained by Vishwa et al. (2017) as being due to a stable 

water network at the N-side before the AcK binding site between the ligand and the 

ASN140, LYS141 and ASP144 residues 164. Three separate docking software 

packages were used in that study (Autodock Vina, rDOCK and Autodock) as well as 

the Gromacs molecular dynamics package 164. The present study used the Glide SP 

package and a similar network was observed (Figure 3.2I) which further supports the 

view that the modifications to the Bzt-W49 ligand allows additional interactions with 

BRD4 (BD1) protein that is not observed in the BRD2 proteins and thus explains the 

selectivity. 

The predicted pose for STX1972 against CAII and CAIX shows the classic zinc-

sulfamate nitrogen interaction (Figure 3.4A and B). For CAII the ethyl group interacts 

with a hydrophobic pocket comprising of PRO201, PRO202 and LEU141 of CAII 

(Figure 3.4A) while the ethyl group interacts with a more hydrophilic pocket comprising 

of ASN62, HIS64 SER65 and GLN67 in CAIX (Figure 3.4B). A calcium-sulfamate 

nitrogen interaction is observed for STX1972 bound to STS (Figure 3.4C). The ethyl 

group of STX1972 occupies a hydrophobic region comprising of GLY100, VAL101, 

PHE102 and LEU103 (Error! Reference source not found.C). Additional hydrogen b
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onds between the sulfamate oxygens of STX1972 and FLG75 (2-aminopropanedioic 

acid), THR165 and LYS368 were observed (Error! Reference source not found.C). T

he RTF machine-learning prediction for the Ki of STX1972 against CAII, CAIX and 

STS is 75.5 nM, 194.3 nM and 305.7 nM respectively (Table 3.2). 

Against tubulin the predicted binding pose of STX1972 is similar to the solved structure 

of the quinazolinone-based antimitotic compound from Dohle et al. (2018) (Figure 

3.5A, B and C) 215. Hydrophobic interactions with the ethyl group include LEU.B.131, 

PHE.B.404, VAL.B.315 and VAL.B.316 and hydrogen bond interactions include 

ASN.B.349, LYS.B.352 and ALA.A.180 (Figure 3.5A, B and C). The RTF machine-

learning prediction for the Ki of STX1972 against tubulin is 301 nM (Table 3.2).  

The W137 SIRT1/2 inhibitor shows a binding mode similar to the solved structures of 

the thieno pyridine-6-carboxamides 1NQ, 1NR and 1NS bound to SIRT1 (Figure 3.6) 

and SIRT3 (Figure 3.7) 177,235. The carboxamide hydrogen bonds are preserved for all 

three SIRTs and these include hydrogen bonds with ASP (SIRT1: ASP348, SIRT2: 

ASP120, SIRT3: ASP231), backbone hydrogen bonds with ILE (SIRT1: ILE347, 

SIRT2: ILE119, SIRT3: ILE230) and a common water molecule interacting with ILE 

(SIRT1: ILE270, SIRT2: ILE43, SIRT3: ILE154) (Figure 3.6 and Figure 3.7). A 

hydrogen bond between the backbone nitrogen of PHE (SIRT1: PHE273, SIRT2: 

PHE46) with the thieno aromatic ring was observed between W137 and SIRT1 and 2, 

but not SIRT3 (Figure 3.6 and Figure 3.7). Additionally, an aromatic interaction was 

observed between HIS (SIRT1: HIS363, SIRT2: HIS137, SIRT3: HIS248) and W137 

that is not observed in the 1NQ, 1NR and 1NS compounds (Figure 3.6 and Figure 

3.7).  

The predicted binding pose of Ruxolitinib shows that the compound occupies the ATP 

binding site and interacts via hydrogen bonds with subdomain V GLU (JAK1: GLU957, 

JAK2: GLU930) and backbone oxygen of LEU (JAK1: LEU959, JAK2: LEU932) of the 

kinase (Figure 3.8). 
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Figure 3.1: Plots of RTF model against experimentally determined Gibbs free energy 
(kcal/mol) from the CASF 2018 dataset (A) and the CASF-2016 benchmark set (B) 192. 
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Figure 3.2: Docking of JQ1, Bzt-W41 and Bzt-W49 inhibitor compounds into the binding site of human bromodomain 1 of BRD2, BRD3 and 
BRD4. The triazolo nitrogens of JQ1, Bzt-W41 and Bzt-W49 are in close proximity to ASN156 (BRD2-BD1) (A, D and G), ASN116 (BRD3-BD1) 

(B, E and H) and ASN140 (BRD4-BD1) (C, F and J). The chloro-benzene of the ligands show close proximity to TRP97 and MET165 (BRD2-

BD1) (A, D and G), TRP57 and MET125 (BRD3-BD1) (B, E and H) and TRP81 and MET149 (BRD4-BD1) (C, F and I). This indicates that the 

binding pose of all the ligands are similar between the BD1 of BRD2, 3 and 4. Also, a water network at the N-side before the AcK binding site 

with between the Bzt-W49 and the ASN140, LYS141 and ASP144 residues is observed (I). 
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Figure 3.3: Docking of JQ1, Bzt-W41 and Bzt-W49 inhibitor compounds into the binding site of human bromodomain 2 of BRD2, BRD3 and 
BRD4. The triazolo nitrogens of JQ1, Bzt-W41 and Bzt-W49 are in close proximity to ASN429 (BRD2-BD2) (A, D and G), ASN391 (BRD3-BD2) 

(B, E and H), ASN433 (BRD4-BD2) (C, F and J). The chloro-benzene of the ligands show close proximity to TRP370 and MET438 (BRD2-BD2) 

(A, D and G), TRP332 and MET400 (BRD3-BD2) (B, E and H) and TRP374 and MET442 (BRD4-BD2) (C, F and I). This indicates that the binding 

pose of all the ligands are similar between the BD2 of BRD2, 3 and 4. 
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Figure 3.4: Ligand-receptor interactions between (A) STX1972-CAII (1CIL), (B) STX1972-CAIX (6G98) and (C) STX1972-STS (1P49). The 

predicted pose for STX1972 against CAII and CAIX shows the classic zinc-sulfamate nitrogen interaction (A and B). A calcium-sulfamate nitrogen 

interaction is observed for STX1972 bound to STS (C). 
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Figure 3.5: Ligand-receptor interactions between (A) STX1972-tubulin (5OSK) and (B) A9Q-tubulin (5OSK). (C) Superimposed binding pose of 

STX1972 (blue) and A9Q (brown).  The predicted binding pose of STX1972 is similar to the solved structure of the quinazolinone-based antimitotic 

compound (A9Q) from Dohle et al. (2018).  

STX1972 TUB (5OSK) A9Q TUB (5OSK)

STX1972 + A9Q TUB (5OSK) 

A B

C
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Figure 3.6: Ligand-receptor interactions between (A) W137-SIRT1 (4ZZI) and (B) 1NS-SIRT1 (4ZZI).  (C) Superimposed binding pose of W137 

(blue) and 1NS (brown) docked to SIRT1 (4ZZI) binding site. W137 SIRT1/2 inhibitor shows a binding mode similar to the solved structure of the 

thieno pyridine-6-carboxamide 1NS bound to SIRT1.  

 

W137 SIRT1 (4ZZI) 1NS SIRT1 (4ZZI)

W137 + 1NS SIRT1 (4ZZI) 

A B

C
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Figure 3.7: Ligand-receptor interactions between (A) W137-SIRT2 (homology model based on 4ZZI) and (B) W137-SIRT3 (4JT9). 

 

 

W137 SIRT2 

(homology model based on 4ZZI)

W137 SIRT3 (4JT9)A B
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Figure 3.8: Ligand-receptor interactions between (A) Ruxolitinib-JAK1 (3EYG) and (B) Ruxolitinib-JAK2 (6BBV).  Predicted binding pose of 

Ruxolitinib shows that the compound occupies the ATP binding site and interacts via hydrogen bonds with subdomain V GLU (JAK1: GLU957, 

JAK2: GLU930) and backbone oxygen of LEU (JAK1: LEU959, JAK2: LEU932) of the kinase. 

RUX JAK1 (3EYG) RUX JAK 2 (6BBV)A B
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Table 3.1: The Glide SP scores, RTF model predicted values and proteins with best docking pose of JQ1, Bzt-W41 and Bzt-W49 
against members of the bromodomain protein family. JQ1, Bzt-W41 and Bzt-W49 are predicted to be most potent against the BET 
proteins BRD2, BRD3 and BRD4.  

Gene 

name 
UNIPROT 

JQ1 Bzt-W41 Bzt-W49 

Glide XP 

(kcal/mol) 

RTF 

model 

(nM) 

Delta 

TM 123 

Best 

docked 

PDB 

Glide XP 

(kcal/mol) 

RTF 

model 

(nM) 

Best 

docked 

PDB 

Glide XP 

(kcal/mol) 

RTF 

model 

(nM) 

Best 

docked 

PDB 

ATAD2 Q6PL18 -3,45 1357 0 6hi4 -5,31 1199 4tu4 -5,32 5502 6s56 

BAZ2A Q9UIF9 -3,25 10323 0.18 6fkp -5,2 5212 6fgg -5,1 299932 5t8r 

BPTF Q12830 -3,22 389558 0 3qzv -4,2 1472968 3qzv -4,84 543257 3qzv 

BRD2_1 P25440 -6,785 62 6.47 6mo9 -6,837 321 4uyf -6,096 232 4a9n 

BRD2_2 P25440 -7,709 39 7.97 5o3e -6,224 253 6ffg -6,69 753 4mr5 

BRD3_1 Q15059 -6,292 197 8.27 3s91 -6,43 882 3s91 -7,946 718 3s91 

BRD3_2 Q15059 -6,897 152 8.39 3s92 -7,669 392 5hjc -7,621 505 3s92 

BRD4_1 O60885 -7.805 48 9.35 3mxf -7.297 205 4mxf -7.682 155 3mxf 

BRD4_2 O60885 -6,747 53 7.44 5uer -7,186 200 5uer -7,426 135 5uey 

BRD9 Q9H8M2 -5,89 580 0 4z6i -5,97 9329 4z6i -6,19 3025 4z6i 

BRDT_1 Q58F21 -6,792 158 3.93 4flp -5,97 629 4flp -6,185 296 5vbr 

BRPF1 P55201 -4,7 3084 0 5myg -4,67 42844 5myg -4,56 1166 5myg 

CBP Q92793 -6,11 909 1.04 5mme -6,09 1715 5mme -5,35 5624 5i8b 

CECR2 Q9BXF3 -5,49 580 0 5v84 -5,85 1794 5v84 -7,25 346 5v84 

EP300 Q09472 -3,9 633 0.07 5lpm -4,24 17689 5nu5 -5,12 443 5lpm 

KAT2B Q92831 -4,98 233129 0 2rnx -6,69 8726 2rnx -5,95 1474 2rnx 

PB1 Q86U86 -4,37 27217 0 4q0o -5,16 21427 4q0o -5,36 5122 4q0o 

SMCA2 P51531 -3,9 2780 0.93 6eg2 -5,51 4496 6eg2 -5,28 5670 6eg2 

TIF1A O15164 -3,93 14113 0 4yc9 -4,74 174226 4yax -5,53 5187 4ybt 
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Table 3.2: GlideScores of docked ligands for several X-ray structures. 

Compound Protein 

Best 
Docked 

PDB 

Glide SP 
(kcal/mol) Predicted 

Ki (nM) 
Experimental 
Ki/IC50 (nM) 

Bzt-W41 

BRD2_BD1 4uyf -6.837 321,2 

1120,0 138  BRD2_BD2 6ffg -6.224 253,2 

BRD4_BD1 3mxf -7.297 204,8 

490,0 138  BRD4_BD1 5uer -7.186 200,4 

Bzt-W49 

BRD2_BD1 4a9n -6.096 231,8 

13230,0 164  BRD2_BD2 4mr5 -6.69 753,2 

BRD4_BD1 3mxf -7.682 155,4 

1270,0 164  BRD4_BD1 5uey -7.426 135,3 

W137 

SIRT1 4zzi -11.031 1815,0 14800,0 178 

SIRT2 

4zzi 
(Homology 

model) 
-10.906 1842,0 14600,0 178 

SIRT3 4jt9 -10.33 10180,0 >100000 178 

STX1972 

CAII 1cil -7.212 76,0 * 

CAIX 6g98 -7.225 194,0 * 

TUB 5osk -10.712 306,0 * 

STS 1p49 -7.225 301,0 * 

RXT 
Ruxolitinib 

JAK1 3eyg -11.061 0,2 8,8 

JAK2 6bbv -11.089 0,1 20,7 

*Data for experimental Ki/IC50 (nM) of STX1972 unavailable  
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3.2 Cell growth studies 

3.2.1 Cell growth: IC50 determination 

Dose-dependent cell growth inhibition studies were conducted in order to determine 

the growth inhibitory effect of a known antimitotic: STX1972; three Bromodomain 4 

inhibitors: Bzt-W41, Bzt-W49, Bzt-W52; a JAK1 and 2 inhibitor: Ruxolitinib; and a 

Sirtuin 1 and 2 inhibitor: W137 on the two breast cancer cell lines (MCF-7 and MDA-

MB-231). Cell growth studies were carried out after 48 h exposure to the test 

compounds in order to observe the cell growth characteristics in response to exposure 

to a range of concentrations of the six compounds. An exposure time of 48 h was 

chosen based on the reported population doubling time of approximately 38 h for both 

cell lines 200,202. A 48 h interval allows at least one complete cell division for the cells.   

 

Both cell lines were initially treated by means of two-fold serial dilutions, followed by a 

compound-specific exposure concentration series (STX1972: 0 – 200 nM; Bzt-W41, 

Bzt-W49, Bzt-W52, W137, Ruxolitinib: 0 – 200 µM) in order to establish concentrations 

required for half maximal growth inhibition (IC50).  Growth inhibition of treated samples 

were compared to a medium only and vehicle-treated control (DMSO < 0.01% v/v). 

No significant differences in cell growth were observed between the vehicle-treated 

and medium only controls, implying a negligible effect of the DMSO on cell growth. 

Unless indicated otherwise, the values reported are expressed as the percentage of 

surviving cells per well relative to the DMSO control.  

 

Dose-response curves for each compound per cell line were generated by means of 

nonlinear regression (curve fit) XY analysis using GraphPad Prism version 6.0 for 

Windows (Figure 3.9, Figure 3.10). The IC50 values were extrapolated using the same 

software by means of the log [inhibitor] versus response – variable slope equation 

(Table 3.3).  

 

STX1972 proved to be the most potent of the tested compounds since it is the only 

compound to display efficacy in the nanomolar range with an IC50 concentration of 

37.5 ± 0.98 nM for MDA-MB-231 and 38.4 ± 0.16 nM for the MCF-7 cells. Bzt-W41 

proved to be the most effective of the BRD-4 inhibitor compounds on both MDA-MB-
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231 and MCF-7 cells with a mean IC50 of 20.4 ± 0.82 µM and 80.3 ± 0.73 µM 

respectively.  

 

The IC50 concentrations of each compound were compared between the two cell lines 

in order to identify compounds which display selective toxicity towards the MDA-MB-

231  cell line (Figure 3.11). No significant difference was found in the IC50 of STX1972 

or W137 when comparing the MCF-7 and MDA-MB-231 cells. Ruxolitinib (p ≤ 0.05) as 

well as all three the BRD-4 inhibitor compounds (Bzt-W41, Bzt-W49, Bzt-W52; P ≤ 

0.0001) showed selectivity towards the MDA-MB-231 cells. Bzt-W41 proved to be the 

most efficacious of the BRD-4 inhibitor compounds, with significantly lower IC50 

concentrations than those of Bzt-W49 and Bzt-W52 (p ≤ 0.0001) for both cell lines. 

Although less potent than Bzt-W41, Bzt-W49 was included in the combination studies 

due to its selectivity towards inhibition of BRD4 over BRD2 164. Bzt-W49 is 10.42x 

more selective for BRD4 inhibition in comparison to BRD2, whereas Bzt-W41 shows 

2.28x BRD4 selectivity 164. While Ruxolitinib showed anti-growth activity in the µM 

concentration range, evidence suggests JAK 1 and JAK 2 kinase inhibition in the low 

nanomolar concentration range 236. Exposing cells to significantly higher 

concentrations (>1000-fold) than required for target protein inhibition may lead to non-

specific binding instead of the intended kinase-specific inhibition. For this reason, 

Ruxolitinib was excluded from subsequent experiments.  

 

In summary, completion and interpretation of the cell growth inhibition data led to only 

the following selected compounds being investigated further in combination studies: 

STX1972, Bzt-W41, Bzt-W49 and W137.  
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Figure 3.9: Dose-response curves of A) STX (STX1972), B) W41 (Bzt-W41), C) W49 (Bzt-
W49), D) W52 (Bzt-W52), E) RUX (Ruxolitinib) and F) W137 on cell growth inhibition of MDA-
MB-231 cells in vitro.  Cell growth expressed as percentage relative to vehicle-treated control. 

Each point represents the mean ± SEM of at least three independent experiments done in 

triplicate. The IC50 values calculated from each dose-response curve are shown in Table 3.3. 

Note that the STX concentration is in nM. 
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Figure 3.10: Dose- response curves of A) STX (STX1972), B) W41 (Bzt-W41), C) W49 (Bzt-
W49), D) W52 (Bzt-W52), E) RUX (Ruxolitinib) and F) W137 on cell growth of MCF-7 cells in 
vitro.  Cell growth expressed as percentage relative to vehicle-treated control. Each point 
represents the mean ± SEM of at least three independent experiments done in triplicate. The 
IC50 values calculated from each dose-response curve are shown in Table 3.3. Note that the 
STX concentration is in nM. 
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Table 3.3: Compound concentrations required for half maximal growth inhibition of MDA-MB-
231 and MCF-7 cells exposed for 48 h summarized as the mean IC50 ± SEM. 

Compound 
Mean IC50 ± SEM 

MDA-MB-231 MCF-7 

STX1972 (nM) 37.5 ± 0.98 38.4 ± 0.16 

Bzt-W41 (µM) 20.4 ± 0.82 80.3 ± 0.73 

Bzt-W49 (µM) 45.0 ± 1.04 118.4 ± 1.1 

Bzt-W52 (µM) 46.5 ± 1.4 139.1 ± 1.53 

W137 (µM) 23.5 ± 0.28 24.1 ± 0.72 

Ruxolitinib (µM) 25.2 ± 0.45 33.8 ± 1.43 

 

 

 

Figure 3.11: Comparison of concentrations required for half maximal growth inhibition of MCF-
7 and MDA-MB-231 cells after 48 h exposure to STX1972 (nM), Bzt-W41 (µM), Bzt-W49 (µM), 
Bzt-W52 (µM), Rux (Ruxolitinib) (µM) and W137 (µM). Concentrations displayed are the mean 
IC50 ± SEM values (as shown in Table 3.3). * p ≤ 0.05, **** p ≤ 0.0001. 
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3.2.2 Cell growth: Inhibitor combination studies 

Combination studies were based on the Chou-Talalay method for drug combinations 

which allows for quantification of drug-interactions 222. The test compounds as detailed 

in Section 3.1.1 were grouped to into four binary combinations. Combination 1 (C1): 

STX1972 + Bzt-W41; combination 2 (C2): Bzt-W41 + W137; combination 3 (C3): 

STX1972 + W137; and combination 4 (C4): STX1972 + Bzt-W49. Since Bzt-W49 

proved less potent than Bzt-W41 (Section 3.2.1), it was not included in a second 

combination with W137. The reason for including the less potent BRD-4 inhibitor 

paired with STX and not W137 is that STX has nM IC50 activity while W137 has µM 

activity. The effects on attached cell numbers of the four combinations were 

investigated on MDA-MB-231 and MCF-7 cell lines using the crystal violet assay.  

 

Compounds were paired at concentrations as described in Section 2.3.3. Both cell 

lines were exposed to the four drug pairs in their varying combination ratios for 48 h in 

order to identify the most synergistic combinations (i.e. lowest CI) resulting in half 

maximal growth inhibition. 

 

Figure 3.12 and Figure 3.13 summarize the best combination ratios per drug pair for 

MDA-MB-231 and MCF-7 cells respectively. Only the lowest CI ratios (indicating 

highest synergism) are displayed per cell line for each of the combinations (C1 - C4), 

measured as percentage cell growth relative to control.  

 

3.2.2.1 Combination 1: STX1972 + Bzt-W41 

A CI of 0.85 proved to be the lowest value showing the highest relative growth 

inhibition for both MDA-MB-231 and MCF-7 cell lines. For the MDA-MB-231 cell line a 

0.55 + 0.3 ratio (0.55 * STX1972 [IC50] + 0.3 * Bzt-W41 [IC50]) was found to be the 

most effective, reducing cell growth to 51.16 ± 2.12% in comparison to vehicle control 

(Figure 3.12). Individual compound concentrations for STX1972 and Bzt-W41 at the 

above-mentioned fractions are 20.625 nM and 6.12 µM respectively. For the MCF-7 

cells a 0.6 + 0.25 combination ratio (0.6 * STX1972 [IC50] + 0.25 * Bzt-W41 [IC50]) 

appeared to be most efficacious, reducing cell growth to 52.99 ± 1.55% (Figure 3.13). 

Drug concentrations for these fractions in the combination are calculated as 23.04 nM 

and 20.075 µM for STX1972 and Bzt-41 respectively. The most effective combination 
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for both cell lines contain higher concentration ratios of the antimitotic drug (STX1972) 

and lower concentration ratios of the BRD-4 inhibitor drug (Bzt-W41). It should be 

noted that although the Bzt-W41 CF is low for both cell lines, the CF concentration is 

derived from the IC50 of the compound, which in the case of Bzt-W41 is distinctly cell 

line specific with selectivity towards the MDA-MB-231 cell line. Therefore, even though 

synergism is proven for the BRD-4 inhibitor and antimitotic combination, the MCF-7 

cell line is ultimately exposed to a much higher concentration of the BRD-4 inhibitor in 

order to achieve the same antiproliferative effect.  

 

3.2.2.2 Combination 2: Bzt-W41 + W137 

For the Bzt-W41 + W137 combination a CI of 0.9 proved most effective. Lower CI 

values of 0.8 and 0.85 did not reduce cell growth to the desired end-point (IC50). A 

combination ratio of 0.7 * W137 [IC50] + 0.2 * Bzt-W41 [IC50] resulted in IC50 in both 

MDA-MB-231 (49.44 ± 1.25%) and MCF-7 (53.45 ± 3.35%) cell lines, seen in Figure 

3.12 and Figure 3.13 respectively. The exposure concentration of W137 at a CF of 0.7 

for MDA-MB-231 and MCF-7 cells equals 16.45 µM and 16.87 µM respectively. A CF 

of 0.2 for Bzt-W41 corresponds to treatment concentrations of 4.08 µM and 16.06 µM 

for MDA-MB-231 and MCF-7 cells respectively. For the Bzt-W41 + W137 pair, it was 

evident that combining a higher concentration of the sirtuin inhibitor (W137) with a 

lower concentration of the BRD-4 inhibitor (Bzt-W41) led to the best inhibitory drug 

interaction. 

 

3.2.2.3 Combination 3: STX1972 + W137 

The STX1972 + W137 combination did not successfully reduce cell growth to 50%, 

even at the highest tested CI of 0.95 (i.e. least pronounced synergistic drug interaction) 

and regardless of the combination ratios applied (Figure 3.12 and Figure 3.13). This 

implies that the combined drug treatment of the antimitotic (STX1972) and sirtuin 

inhibitor (W137) has either additive (CI = 1) or antagonistic (CI > 1) effect. Since the 

aim was to identify synergistic drug interactions, this combination was not explored 

further.  
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3.2.2.4 Combination 4: STX1972 + Bzt-W49 

The STX1972 + Bzt-W49 combination showed sufficient synergism in both cell lines 

at a CI of 0.85. For the MDA-MB-231 cell line a 0.55 + 0.3 combination ratio (0.55 * 

STX1972 [IC50] + 0.3 * Bzt-W49 [IC50]) resulted in a growth inhibition effect of 59.49 ± 

6.99% (Figure 3.12). Individual drug concentrations at these CFs amounts to 20.625 

nM for STX1972 and 13.5 µM for Bzt-W49. A ratio 0.6 + 0.25 (0.6 * STX1972 [IC50] + 

0.25 * Bzt-W49 [IC50]) was found to be most effective against the MCF-7 cell line 

(Figure 3.13). These CFs, at individual concentrations of 23.04 nM for STX1972 and 

29.6 µM for Bzt-W49, inhibited cell growth to 53.39 ± 2.66%.  

 

Based on the results it was concluded that C1 (STX1972 + Bzt-W41) and C2 (Bzt-

W41 + W137) would be included in further experiments. Although C4 (STX1972 + Bzt-

W49) did show synergism, it was decided to continue with the Bzt-W41 combination 

based on its selectivity towards the MDA-MB-231 cell line. C3 (STX1972 + W137) was 

also omitted from further experimental procedures since combined drug interactions 

did not prove to be synergistic.   

 

Regarding the combination ratios of C1 and C2, it was concluded that C1 at a CF ratio 

of 0.55 * STX1972 [IC50] combined with 0.3 * Bzt-W41 [IC50]; and C2 at a CF ratio of 

0.7 * W137 [IC50] and 0.2 * Bzt-W41 [IC50] would be included in further investigation 

(Figure 3.14). These were the most effective ratios on the MDA-MB-231 cell line, 

implying MDA-MB-231 selectivity. Unless indicated otherwise, all further data 

represents effects of C1 at individual drug concentrations of 20.625 nM for STX1972 

and 6.12 µM for Bzt-W41; and C2 at drug concentrations of 16.45 µM for W137 and 

4.08 µM for Bzt-W41.  
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Figure 3.12: Relative cell growth inhibition of MDA-MB-231 cells after 48 h exposure to four combinations (C1:STX1972 + Bzt-W41; C2: Bzt-
W41 + W137; C3: STX1972 + W137; C4: STX1972 + Bzt-W49) in a series of compound ratios with CI < 1.  Cell growth expressed as percentage 

relative to vehicle-treated control. Ratios on the X-axis refer to the CF per compound. The CFs are summed to calculate the CI.  Exposure 

concentration is calculated as CF * IC50 of compound. STX = STX1972, W41 = Bzt-W41; W49 = Bzt-W49 
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Figure 3.13: Relative cell growth inhibition of MCF-7 cells after 48 h exposure to four combinations (C1:STX1972 + Bzt-W41; C2: Bzt-W41 + 
W137; C3: STX1972 + W137; C4: STX1972 + Bzt-W49) in a series of compound ratios with CI < 1.  Cell growth expressed as percentage relative 
to vehicle-treated control. Ratios on the X-axis refer to the CF per compound. The CFs are summed to calculate the CI.  Exposure concentration 
is calculated as CF * IC50 of compound. STX = STX1972, W41 = Bzt-W41; W49 = Bzt-W49. 
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Figure 3.14: Normalized isobologram at IC50. Showing the synergistic combinations. A 
synergistic, CI of 0.85 and 0.9 was identified for STX1972 (0.55, x-axis) + Bzt-W41 (0.3, y-
axis) and W137 (0.7, x-axis) + Bzt-W41 (0.2, y-axis) combinations respectively. 
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3.2.3 Cell growth: Selectivity of inhibitor combinations 

As deduced from the results of the combination studies, only C1 and C2 would be 

included in further experiments. Therefore, only the three drugs included in these 

combinations were further investigated, namely STX1972, Bzt-W41 and W137. All 

further experiments were conducted with the single drug IC50 concentrations (Section 

3.2.1), and the combination treatment concentrations (Section 3.2.3) most selective 

for the MDA-MB-231 cell line. In order to compare relative cell growth inhibition, both 

the MCF-7 and EA.hy926 cell lines were exposed to these concentrations (Figure 

3.15).  

 

No significant selectivity was seen between MDA-MB-231 and MCF-7 cell lines 

following treatment with single drug IC50 concentrations of STX1972 and W137. 

However, Bzt-W41 treatment did show to be significantly more selective towards the 

MDA-MB-231 cell line in comparison to MCF-7.  Since treatment conditions were 

standardized to concentrations determined for the MDA-MB-231 cell line, it implies 

that the MCF-7 cells were treated with much lower concentrations of Bzt-W41 (as 

required for IC50), but similar concentrations of STX1972 and W137. Exposure to the 

IC50 concentrations of STX1972, Bzt-W41 and W137 resulted in significantly reduced 

antiproliferation in EA.hy926 cells when compared to MDA-MB-231 cells, with Bzt-

W41 showing the most pronounced selectivity for the MDA-MB-231 cell line. Both of 

the combination treatments: STX + Bzt-W41 and Bzt-W41 + W137 proved significantly 

more selective towards the MDA-MB-231 cell line in comparison to both the MCF-7 

and EA.hy926 cell lines.   

 

The antiproliferative effects of the test compounds and their combinations is 

summarised in Figure 3.15. Since CF concentrations only constitute a fraction of the 

single drug IC50 concentration, CF exposures proved significantly less effective at 

reducing cell growth when compared to the corresponding IC50 treatment within the 

cell line. Significance was seen throughout, with the exception of the Bzt-W41 CF 

exposure in the EA.hy926 cell line, which did not differ significantly when compared to 

the Bzt-W41 IC50 treatment.      
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Figure 3.15: Comparison of relative cell growth inhibition of MDA-MB-231, MCF-7 and EA.hy926 cell lines after 48 h exposure to single 
compounds at their IC50 concentrations or test compound combination treatments at concentrations most selective for MDA-MB-231 cells.  C1 at 
a CF ratio of 0.55 * STX1972 [IC50] combined with 0.3 * Bzt-W41 [IC50], CI = 0.85; and C2 at a CF ratio of 0.7 * W137 [IC50] and 0.2 * Bzt-W41 
[IC50], CI = 0.7. Individual effect of treatment with each compounds’ CF concentration, as used in the binary combinations, is also reported. C1: 
STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM. C2: Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM. * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 
0.0001 indicates significant difference when compared to MDA-MB-231 cell line; § p ≤ 0.05 when compared to STX1972 IC50 within the cell line; 
† p ≤ 0.05 when compared to Bzt-W41 IC50 within the cell line; # p ≤ 0.05 when compared to W137 IC50 within the cell line.  
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3.3 Tubulin morphology 

Confocal microscopy was used to determine whether the antimitotic drug STX1972 

disrupts normal microtubule dynamics similar to that of other tubulin-binding agents, 

such as colchicine. Cells were treated with STX1972 as well as the STX + Bzt-W41 

combination to observe morphological differences induced by the individual and 

combinations of the test compounds following 8 h exposure. Microtubule staining of 

beta-tubulin subunits was done using a primary anti-β-tubulin antibody, counter 

stained with a secondary fluorescein-conjugated antibody (green fluorescence), while 

nuclei were stained with DAPI (blue fluorescence).  Figure 3.16, Figure 3.17 and 

Figure 3.18 are representative confocal micrographs of the results obtained for the 

MDA-MB-231, MCF-7 and EA.hy926 cell lines respectively. 

 

Vehicle-treated control MDA-MB-231, MCF-7 and EA.hy926 cells presented with 

normal, intact tubulin architecture signified by intact spindle formations. After 8 h 

exposure to test compound, microtubule interference evident by the diffuse 

arrangement of the stained tubulin proteins was apparent in both MCF-7 and MDA-

MB-231 cells, mimicking the effects of the colchicine (100 nM), the positive control for 

microtubule interference. Decreased tubulin polymerization was seen in both MCF-7 

and MDA-MB-231 cell lines for the STX1972 and STX + Bzt-W41 treated samples, 

although less obvious in the latter. For the EA.hy926 cells, no microtubule disruption 

is evident and spindle fibres remained intact. 
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Figure 3.16: Laser scanning confocal micrographs of MDA-MB-231 cells stained with DAPI (blue - nuclei) and anti-β-tubulin (green) after 8 h 
exposure.  Vehicle treated cells displayed no evidence of microtubule disruption and spindle fibres remained intact. Cells treated with STX1972 
IC50 (37.5 nM) and the STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM) showed evidence of microtubule 
disruption similar to that of colchicine-treated (100 nM) positive control sample. Representation 1 magnification 400x; representation  
2 magnification 630x. (Arrow colour key: white = nucleus; orange = metaphase; red = microtubules, organized and intact in the vehicle control, 
and depolymerized in treated samples). 

Representation 1 Representation 2 
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Figure 3.17: Laser scanning confocal micrographs of MCF-7 cells stained with DAPI (blue) and anti-β-tubulin (green) after 8 h exposure.  Vehicle 
treated cells displayed no evidence of microtubule disruption and spindle fibres remained intact. Cells treated with STX1972 IC50 (37.5 nM) and 
the STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM) showed evidence of microtubule disruption similar to 
that of colchicine-treated (100 nM) positive control sample. Representation 1 magnification 400x; representation 2 magnification 630x. (Arrow 
colour key: white = nucleus; orange = prophase; yellow: midbody; red = microtubules, organized and intact in the vehicle control, and 
depolymerized in treated samples). 

Representation 1 Representation 2 
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Figure 3.18: Laser scanning confocal micrographs of EA.hy926 cells stained with DAPI (blue) and anti-β-tubulin (green) after 8 h exposure. 
Vehicle treated cells as well as samples exposed to STX1972 IC50 (37.5 nM) and the STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; 
Bzt-W41 [CF] = 6.12 µM) displayed no evidence of microtubule disruption and spindle fibres remained intact. Cells treated with 100 nM colchicine 
(positive control) showed evidence of microtubule disruption. Representation 1 magnification 400x; representation 2 magnification 630x. (Arrow 
colour key: white = nucleus; red = microtubules, organized and intact in the vehicle control treated samples, and depolymerized in colchicine 
treated samples). 

Representation 1 Representation 2 
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3.4 Cell cycle progression  

DNA content of cells was measured at 8 h and 48 h to determine the effect of STX1972 

at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM), W137 at IC50 (23.5 µM),  STX + Bzt-W41 

combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM), and Bzt-W41 + 

W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM) on cell cycle 

progression at specific phases. Actinomycin D (0.2 µg/mL µM) was used as positive 

control. Figure 3.19, Figure 3.20 and Figure 3.21 illustrate time-dependent flow 

cytometry histograms for MDA-MB-231, MCF-7 and EA.hy926 cell lines respectively. 

Quantitative representations of 8 h and 48 h cell cycle data for each cell line comparing 

the different treatment conditions to the vehicle control is displayed in Figure 3.22, 

Figure 3.23 and Figure 3.24. Table 3.4, Table 3.5 and Table 3.6 display mean ± SEM 

values for cell cycle phases per cell line.  

 

For the MDA-MB-231 cell line a significant increase in sub-G1 is evident after 48 h 

treatment with both STX1972 (10.33 ± 1.75%) and W137 (23.28 ± 7.07%), when 

compared to that of the vehicle control (3.08 ± 0.66%) (Figure 3.19, Figure 3.22 and 

Table 3.4). The sub-G1 increase is already notable for W137-treated cells after 8 h 

exposure, significantly increased to 9.23 ± 0.44% compared to that of vehicle control 

(2.23 ± 0.48%) (Figure 3.19, Figure 3.22 and Table 3.4). After 8 h exposure to 

STX1972 and the STX + Bzt-W41 combination the G2/M phase is respectively 

increased to 47.39 ± 1.99% and 39.50 ± 1.51%, significantly higher than that of the 

vehicle control (29.89 ± 3.07%) (Figure 3.19, Figure 3.22 and Table 3.4). This indicates 

that the antimitotic effects of STX1972 are evident after 8 h exposure. The G2/M phase 

was also significantly increased after 48 h exposure to STX1972 (22.98 ± 0.43%) and 

the Bzt-W41 + W137 combination (26.21 ± 1.13%). For the G1 phase, following 48 h 

exposure to the STX + Bzt-W41 combination showed significant increase (72.47 ± 

1.63%) compared to the vehicle control (57.32 ± 1.67%). Bzt-W41 exposed cells 

showed an evident but non-significant increase (64.31 ± 3.47%), while W137-treated 

cells were found to be significantly decreased (36.62 ± 4.35%) in the G1 phase (Figure 

3.19, Figure 3.22 and Table 3.4).  
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For the MCF-7 cell line, W137-treated cells once again proved the most prominent 

increase in sub-G1 after 8 h (6.67 ± 1.67%) and 48 h (27.91 ± 8.97%) exposure, 

significantly increased compared to the vehicle control (1.07 ± 0.15% (8 h); 4.12 ± 

0.34% (48 h)) (Figure 3.20, Figure 3.23 and Table 3.5). After 8 h treatment with 

STX1972 the cells showed a significant increase in the G2/M phase (44.96 ± 0.90%), 

mirroring results from the MDA-MB-231 cells and signifying cytotoxic effect at this time 

point. However, only the Bzt-W41 + W137 combination treated cells showed a 

significant G2/M increase (22.49 ± 1.05%) after 48 h treatment. There was no 

significant increase in the G1 phase for any of the treatment conditions after 48 h 

exposure. However, W137-treated cells again showed a significant decrease (40.79 ± 

3.71%) compared to the vehicle control sample (69.83 ± 3.9%) (Figure 3.20, Figure 

3.23 and Table 3.5).  

 

For the EA.hy926 cell line 8 h treatment with W137 and the Bzt-W41 + W137 

combination significantly increased sub-G1 to 8.57 ± 1.04% and 9.45 ± 1.03% 

respectively, while W137 treatment also resulted in a significant decrease in G2/M 

(8.99 ± 2.38%) (Figure 3.21, Figure 3.24 and Table 3.6). After 48 treatment, the only 

notable difference was a significant decrease in G1 (64.21 ± 2.08%) for the STX+ Bzt-

W41 combination treated sample (Figure 3.21, Figure 3.24 and Table 3.6).  

 

The effects of single compound IC50 treatment was compared to combination 

treatment within a cell line for a respective phase (Figure 3.25). From the MDA-MB-

231 cell line comparisons it is evident that the STX + Bzt-W41 combination treatment 

resulted in a significant increase in the G1 cell cycle phase (72.47 ± 1.63%) when 

compared to isolated STX1972 IC50 exposure (56.83 ± 1.87%). Although non-

significant, the G1 arrest seen for combination treatment was also evidently higher than 

of Bzt-W41 mono-treatment (64.31 ± 3.47%). The Bzt-W41 + W137 combination 

treatment led to a significantly reduced percentage of cells in the sub-G1 phase when 

compared to single drug treatment with W137 in MDA-MB-231 (2.01 ± 25% versus 

23.28 ± 7.07%) and MCF-7 (6.37 ± 0.85% versus 27.91 ± 8.97%) cells.  
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Figure 3.19: Flow cytometry histograms for cell cycle analysis in MDA-MB-231 cells.   Cells in the different phases of the cell cycle (sub-G1, G1, 
S and G2/M) were analysed using WEASEL v3.0.2 software. The results show the cell cycle progression after 8 h and 48 h treatment with 
STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM), W137 at IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-
W41 [CF] = 6.12 µM), and Bzt-W41 + W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was 
used as positive control.  
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Figure 3.20: Flow cytometry histograms for cell cycle analysis in MCF-7 cells.  Cells in the different phases of the cell cycle (sub-G1, G1, S and 
G2/M) were analysed using WEASEL v3.0.2 software. The results show the cell cycle progression after 8 h and 48 h treatment with STX1972 at 
IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM), W137 at IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 
6.12 µM), and Bzt-W41 + W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was used as positive 
control.  
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Figure 3.21: Flow cytometry histograms for cell cycle analysis in EA.hy926 cells.  Cells in the different phases of the cell cycle (sub G1, G1, S 
and G2/M) were analysed using WEASEL v3.0.2 software. The results show the cell cycle progression after 8 h and 48 h treatment with STX1972 
IC50 (37.5 nM), Bzt-W41 IC50 (20.4 µM), W137 IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 
µM), and Bzt-W41 + W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was used as positive 
control.  
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Figure 3.22: Quantitative representation of percentage of MDA-MB-231 cells in the different 
phases of the cell cycle (sub-G1, G1, S and G2/M) in response to 8 h and 48 h treatment with 
STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM), W137 at IC50 (23.5 µM),  STX + Bzt-
W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM), and Bzt-W41 + 
W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/ 
mL) was used as positive control. The bar graphs represent the mean ± SEM values averaged 
from three biological replicates for each treatment condition. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001 indicate significant differences between the vehicle control and treatment 
groups within the respective phase. 
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Figure 3.23: Quantitative representation of percentage of MCF-7 cells in the different phases 
of the cell cycle  (sub-G1, G1, S and G2/M) in response to 8 h and 48 h treatment with STX1972 
at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM), W137 at IC50 (23.5 µM),  STX + Bzt-W41 
combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM), and Bzt-W41 + W137 
combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) 
was used as positive control. The bar graphs represent the mean ± SEM values averaged 
from three biological replicates for each treatment condition. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001 indicate significant differences between the vehicle control and treatment 
groups within the respective phase. 
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Figure 3.24: Quantitative representation of percentage of EA.hy926 cells in the different 
phases of the cell cycle (sub-G1, G1, S and G2/M) in response to 8 h and 48 h treatment with 
STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM), W137 at IC50 (23.5 µM),  STX + Bzt-
W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM), and Bzt-W41 + 
W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/ 
mL) was used as positive control. The bar graphs represent the mean ± SEM values averaged 
from three biological replicates for each treatment condition. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 
0.0001 indicate significant differences between the vehicle control and treatment groups within 
the respective phase. 
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Table 3.4: Percentage of MDA-MB-231 cells in the different phases of the cell cycle  (sub G1, G1, S and G2/M) after 8 h and 48 h  treatment with 
STX1972 IC50 (37.5 nM), Bzt-W41 IC50 (20.4 µM), W137 IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] 
= 6.12 µM), and Bzt-W41 + W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was used as 
positive control. The means ± SEM values are averaged from three biological replicates for each treatment condition. 
 

 

  

DMSO STX1972 Bzt-W41 W137 STX + Bzt-W41 Bzt-W41 + W137 Actinomycin D

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

8 h

Sub G1 2.23 0.48 1.07 0.31 5.33 1.82 9.23 0.44 1.12 0.18 2.29 0.56 13.31 0.73

G1 42.47 1.16 23.59 1.06 37.98 1.67 41.38 1.44 31.21 1.06 38.71 1.19 53.51 0.97

S phase 25.28 2.52 28.04 1.89 26.57 2.98 26.27 1.62 28.53 1.71 26.02 3.36 19.37 2.31

G2/M 29.89 3.07 47.39 1.99 28.39 4.17 23.21 1.13 39.50 1.51 32.98 3.75 13.81 2.34

48 h

Sub G1 3.08 0.66 10.33 1.75 1.85 0.39 23.28 7.07 2.54 0.25 2.01 0.30 49.59 4.25

G1 57.32 1.67 56.83 1.87 64.31 3.47 36.62 4.35 72.47 1.63 52.97 2.30 27.70 1.44

S phase 21.00 0.40 9.88 0.23 9.52 1.33 16.16 1.25 8.19 0.35 18.84 1.99 11.43 0.49

G2/M 18.08 2.00 22.98 0.43 25.86 3.26 23.85 1.99 17.04 1.36 26.21 1.13 11.44 3.59
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Table 3.5: Percentage of MCF-7 cells in the different phases of the cell cycle (sub G1, G1, S and G2/M) after 8 h and 48 h treatment with STX1972 
IC50 (37.5 nM), Bzt-W41 IC50 (20.4 µM), W137 IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 
µM), and Bzt-W41 + W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was used as positive 
control. The means ± SEM values are averaged from three biological replicates for each treatment condition. 
 

 

  

DMSO STX1972 Bzt-W41 W137 STX + Bzt-W41 Bzt-W41 + W137 Actinomycin D

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

8 h

Sub G1 1.07 0.15 1.29 0.33 1.09 0.22 6.67 1.67 2.40 0.49 3.89 1.37 17.95 0.54

G1 47.17 0.60 35.54 1.00 45.41 0.66 41.18 0.85 41.14 0.63 34.03 0.64 52.11 1.23

S phase 18.32 1.67 18.16 0.93 17.26 1.04 20.33 2.01 17.94 1.51 22.79 3.87 18.12 2.84

G2/M 33.63 1.97 44.96 0.90 36.10 0.78 31.11 1.95 38.29 1.56 39.07 4.01 11.91 1.84

48 h

Sub G1 4.12 0.34 9.11 2.41 4.44 0.75 27.91 8.97 6.37 0.85 4.96 0.68 21.23 1.60

G1 69.83 3.90 66.72 3.34 70.98 3.51 40.79 3.71 71.41 4.07 60.12 2.78 50.88 2.26

S phase 10.40 2.14 9.18 1.82 9.11 1.79 11.14 2.38 8.56 1.50 11.77 1.83 11.71 1.78

G2/M 15.22 2.73 15.27 2.67 14.71 2.09 19.33 3.89 12.90 2.30 22.49 1.05 14.04 1.24
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Table 3.6: Percentage of EA.hy926 cells in the different phases of the cell cycle  (sub G1, G1, S and G2/M) after 8 h and 48 h treatment with 
STX1972 IC50 (37.5 nM), Bzt-W41 IC50 (20.4 µM), W137 IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] 
= 6.12 µM), and Bzt-W41 + W137 combination (Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was used as 
positive control. The means ± SEM values are averaged from three biological replicates for each treatment condition. 

 

 

  

DMSO STX1972 Bzt-W41 W137 STX + Bzt-W41 Bzt-W41 + W137 Actinomycin D

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

8 h

Sub G1 5.09 0.69 4.81 1.13 6.68 1.05 8.57 1.04 4.46 0.33 9.45 1.03 7.55 1.43

G1 66.91 4.39 69.95 1.90 69.04 2.48 68.39 3.73 66.22 3.28 67.20 2.22 65.56 3.63

S phase 6.50 0.44 9.08 0.92 7.99 1.00 12.68 1.91 6.05 0.74 6.98 0.74 6.25 0.92

G2/M 20.80 4.01 15.24 1.28 15.25 2.31 8.99 2.38 21.50 2.51 14.58 1.42 20.02 2.93

48 h

Sub G1 6.35 2.16 6.18 2.06 11.11 0.64 3.91 0.61 6.31 0.69 9.88 3.18 42.35 3.26

G1 71.37 1.47 78.11 2.85 70.02 1.74 70.11 1.67 64.21 2.08 63.85 3.36 35.57 2.29

S phase 8.94 1.28 5.92 0.82 6.62 0.39 13.56 2.42 14.45 3.24 10.54 2.13 14.73 4.19

G2/M 11.66 0.89 9.67 2.29 11.94 1.96 12.02 0.87 14.83 1.41 13.57 2.24 7.08 1.07
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Figure 3.25: Comparison of single compound versus combination treatments on percentage of MDA-MB-231, MCF-7 and EA.hy926 cells in each 
of the four cell cycle phases. Bar graphs represent the mean ± SEM values from three biological replicates for each treatment condition.    
 † p ≤ 0.05 indicates significant difference between single compound versus combination treatment within the respective cell cycle phase. 
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3.5 Cell death  

Apoptosis was quantified by means of flow cytometric analysis of dual stained Annexin 

V-FITC and PI cells, following 48 h exposure to STX1972 at IC50 (37.5 nM), Bzt-W41 

at IC50 (20.4 µM), W137 at IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 

[CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM), and Bzt-W41 + W137 combination (Bzt-

W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was used 

as positive control. Dot-plots created from the data are used to sort cells into one of 

four quadrants, each representing a different stage of cell death. Viable cells at lower-

left quadrant, FITC(-)/PI(-); necrotic cells at lower-right quadrant, FITC(-)/PI(+); late 

apoptotic cells at upper-right quadrant, FITC(+)/PI(+); and early apoptotic cells at 

upper-left quadrant, FITC(+)/PI(-).  

 

Representative dot-plot diagrams for each treatment condition and for each cell line is 

shown in Figure 3.26. Bar graphs quantifying each of the quadrants (viable, early 

apoptotic, late apoptotic and necrotic cells) within each cell line, represented as the 

mean ± SEM is shown in Figure 3.27. Table 3.7 summarizes the mean ± SEM 

percentages of cells per quadrant for each treatment condition for all three cell lines. 

The between cell line comparison for each treatment condition for a respective 

quadrant is illustrated in Figure 3.28. Figure 3.29 compares single compound versus 

combination treatment effect on all three cell lines for the respective quadrants. 

 

STX1972 treatment resulted in a significant decrease in the viable population for both 

MDA-MB-231 (74.14 ± 2.53%) and MCF-7 (63.44 ± 4.85%) cells in comparison to the 

vehicle control (≈ 95%) (Figure 3.26, Figure 3.27 and Table 3.7). However this effect 

was not seen for the STX1972-treated EA.hy926 cells (86.38 ± 3.76%) in comparison 

to the vehicle control (93.03 ± 0.53%) indicating cancer-selective toxicity of the 

antimitotic compound (Figure 3.26, Figure 3.27 and Table 3.7). To the opposite end, 

W137 and Bzt-W41 + W137 combination treatment did not exhibit the same selectivity 

and significantly reduced the viable population in all three cell lines. W137 decreased 

the viable population to 26.58 ± 4.46% in MDA-MB-231 cells, 28.56 ± 5.92% in MCF-

7 cells, and most prominently decreased the EA.hy926 viable population to 21.86 ± 

3.83% (Figure 3.26, Figure 3.27 and Table 3.7). Although not as pronounced as W137 
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treatment alone, the Bzt-W41 + W137 combination treatment significantly reduced the 

viable population to 54.00 ± 2.61%, 65.23 ± 4.21% and 43.23 ± 4.6% for MDA-MB-

231, MCF-7 and EA.hy926 cells, respectively. Again, causing the most pronounced 

reduction in the control cell line. For the MDA-MB-231 cell line, treatment with Bzt-

W41 and the STX + Bzt-W41 combination also resulted in significantly reduced viability 

(Figure 3.26, Figure 3.27 and Table 3.7).  

 

Treatment with STX1972 significantly increased the early apoptotic population in 

comparison to vehicle control of MDA-MB-231 (12.76 ± 1.4 versus 2.81 ± 0.23%) and 

MCF-7 (12.91 ± 2.59% versus 1.10 ± 0.34%) cells. This increase was not evident in 

the control cell line (2.66 ± 1.66% versus 1.12 ± 0.4%) (Figure 3.26, Figure 3.27 and 

Table 3.7). Similar observations were made for STX + Bzt-W41 combination treatment 

with slight but significant increase in early apoptosis in MDA-MB-231 (5.09 ± 0.47%) 

and MCF-7 (3.42 ± 0.88%) cells.   

 

Treatment with W137 and the Bzt-W41 + W137 combination significantly increased 

early apoptosis in all three cell lines. For MDA-MB-231 cells the early apoptotic 

population increased from 2.81 ± 0.23% (vehicle control) to 9.41 ± 1.28% and 20.80 ± 

2.32% for W137 and Bzt-W41 + W137 treatment, respectively. The effect was not as 

strong but still significant for MCF-7 cells with W137 and Bzt-W41 + W137 treatment 

resulting in an early apoptosis increase to 5.41 ± 1.75% and 9.59 ± 2.53%, respectively 

in comparison to the vehicle control (1.10 ± 0.34%). The EA.hy926 results more 

closely resembled that of the MDA-MB-231 results, with W137 treatment increasing 

early apoptosis to 8.82 ± 1.65% and combination treatment strongly expanding the 

same population to 20.57 ± 2.81% when compared to the vehicle control (1.12 ± 

0.43%). STX1972 treatment increased late apoptosis in the MDA-MB-231 (10.64 ± 

1.33%) and MCF-7 (17.06 ± 3.05%) cell lines, in comparison to vehicle control samples 

(≈ 1.2%). Treatment with W137 and Bzt-W41 + W137 lead to significantly increased 

late apoptosis in all three cell lines. W137 strongly increased the MDA-MB-231, MCF-

7 and EA.hy926 late apoptotic cell population to 62.88%, 64.54% and 67.15% 

respectively. Similarly, Bzt-W41 + W137 combined treatment significantly expanded 

the late apoptotic population of MDA-MB-231, MCF-7 and EA.hy926 cells to 24.04%, 

22.60%, and 33.01% respectively.  
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A slight but significant increase in late apoptosis was observed after treatment with 

Bzt-W41 (2.03 ± 0.14%) and STX + Bzt-W41 (3.27 ± 0.21%), however this was only 

evident in the MDA-MB-231 cell line (Figure 3.26, Figure 3.27 and Table 3.7). 
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Figure 3.26: PI (FL3 Log) versus Annexin V-FITC (FL1 Log) dot-plots for MDA-MB-231, MCF-7 and EA.hy926 cells.  The dot-plots indicate the 
percentage of viable, early apoptotic, late apoptotic and necrotic cells after 48 h treatment with STX1972 IC50 (37.5 nM), Bzt-W41 IC50 (20.4 µM), 
W137 IC50 (23.5 µM),  STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM), and Bzt-W41 + W137 combination 
(Bzt-W41 [CF] = 4.08 µM; W137 [CF] = 16.45 µM). Actinomycin D (0.2 µg/mL) was used as positive control. Viable cells at lower-left quadrant, 
FITC(-)/PI(-); necrotic cells at lower-right quadrant, FITC(-)/PI(+); late apoptotic cells at upper-right quadrant, FITC(+)/PI(+); and early apoptotic 
cells at upper-left quadrant, FITC(+)/PI(-). 
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Figure 3.27: Apoptosis quantification in MDA-MB-231, MCF-7 and Ea.hy926. Bar graphs 
represent the mean ± SEM percentage of cells in each of the four quadrants (viable, early 
apoptosis, late apoptosis and necrosis) of the dot plots in Figure 3.26 after 48 h of respective 
drug treatment, averaged from three biological repeats.*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001 indicate significant differences in the respective quadrants between the vehicle 
controls and treatment groups. 
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Table 3.7: Apoptosis quantification in MDA-MB-231, MCF-7 and EA.hy926.   Values represent the mean ± SEM percentage of cells in each of 
the four quadrants (viable, early apoptosis, late apoptosis and necrosis) of the dot plots in Figure 3.26 after 48 h of respective drug treatment, 
averaged from three biological repeats. The means ± SEM values are averaged from three biological replicates for each treatment condition.    
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Figure 3.28: Comparison of the mean proportion of cells in each of the four quadrants (viable, early apoptosis, late apoptosis and necrosis) 
between MDA-MB-231, MCF-7 and EA.hy926 cells. Bar graphs represent the mean ± SEM values averaged from three biological replicates for 
each treatment condition.  § p ≤ 0.05 indicates significant difference between cell lines for a specific treatment condition.   

  

0

10

20

30

40

50

60

70

80

90

100

DMSO STX1972 Bzt-W41 W137 STX + Bzt-W41 Bzt-W41 +
W137

Actonimycin D

P
e

rc
e
n

ta
g

e
 o

f 
to

ta
l 

Viable

MDA-MB-231 MCF-7 Ea.hy926

0

10

20

30

40

50

60

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

ACT D

P
e
rc

e
n

ta
g

e
 o

f 
to

ta
l 

Sub G1 cell cycle phase in response to different conditions

MDA-MB-231 MCF-7 Ea.hy926

§
§

§

§

§
§

§

§
§

§ §

0

5

10

15

20

25

DMSO STX1972 Bzt-W41 W137 STX + Bzt-W41 Bzt-W41 +
W137

Actonimycin D

P
e
rc

e
n

ta
g

e
 o

f 
to

ta
l 

Early apoptosis

MDA-MB-231 MCF-7 Ea.hy926

0

10

20

30

40

50

60

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

ACT D

P
e

rc
e
n

ta
g

e
 o

f 
to

ta
l 

Sub G1 cell cycle phase in response to different conditions

MDA-MB-231 MCF-7 Ea.hy926

§
§

§
§

§

§

§ §

0

10

20

30

40

50

60

70

80

DMSO STX1972 Bzt-W41 W137 STX + Bzt-W41 Bzt-W41 +
W137

Actonimycin D

P
e

rc
e
n

ta
g

e
 o

f 
to

ta
l 

Late apoptosis

MDA-MB-231 MCF-7 Ea.hy926

0

10

20

30

40

50

60

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

ACT D

P
e
rc

e
n

ta
g

e
 o

f 
to

ta
l 

Sub G1 cell cycle phase in response to different conditions

MDA-MB-231 MCF-7 Ea.hy926

§
§

§

§
§

0

5

10

15

20

25

Vehicle control STX1972 Bzt-W41 W137 STX + Bzt-W41 Bzt-W41 +
W137

Actonimycin D

P
e

rc
e
n

ta
g

e
 o

f 
to

ta
l 

Necrosis

MDA-MB-231 MCF-7 Ea.hy926

0

10

20

30

40

50

60

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

ACT D

P
e
rc

e
n

ta
g

e
 o

f 
to

ta
l 

Sub G1 cell cycle phase in response to different conditions

MDA-MB-231 MCF-7 Ea.hy926

§

§

§

§

§

§

§

§

§

§

§ §

§

§

0

10

20

30

40

50

60

70

80

90

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

ACT D

P
e

rc
e
n

ta
g

e
 o

f 
to

ta
l 

G1 cell cycle phase in response to different conditions

MDA-MB-231 MCF-7 Ea.hy926

§

§

§

§

§

§

§ §

§

§ §

§

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



115 
  

 

Figure 3.29: Comparison of single compound versus combination treatments on percentage of MDA-MB-231, MCF-7 and EA.hy926 cells in each 
of the four quadrants (viable, early apoptosis, late apoptosis and necrosis).Bar graphs represent the mean ± SEM values averaged from three 
biological replicates for each treatment condition. † p ≤ 0.05 indicates significant difference between single compound versus combination 
treatment within the quadrant.   
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3.6 Autophagy 

Results from the cell death assay suggest that W137 and Bzt-W41 + W137 

combination treatment does not exhibit cancer-specific selectivity, resulting in 

significant decreases in cell viability and increases in early and late apoptosis 

populations in the EA.hy926 cell line, often with more pronounced effects than those 

in the cancer cells. For this reason, it was decided to proceed further experiments with 

the antimitotic (STX1972) and BRD-4 inhibitor (Bzt-W41) and their synergistic, and 

cancer selective combination (STX + Bzt-W41). Moreover, treatment with these 

compounds and their paired combination showed to be more selective toward the 

TNBC cell line model (MDA-MB-231), in comparison to the hormone-dependent model 

(MCF-7). For the purpose of this project, individual and combined effects of the drugs 

on the MCF-7 cell line was satisfactorily concluded. All further experiments were 

performed on MDA-MB-231 and EA.hy926 cells and included the following treatment 

conditions: STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM) and STX + Bzt-W41 

combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM).     

 

Acridine orange (AO), an acidotropic dye, was used to stain cells after 48 h test 

compound treatment. Actinomycin D (0.2 µg/mL) was used as positive control. AO 

fluoresces green in the cytosol but undergoes a concentration-dependent 

metachromic shift to red fluorescence when concentrations are high due to protonation 

and trapping in acidic vesicular organelles such as autolysosomes, implying 

correlation with autophagy induction 225. AO fluorescence was quantified by means of 

flow cytometry and the red-to-green fluorescence intensity ratio (R/GFIR) was used as 

ratiometric analysis of autophagy 225.  Two-parameter linear scale dot-plots were used 

to detect red fluorescence (y-axis) and green fluorescence (x-axis) and a R/GFIR-

threshold (R/GFIR-T) was set along the population axis (Figure 3.30). The proportion 

of cells above the threshold defines the positive population and is reported as fold 

change relative to control (Figure 3.31 A) and percentage of cell population above 

threshold (Figure 3.31 B).   

 

For the MDA-MB-231 cell line, a significant increase in the AO positive (red) population 

in terms of fold-change after 48 h treatment with STX1972 (6.83-fold), Bzt-W41 (10.62-
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fold) and STX + Bzt-W41 (11.50-fold) was seen.  Also, when reporting the results as 

percentage above threshold (Figure 3.31 B) for STX1972 (38.32%); Bzt-W41 (59.24%) 

and STX + Bzt-W41 (64.06%) in relation to the vehicle control sample (5.62%). 

Although all three treatment conditions lead to increased AO fluorescence, it is clear 

that the combination treatment is most efficacious. According to Thomé et al. (2016) 

this would imply an increase of the volume of acidic organelles such as autolysosomes 

and lysosomes, and could be correlated with autophagy in MDA-MB-231 cells 225. The 

effect of the combination treatment, STX + Bzt-W41, significantly exceeds that of 

individual compounds in isolation, confirming synergistic effect of dual treatment 

(Figure 3.32).  

 

For the EA.hy926 cell line, significant increase in the fold-change in relation to the 

control sample was seen for only in the STX1972-treated sample (2.34-fold) (Figure 

3.31 A).  
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Figure 3.30: Detection of autophagy induction in AO-stained MDA-MB-231 and EA.hy926 cells. Representative plots of flow cytometric detection 
of red (FL3) and green (FL1) fluorescence after 48 h treatment with STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM), and STX + Bzt-W41 
combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM). Actinomycin D (0.2 µg/mL) was used as positive control. Ratiometric analysis 
of autophagy induction by means of red-to-green fluorescence intensity ratio threshold (R/GFIR-T) setting. Percentages represent the mean ± 
SEM proportion of events above the set threshold (positive population) for three independent experiments. 

  

 

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R2

Acridine o MDA 48h STX 00020990 291.LMD:R0*R1

STX1972 

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R2

Acridine o MDA 48h DMSO 00020987 288.LMD:R0*R1

DMSO

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R2

Acridine o MDA 48h w41 00020989 290.LMD:R0*R1

Bzt-W41

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R2

Acridine o MDA 48h C1 00020991 292.LMD:R0*R1

STX1972 

+ Bzt-W41

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R2

Acridine o MDA 48h Act 00020993 294.LMD:R0*R1

Actinomycin D

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R1

Acridine o Ea 48h C1 00021067 352.LMD:R0*R2

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R1

Acridine o Ea 48h DMSO 00021063 348.LMD:R0*R2

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R1

Acridine o Ea 48h STX 00021065 350.LMD:R0*R2

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R1

Acridine o Ea 48h w41 00021064 349.LMD:R0*R2

M
D

A
-M

B
-2

3
1

E
a

.h
y

9
2

6

Green fluorescence (FL1 Lin)

R
e

d
 f

lu
o

re
s

c
e

n
c

e
 (

F
L

3
 L

in
)

0 200 400 600 800 1k
FL1 Lin

0

200

400

600

800

1k

F
L

3
 L

in

R1

Acridine o Ea 48h Act 00021069 354.LMD:R0*R2

5.62% ± 0.18 38.32% ± 6.26 59.24% ± 3.42 64.06% ± 4.61 18.44% ± 5.60

8.34% ± 0.58 15.54% ± 1.56 8.28% ± 0.89 12.94% ± 3.25 27.39% ± 7.76

  
 E

A
.h

y
9

2
6
  

  
  

  
  

 M
D

A
-M

B
-2

3
1

  
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



119 
  

                                

 

Figure 3.31: Red and green fluorescence of AO-stained cells analysed with the R/GFIR-T 
setting.(A) The proportion of events above the R/GFIR-T in relation to vehicle-treated control, 
is represented as the fold change. Values were normalized to the averaged control, set to one. 
(B) The percentage of AO stained cells above the R/GFIR-T. Bar graphs represent the mean 
± SEM for three independent experiments. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 
indicate significant differences between the vehicle controls and treatment groups.  
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Figure 3.32: Comparison of effects of single compound versus combination treatment on 
mean proportion of AO-stained cells analysed with the R/GFIR-T setting.  The proportion of 
events above the R/GFIR-T in relation to vehicle-treated control, represented as the fold of 
change. Values were normalized to the averaged control, set to one. Bar graphs represent the 
mean ± SEM for three independent experiments. † p ≤ 0.05 indicates significant difference 
between single compound versus combination treatment.     
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3.7 ROS generation  

Intracellular ROS generation was evaluated after 48 h treatment of MDA-MB-231 and 

EA.hy926 cell lines with STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM) and 

STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM). 

Flow cytometry was used to quantify DCF fluorescence as an indication of ROS 

formation. The DCF reaction requires the involvement of iron, therefore the iron-

chelator DFO (100 µM) was used as a negative control. The ROS inhibitor NAC (5 

mM) was also included as a negative control. A column chart showing the mean DCF 

fluorescence intensity of treated samples represented as the fold of change relative to 

vehicle control, set to one, is shown if Figure 3.33. Representative flow cytometric 

histograms of DCF fluorescence intensity (FL1 Log) versus event count is shown in 

Figure 3.34. 

 

Results indicate that only STX1972 treatment induces a significant increase (>1.4-

fold) in ROS production, and this is seen only in MDA-MB-231 cells. Interestingly, 

combination treatment (STX + Bzt-W41) shows a significantly attenuated effect (≈ 0.8-

fold) when compared to STX1972 treatment alone.  

 

None of the treatment conditions resulted in significantly increased ROS formation in 

EA.hy926 cells and no significant difference in ROS production is notable when 

comparing the MDA-MB-231 and this control cell line.    
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Figure 3.33: DCF fluorescence as an indication of ROS formation.  Relative mean 
fluorescence represented as the fold of change. Values were normalized to the averaged 
vehicle control, set to one. Bar graphs represent the mean ± SEM values averaged from three 
biological replicates for each treatment condition.  * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p 
≤ 0.0001 indicates significant differences between the vehicle controls and treatment groups; 
† p ≤ 0.05 indicates significant difference between individual compound versus combination 
exposure  
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Figure 3.34: Histograms of DCF fluorescence intensity as measure ROS formation.   FL1 Log 
versus event count illustrating the x-axis mean shift in response to different treatments in MDA-
MB-231 (A) and EA.hy926 (B) cells.  
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3.8 Mitochondrial membrane depolarization 

Depolarization of mitochondrial membrane potential (ΔΨm) was detected in MDA-MB-

231 and EA.hy926 cells following 48 h exposure to STX1972 at IC50 (37.5 nM), Bzt-

W41 at IC50 (20.4 µM) and STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; 

Bzt-W41 [CF] = 6.12 µM). Mitochondrial transmembrane potential corresponds to 

mitochondrial membrane integrity and cell health. Mitochondrial membrane 

permeabilisation causes dissipation of ΔΨm and results in the initiation of the 

proapoptotic signal cascade 66. The ΔΨm -sensitive probe DiOC6(3) was used as a 

cytofluorometric ΔΨm indicator 226.  DiOC6(3) is a lipophilic cationic dye that 

accumulates in the mitochondrial matrix of functional mitochondria to fluoresce as 

green light 227. In apoptotic cells the dye is unable to aggregate due to ΔΨm 

depolarization, resulting in decreased DiOC6(3) fluorescence 228. Flow cytometry was 

used to quantify mitochondrial depolarization by measuring DiOC6(3) fluorescence 

intensity. Data is expressed as the proportion of cells with depolarized mitochondrial 

potential in treated groups compared to vehicle control (Figure 3.35). Representative 

histograms of DiOC6(3) fluorescence in MDA-MB-231 and EA.hy926 cells is shown in 

Figure 3.36 A and B respectively.  

 

For the MDA-MB-231 cell line, all three treatment conditions resulted in a significant 

increase in the percentage cell population with depolarized mitochondrial membrane 

potential. STX1972 treatment had the most pronounced effect (13.23%), followed by 

Bzt-W41 (10.1%) and the combination treatment (7.3%), which proved significantly 

lower than that of STX1972 treatment in isolation. For the EA.hy926 cell line STX1972 

alone and in combination treatment proved to significantly increase the percentage of 

cells displaying mitochondrial depolarization to 3.64% and 5.2%, respectively, in 

relation to the vehicle control (1.37%). Overall, the increase in mitochondrial 

membrane depolarization seen in the EA.hy926 cell line was less prominent for all 

three treatment conditions than that seen in MDA-MB-231 cells, with STX1972 and 

Bzt-W41 treatment being significantly lower.  
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Figure 3.35: Mitochondrial membrane depolarization in MDA-MB-231 and EA.hy926 cells.   
Data from both cell lines are expressed in percentage of cells displaying mitochondrial 
depolarization in the different treatment groups compared with the vehicle control. Bar graphs 
represent the mean ± SEM values averaged from three biological replicates for each treatment 
condition.  * p ≤ 0.05, ** p ≤ 0.05, *** p ≤ 0.05, **** p ≤ 0.05 indicates significant differences 
between the vehicle controls and treatment groups; § p ≤ 0.05 indicates significant difference 
between MDA-MD-231 and EA.hy926 for a treatment condition; † p ≤ 0.05 indicates significant 
difference between individual compound versus combination exposure  

  

0

10

20

30

40

DMSO STX1972 Bzt-W41 STX + Bzt-W41 EtOH

P
e

rc
e
n

t 
o

f 
c

e
ll

s
 w

it
h

 d
e

p
o

la
ri

z
e

d
  

M
M

P
 

DiOC6 fluorescence as an indication of MMP depolarization

MDA-MB-231

Ea.hy926*
*

*
*

*

*
*

*
*

*
*

*

*
*

*
*

†

§

§

0

10

20

30

40

50

60

70

80

90

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

Actonimycin
D

A
O

-p
o

s
it

iv
e

 
P

e
rc

e
n

ta
g

e
 o

f 
c

e
ll

s
 a

b
o

v
e

 R
/G

F
IR

 t
h

re
s
h

o
ld

Acridine orange fluorescence (R/GFIR) 

MDA-MB-231

Ea.hy926

0

10

20

30

40

50

60

70

80

90

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

Actonimycin
D

A
O

-p
o

s
it

iv
e
 

P
e
rc

e
n

ta
g

e
 o

f 
c
e
ll
s
 a

b
o

v
e
 R

/G
F

IR
 t

h
re

s
h

o
ld

Acridine orange fluorescence (R/GFIR) 

MDA-MB-231

Ea.hy926

*
*

*

§

*
*

*
*

*
*

*
*

*
*

*
*

*
*

*
*

*

*
*

*

*
*

*

*

§

§

§

§

0

10

20

30

40

50

60

70

80

90

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

Actonimycin
D

A
O

-p
o

s
it

iv
e

 
P

e
rc

e
n

ta
g

e
 o

f 
c

e
ll
s
 a

b
o

v
e
 R

/G
F

IR
 t

h
re

s
h

o
ld

Acridine orange fluorescence (R/GFIR) 

MDA-MB-231

Ea.hy926

0

10

20

30

40

50

60

70

80

90

DMSO STX1972 Bzt-W41 W137 STX + Bzt-
W41

Bzt-W41 +
W137

Actonimycin
D

A
O

-p
o

s
it

iv
e

 
P

e
rc

e
n

ta
g

e
 o

f 
c

e
ll

s
 a

b
o

v
e

 R
/G

F
IR

 t
h

re
s
h

o
ld

Acridine orange fluorescence (R/GFIR) 

MDA-MB-231

Ea.hy926

*
*

*

§

*
*

*
*

*
*

*
*

*
*

*
*

*
*

*
*

*

*
*

*

*
*

*

*

§

§

§

§

EA.hy926 MDA-MB-231 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



126 
  

 

Figure 3.36: Representative flow cytometry histograms generated from DiOC6(3) 
fluorescence intensity detection in MDA-MB-231 (A) and EA.hy926 (B) cells.  Cells with altered 
MMP were gated by R1 and R2 for depolarized and polarized MMP, respectively. EtOH (70%) 
was used as positive control. 
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3.9 Bcl-2 protein expression and phosphorylation 

Flow cytometry was used to evaluate the phosphorylation status of Bcl-2 at Ser 70 (p-

Bcl-2 (ser70)) in the MDA-MB-231 and EA.hy926 cell lines after 48 h exposure to 

STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM) and STX + Bzt-W41 

combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM) compared to the 

vehicle-treated control. The Muse™ Bcl-2 Activation Dual Detection Kit allowed for the 

simultaneous measurement of Bcl-2 phosphorylation and total levels of Bcl-2 protein 

expression. Flow cytometry was used to determine the extent of Bcl-2 activation by 

detecting the p-Bcl-2 (ser70): total Bcl-2 ratio within the MDA-MB-231 and EA.hy926 

cell lines after 48 h exposure to treatment. Representative flow cytometry dot-plots for 

both cell lines are shown in Figure 3.37. Bar graphs quantifying activated (p-Bcl-2 

(ser70)), inactivated (dephosphorylated Bcl-2) and non-expressing populations can be 

seen in Figure 3.38.  

 

For the MDA-MB-231 cell line, STX1972 treatment only resulted in significant effects, 

reducing the relative percentage p-Bcl-2 (ser70) cell population (83.02 ± 1.49%) while 

increasing the percentage dephosphorylated Bcl-2 cells (16.98 ± 1.49%). 

Dephosphorylation of Bcl-2 at serine 70 is associated with apoptosis 229. No significant 

effects were seen for the EA.hy926 cell line following any of the equivalent treatments.  
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Figure 3.37: Representative flow cytometry dot-plots of Bcl-2 phosphorylation (FL2 Log) and expression (FL4 Log).  The quadrants represent 
the activated (p-Bcl-2 (ser70)), inactivated (dephosphorylated Bcl-2) and non-expressing populations as shown. Numbers represent mean 
percentage per quadrant ± SEM of three independent experiments following 48 h treatment with STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 

(20.4 µM) and STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM).  
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Figure 3.38: Bcl-2 protein expression in MDA-MB-231 and EA.hy926 cells. Bar graphs 
quantify activated (p-Bcl-2 (ser70)), inactivated (dephosphorylated Bcl-2) and non-expressing 
populations, expressed as mean percentage ± SEM of three independent experiments 
following 48 h treatment with STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM) and STX 
+ Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM). ** p ≤ 0.01 
indicates significant differences between the vehicle controls and treatment groups. 
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3.10  c-MYC gene expression  

Cell death was observed when exposing MDA-MB-231 cells to the STX + Bzt-W41 

combination. Both Bcl-2 and p53 are known to play a mechanistic role in inducing cell 

death. The JQ1 bromodomain inhibitor has been implicated in p53-mediated cell death 

and also affects the expression of c-myc and Bcl-2 237. Furthermore, antimitotic 

compounds are known to activate the p53 and Bcl-2 pathways to cause cell death 238-

239. Therefore, p53, c-myc and bcl-2 were chosen as genes of interest that may provide 

information about the mechanism of the combination and single agents. 

 

Relative quantification of mRNA transcription levels in both MDA-MB-231 and 

EA.hy926 cell lines after 48 h exposure to STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 

(20.4 µM) and STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-W41 

[CF] = 6.12 µM) were calculated. The LightCycler 480 software package was used to 

identify the crossing point (CT). CT points obtained from the software were normalized 

to two reference genes (GAPDH and β2M) and to a treatment control (cells exposed 

to DMSO). Relative gene expression levels of genes of interest were determined from 

CT values obtained from qPCR analysis using the ∆∆CT method 234. Gene expression 

of the three genes of interest (p53, c-myc and bcl-2) were calculated as 

target/reference ratio, and displayed as fold increase relative to vehicle control, 

normalized to one, as seen in Figure 3.39. 

 

 

No significant changes in p53 mRNA levels were observed for any of the treatment 

conditions. For the MDA-MB-231 cell line Bzt-W41 treatment resulted in significantly 

decreased relative expression of bcl-2 (≈0.6-fold) and c-myc (≈0.5-fold) relative to the 

vehicle control. STX1972 treatment alone resulted in significantly increased bcl-2 

(≈1.7-fold) and decreased c-myc (≈0.5-fold) mRNA expression, whilst the combination 

treatment (STX + Bzt-W41) only significantly reduced c-myc (≈0.5-fold) mRNA 

transcription levels. This indicates that while BRD-4 inhibitor and antimitotic treatment 

had opposing effects on bcl-2 expression, all three treatment conditions showed 

similar effects on c-myc expression.  
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For the EA.hy926 cell line p53 expression was significantly increased (≈1.5-fold) for 

all three treatment conditions. Bzt-w41 and STX1972 again showed opposing effects 

on bcl-2 expression, resulting in significant decrease (≈0.6-fold) and increase (≈1.8-

fold) respectively that is similar to the effect seen for the MDA-MB 231 cell line. 

Relative expression of c-myc was significantly decreased (≈0.8-fold) following Bzt-

W41 treatment and significantly increased in response to STX1972 (≈1.4-fold) and 

STX + Bzt-W41 (≈1.2-fold) treatment compared to the vehicle control.     
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Figure 3.39: Real time qPCR analysis of the relative expression of p53, bcl-2 and c-myc genes 
in MDA-MB-231 and EA.hy926 cells  After 48 h exposure to STX1972 at IC50 (37.5 nM), Bzt-
W41 at IC50 (20.4 µM) and STX + Bzt-W41 combination (STX1972 [CF] = 20.625 nM; Bzt-
W41 [CF] = 6.12 µM). Results are expressed as fold change relative to vehicle control 
(normalized to one) and represent the mean ± SEM of three biological repeats. *p ≤ 0.05, **p 
≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 indicates a significant difference between the relative gene 
expression in vehicle control versus treated cells. 
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3.11  c-MYC protein expression 

Since gene expression does not necessarily correlate with protein expression or 

activity, the Sandwich ELISA method was used for the in vitro quantitative 

determination of the c-myc proto-oncogene protein, c-MYC, after 48 h exposure to 

STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM) and STX + Bzt-W41 

combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM). Results were 

obtained by means of spectrophotometry with OD values proportional to the 

concentration of c-MYC present. The concentration of c-MYC per sample was 

calculated by comparing the OD of the samples with the standard curve.  

 

For the MDA-MB-231 cell line c-MYC protein expression was significantly decreased 

after treatments with STX1972 (≈0.5-fold), Bzt-W41 (≈0.2-fold) or the STX + Bzt-W41 

combination (≈0.5-fold). These results mirror relative gene expression of c-myc in 

MDA-MD-231 cells. It is notable that the Bzt-W41 treatment resulted in greater 

reduction in protein expression versus that of the mRNA transcription level.  

 

Bzt-W41 was the only treatment demonstrating a significant effect in the EA.hy926 cell 

line, reducing c-MYC expression (≈0.8-fold). Although significant, the decrease in 

protein concentration is much less pronounced than that observed for MDA-MB-231 

cells treated with Bzt-W41, implying selectivity towards the TNBC cell line. When 

correlating these results to that of the RT-qPCR results (Section 3.10) it is evident that 

the significant increase in c-myc gene expression seen in STX1972 alone and 

combination-treated cells (Figure 3.40) was not equivalently translated to 

overexpression of the c-MYC oncoprotein.  
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Figure 3.40: Relative c-MYC concentration in MDA-MB-231 and EA.hy926 cells after 48 h 
treatment with STX1972 at IC50 (37.5 nM), Bzt-W41 at IC50 (20.4 µM) and STX + Bzt-W41 
combination (STX1972 [CF] = 20.625 nM; Bzt-W41 [CF] = 6.12 µM). IL-6 (50 ng/mL) was used 
as positive control. Results are expressed as fold change relative to vehicle control 
(normalized to one) and represent the mean fold change ± SEM of three biological repeats. 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 indicates a significant difference between 
the c-MYC concentration in vehicle control versus treated cells. 
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Chapter 4: Discussion 

In the present study the in vitro antineoplastic activity of four classes of compounds 

each targeting different cancer-associated proteins was assessed using breast cancer 

cell lines as an experimental model. The initial test compounds included an antimitotic 

(STX1972), three variants of BRD4 inhibitors (Bzt-W41, Bzt-W49 and Bzt-W52), an 

inhibitor of SIRT1/2 (W137) and an inhibitor of JAK1/2 (Ruxolitinib). Following an initial 

screening study, three compounds (STX1972, Bzt-W41 and W137) were chosen and 

included in two combinations (C1: STX + Bzt-W41; C2: Bzt-W41 + W137) to test for 

synergy. Furthermore, the selectivity of the synergistic combinations was tested 

against a control cell line, EA.hy926, and the mechanism of action of the synergistic 

combination was probed using various methods. 

 

4.1 STX1972 

STX1972 is multi-targeted antimitotic compound designed to inhibit several cancer-

associated proteins: CAII, CAIX, tubulin and STS. Molecular modelling and ligand-

binding studies demonstrated that STX1972 successfully docks to binding sites on 

each of the intended target proteins (CAII, CAIX, tubulin and STS), validating that it is 

a polypharmacological agent. Glide SP docking software (Schrödinger-Maestro 

v12.1.013) proved effective STX1972-carbonic anhydrase binding, with the Zinc atom 

of CAII (PDB ID: 1CIL) and CAIX (PDB ID: 5FL6) interacting with the sulfonamide 

functional group of the ligand.  For the STS target receptor (PDB ID: 1P49), the calcium 

ion in the active binding site interacts with the sulfonamide group of STX1972. The 

next protein, tubulin, is targeted at the colchicine binding site which is located at the 

edge of α- and β-tubulin monomers 240. The colchicine binding site can accommodate 

a range of ligands with no apparent scaffold resemblance, however, even a slight 

change to a potent colchicine ligand can result in compromised binding and 

significantly reduced cytotoxic efficacy 240. The STX1972-tubulin (PDB ID: 5OSK) 

binding pose superimposes well with that of A9Q, a similar antimicrotubule agent with 

potent inhibitory activity 215. Separate studies have shown crosslinking of colchicine 

analogues to peptides in β-tubulin, including residues 1-36 and 216-243, as well as 

the Cys356 residue 90.  Other studies on colchicine binding site inhibitors have shown 
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interactions at Cys239, Leu246, Ala314, Asn256 and Lys350 residues of β-tubulin 240. 

The RTF machine learning model predicts STX1972 to have sub-micromolar activity 

for all the tested enzymes, further supporting the notion that the compound is a 

polypharmacological agent. 

 

Since cancer is a disease of hyperproliferation, selective inhibition of cell cycle 

progression has long been a relevant and amenable chemotherapeutic strategy 65,85-

86. Given the fundamental role of microtubules during cell division, mitosis-selective 

anticancer strategies are centralized around disrupting normal microtubule dynamics 

85,87-88. Microtubule-targeted agents are designed to suppress and/or disrupt 

microtubule function, thereby inducing mitotic arrest and eventually culminating in cell 

death 86,88. To date, several oestrogen analogues have proven antimitotic activity 91-

94. 2-methoxyestradiol (2ME2, Panzem®), an endogenous metabolite of oestradiol 

exerts antimitotic and antiangiogenic effects but has low bioavailability and rapid 

metabolic breakdown 91,241. The anticancer success of 2ME2 has encouraged the 

design of multiple oestradiol derivatives with the aim of increasing bioavailability for 

enhanced antitumour efficacy 93-95,160,242-243. The effects of STX1972, a 

sulphamoylated 2ME2 derivative, on cell proliferation, morphology, cell cycle 

progression and cell death induction were investigated with the aim of elucidating the 

mechanistic mode of action of the compound. The research team involved in the 

synthesis of STX1972 reported on the compound’s potent in vitro antiproliferative 

effects and in vivo anti-angiogenic activity 95. Although there is consensus regarding 

the cellular outcomes of colchicine binding site inhibitors, i.e.: disruption of microtubule 

dynamics resulting in G2/M cell cycle arrest and ultimately apoptosis induction; the 

precise pathways driving the cytotoxicity is not universally concurred.  

 

Treatment with STX1972 single drug at the IC50 concentration significantly reduced 

growth of hormone-dependent and hormone-independent cancer cell lines in 

comparison to the non-cancerous control cell line, signifying cancer-specific targeting 

(see Section 3.2.3). Antiproliferative activity of the compound showed slight but non-

significant selectivity for the TNBC cell line compared to the hormone responsive MCF-

7 cell line, as similarly reported by the STX1972 founders 95. Cancer-specific 

antiproliferative potency was observed at nanomolar concentrations, resembling 

results reported by the founding research group and making this one of the most potent 
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antimitotic compounds to date 95. Several analogues of 2-substituted oestradiol-3,17-

O,O-bis-sulfamates (E2bisMATEs) have also shown excellent in vitro antiproliferative 

activity against numerous tumorigenic cell lines 95. Confocal microscopy demonstrated 

antimitotic effects of STX1972 on actively dividing MDA-MB-231 and MCF-7 cells 

comparable to that of the positive control, colchicine (see Section 3.3). This implies 

that STX1972 binds and inhibits tubulin in a similar manner to that of colchicine, 

namely inhibition of tubulin polymerization. Analogous anti-microtubule activity has 

been reported after treatment with 2-methoxyoestradiol-bis-sulphamate (2MEBM) and 

its parent analogue 2ME2 244; as well as other bis-sulphamate oestrone derivatives 

242.  

 

Cell cycle analysis revealed that STX1972 caused MDA-MB-231 and MCF-7 cells to 

arrest in the G2/M phase, with the increased significance detectable after 8 h treatment 

(see Section 3.4). Similar cell cycle progression results have been found in studies 

with related oestradiol analogues, including 2‐methoxyoestrone‐3‐O‐sulphamate (2‐

MeOEMATE) 245, 2-ethyl-3-O-sulphamoyl-oestra-1,3,5(10),15-tetraen–17-ol (ESE-15-

ol) 93 and STX140 246. After 48 h treatment the G2/M block was still significant but less 

prominent in the MDA-MB-231 cell line; and negligible in the MCF-7 cell line. The 

observed reduction in G2/M arrest after longer treatment could possibly be owed to the 

induction of cell death after the initial G2/M block, implying incomplete cell cycle 

progression and less cells available to reach the subsequent G2/M phase. Similar 

results have been reported by Stander et al. who found that MDA-MB-231 and MCF-

7 cells exhibited an increase in the percentage cells in the G2/M phase after 12 h and 

24 h treatment with the oestradiol analogue, ESE-15-ol, but not after 48 h treatment 

93. The reduction of the G2/M fraction for the MDA-MB-231 cell line after 48 h treatment 

was accompanied by a significant increase in the sub-G1 population. The sub-G1 

phase corresponds to cells undergoing cell death and strengthens the aforementioned 

reasoning behind the plausible cause for G2/M arrest reduction. For the MCF-7 cells 

there was a relative but non-significant increase in the sub-G1 population. For the 

EA.hy926 cell line there was no evident G2/M phase block after 8 h or 48 h treatment 

and negligible difference in the sub-G1 population in comparison to the DMSO control, 

signifying cancer cell selectivity. Annexin V analysis confirmed that STX1972 induced 

apoptosis after 48 h treatment. The assay revealed a significant increase in the 

proportion of MDA-MB-231 and MCF-7 cells in early and late apoptosis. The effect 
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was more pronounced in the cancer cell lines compared to the EA.hy926 control cell 

line. The ability of antimitotic compounds to induce apoptosis in tumorigenic cell lines 

in vitro has been shown in previous studies 94,241,245,247. In summary, the cell cycle and 

Annexin V results indicate that STX1972 treatment is able to induce a mitotic block, 

followed by apoptosis. It also indicates that the tumorigenic cell lines are preferentially 

targeted for apoptosis with the EA.hy926 control cell line showing less cytotoxic 

sensitivity to this compound.  

 

Quantitation of AO-stained cells revealed a significant increase in the AO-positive 

population in STX1972-treated MDA-MB-231 cells, with the effect being less 

pronounced in the EA.hy926 cells (see Section 3.6). The red AO-positive population 

was determined by means of the ratiometric R/GFIR method as described by Thomé 

et al. 225. According to this method an increased red AO-positive population correlates 

with an increased volume of acidic organelles such as autolysosomes and could be 

correlated with autophagy induction 225. The authors validate the ratiometric analysis 

of AO as a quantitative measure of late stage autophagy, however, this study did not 

confirm the increased red AO population as an exclusive measure of autophagy. This 

initial method of AO evaluation needs to be complemented by further methods in order 

to confirm the extent of autophagy induction and explore the possibility that the 

increased AO could be caused by other phenomena such as increased lysosomal 

activity without autophagy induction; and/or early stages of lysosomal rupture. 

Lysosomal injury is a form of cell death and has been reported to be induced by 

oestradiol analogue ESE-16 in breast cancer cells 94. Separate studies have also 

proven the ability of antimitotic analogues to induce autophagy in vitro in tumorigenic 

cell lines 248-249.  

 

Evaluation of intracellular ROS generation after 48 h STX1972 treatment 

demonstrated a significant increase (>1.4-fold) in ROS production in MDA-MB-231 

cells, an effect not seen in the control cell line (see Section 3.7). This is in accordance 

with results from Stander et al. who reported that 24 h treatment with the oestradiol 

analogue, ESE-16 (200 nM), resulted in a significant and prominent increase in ROS 

in MDA-MB-231 tumorigenic cells 94. Treatment of MCF-7 cells with 2ME2 have also 

revealed similar results to the current findings, increasing ROS generation by ≈1.5-

fold in comparison to the vehicle-treated control 250. ROS generation has been 
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implicated in the activation and mediation of apoptotic and autophagic processes 

culminating in cell death 241. However, intracellular ROS does not exclusively 

culminate in cell death induction since transient signalling is paradoxically associated 

with pro-survival pathways 65,251. Apoptotic signalling initiated via ROS overload leads 

to the programmed demise of cells via intrinsic mitochondrial and/or ER-regulated 

signalling pathways 65. Furthermore, although it is widely accepted that ROS 

participates in the regulation of autophagy, the exact mechanisms involved in 

switching from pro-survival to pro-death autophagy remains to be fully elucidated 251. 

 

Mitochondrial membrane permeabilisation and subsequent depolarization is 

associated with apoptosis induction 94. Stander et al. (2012) and Stander et al. (2013) 

reported that oestradiol analogues ESE-15-ol 93 and ESE-16 94 induced mitochondrial 

membrane dissipation and associated apoptotic signalling in MDA-MB-231 and MCF-

7 cells. Results from the current study are in accordance with these findings, 

demonstrating STX1972-induced mitochondrial membrane depolarization after 48 h 

treatment, with more pronounced effects in the tumorigenic versus the control cell line 

(see Section 3.8). Bcl-2 is a member of the Bcl-2 family which regulates mitochondrial 

membrane potential and mitochondrial mediated apoptosis induction. 

Dephosphorylation of Bcl-2 at serine 70 is associated with initiation of apoptosis and 

an overall decrease in the protein expression of Bcl-2 is also considered pro-apoptotic 

229. Stander et al. reported that ESE-15-ol treatment (50 nM) abrogates the 

phosphorylation status of Bcl-2, culminating in intrinsic apoptosis induction in MDA-

MB-231 cells 93.  In accordance with these findings, the current study found STX1972 

treatment to significantly reduce the p-Bcl-2 (ser70) cell population and increase the 

number of dephosphorylated Bcl-2 cells in comparison to the vehicle control in the 

TNBC cell line (see Section 3.9).  An increase in the phosphorylation of Bcl-2 at serine 

70 inhibits apoptosis, while dephosphorylation is pro-apoptotic 229. The 

phosphorylation status of the control cell line (EA.hy926) remained the same as that 

of the vehicle control. This indicates that STX1972 has a similar mechanism of action 

to that of antimitotic oestradiol analogues. Inhibiting the phosphorylation of Bcl-2 is 

one of the many suggested mechanisms of apoptosis induction of microtubule 

inhibitors 252.  
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Relative quantification of mRNA transcription levels in MDA-MB-231 cell lines after 48 

h exposure to STX1972 revealed a significant increase in bcl-2 expression, whilst 

significantly downregulating c-myc expression. Since gene expression does not 

necessarily correlate with protein expression or activity, the sandwich ELISA method 

was used for the in vitro quantitation of the c-myc proto-oncogene protein, c-MYC, 

after exposure to STX1972.  ELISA results mirror that of c-myc gene expression in 

MDA-MB-231 cells, with significantly decreased c-MYC protein expression. For the 

EA.hy926 cell line it was evident that the significant increase in c-myc gene expression 

seen in the STX1972-treated sample was not equally translated to overexpression of 

the c-MYC oncoprotein (see Section 3.10 and 3.11).  

 

4.2 BRD4 inhibitors (Bzt-W41, Bzt-W49 and Bzt-W52) 

Epigenetic regulators have received considerable interest as amenable anticancer 

targets. BRD proteins are involved in transcriptional regulation and also play a key role 

in cell cycle progression 111. BRD4, a member of the BRD epigenetic regulator family, 

is overexpressed in many cancers and is notoriously implicated in tumorigenesis 

109,111-112,115.  BRD4 permits excessive transcription of key cancer-promoting genes, 

including cdk9, c-myc and bcl-2 resulting in increased expression of oncoproteins 

involved in anti-apoptosis, growth promotion and metastasis and invasion 109,112,167-

168,195.  BRD inhibiting agents such as JQ1, I-BET151 and IBET762 have proven 

therapeutic potential for the treatment of various cancers and has provided impetus to 

the design and development of novel BRD inhibitors with clinically translatable 

anticancer efficacy 115,124-131,163,253. This study investigated the effects of three novel 

BRD4 inhibitors (Bzt-W41, Bzt-W49 and Bzt-W52) which were designed to subvert 

transcription of proto-oncogenes by binding to the acetyl-lysine binding motif of the 

bromodomain protein. Molecular modelling studies by means of Glide SP docking 

software (Schrödinger-Maestro v12.1.013) proved acceptable ligand docking of Bzt-

W41 and Bzt-W49 to the BRD4 active site. Of the six X-ray crystallographic structures 

screened, BRD4 (PDB ID: 2yel) delivered the best binding pose with the lowest energy 

for both ligands. The BRD4 - Bzt-W41 complex superimposes well with that of JQ1, a 

similar BRD4 inhibitor agent currently being tested in several clinical trials. Hydrogen 

interaction and close association with Tyr139 and Asn140 residues as well as two 
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amino acid regions: residues 81 - 87 and 145 - 149 are important for optimal binding 

to the active site of BRD4 (see Section 3.1.1).  

 

Following an initial screen for antiproliferative effects, the most potent benzotriazepine 

analogue(s) were included in morphology change, cell cycle progression, and 

apoptosis induction studies. With the aim of deducing the possible mechanism of 

action, effects on the expression of c-myc and bcl-2 genes and proteins was also 

investigated. Cell proliferation studies revealed sufficient antiproliferative effects for all 

three BRD4 inhibitors at µM concentrations ranging between 20 µM – 140 µM (see 

Section 3.2.1). Bzt-W41 proved to be the most potent of the three analogues, reducing 

cell growth to 50% at significantly lower concentrations than that of Bzt-W49 and Bzt-

W52 in both MDA-MB-231 and MCF-7 cell lines. This corresponds to results obtained 

from the chemiluminescent binding assay wherein Bzt-W41 demonstrated the most 

effective BRD2 and BRD4 protein inhibition at the lowest concentration in comparison 

to Bzt-W49 and Bzt-W52 138,164.  All three BRD-4 inhibitor compounds show significant 

antiproliferative selectivity towards the TNBC cell line in comparison to the hormone-

dependent cell line. Bzt-W41 is approximately 4-fold more selective towards the MDA-

MB-231 cell line compared to the MCF-7 cell line, proving the highest selectivity of the 

three analogues. These data confirm that data from Mqoco et al. (2019) whereby, Bzt-

W41 (ITH-47 in Mqoco et al. (2019)) shows selectivity towards MDA-MB-231 cells at 

similar concentration ranges (MDA-MB-231 GI50: 15 µM, MCF-7 GI50:  75 µM) 254. 

Preferential sensitivity of TNBCs to BRD protein inhibition in comparison to ER+ 

luminal and Her2+ subtypes has also been reported by Shu et al. 255. 

 

Cell cycle analysis revealed an apparent but non-significant increase in the proportion 

of MDA-MB-231 cells in the G1 phase after 48 h exposure to Bzt-W41, while a 

negligible difference was seen in MCF-7 and EA.hy926 cells in the same phase. 

Furthermore, in all three cell lines, Bzt-W41 exposure did not result in an increased 

sub-G1 population, implicating possible cytostatic rather than cytotoxic effect of the 

inhibitor (see Section 3.4). JQ1, the class prototype BET inhibitor, has been reported 

to deliver more pronounced G1 cell cycle arrest, but similar sub-G1 effects after 48 h 

of treatment 256. Trabucco et al. found that nanomolar exposure of four diffuse large 

B-cell lymphoma (DLBCL) cell lines to JQ1 significantly increased the G1 population 

but resulted in nonsignificant sub-G1 population expansion, suggesting cell cycle 
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arrest with minimal cell death after 48 h treatment 256. The same study investigated 

the effects of longer JQ1 treatment on cell cycle progression and found that 96 h 

exposure increased the sub-G1 population in two of the four DLBCL lines, whilst 7-

days of treatment was still insufficient to cause significant sub-G1 increase in one of 

the cell lines 256. The researchers further reported that initial G1 cell-cycle arrest was 

followed by either apoptosis or senescence after longer (7-day) treatment with JQ1 

256. Shu et al. found that 72 h treatment of the TNBC line (SUM159) with JQ1 (500 nM) 

resulted in G1 arrest and apoptosis 255. Similar results were reported by Vázquez et al. 

who showed that the BRD-4 inhibitor OTX015 induced an increase in the percentage 

of cells in G1 phase after 72 h exposure, but with no evidence of senescence or 

apoptosis in any of the three TNBC lines tested 257.  Likewise, the apoptosis assay 

results from the current study revealed no significant increase in early or late stage 

apoptosis in either of the cell lines (see Section 3.5), corresponding to the cell cycle 

analysis results for the sub-G1 phase. Results propose the possibility that BRD 

inhibitors have slow onset of action and that longer exposure to Bzt-W41 could deliver 

more evident G1 arrest and perhaps increase the likelihood of apoptotic cell death or 

senescence. Varied results found in literature suggests that BRD inhibitors are 

distinctly specific. Related BRDi analogues show differential results when effects are 

compared within a specific TNBC line and when comparing the effects of a single BRD 

inhibitor across multiple TNBC cell lines preferential sensitivity of TNBC subtypes is 

evident 255,257. Furthermore, preferential selectivity of the BRD inhibitor towards BRD4 

versus BRD2 could also contribute to the varied effects observed for this class of 

inhibitors. Chemiluminescent assay results reveal no significant BRD4 selectivity 

compared to that of BRD2 for the JQ1 compound. However, Bzt-W41 is 2.28-fold more 

selective towards BRD4 in comparison to BRD2, but more than 10-fold less potent 

than JQ1 138. It is plausible to argue that the differences in potency and selectivity of 

these two BRD-4 inhibitor compounds contribute towards their differential effects.  

 

AO quantitation after 48 h exposure of the MDA-MB-231 cell line to Bzt-W41 showed 

a significant increase in percentage cells in the red AO-positive population (10.62-fold) 

when compared to the DMSO control treatment (see Section 3.6). Although the 

ratiometric increase of AO could be correlated with increased autolysosomes and 

therefore possible autophagy activation 225, further assays need to complement this 

analysis in order to confirm autophagy and/or lysosomal stress. However, BRD4 is a 
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recognized transcriptional repressor of autophagy and lysosomal function and BRD4 

inhibition promotes autophagy gene activation which induces several types of 

autophagy 258. Sakamaki et al. reported that BRD4 silencing leads to increased 

autophagosome accumulation and autophagic flux in vitro and in vivo 258. Consistent 

with BRD4 knockdown results, BRD4 inhibition by JQ1 was found to activate 

autophagy in vitro and in vivo while exposure to the BET degrader ARV-825 also 

induced autophagic flux 258-259. Collectively, these results implicate BRD4 as a 

negative regulator of autophagy and validates the use if BRD4 inhibitors for autophagy 

modulation as a plausible therapeutic strategy for cancer 258,260.  

 

Flow cytometric analysis of mitochondrial membrane potential revealed that 48 h 

exposure to Bzt-W41 results in significant mitochondrial membrane depolarization in 

MDA-MB-231 cells but not in the control cell line (see Section 3.8). Likewise, Ishida et 

al. reported that T98G glioblastoma cells showed mitochondrial membrane potential 

dissipation following 72 h treatment with BRD inhibitors JQ1 (5 µM) and the derivative 

OTX015 (5 µM) 261. The mitochondrial membrane depolarization observed in the MDA-

MB-231 cells could possibly be linked as a causative factor for the increased late 

apoptosis observed. Both JQ1 and OTX015 have also been found to downregulate c-

myc transcriptional activity in several cancer models including TNBCs 262. Preferential 

c-MYC overexpression in basal-like TNBCs correlates to tumorigenesis and poor 

prognosis, thereby validating the therapeutic potential of c-myc repression and 

subsequent inhibition of c-MYC oncoprotein expression 125,262. BRD4 has also been 

implicated in the transcriptional regulation of bcl-2 and subsequent downstream 

effectors, which is equally associated with cancer cells 263. Relative gene expression 

results from the current study revealed that Bzt-W41 treatment significantly reduced 

both c-myc and bcl-2 oncogene expression in MDA-MB-231 cells. Although less 

prominently so, c-myc expression was inhibited in the EA.hy926 cell line and bcl-2 

inhibition was similar in both cell lines. Protein expression results revealed a likewise 

decrease in c-MYC oncoprotein expression in MDA-MB-231 cells after Bzt-W41 

exposure, again proving less prominent in the EA.hy926 cell line. Despite significantly 

reduced bcl-2 mRNA levels, Bcl-2 protein levels appeared unaffected in both cell lines. 

These results are in part contradictory to the findings of Wu et al. who reported that 

BRD4 inhibition by JQ1 and BRD4 knockdown suppressed bcl-2 and c-myc mRNA 

expression and protein levels in renal cell carcinoma cells 263. Tan et al. similarly 
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reported that c-myc and bcl-2 genes were downregulated in prostate cancer cells in 

response to treatment with BRD4 inhibitor JQ1 264.  Mertz et al. investigated the effects 

of JQ1 on several leukemia and lymphoma cell lines, reporting a reduction in c-myc 

transcript and protein levels resulting in G1 arrest and an extensive increase in 

apoptosis 125. In the same study, authors revealed somewhat different results for the 

MDA-MB-231 cell line indicating that although there was significant reduction in c-

MYC protein levels, no cytotoxic effects were observed, irrespective of high-dose JQ1 

treatment 125. This is in line with the findings in this study, indicating a possible 

mechanistic overlap in the distinct antiproliferative action of Bzt-W41 and JQ1 on 

MDA-MB-231 breast cancer cells. The antitumor activity of BRD inhibitors is 

unequivocal, however, the drivers behind the downstream responses to these 

inhibitors vary depending on tumour type, with notable variation even within a defined 

sub-type such as TNBC 265. Therefore, when probing to deduce the mechanism of 

action of BRD inhibitors the distinct TNBC model investigated has to be taken into 

consideration. Nonetheless, the anticancer advantage of this class of inhibitor is two-

fold. First, its preferential selectivity towards various TNBC subtypes renders it a viable 

treatment option for this heterogeneous and highly aggressive form of breast cancer, 

as shown by our own and other’s work 262,265-266. Second, BRD inhibitors have been 

implicated in overcoming acquired resistance to FDA-approved therapies 267. 

 

4.3 W137 

Of late, sirtuins (SIRTs) have evoked interest as plausible cancer targets due to their 

putative roles in conferring cancer cells the abilities of survival, proliferation, 

angiogenesis and drug resistance 139,141. SIRT 1/2 have been particularly implicated 

in breast cancer and identified as novel molecular therapeutic targets 268. To date, the 

effects of several SIRT-specific inhibitors have been investigated, including spitomicin 

269, sirtinol 270, cambinol 271, dihydrocoumarin 272 and a series of indole derivatives 273. 

Although these SIRT inhibitors show mutual anticancer activity, their mechanisms of 

action vary and remain to be fully elucidated 268.  In this study the effects of a novel 

sirtuin inhibitor, W137, on cell growth, morphology, cell cycle progression and 

apoptosis were investigated.  
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W137 was designed to target SIRT 1/2-mediated p53 deacetylation with preferential 

SIRT1/2 compared to SIRT3 targeting. Molecular modelling studies proved successful 

ligand docking of W137 to SIRT 1, 2 and 3 active sites as performed by means of 

Glide SP docking software (Schrödinger-Maestro v12.1.013) (see Section 3.1.1). Of 

the six X-ray crystallographic structures screened, SIRT1 (PDB ID: 4ZZI) delivered the 

best binding pose with the lowest Glide score and lowest predicted Ki for the ligand. 

The thieno carboxamide hydrogen bonds are preserved for all three SIRTs similar to 

previously described thieno carboxamide pan-SIRT inhibitors 1NQ, 1NR and 1NS 

177,235. Unlike these pan-SIRT inhibitors, W137 is at least 7 times more selective 

towards inhibiting SIRT1 and 2 compared to SIRT3 274. A major difference between 

the docking poses of W137 against SIRT1-3 is the presence of a hydrogen bond 

between PHE (SIRT1: PHE273, SIRT2: PHE46) and the thieno aromatic ring which is 

absent for the W137-SIRT3 binding pose. This in part can explain the selectivity found 

in the RTF predictive model and the biological data.  

 

Cell viability studies revealed that W137 significantly reduced the growth of MDA-MB-

231 and MCF-7 cells in a concentration dependent manner. The IC50 values after 48 

h of W137 exposure were 23.5 µM and 24.1 µM respectively, implicating no 

preferential selectivity between the hormone-dependent and hormone-independent 

cell models (see Section 3.2.1). Likewise, Sirtinol has been reported to reduce MCF-

7 cell growth to 50% after 48 h treatment at a concentration of 43.5 µM 268; and 100 

µM Salermide treatment reduced MDA-MB-231 cell growth to 50% after 24 h treatment 

275. To probe the mechanistic action driving the cytotoxicity of the W137 compound, 

cell cycle analysis and apoptosis assays were performed (see Section 3.4). 

Quantitation of cell cycle phases revealed that MDA-MB-231 and MCF-7 cells treated 

with W137 for 8 h and 48 h showed a significant increase in the sub-G1 fraction of 

cells. The increased sub-G1 population was also apparent in the control cell line after 

8 h treatment. The second evident influence of W137 on cell progression was a 

significantly reduced G1 population in both MDA-MB-231 and MCF-7 cell lines after 48 

h treatment, but not in the EA.hy926 cell line.  The deacetylation of p53 by SIRT1, 

leading to its subsequent deactivation and loss of function has been implicated in 

desensitization to cell death tumorigenesis 276-277. SIRT1 inhibition therefore aims to 

abrogate the deacetylation of p53, allowing activation of apoptotic pathways.  

Supporting studies within the research team have conducted p53 protein expression 
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studies on W137 and have reported significantly increased p53 acetylation after 48 h 

treatment of SH-SY5Y neuroblastoma cells, validating the involvement of p53-related 

apoptotic pathways in the antitumor effects of W137 274. In the current study, the 

apoptosis assay revealed that 48 h treatment with W137 induced strong apoptosis 

(see Section 3.5). Early apoptosis was significantly increased in MDA-MB-231 and 

MCF-7 cells but not in the control cell line. However, the notoriously prominent late 

apoptosis induction was not cancer specific. In part contradictory to these findings, 

Lara et al. found that Salermide induced strong apoptosis without any evident effect 

on the cell cycle in all the cancer cell lines analysed but not in non-tumorigenic MRC5 

cells 275. Contrary to this, the parent molecule (sirtinol) was reported to significantly 

increase the sub-G1 phase of the cell cycle and induce both apoptotic and autophagic 

cell death in MCF-7 cells 268. Conflicting results found in the literature could possibly 

be attributed to the varied activity of sirtuins in distinct cell types and cell states; the 

ubiquitous expression of some SIRTs; and their diverse effects on pathologies via 

multiple downstream and often overlapping targets 278. Moreover, much of the 

research focussed on the effect of SIRT modulators on SIRTs in isolation, but not 

exploring the possibility that other SIRT proteins contributed to the mechanistic effects, 

although not intentionally targeted 278. For instance, molecular docking and in vitro 

studies render the SIRT inhibitor Salermide most effective against SIRT2, however, 

results suggest that it’s in vivo biological role is independent of SIRT2 275. Since the 

SIRT protein family shares a conserved catalytic core it poses a challenge in the 

design and development of novel compounds aimed at interacting with a single SIRT 

isoform 279-280. To further add to the confusion both SIRT activation and SIRT inhibition 

have been reported to confer beneficial effects in pathologies, hence SIRT activators 

and SIRT inhibitors are in various stages of investigation and development 278. Adding 

to the complexity of SIRT modulation, and as mentioned previously, SIRTs have been 

observed to induce varied responses across cell types. More specifically to breast 

cancer, SIRT1 has been implicated as both a tumour promoter and suppressor 

depending on the breast cancer subtype 143,281. This implies that successful 

pharmacological targeting of breast cancer by means of SIRT inhibitors requires 

investigation of the distinct molecular tumour subtype.  

 

The current study reveals that the antiproliferative capacity of the novel SIRT1/2 

inhibitor, W137, is attributed to prominent apoptosis induction which is likely due to 
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p53 stabilization and activation. However, the compound’s lack of selective toxicity 

deemed it infeasible for further study. This warrants that the compound be tested 

against other cell lines and also being further refined to deliver cancer-targeting 

analogues with similar apoptotic potency.    

 

4.4 Combination studies 

Conventional therapeutic strategies fail to induce highly cancer-selective cytotoxicity 

and are often overcome by acquired resistance. Targeted therapy preferentially 

sensitizes cancer cells to their dysfunction and/or demise, addressing one of the 

pitfalls of traditional treatment approaches. However, therapeutic resistance remains 

a concern, especially in TNBC subtypes having complex intratumor heterogeneity. The 

lack of successful conventional and targeted treatment options for this precarious 

subtype prompted the investigation into combination therapy as a possible treatment 

option. The advantages of combination therapy include reduced toxicity with more 

potent anticancer effects and circumventing drug resistance by concurrently targeting 

several cancer hallmarks. The current study screened four paired combination options, 

each combined in various combination ratios of the single drug IC50 concentrations. 

Results revealed that two of these combinations, STX + Bzt-W41 and Bzt-W41 + 

W137, exhibited slight to moderate synergism 182 with CI of 0.85 and 0.9, respectively, 

for inhibiting 50% growth in MDA-MB-231 cells. This is similar to the CI reported by 

Mcoqo et al. (2019) whereby a CI of 0.7 was reported against MDA-MB-231 cells for 

the less potent estradiol antimitotic, ESE-15-ol and Bzt-W41/ITH-47 254. In the present 

study the 0.55 * STX1972 [IC50] + 0.3 * Bzt-W41 [IC50] ratio with CFs of 20.625 nM for 

STX1972 and 6.12 µM for Bzt-W41 was found to be the most effective. These ratios 

reported by Mcoqo et al. (2019) against MDA-MB-231 cells are 0.2 * ESE-15-ol [GI50] 

+ 0.5 * Bzt-W41/ITH-47 [GI50] ratio with CFs of 14 nM for ESE-15-ol and 6.12 µM for 

Bzt-W41/ITH-47. It is interesting to note that in our study the antimitotic CF ratio (0.55) 

was higher compared to the BRD4 inhibitor CF ratio (0.3) while the ratios reported by 

Mcoqo et al. (2019) the BRD4 inhibitor CF ratio (0.5) was higher compared to the 

antimitotic CF ratio (0.2) 254. 
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The third combination (STX + W137) did not show synergism in any of the combination 

ratios for any of the combination indexes tested, including the highest CI of 0.95. This 

combination is therefore presumed to be additive (CI 0.95 – 1.05) or, most probably, 

antagonistic (CI >1.05) 182, although this was not further explored since the goal of the 

study was to test synergistic drug combinations. Of note, determination of the CI can 

be done for any chosen effect level or growth inhibitory concentration, i.e: low growth 

inhibition of 25% or high growth inhibition of 75% or even 100%. Chou suggests effect 

levels may influence drug interactions, with drug combinations presenting as 

antagonistic or synergistic at low or high effect levels, respectively 222. Since the goal 

of dual therapy is cancer eradication, synergism at high effect levels (IC>75) is more 

relevant to cancer treatment. However, mechanistic in vitro evaluation at these high 

effect levels is not feasible and therefore the chosen effect level for the paired drug 

combinations in this study was 50% growth inhibition (IC50). After the initial screen for 

antiproliferative effects, only two synergistic combinations were further investigated, 

probing to elucidate the probable mechanism of action driving the growth inhibition.     

     

4.4.1 Bzt-W41 + W137 

The effects of the Bzt-W41 + W137 combination on morphology, cell cycle progression 

and apoptosis in both MDA-MB-231 and MCF-7 cells were compared to effects 

induced in EA.hy926 cells. Combining a BRD-4 inhibitor and a SIRTi implies dual 

targeting of two groups of epigenetic regulators. The literature does not report on the 

combined anticancer effects of these two classes of drugs. However, the first 

functional connection between BRD inhibitors and the histone deacetylase (HDAC), 

SIRT1, was reported by Kokkola et al. wherein they reported that BRD inhibition 

upregulates SIRT1 and inhibits an inflammatory response 282. The authors found that 

JQ1 treatment activated SIRT1 in cancerous A549 and MCF-7 cells, as well as in non-

cancerous (HEK293) cells 282. Sakamaki et al. have also implicated SIRT1 to play a 

role in the dissociation of BRD4 from autophagy gene promoters leading to de-

repression of autophagy related transcription during starvation 258. The 

aforementioned studies only focus on the interaction of SIRT1 and BRD4, however, 

HDACs are ubiquitously expressed and often share substrates, and many of their 

biological roles are not fully understood, implying the possibility of more elaborate 

overlap between these epigenetic classes than currently known. It has also been 
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debated whether the clinical development of multi-potent HDAC inhibitors may hold 

more anticancer potential than that of highly selective HDAC suppressors, although 

the latter will aid to decipher the biological activities of the HDACs 283. Nonetheless, 

the combination of two major classes of epigenetic regulators provides a novel 

anticancer strategy for the targeting and regulation of gene activity. In the current study 

the Bzt-W41 + W137 combination proved significant antiproliferative effects with 

preferential TNBC cell line selectivity. In probing the mechanism of action behind the 

cytotoxic effects of the combination, cell cycle progression was analysed and results 

revealed only one significant effect of 48 h treatment on both of the cancer cell lines 

namely, increased proportion of cells in the G2/M fraction. This effect was not seen in 

the EA.hy926 cell line, instead a significant increase in the sub-G1 population was 

evident after 8 h of combined test compound treatment of the control cell line. These 

findings do not resemble the cell cycle effects reported for either of the single-treated 

samples implying the possibility of a different mechanism of action for the combination. 

Results from the apoptosis analysis was similar to that of W137 as a single drug 

treatment, revealing prominent apoptosis in both early and late stages, with the latter 

being most evident. Among the three cell lines, the control cell line showed the largest 

late apoptotic population. These findings indicate this specific BRDi-SIRTi combination 

as not being a cancer-selective therapeutic option. As with the W137 compound in 

isolation, the W137-combination was also deemed infeasible for further investigation.  

 

4.4.2 STX + Bzt-W41 

The effects of the STX + Bzt-W41 combination on morphology, cell cycle progression, 

and apoptosis induction and expression of p53, c-myc and bcl-2 genes in both MDA-

MB-231 and MCF-7 cell lines were investigated. The literature suggests that co-

treatment of BRD inhibitors with other targeted epigenetic therapies may induce a 

more durable antitumor response 267,284. Liu et al. undertook a chemical library 

screening with the aim of identifying small molecule compounds which exert high 

synergistic anticancer effects when combined with BRD-4 inhibitor JQ1 284. The 

authors reported anti-microtubule drugs as one of two major classes of agents which 

showed the best synergistic antitumour effect with JQ1 284. Of the nine antimitotic 

drugs screened, vincristine, an FDA-approved agent with a similar mechanism of 

action to that of STX1972, proved to have the strongest synergistic activity 284. Their 
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results suggest that JQ1 and vincristine synergistically induce apoptosis in 

neuroblastoma cells, but not in normal cells, by means of G2/M cell cycle arrest and 

destabilization of microtubules 284. In this study the STX + Bzt-W41 combination did 

result in a G2/M arrest in MDA-MB-231 cells after 8 h treatment, implying that the effect 

of the STX1972 CF concentration resembles that of STX1972 single treatment. Of 

note, the G2/M arrest was not translated to the 48 h treatment results. Instead, cell 

cycle analysis revealed a significant increase in the G1 population in MDA-MB-231 

cells after 48 h, indicating a more pronounced G1 arrest than that of Bzt-W41 alone. 

Furthermore, neither of the cell cycle arrests seen at 8 h or 48 h treatment was 

accompanied by an increase in the sub-G1 cell population. For the MCF-7 cells, 

however, the only notable effect was an increase in sub-G1 population, but with none 

of the cell cycle arrests noted for the TNBC line. For the EA.hy926 cell line, 48 h 

treatment with STX + Bzt-W41 resulted in a significant reduction in the G1 phase cell 

population, but no increase in the sub-G1 cell population. Apoptosis results show 

significant increase in early apoptosis for both cancer cell lines; an increase in late 

apoptosis only in the TNBC line; and no significant increase in early or late apoptosis 

in the control cell line. These results resemble that of STX1972 treatment alone and 

are consistent with the findings of Liu et al. 284. Quantitation of AO revealed a 

significant increase in red AO-positive cells in the MDA-MB-231 cell line in comparison 

to the EA.hy926 cell line. The increase seen for the combination treatment exceeds 

that of compounds in isolation, confirming synergistic effect of dual treatment. This 

suggests that combined treatment leads to the activation of pathways which possibly 

induce autophagy, in addition to apoptosis, as a second mechanism of cell death. 

Combination treatment was found to induce mitochondrial membrane depolarization 

in both MDA-MB-231 and EA.hy926 cells, however, more prominently so in the cancer 

cells. The depolarization caused by single drug treatments surpassed that of the 

combination treatment. ROS formation was not significantly increased in MDA-MB-

231 or EA.hy926 cells following combination treatment and the effect was found to be 

similar to that of Bzt-W41 treatment alone, but significantly lower in comparison to 

STX1972 treatment alone. This implies that synergistic effects are not translatable to 

ROS-induced pathways and that STX1972-induced formation of ROS is possibly 

constrained to a concentration threshold. Investigation of the phosphorylation status 

of Bcl-2 at serine-70 showed no significant difference for either of the cell lines after 

combination treatment. This is in contrast to STX1972 treatment alone, which led to 
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significant Bcl-2 dephosphorylation in MDA-MB-231 cells. Again, implying that 

STX1972 related activity is possibly concentration dependent. Furthermore, gene 

expression studies revealed no significant change in bcl-2 expression in MDA-MB-231 

or EA.hy926 cells. This implies that the apoptosis seen in the MDA-MB-231 cells is 

unrelated to bcl-2 or downstream protein expression. In contrast, c-myc mRNA 

expression was significantly reduced following combination treatment of MDA-MB-231 

cells. Interestingly, c-myc mRNA levels were significantly increased in the EA hy926 

cell line but did not translate to significantly altered c-MYC protein expression as seen 

from the ELISA results. Combination treatment resulted in significantly decreased c-

MYC protein expression in MDA-MB-231 cells with inhibition less than that of Bzt-W41 

treatment but similar to that of STX1972 treatment alone. Previous studies have found 

that the inhibition of c-MYC activity leads to G1 arrest through loss of cyclin E/CDK 2 

kinase activity 285. Furthermore, c-myc repression through inhibition or transcriptional 

inactivation has been linked to mitotic catastrophe and cell death in vivo 286. The 

International Nomenclature Committee on Cell Death describes mitotic catastrophe as 

an intrinsic oncosuppressive mechanism which drives mitosis-incompetent cells to a 

form of regulated cell death or cellular senescence 62,286. Mitotic catastrophe could be 

implicated as a possible mediator of the synergistic interaction between STX1972 and 

Bzt-W41. STX1972 is an antimitotic which interferes with microtubule dynamics, 

leading to abrogated mitosis, mitotic catastrophe and ultimately mitotic death. 

Likewise, Bzt-W41 potently inhibits c-myc mRNA expression that leads to mitotic 

catastrophe-induced cellular demise. An interesting connection has been noted 

between BRD4 dynamics and drug-induced mitotic stress which could further explain 

the synergism observed for the STX + Bzt-W41 combination treatment. During mitosis 

BRD4 localizes to chromosomes and predominantly resides along the long axis of the 

mitotic chromosomes 172,176. However, BRD4 is rapidly released from chromosomes 

upon treatment with antimicrotubule drugs, including Nocodazole 176. Nocodazole has 

a similar antimitotic effect to STX1972, causing microtubule depolymerization and 

mitotic arrest. Although the exact mechanism and biological relevance of the BRD4 

release remains to be elucidated, it is thought to mediate protection from drug-induced 

mitotic stress 176,287 and possibly play a role in antimitotic resistance. This implies that 

antimitotic treatment with simultaneous inhibition of BRD4 release could enhance 

mitotic arrest and halt cell division, ultimately sensitizing cells to death. Whether or not 

the Bzt-W41 compound is able to cause BRD4 dissociation and partake in the 
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chromatin dynamics during STX1972 exposure is beyond the scope of this study but 

undoubtedly worthy of future investigation when aiming to fully elucidate the 

synergistic interaction. Another possible synergistic connection was highlighted by da 

Motta et al. who recently reported that JQ1 is able to target the hypoxic response of 

TNBC via epigenetic downregulation of hypoxia-induced genes, including CAIX 288. 

Since CAIX is one of the STX1972 targets this provides another explorable connection 

between STX1972 and Bzt-W41 and the synergism observed. Furthermore, da Motta 

et al. also found that the BRD-4 inhibitor JQ1 inhibited xenograft vascularization, 

proving its anti-angionenic effect 288. Similarly, Jourdan et al. reported that STX1972 

exhibits significant in vivo anti-angiogenesis 95. Again, aligning the anticancer effects 

of these two drug classes and highlighting the possible augmented anticancer 

potential of dual therapy as opposed to monotherapy.   

 

4.5 Proposed mechanism of action of STX1972 on MDA-MB-231 cells 

STX1972 has proven to be a polypharmacological agent, however, the focus of the 

current study was on the anti-tubulin activity of the antimitotic compound. The 

compound showed potent and preferential antiproliferative effects against the TNBC 

breast cancer cell line in comparison to the control cell line. Results imply the 

possibility that the cytotoxic consequences of STX1972 treatment are induced by both 

apoptotic and autophagy/lysosomal related pathways. STX1972 appears to induce 

these cell death pathways via multiple initiation points, namely: microtubule 

depolymerisation, G2/M arrests, increased ROS formation, mitochondrial membrane 

depolarization, Bcl-2 dephosphorylation and suppression of c-myc transcription and 

translation (Figure 4.1). STX1972 targets the colchicine binding site of tubulin, 

resulting in the inhibition/disruption of tubulin polymerization in actively dividing cells 

which marks a G2/M cell cycle arrest and related cell death, a familiar phenomenon 

among antimitotic agents 93,289. The mitotic block and associated prolonged 

CDK1/cyclin B activity has been correlated with ROS signalling, implicating the G2/M 

block and resulting cell stress as the source of ROS accumulation 65,94. However, 

some studies have also implicated ROS as a causative factor in cell cycle arrest, rather 

than a result thereof. Park et al. found that scavenging of intracellular ROS permitted 

G2/M cell cycle departure and concluded that ROS induced G2/M arrest and apoptosis 
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via inhibition of the PI3K/Akt pathway 290. Whether the ROS accumulation seen in the 

current study was caused by the mitotic block, or whether it contributed to the G2/M 

cell cycle arrest remain to be elucidated, however, STX1972 was shown to be a ROS-

stimulating compound. Excess ROS formation is known to induce caspase-mediated 

apoptosis via several mitochondrial and endoplasmic reticulum-regulated pathways 65. 

The mitochondrial-related pro-apoptotic consequences of ROS include 

permeablization and subsequent depolarization of the mitochondrial membrane; 

release of cytochrome c; and activation of caspases 9, 3 and 7 65. ROS has also been 

implicated as a critical integration factor between mitochondrial and lysosomal death 

pathways 291. ROS-dependent inhibition of the pro-survival PI3/Akt signalling pathway 

could be another mechanism to induce cell death via both apoptosis and autophagy 

65,290,292. STX1972 was found to increase the amount of dephosphorylated Bcl-2. The 

pro- and anti-apoptotic function of Bcl-2 is complex and closely related to its 

phosphorylation status. Studies have proven that phosphorylation at serine-70 

enhances Bcl-2’s potent anti-apoptotic function and that dephosphorylation, and 

thereby deactivation, of Bcl-2 is correlated with apoptosis and cell death 65,229,293. 

However, in contrast to the findings of the current study there are reports of antimitotic 

chemotherapeutic agents such as paclitaxel, vincristine and vinblastine which cause 

serine phosphorylation of Bcl-2 294. The phosphorylation dynamics induced by these 

drugs are reportedly different and involve multisite Bcl-2 phosphorylation at sites 

including thr69, ser70, ser87, thr56 and thr74 294. Nonetheless, although treatment 

with these antimitotic drugs induces cell death, it has been suggested that the cells 

with dephosphorylated Bcl-2 status actually undergo apoptosis 294. The source of 

STX1972-induced Bcl-2 dephosphorylation is suspected to be secondary to the 

production of ceramide. Ceramide is a membrane sphingolipid and is considered a 

potent apoptotic second messenger 295. Antimitotic-induced ceramide generation is 

associated with increased toxicity and possibly reduced treatment resistance in breast 

cancer cells 296. Apoptotic stress stimuli, including chemotherapeutic drugs, increases 

ceramide production resulting from activation of protein phosphatase 2A (PP2A) and 

indirect inactivation of protein kinase C (PKCα), ultimately resulting in deactivation of 

Bcl-2 function via dephosphorylation and induction of apoptosis 295,297-298. Studies 

have also revealed that the ceramide-induced dephosphorylated form of Bcl-2 favours 

the formation of the Bcl-2/p53 complex and apoptotic cell death 297. Furthermore, 

ceramide and redox signalling is coupled: ceramide triggers ROS generation; and 
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ROS is involved in sphingomyelinase (SMase) activation which is required for 

ceramide production in the lysosomes 299. This cross-talk highlights a possible indirect 

link between ROS and Bcl-2 dephosphorylation. STX1972 was also found to 

downregulate c-MYC expression, implying abrogation of the oncoprotein-related 

tumorigenic pathways including proliferation and pro-survival 163,167-169. Recently, c-

MYC has also been linked to the regulation of autophagy and lysosomal biogenesis 

300. Annunziata et al. discovered that c-MYC inhibition frees lysosomal and autophagy 

gene promoter sites, thereby allowing binding of the microphthalmia family of 

transcription factors (MiT/TFE) and/or the forkhead box protein H1 (FOXH1) 

transcriptional activator 300. In summary, STX1972 culminates in cancer cell 

cytotoxicity via activation of several apoptotic and autophagy/lysosomal related 

pathways.      

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



155 
  

 

Figure 4.1: Proposed mechanisms of action of STX1972.  Cytotoxic consequences of STX1972 treatment are induced by both apoptotic and 
autophagy/lysosomal related pathways. STX1972 appears to induce these cell death pathways via multiple points of initiation, namely: 
microtubule depolymerization, G2/M arrest, increased ROS formation, mitochondrial depolarization, Bcl-2 dephosphorylation and suppression of 
c-myc transcription and translation.        
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4.6 Proposed mechanism of action of Bzt-W41 on MDA-MB-231 cells 

Bzt-W41 demonstrated TNBC-selective antiproliferative activity. Treatment of the 

MDA-MB-231 cell line with the BRD4 inhibitor resulted in an evident but non-significant 

increase in the G1 population; dissipated mitochondrial membrane potential; 

suppression of c-myc and bcl-2 mRNA expression; a potent reduction in c-MYC 

expression; ultimately leading to increased autophagy/lysosomal activity and late 

apoptosis culminating in cellular demise (Figure 4.2). BRD4 inhibitors have been found 

to induce G1 cell cycle arrest to varying extent in several malignant cell types 264,301-

304. However, the downstream pathways which drive the related apoptotic events 

remain to be fully elucidated. A study by Tan et al. demonstrated that BRDi-induced 

G1 cell cycle arrest and apoptosis is associated with upregulation of p21 and forkhead 

box protein O1 (FOXO1), and suppression of c-myc and bcl-2 264. Partly similar to 

these findings, Gallagher et al. found that G1 arrest was associated with p21 

upregulation in some melanoma cell lines, while p27 upregulation was linked to other 

cancers 303. However they concluded that involvement of c-MYC in cell cycle arrest 

was unlikely and attributed apoptosis to the loss of mitochondrial potential and 

upregulation of the BH3 pro-apoptotic BIM protein 303.  Other studies have concluded 

that the apoptotic response to BRD inhibition in TNBC is caused by the suppression 

of Aurora kinases A and B (AURKA/B) and is induced independently from c-MYC 

suppression 265. Here, we speculate that the mechanism driving apoptosis involves 

several pathways, including G1 arrest; bcl-2 and c-myc downregulation; and c-MYC 

oncoprotein suppression. c-MYC suppression is also implicated in the activation of 

autophagy and lysosomal biogenesis by allowing MiT/TFE and/or FOXH1 to bind to 

the gene promoter regions and permitting transcriptional activation 300. BRD4 itself is 

a recognized negative transcriptional regulator of autophagy and lysosomal function, 

and both BRD4 inhibition and silencing have been associated with several types of 

autophagy 258-260,305. Several autophagy-related genes and related proteins, including 

mammalian target of rapamycin (mTOR), AMP activated protein kinase (AMPK) and 

UNC-51-like kinase 1 (ULK1) are downregulated in breast cancer, with some 

associated with poor prognosis 306.  Ouyang et al. identified a direct BRD4-AMPK 

interaction and designed a BRD4 inhibitor (9f) which was found to induce autophagy 

associated cell death via activation of the AMPK-mTOR-ULK pathway 306.  This implies 
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the possibility that Bzt-W41 regulates two separate pathways for the modulation of 

autophagy associated cell death, namely: c-MYC downregulation and dissociation 

from autophagy and lysosomal promotor regions; as well as the direct inhibition of 

BRD4 and related AMPK activation.   

     

 

Figure 4.2: Proposed mechanisms of action of Bzt-W41.  Treatment of the MDA-MB-231 cell 
line with the BRD4 inhibitor resulted in an evident but non-significant increase in the G1 
population; dissipated mitochondrial membrane potential; repression of c-myc and bcl-2 
mRNA expression; a potent reduction in c-MYC expression; ultimately leading to increased 
autophagy/lysosomal activity and late apoptosis culminating in cellular demise  
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4.7 Proposed mechanism of action of STX1972 + Bzt-W41 

combination on MDA-MB-231 cells 

The STX + Bzt-W41 combination revealed some overlap of the two compounds’ 

individual mechanistic action. The combination treatment resulted in an initial G2/M 

arrest, followed by a strong G1 arrest; decreased mitochondrial membrane 

depolarization; repression of c-myc mRNA levels; downregulation of c-MYC 

oncoprotein expression; finally leading to increased autophagy/lysosomal activity and 

activation of both early and late apoptosis and cell death (Figure 4.3). The G2/M arrest 

is transient but evident and indicates that the STX1972 contribution is capable of 

inducing an initial mitotic block similar to that of the individual treatment. However, 

unlike individual treatment which led to reduced G2/M fraction and increased sub-G1 

population after 48 h; the combination treatment resulted in a reduced G2/M fraction 

and a corresponding increase in the G1 population which is attributed to the Bzt-W41 

modulation. It could be speculated that the cells which escape the temporary 

STX1972-induced G2/M block get arrested in the Bzt-W41-induced G1 block, 

eventually culminating in cell death via activation of apoptotic pathways, possibly via 

mitotic catastrophe. Dissipation of mitochondrial outer membrane potential is possibly 

related to both STX1972 and Bzt-W41 and further drives downstream caspase-

dependent apoptosis. Since autophagy and lysosomal activation was implicated as 

possible additional modes of cell death following single compound treatment, we 

venture to deduce that combination treatment surpasses monotreatment autophagy 

effects possibly culminating in the activation of several of the aforementioned 

autophagic pathways through mediation by both STX1972 and Bzt-W41.         
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Figure 4.3: Proposed mechanisms of action of STX1972 + Bzt-W41 combination. The combination treatment resulted in an initial G2/M arrest, 
followed by a strong G1 arrest; decreased mitochondrial membrane depolarization; repression of c-myc mRNA levels; downregulation of c-MYC 
oncoprotein expression; finally leading to increased autophagy/lysosomal activity and activation of both early and late apoptosis and cell death. 
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Chapter 5: Conclusion 

In conclusion, in silico screening by means of structure-based drug design was used 

to predict receptor-ligand interactions, docking poses and affinity. Glide SP software 

was able to reproduce the native ligand pose for all the selected receptors with ligands 

(RMSD<2) and the machine-learning RTF predictive model corresponded well with 

the experimentally determined Ki values of the CASF database.  

 

In vitro screening for the antiproliferative capacity of the six cancer-targeting 

compounds via cell growth and combination studies allowed for the identification of 

the most feasible test compounds and combinations to include in further mechanistic 

experimental procedures. The initial screening identified three test compounds for 

further investigative inclusion, namely the antimitotic (STX1972), the BRD-4 inhibitor 

(Bzt-W1) and the SIRTi (W137). All three these compounds showed cancer-selective 

antiproliferative effects when compared to the EA.hy926 control cell line. STX1972 

was found to inhibit cell growth in the nanomolar range, whilst the other test 

compounds showed growth inhibition in the lower micromolar range.  Of the BRD-4 

inhibitor analogues, Bzt-W41 was found to be the most potent in comparison to Bzt-

W49 and Bzt-W52. The benzotriazepine derivative also showed significant preferential 

selectivity for the TNBC cell line versus the hormone-dependent MCF-7 cell line, while 

STX1972 and W137 exhibited only slight differential selectivity. Synergistic 

interactions of the three compounds were probed by measuring the cytotoxic effects 

of paired combinations. Two combinations (STX + Bzt-W41 and Bzt-W41 + W137) 

exhibited synergism, whilst the STX + W137 combination exhibited antagonistic 

interaction. Cell cycle and apoptosis analysis revealed that STX1972 and Bzt-W41, 

alone and in combination, selectively induced cell cycle arrest and apoptosis in cancer 

cells. However, W137 and the Bzt-W41 + W137 combination did not show preferential 

targeting of breast cancer cell lines, with apoptosis induced equally or even more so 

in the EA.hy926 cell line. STX1972 and Bzt-W41, as well as their paired combination, 

was further probed in aim of deciphering their individual and combined mode of action.   

 

The cytotoxic consequences of STX1972 was found to be induced via several 

initiators, namely: microtubule depolymerisation, G2/M cell cycle arrest, increased 
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ROS formation, dissipated mitochondrial membrane potential, Bcl-2 

dephosphorylation and suppression of c-myc transcription and translation. These 

molecular changes lead to downstream pathway activation which culminate in both 

apoptotic an autophagy related cellular demise. Bzt-W41 induces a slight G1 block; 

causes mitochondrial membrane depolarization; suppresses c-myc and bcl-2 mRNA 

expression; potently downregulates c-MYC expression and ultimately results in 

increased autophagy/lysosomal activity and apoptosis. In combination, STX1972 + 

Bzt-W41 mirrored some effects of individual treatment and also induced some 

responses surpassing that of mono-treatment. Combination treatment resulted in 

transient G2/M arrest, tailed by a potent G1 block (superior to single treatment); 

decreased mitochondrial outer membrane depolarization; suppression of c-myc and 

inhibition of c-MYC oncoprotein. These factors contributed to the downstream 

activation of autophagy/lysosomal function and induction of apoptosis.  

 

Plausible sources for the initiator events, role-players in the mediation of the effector 

pathways and cross-talk between the signalling modes have been speculated but the 

key drivers remain to be pinpointed and the intricate pathways remain to be fully 

deciphered. Nonetheless, the objectives of this study were satisfactorily met: 

antiproliferative effects of novel compounds were determined; novel drug 

combinations were probed; synergistic combinations were identified; and results from 

the study were used to generate various testable hypotheses for the mechanism of 

action of individual and combination treatments, providing a foundation for future 

studies. 
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